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Realization of atomically flat single terminated surface of SrTiO3 (001),
(110), and (111) substrate by chemical etching
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Abstract: The research on perovskite oxide thin films, interfaces, and super-lattices demands the need for the atomically

flat surface of the substrate to realize high-quality epitaxial thin films. In this paper, we report the pH-dependent Buffered

NH4F-HF (BHF) etching and concentration-dependent ACID etching of the SrTiO3 substrate in different orientations

[(001), (110), and (111)]. We have optimized the etching time for both kinds of etching processes. A high-quality step–

terrace structure without etch pits is obtained for 2% BHF and 100% ACID solution having a pH value of * 3.30. For

BHF etching, the optimum etching time depends on the substrate orientation [30 s for STO (001), 40 s for STO (110), and

60 s for STO (111)]. On the other hand, for ACID etching, the optimum etching time is more or less constant for all the

orientations. This study might be extended to similar oxides substrates, especially on the exciting KTaO3.
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1. Introduction

Transition metal oxides (TMOs) offer a rich unexplored

field of fundamental research, along with their possible

applications in the industry as well. The TMOs have a

simple cubic structure ABO3, where A is an alkaline earth

atom, and B is a transition metal. The ABO3 structure

consists of alternating planes of AO and BO2 in (001)

directions. The simple cubic structure offers the opportu-

nity to make heterostructure and super-lattices rather

easily. SrTiO3 (STO) is a noble transition metal oxide

having a large dielectric constant [1], quantum paraelec-

tricity [2], and simple cubic structure with lattice parameter

3.905�A, widely used substrate for making heterostructures

and thin film fabrication [3, 4]. The STO substrate got more

attention in the scientific community after the realization of

conducting interface of LaAlO3 (LAO) and STO [5]. The

conductivity depends on the termination layer of the sub-

strate [STO (001) in this case] surface. In the case of the

STO (001), the charge-neutral atomic layers of SrO and

TiO2 are stacked alternatively, but in the case of LAO, the

atomic layers LaO and AlO2 are charged ? 1 and -1

alternatively. When the film of LAO is grown on an STO

substrate, there are two possible interface formations

(a) LaO/TiO2 and (b) AlO2/SrO. The LaO/TiO2 interface is

conducting, whereas the AlO2/SrO interface is insulating in

nature. This suggests the importance of the termination of

the substrate surface. To make the interface conducting,

STO needs to be TiO2 terminated. These oxide

heterostructures got more attention when exotic properties

including Shubnikov–de Haas Oscillations [4], supercon-

ductivity [6], the coexistence of superconductivity and

magnetism [7], photo-induced conductivity [8, 9], and

many more are realized in this conducting interface. Along

with STO (001), STO (110), and STO (111) orientation-

based interfaces have also shown bizarre properties like

high mobility and superconductivity, and many more [10].

Unlike STO (001), STO (110), and STO (111) have high

surface energy which makes it difficult to achieve a single

terminated surface. Hence, these require different surface

treatments at different conditions [11]. Reports are avail-

able for surface termination for all orientations for STO

[11, 12]. Here, we report how various etchants and their

concentration, as well as the duration of the etching pro-

cess, affecting the surface morphology.

There are various methods to obtain a single terminated

STO substrate. These are mainly divided into two major

categories (1) deionized (DI) water etching and (2) chem-

ical etching (also known as wet etching). Chemical etching

is done using different etching agents, some of them are*Corresponding author, E-mail: suvankar.chakraverty@inst.ac.in
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HCL ? NH4Cl, HCl ? HNO3, Buffered NH4F-HF (BHF),

and so on. After etching, the surface morphology is con-

firmed by various characterization techniques like atomic

force microscopy (AFM), ion scattering, and photoelectron

scattering. In this paper, we have used AFM to characterize

the surface morphology of the STO (001), (110), and (111)

substrates and realized single terminated step and terrace

formation at the surface of STO (001), (110), and (111)

single crystals by thermal treatment followed by chemical

etching method. In the chemical etching method, we have

used the BHF etching and ACID etching (HCL ? HNO3 in

3:1). The concentration or pH value of the etchant and

etching timing is the two main parameters that affect the

termination and morphology of the substrate surface.

Here, we have varied both parameters to optimize the

step–terrace structure formation (or removal of SrO parti-

cles) on the surface of STO single crystal.

2. Results and discussion

The crystal structure and morphology of the substrate

depending on the polishing method used. Generally, there

is corrugation of up to 2-unit cells present in the non-

terminated substrates. Mechanical polishing led to defects

on an atomic level. The defect-induced surface with

impurities like carbon and organic compounds affect the

interface and hence the interfacial properties. To achieve

Fig. 1 (Left panel) Crystal structure of STO (001) unit cell, where Sr

is at the corners of the unit cell and Ti lies at the center of the cube.

Each Titanium atom is surrounded by 6 oxygen atoms. The right

panel is representing the stacking of the atomic layers of STO in a

different orientation. The distance between two atomic layers is

3.905�A, 2.76�A, and 2.25�A in (001), (110), and (111) orientations,

respectively

Fig. 2 (a) (Left panel) Schematic of the as-received mixed termi-

nated STO substrate, (right panel) the schematic of the annealed

substrate. (b) (Left panel) AFM image of as-received STO (001)

substrate having roughness 0.242 nm, (right panel) AFM image of

annealed STO (001) showing agglomerated SrO particles. (c) (Left
panel) The AFM image of as-received STO (110) substrate having a

roughness of 0.125 nm, (right panel) AFM image of annealed STO

(110). (d) (Left panel) The AFM image of as-received STO (111)

substrate having a roughness of 0.102 nm, (right panel) AFM image

of annealed STO (111)
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desired surface morphology, we took one side mechani-

cally polished mixed terminated commercially available

10 9 10 mm STO single crystal. Firstly, we cleaned the

as-received STO substrates with acetone and ethanol each,

respectively, for 10 min in an ultrasonic bath, to remove

the hard metal and unwanted particles present on the

surface.

The crystal structure of simple cubic STO is shown in

Fig. 1 (left panel). The right panel of Fig. 1 is representing

the atomic layers of STO in different orientations. The

interplanar distance for STO (001), (110), and (111) is

3.905�A, 2.76�A, and 2.25�A, respectively [12].

To study the surface morphology, we have taken the

surface image of as-received STO single crystals using

tapping mode AFM. The surface contained mixed termi-

nation of atomic layers, nonpolar SrO and TiO2 in case of

STO (001), SrTiO4? and O2
4- polar layers for STO (110),

and STO (111) is stacked as SrO3
4- and Ti4? polar atomic

layers [12]. The schematic of the as-received substrate is

shown in Fig. 2(a) left panel, the dark, and light blue colors

Fig. 3 (a, b) STO (001) surface after etching with 1% and 2% BHF

solution, respectively. (e) The upper panel shows the schematic of the

step–terrace structure on the STO surface, and the lower panel

represents the height profile of the 2% BHF etched STO (001)

surface. (c, d) The STO (001) surface after etching with 3% and 4%

BHF solution, respectively. Similarly, (f–i) The STO (110) surface

after etching with 1%, 2%, 3%, and 4%, respectively, (j) upper panel

represented the schematic of the step–terrace structure on the STO

surface, the lower panel presents the height profile of STO (110). (k–
n) The STO (111) surface after etching with 1%, 2%, 3%, and 4%,

respectively, (o) upper panel represented the schematic of the step–

terrace structure on the STO surface, the lower panel presents the

height profile of STO (111)
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are defining two different atomic layers. Figure 2(b), (c),

(d) (left panel) is representing the AFM of the as-received

STO (001), (110), and (111). The roughness of the sample

suggests the presence of small corrugation at the surface

due to the presence of mixed atomic layers. This roughness

or corrugation is not suitable for thin film deposition, to

improve the surface quality, high-temperature annealing in

an oxygen environment is done followed by chemical

etching. We have annealed the substrates at different

temperatures, the optimized annealing temperatures are

950� C for 4 h, 900� C for 2 h, and 1000� C for 2 h for

STO (001), (110), and (111), respectively. The substrates

with different orientations have different surface energy,

thus, requiring different annealing temperatures. The

heating at a high temperature increases the kinetic energy

of the atoms, hence the agglomeration of the particle takes

place at the surface, as shown in Fig. 2(a) right panel. The

right panel (Fig. 2(a)) shows the schematic of the surface

of annealed STO substrate. The right panel of Fig. 2(b),

(c), (d) is representing the AFM image of annealed STO

(001), (110), and (111) substrate in which the particles are

agglomerated on the STO surface.

In 1994, Kawasaki et al. [13] demonstrated a chemical

(using BHF) route of etching to achieve a single terminated

substrate surface. The best step termination achieved in

their case was at pH� 4.5, but the surface contains etch

pits. They assumed the polishing and crystal defects are

responsible for the formation of the pits. The work is fol-

lowed by Koster et al. and Hallsteinsen et al. [14, 15]

where they obtained the single terminated STO (001), and

(111) substrate, respectively, by firstly formation of Sr-

hydroxide complex followed by BHF treatment. The

method helps to remove etch pits formed in the former

case. The pit formation deteriorates the thin film quality

and also degrades the properties. In 2012, Wang et al. [16]

reported the single termination of STO (110) using

molecular beam epitaxy with minimum deviation from

cation stoichiometry of\ 0.5%.

In this work, we have studied the etching of the STO

surface using BHF and ACID by varying the pH value and

time of etching. To make a BHF solution, 4 g of NH4HF2
(powder, Fisher Scientific, NH4HF2 = 57.04) was taken

into a glass beaker and mixed with 6 ml of deionized (DI)

water to make a 40% solution. A clear solution was

obtained by heating the mixed solution at 60� C using a

magnetic stirrer for 30 min to 1 h. The above solution was

transferred to the Teflon beaker in a warm state only

otherwise, the solution start forming crystals of NH4HF2.

The temperature of the solution should not fall below

40� C. To obtain BHF solution 1 ml of HF (about 40% HF,

Fisher Scientific, HF = 20.01) was added to the 40%

NH4HF2 solution. The pH of obtained BHF solution can be

varied by diluting it with DI water. We added 1 ml of BHF

solution to 99 ml of DI water to obtain 1% BHF solution

and the pH value was measured. Using the same technique,

we prepared different concentrations of BHF solutions

varying from 2%, 3%, 4%, and so on, thus, having different

pH values.

The pH value and the etching time are the main

parameters that control the surface morphology and stoi-

chiometry of the substrate. The substrate is rinsed with DI

water after etching and then dried using nitrogen gas.

Fig. 4 (Upper panel) (a, b) Time-dependent etching of STO (001)

surface for 30 s and 60 s, respectively. (Middle panel) (c, d) The

time-dependent etching of STO (110) surface for 40 s and 60 s,

respectively. (Lower panel) (e, f) The time-dependent etching of STO

(111) surface for 60 s and 90 s, respectively
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Figure 3(a) is showing the AFM image of the STO sub-

strate after being etched with 1% BHF solution. In our

case, the best step–terrace structure is observed for a pH

value of � 3.30 (2% BHF solution) as shown in Fig. 3(b).

The upper panel of Fig. 3(e) is the schematic figure for

step–terrace-like structure formation on the STO surface

after etching and the lower.

The panel of Fig. 3(e) represents the height profile of the

2% etched substrate. The height profile shows that the steps

formed have an average height of 0.398 nm which is very

close to the lattice parameter of the STO (001) (0.3905 Å)

single crystal. If we increase the pH of the solution, the

formation of the pit starts at higher pH values as seen in

Fig. 3(c), (d). When the pH of the BHF solution is

increased, there is an increase in the roughness of the

surface. The pit formation starts on the surface when

etched with a high concentration (3% and 4%) of BHF

solution deteriorating the substrate as shown in Fig. 3(d).

A similar result is shown for STO (110) (middle panel of

Fig. 3 (Fig. 3(f–j))), and STO (111) (Lower panel of Fig. 3

(Fig. 3(k–o))). As BHF is a highly reactive chemical, a

high concentration of the BHF in the solution damages the

surface of the STO single crystal, and hence the pits are

formed. To optimize the etching time for BHF treatment,

we performed etching at a different time at the same pH

value. For the 2% solution (� 3.30), we had done etchings

at different times for all orientations of the STO substrate.

In Fig. 4, we have shown the selective time AFM images

for STO (001), (110), and (111), respectively. The best

step-like structure was obtained for 30 s, 40 s, and 60 s

etching times for STO (001), (110), and (111), respectively,

as shown in Fig. 4(a), (c), (e). The different etching time

for different orientation indicates the different surface

relaxation energy of crystal in different crystallographic

axis. The surface relaxation energy (-1.66 eV) for Ti-

terminated STO (111) is five times larger than the SrO3

terminated surface (-0.35 eV), similarly, for STO (110)

the surface relaxation energy for Ti-terminated surface is

-5.78 eV which is larger than the Sr-terminated layer

(-0.86) [17, 18]. From the AFM images (Fig. 4(b), (d),

Fig. 5 (Left panel) (a–c) STO (001) surface after etching with 5%

and 50%, and 100% ACID solution, respectively. (d) Represents the
height profile of the 100% ACID etched STO (001) surface. (e, f) The
STO (001) surface after etching with 100% ACID solution with

etching time 10 min and 20 min, respectively. (Middle panel) (g–
i) The STO (110) surface after etching with 5% and 50%, and 100%

ACID solution, respectively. (j) Represents the height profile of the

100% ACID etched STO (110) surface. (k, l) The STO (110) surface

after etching with 100% ACID solution with etching time 10 min and

20 min, respectively. (Right panel) (m, o) The STO (111) surface

after etching with 5% and 50%, and 100% ACID solution, respec-

tively. (p) Represents the height profile of the 100% ACID etched

STO (001) surface. (q, r) The STO (001) surface after etching with

100% ACID solution with etching time 10 min and 20 min,

respectively
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(f)), we observed that as we increase the etching time the

reaction time increases with the substrate surface. For

higher etching time the steps started deforming (stacking of

multiple steps) and there was a commencement of pit

formation observed at the substrate surface. Figure 4(f)

represents the stacking of steps for STO (111) for 90 s of

etching time with a roughness of � 0.408 nm. The best

etching time and pH value for step–terrace-like structure

formation on STO (001), (110), and (111) substrate surface

by BHF are 30 s, 40 s, and 60 s with 3.30 pH values,

respectively.

Similarly, for ACID etching we have prepared a solution

by adding HCL (fuming 37%, Merck) to HNO3 (69%,

Merck) in a 3:1 ratio. The solution is diluted using DI

water. We have used the following three concentrations to

etch the STO (001) substrate, 5%, 50%, and 100%. For 5%

ACID solution, 5 ml of ACID is mixed with 95 ml of DI

water, and similarly for 50% and 100% solution. From

Fig. 5(a), we observed that for 5% ACID solution, the SrO

particles remained on the surface of the STO (001)

substrate.

Hence, we have increased the concentration of the

solution from 5 to 50%, for the 50% solution there are still

some particles that remains on the surface of the STO (001)

substrate, as shown in Fig. 5(b). The best step–terrace-like

structure is obtained for 100% ACID solution with a

10 min etching time (Fig. 5(c)). Figure 5(d) is representing

the height profile of the step-terminated STO (001) surface

shown in Fig. 5(c). From the height profile, we can observe

that an average height of � 0:4nm step–terrace-like

structure is obtained for STO (001) substrate. The height of

the step is close to the lattice constant of the STO crystal.

Similar results are obtained for both STO (110) and (111)

(Fig. 5(g–i) for STO (110) and Fig. 5(m–r) for STO (111)).

We have also studied the effect of etching time on the

morphology of the substrate surface. In the time-dependent

study (Fig. 5(e–f), (k–l), (q–r)), we have observed that as

we increase the etching time, the steps start deteriorating,

and also the increase in roughness is observed, hence no

longer smooth surface. From this, we conclude that for our

sample both ACID and BHF etching are most efficient at

100% and 2% concentration with an etching time of

10 min and 30 s, respectively. We have also done Lateral

Force microscopy (LFM) measurements to confirm the

surface termination of STO substrates. Figure 6(a), (b) is

showing the LFM images and LFM line profile of the STO

(001) substrate after ACID and BHF etching. The uniform

frictional response in LFM topography implies single

Fig. 6 LFM image and LFM line profile of STO (001) after ACID

(a), and BHF etching (b). The inset is showing the height profile of

the corresponding

Fig. 7 Roughness of substrate surface as a function of concentration

for BHF etching (a), and ACID etching (b)
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termination of STO substrates. The inset of Fig. 6(a), (b) is

showing the height image of the corresponding LFM

images. Figure 7 is the summary showing all summarized

results obtained for both BHF and ACID treatment.

3. Conclusions

In conclusion, we have successfully optimized the con-

centration of BHF solution and etching time to realize a

step–terrace-like structure for the STO substrate. The best

pH for etching is 3.30 for a 2% BHF solution. For higher

pH value solutions, pits are observed on the surface. The

step–terrace formation also depends on etching timing,

which is 30 s, 40 s, and 60 s for STO (001), (110), and

(111) in BHF solution etching, respectively. In addition,

the ACID etching method is also explored. For ACID

etching, the best concentration is 100% with a 10 min

etching time. On comparing the results of both etchant

treatments, we can conclude that BHF etching is a more

controlled and better surface treatment method than ACID

treatment.

In BHF etching the pH controlling is much easier than

ACID treatment. Because of uncontrolled pH value, the

acid treatment is not reproducible. These optimizations are

not restricted to STO only and can be extended to other

perovskite oxide. It will be especially interesting to per-

form a similar study on the newly emerging material in the

oxide family ‘‘KTaO3’’ [19].
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