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Complex oxides have many promising attributes, including wide band gaps for high temperature

semiconductors, ion conducting electrolytes in fuel cells, ferroelectricity and ferromagnetism. Bulk

and thin film oxides can be readily manufactured and tested however these physically hard and

chemically inert materials cannot be nanofabricated by direct application of conventional methods.

In order to study these materials at the nanoscale there must first be a simple and effective means

to achieve the desired structures. Here we discuss the use of pulsed laser deposition at room

temperature onto electron beam lithography defined templates of poly methyl methacrylate

photoresist. Following a resist liftoff in organic solvents, a heat treatment was used to crystallize

the nanostructures. The morphology of these structures was studied using scanning electron

microscopy and atomic force microscopy. Crystallinity and composition as determined by x ray

diffraction and photo-electron spectroscopy respectively is reported for thin film analogues of the

nanostructured oxide. The oxide studied in this report is Nb doped SrTiO3, which has been investi-

gated for use as a high temperature thermoelectric material; however the approach used is not

materials-dependent. VC 2012 American Vacuum Society. [DOI: 10.1116/1.3669645]

I. INTRODUCTION

Many oxide materials have interesting properties in bulk

form; however their complex stoichiometries, high melting

temperatures, and resistance to wet chemical etching limit

the capability to easily fabricate and study their nanostruc-

ture counterparts. One oxide of particular interest is Nb

doped SrTiO3 (Nb-STO), which has demonstrated potential

as a high performance thermoelectric material in both bulk

and thin film forms.1–3 While changes in stoichiometry can

manipulate the governing terms that define the figure of

merit, Z [Eq. (1)] below,

Z ¼ rS2

k
; (1)

where r is electrical conductivity, S is the Seebeck coefficient

and k is thermal conductivity these terms are typically interre-

lated, preventing isolated maximization or minimization to

increase Z.4 Nanostructuring of thermoelectric materials, spe-

cifically as one dimensional nanostructures (nanorods and

nanowires), has already been demonstrated in some materials

systems to achieve a reduction in the thermal conductivity k
without decreasing r or S by restricting phonon migration.5,6

Enhancement of thermoelectric performance in bulk Nb-STO

with nanoscale inclusions has also been attributed to a reduc-

tion in phonon migration.7–9 In this work, we demonstrate the

capability to fabricate nanostructured Nb-STO of various

geometries. The physical properties of the structures will be

investigated in future studies.

One dimensional oxide nanostructures can be readily

fabricated by wet chemical synthesis, but the final length and

diameter is dependent on the extent of Ostwald ripening.10,11

Oxides formed in this way are also typically undoped.

Top down approaches have also been investigated in which

a thin film of the desired stoichiometry is shaped via ion

milling. However, this approach can cause undesirable crys-

tallographic damage, ion implantation which manipulates

the electrical properties, and re-deposition of the milled

material.12–14 While strategies to mitigate these drawbacks

exist, they require additional process complexity.15,16

Template assisted growth in which a negative of the desired

nanostructure is used to modulate the deposition of the oxide

onto a substrate has produced an incredible variety of techni-

ques as both the template and deposition methodology have

been developed elsewhere in materials science research.

Ideally, templates should be easily placed and patterned

before and easily removed after deposition, all while being

robust enough to ensure accurate reproduction of the nega-

tive template features. Lithography easily meets this crite-

rion but for some deposition techniques requires several

processing steps such as deep reactive ion etching to transfer

the template structure from the photoresist to the substrate,

which is then itself used as the template. The Dravid group

has been especially prolific in combining this type of tem-

plate with oxide sols.17–19

A nanostructuring technique is needed that allows control

of stoichiometry, material dimension and spatial arrangement.
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Here we investigate the use of electron beam lithography

(EBL) to pattern resists on oxide substrates. After develop-

ment, the resist was used directly as a deposition mask during

room temperature pulsed laser deposition (PLD). Subsequent

liftoff of the resist in a solvent bath and post deposition heat

treatment results in a high yield, simple and effective process

for producing crystalline nanostructures.

II. EXPERIMENT

Figure 1 is a graphical depiction of the experimental pro-

cedure, and will be referred to in this section. Templates

were written into 4 wt.% poly methyl methacrylate resists

dissolved in anisole (PMMA-A4) using EBL (JEOL JBX-

6300FS). The PMMA-A4 resist was coated onto single crys-

talline (100) oriented SrTiO3 (STO) substrates (CrysTec

Gmbh). The oxide substrates were first cleaned in acetone,

isopropanol and methanol and then subjected to an oxygen

plasma asher for 30 seconds. The PMMA-A4 was then spun

on at 3000 rpm for a final thickness of about 175 nm, and

then baked for 5mins at 180 �C, the resist coated substrate is

shown in Fig. 1(a). Following the resist bake, a conductive

polymer “ESPACER” was spun on and baked using the

same speed and temperature. The ESPACER top layer pre-

vented charge buildup on the surface of the insulating sub-

strates during exposure in the EBL tool. The patterns used

were either trenches with horizontal widths ranging from 10

nm to 1 lm and lengths of 500 lm, or square pits with side

widths of 50 nm and 100 nm. Following patterning, the resist

was developed in a solution of methyl isobutyl ketone in iso-

propanol (MIBK) for one minute, and then rinsed in isopro-

panol, leaving bare areas of substrate where electron

irradiated resist made soluble in the developer solution. An

exposed and developed substrate with a trench style pattern

is shown in Fig. 1(b). The electron beam was set at a con-

stant 4 nA current and 100 keV accelerating voltage. Dose

was manipulated along with pattern dimension and feature

density to achieve the final templates.

Template filling occurred under high vacuum (10�6 Torr)

at room temperature using PLD. A 248 nm wavelength KrF

Excimer laser (GAM Laser EX 350) was used to ablate a

SrTi.8Nb.2O3 (5 atm% Nb) sintered target. A template with

deposited film is shown in Fig. 1(c). Laser parameters were

kept constant at 2 J/cm2 with a repetition rate of 5 Hz. After

determining the growth rate using a partially masked sub-

strate and a profilometer, the number of laser pulses was

used to adjust the thickness of the deposited material and

height of the nanostructures. Following PLD the substrates

were placed in an acetone bath at 90 �C for ten minutes and

then sonicated for ten seconds. Figure 1(d) shows the free-

standing oxide nanostructures after the template is dis-

solved. Following the liftoff procedure, the substrates and

nanostructures were annealed under high vacuum at 650 �C
for one hour and then cooled at 5 �C/min to room tempera-

ture. The nanostructures were coated with 2 – 3 nm of Pt/Au

for scanning electron microscopy (SEM) (FEI Quanta 600

FEG) imaging to observe general morphology. Additional

uncoated nanostructures were studied using atomic force

microscopy (AFM) in contact mode (VEECO Multimode

AFM) for height measurements.

Thin film analogues were deposited at room temperature

using identical laser parameters as the template filling

experiments to study crystallization and film composition.

The room temperature deposited thin films were subjected to

the same annealing heat treatments as their nanostructured

counterparts. Films deposited at 650 �C were also studied to

serve as a reference for the annealed films. X-ray photoelec-

tron spectroscopy (XPS) (PHI Quantera SXM) sputter depth

composition profiling, x-ray diffraction (XRD) (Phillips

Xpert Pro with Cu-Ka x ray source) and sheet resistance

measurements using the Van der Pauw method (Keithley

4200 SCS) were used to characterize the thin film samples.

III. RESULTS AND DISCUSSION

A. Oxide structures

Templates fabricated using EBL on oxide substrates pro-

duced a substantial increase in final dimensions compared to

the expected feature width. For a template with a nominal

dimension of 10 nm (as defined in the pattern generation

software) a final dimension of 110 nm was achieved. These

dimensions were accurately conveyed to the deposited oxide.

Figure 2 is an SEM image showing the dimensions of the

FIG. 1. (Color online) Experimental procedure used in the template guided deposition of Nb-STO at various steps—(a) shows the PMMA coated substrate

before EBL, (b) shows the trenches in the PMMA after EBL exposure and developing in MIBK-IPA, (c) C shows the template filled with NbSTO after pulsed

laser deposition (PLD) and (d) D shows the freestanding structures after liftoff of the resist in the solvent bath.
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oxide nanostructures using 10 nm and 30 nm nominal wire

diameters. A dose of 5200 lC/cm2 was required to produce

the features shown in Figs. 2–4, which is significantly larger

than the typical dose of 1000 – 2000 lC/cm2 used for

PMMA-A4 on silicon substrates. Using a box pattern at the

same dose as for the PLD filled trenches shown in Fig. 2 pro-

duced nanodots after deposition and liftoff. Figure 3 shows

filled box style templates with nominal dimensions of 50 nm

and 100 nm. The actual dimension for each structure is indi-

cated by the arrows.

Lower doses produced heavily scummed trenches after

developing. Both the expansion in template dimension and

the high dose required for complete exposure can be

explained by a phenomenon known as proximity dosing

which is explained as follows. In a typical EBL experiment,

electrons penetrate the sample normal to the substrate

surface and assuming a high enough electrical conductivity

follow a path to ground through the bulk of the sample,

exposing the resist directly in the path of electron beam.

The depth of the initial penetration and the subsequent

electron-sample interactions (such as the release of second-

ary electrons or the backscattering of the incident beam) are

highly dependent on the accelerating voltage of the electron

beam as well as the atomic weight of the substrate. Further-

more, an insulating substrate will develop a localized surface

around the electron irradiated area leading to additional

problems with beam deflection. This is avoided with the use

of the conductive polymer top layer ESPACER which dis-

perses the localized charge. For a doped semiconductor such

as silicon, the accelerating voltage, resist thickness and pat-

tern densities have been optimized to avoid proximity dosing

and produce features on the order of 10 nm using EBL. The

substrates used in this report are nontraditional from an EBL

point of view, as they are insulating and have a higher aver-

age atomic weight. The result is that the dose typically

required to expose a resist on Si is inaccurate for our sub-

strates. On STO, a portion of the electron beam is dispersed

most likely by backscattering or localized charge concentra-

tion, exposing the resist in the near proximity to the desig-

nated area of irradiation. As a consequence, the high dose

FIG. 2. (Color online) Scanning electron microscopy (SEM) image of Nb-

STO wires produced using a 10 nm (a) and 30 nm (b) nominal width and

1 lm pitch. Images were taken at 5 kV with an 8 mm working distance after

Au/Pt coating of samples, and SEM measured dimensions are indicated by

the arrows.

FIG. 3. (Color online) Scanning electron microscopy (SEM) image of Nb-

STO nanodots produced using a box pattern of 50 nm side width 500 nm

pitch (a) and 100 nm side width 1 lm pitch (b). Images were taken at 5 kV

with an 8 mm working distance after Au/Pt coating of samples, and SEM

measured dimensions are indicated by the arrows.
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required to completely expose the resist causes an undesir-

able pattern broadening, which we minimized by using a

large pitch of 1 lm in the trench style templates. A careful

design of the irradiation pattern or the use of lower accelerat-

ing voltages may alleviate this problem in future studies.

AFM imaging of the horizontal wire structures shows an

increase in cross-sectional uniformity with increasing lateral

dimension. Wires with lateral dimensions of 110 nm to 530

nm are shown in Fig. 4. The widths of each feature in Fig. 4

were determined by SEM and are given in the figure caption.

All of the features shown in Fig. 4 have a height of approxi-

mately 60 nm after 2000 laser pulses, which is consistent

with the PLD growth rate for a film. The length of the fea-

tures is 500 lm. The jagged peaks observed for the 110 nm

wires are partially due to the angle of the AFM tip; however

the increasing smoothness on the tops of the widest wires

indicates a more homogeneous filling of the template. This is

possibly due to a reduced interaction of the deposited mate-

rial with the template edge during deposition due to

decreased aspect ratio of the pattern for wider features.

B. Characterization of thin film analogues

For the thin film analogues, 100 nm films of Nb-STO

were deposited on (100) oriented LaAlO3 (LAO) and STO

(100) substrates. LAO substrates were used for XRD analy-

sis to avoid an overlap between the Nb-STO film peaks and

STO substrate peaks. STO substrates were used for the XPS

analyzed films. The XRD results in Fig. 5 shows that the

film deposited at room temperature has no crystalline peaks

except for the LAO substrate; thus the film is possibly amor-

phous. After annealing the room temperature deposited film,

a single diffraction peak emerges suggesting the film is

highly textured. When compared to films deposited at high

temperature (650 �C) the annealed film diffraction peak is

shifted towards LAO (200). This suggests a greater influence

of the substrate lattice constant on the annealed film and sup-

ports the assumption that the annealed film is polycrystalline

with some reorientation of its grains due to a compressive

epitaxial strain. Using the Bragg relation as shown below

[Eq. (2)]

nk ¼ 2d sin h; (2)

FIG. 4. (Color online) Contact mode atomic force microscopy (AFM) images of wire type nanostructures with actual widths of 100 nm (a), 190 nm (b),

290 nm (c) and 530 nm (d) as determined by scanning electron microscopy (SEM).

FIG. 5. X-ray diffraction (XRD) spectrum of Nb-STO films deposited

at room temperature (RT NbSTO), room temperature followed by annealing

(A NbSTO) and at high temperature (HT NbSTO) on LaAlO3 (100)

substrates.
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where k is the wavelength of the diffracting x rays (�1.54 Å

for Cu-Ka) and h is the measured diffraction angle, the lat-

tice spacing d can be determined. For each diffraction peak

observed in Fig. 5, the lattice spacing calculation is found in

Table I. For the room temperature deposited, unannealed

film (RT NbSTO) only the LAO (200) substrate peak is

observed. While both films exhibit an increased lattice con-

stant compared to the nominal lattice constant of undoped

STO (3.905 Å), which is expected from substitutional doping

of the larger Nb atoms, the high temperature deposited film

(HT NbSTO) is closest to the value reported elsewhere for

PLD grown Nb-STO films at high temperature and vacuum

conditions.20,21

XPS sputter depth profiling of the annealed film shows a

uniform distribution of Nb, Sr, Ti and O in atomic %

throughout the entire depth of the deposited oxide shown in

Fig. 6. The films were first sputter cleaned to remove carbon

and other impurities, and thus the first 5 nm of XPS data is

not included. Sputter time was converted to sputter depth by

assuming a constant sputter rate of the deposited film com-

pared to a bare STO substrate. Sputter rate was determined

by eroding a bare STO substrate with argon for 10 mins and

the resultant depth of the sputter crater was measured with a

stylus profilometer. The Nb signal dissipates at the substrate

interface after sampling the 100 nm film, indicating that the

post deposition heat treatment did not cause Nb diffusion

into the STO substrate. Within the substrate both the Ti and

Sr signals increase slightly suggesting that the Nb dopant

may be replacing the A site cation (Sr) in addition to B site

cation (Ti) in the perovskite structure. Sheet resistance meas-

urements of the XRD analyzed films presented in Table II

showed that the high temperature deposited films had electri-

cal conductivities on the same order of magnitude as that

reported in the literature for laser ablation deposited epitaxial

Nb-STO films of the same nominal composition and similar

experimental conditions.21 However, the annealed films

have a higher sheet resistance, though lower than that of the

unannealed film. The formation of oxygen vacancies in the

high temperature deposited film (which was deposited under

high vacuum) is a likely explanation for the lower sheet re-

sistance. Likewise, if the larger resistivity of the annealed

film is assumed to be due to a lower concentration of oxygen

vacancies, then the total concentration of oxygen should be

similar within the film and the substrate, which is supported

by the XPS result shown in Fig. 6.

IV. SUMMARY AND CONCLUSIONS

The discussed templating technique has a resolution on

the order of 100 nm, and with appropriate heat treatment fol-

lowing deposition and liftoff can produce highly crystalline

oxide nanostructures of the desired stoichiometry. In com-

parison to other templates filled via PLD, the minimum fea-

ture size is comparable if not superior, and the ease of the

liftoff procedure makes the technique especially interesting

for future studies in functional oxide heterostructures.22–24
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