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CaCu3Ti4O12 single crystals: insights on growth and nanoscopic investigation
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The combination of scanning impedance microscopy and conductive atomic force microscopy was

applied to single crystals of the perovskite-type oxide CaCu3Ti4O12 (CCTO) in order to provide a local

dielectric characterization on ingot sections. Both techniques clearly showed dielectric heterogeneities

due to the presence of inclusions within crystals grown in different laboratories. Despite macroscopic

characterizations, such as Laue diffraction, gave no indications for the presence of inclusions within the

crystals, the discovery of dielectric heterogeneities prompted a careful structural analysis, which

revealed the presence of crystalline CaTiO3 (CTO) precipitates. Thus, the scanning probe investigation

provided the evidence for the electrical homogeneity within the CCTO crystal and the presence of

internal barriers due to the CCTO/CTO interfaces.
Introduction

The complete investigation of single crystals certainly represents

the most valid method for understanding the intrinsic properties

of complex oxide materials. In fact, the physical and chemical

properties of functional materials, such as perovskite oxides,

might be strongly affected by the presence of bulk defects and/or

of different compositions at the grain boundaries favouring

extrinsic properties at nanoscale. Among the perovskite-type

oxides, calcium copper titanate CaCu3Ti4O12 (CCTO)1 has

attracted considerable attention in recent years due to its

impressive permittivity value of �104 to 105 at 1 MHz, which

remains constant in the 100–600 K temperature range.2–17 This

‘‘giant’’ permittivity has been observed in both CCTO single

crystals2–9 and ceramics,10–17 while in CCTO thin films18–20

permittivities are one order of magnitude lower. Several inter-

pretations of this ‘‘giant’’ phenomenon have been proposed. For

instance, impedance spectroscopy has revealed CCTO ceramics

to be electrically heterogeneous and to consist of semiconducting

grains and insulating grain boundaries. In this case, the giant

permittivity effect has been explained using the well-known

Internal-Barrier-Layer-Capacitor (IBLC) model.10–13,17

Although this model works reasonably well for CCTO ceramics,

the observation of the giant permittivity effect in CCTO single

crystals remains perplexing as grain boundaries should not be

present. The origin of the effect in single crystals may therefore

be related to different phenomena, not observed in the ceramics,

e.g. non-ohmic contact (Surface-Barrier-Layer-Capacitor
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(SBLC) effect), modification of crystal surface composition and/

or internal boundary layers associated with defects, twins,

dislocations, etc.3–9 In this context, it seems that the origin of

giant permittivity in CCTO ceramics and crystals should be

different: the CCTO single crystal behaviour can be well inter-

preted by SBLC effects associated to a non-ohmic electrode

contact, while the IBCL effect works quite well for CCTO

ceramics, but the non-ohmic electrode effect can be present if the

resistance at the grain boundaries is <100 kU cm.17

On the other hand, it should be noted that the IBLC model for

the CCTO ceramics has been corroborated by nanoscopic

investigations carried out with different scanning probe micros-

copy techniques (Conductive-Atomic Force Microscopy

(C-AFM), Scanning Impedance Microscopy (SIM) and Kelvin

probe force microscopy).14,21–23 Nanoscopic investigation on

CCTO ceramics imaged and demonstrated the electrical prop-

erties of the grain boundaries. They are clearly insulating and the

thickness of the depletion layer at the grain–boundary interfaces

has been determined to be about 100 nm.21–23 Analogous nano-

scopic investigation has never been reported for CCTO single

crystals, despite it could be very important to study and compare

the structural, chemical and dielectric properties of single crystals

after deep investigations by both micro- and nano-

methodologies.

This paper reports on the use of Scanning Probe Microscopy

(SPM) based techniques to study dielectric characteristics within

CCTO single crystals. In particular, appealing data have been

obtained by SIM and C-AFM measurements performed on

CCTO single crystals, which appeared to be pure materials by

conventional Laue diffraction characterization. Electrical

homogeneity within the CCTO crystals has been found, but also

the presence of insulating inclusions not deducted by all the

macroscopic techniques used for their structural, compositional

and electrical characterization. The investigation on nanoscale
This journal is ª The Royal Society of Chemistry 2011
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by the C-AFM and SIM techniques provided not only electrical

information but also pointed out to structural and compositional

heterogeneities not detectable by conventional micro-character-

ization techniques. The imaging electrical homogeneity repre-

sents an important issue for the evaluation of the giant dielectric

response in CCTO single crystals.
Fig. 2 Laue back scattering diffraction indicating that the CCTO

sample is a pure and almost (100) oriented single crystal, as demonstrated

by the overlay of the simulation.
Results and discussion

CaCu3Ti4O12 (CCTO) single crystal preparation and structural

characterization

CCTO single crystals have been prepared by the travelling

solvent floating zone method. The picture of a CCTO circular

slice from the original cylindrical crystal is reported in Fig. 1a.

Before the scanning probe microscopy investigations, the surface

of CCTO crystals has been polished in order to avoid artefacts

during measurements due to roughness and/or any possible

superficial contamination/impurities. The low magnification

Scanning Electron Microscopy (SEM) image shows the polished

part of the CCTO crystal (area inside the white square in Fig. 1a)

which is clearly visible in the magnification on Fig. 1b.

The structural characterization has been performed by Laue

diffraction measurements. In particular, Fig. 2 shows a Laue

backscattering image of the CCTO crystal recorded with copper

radiation. Overlayed is the simulation, which reveals the single

crystalline character of the sample. The orientation of the surface

was almost parallel to the {100} direction of the cubic cell with

a misorientation <1.5� 2q. No other features different from

CCTO phase are present. Thus, on the basis of the Laue

diffraction analysis, the CCTO single crystal is pure and {100}

oriented.
Fig. 1 (a) SEM image at low magnification of CCTO crystal showing

the polished part of the sample and (b) magnification of the polished part.
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Dielectric characterization

Dielectric characterization has been already reported for the

CCTO single crystal. In the 101 to 106 Hz frequencies range it

showed ‘‘giant permittivity’’ (30 up to 105),4,5,8,17 while at higher

frequencies in the GHz region the 30 values decrease to about

200–100. The origin for such behaviour has been widely dis-

cussed.4–9

Moreover, a comprehensive study carried out by impedance

spectroscopy (IS) upon varying the chemical nature of the elec-

trode contacts (i.e. Au and InGa) demonstrated the presence of

two R1C1 and R2C2 elements (RC ¼ resistor–capacitance) to the

permittivity.17 The R1C1 element does not depend on the chem-

ical nature of the electrode and it represents the contribution of

the bulk (3 intrinsic value �100). By contrast, the R2C2 element

depends on the electrode material, thus providing evidence for

the formation of a Schottky barrier due to the non-ohmic contact

at the CCTO/electrode interface. All the IS data on CCTO single

crystals have been compared to those obtained from CCTO

ceramics and on the basis of the relative complex impedance (Z*)

curve shape and of R2 values: it has been argued that the elec-

trode effect is the main reason for the occurrence of giant

permittivity in CCTO single crystal.

On the other hand, the IS studies cannot provide any infor-

mation on the possible presence of defects and insulating

heterogeneities in CCTO crystals (having a semiconductor

nature), and they cannot reveal their influence on the measured

physical properties. In this context, nanoscopic techniques have

to be employed to clarify this aspect of the crystal investigation.

Scanning Probe Microscopy on CaCu3Ti4O12 crystals

The Scanning Probe Microscopy (SPM) represents the general

definition of a number of techniques useful for the direct imaging

of micro- or nano-structures24–26 and for the identification of

dielectric heterogeneities.27–29 These techniques provide infor-

mation (with high lateral resolution) on the local conduction and

insulating regions because of the conductive AFM tip which,

moving over the sample surface, acts as a sliding metal contact:

by applying a bias between the bottom electrode and the tip, it is

possible to collect the current (C-AFM) or the impedance signal
CrystEngComm, 2011, 13, 3900–3904 | 3901



Fig. 4 (a) The I–V curves, collected with the C-AFM on both the CCTO

bulk (solid circle curve) and insulating inclusion (open square curve),

clearly demonstrated the insulating nature of the inclusion with respect to

the bulk; (b) dC/dV vs. voltage curves both on the CCTO bulk (solid

circle curve) and within the insulating inclusion (open square curve) have

been obtained by stopping the AFM tip on single point and changing the

voltage. One peak has been obtained on CCTO bulk, while two peaks are

present in the dC/dV curve from the inclusion; (c) the integrated capac-

itance vs. voltage curves obtained from the experimental dC/dV.
(SIM) of the nano-devices.26,27 Here both C-AFM and SIM

techniques have been applied for a deep investigation of the giant

dielectric constant phenomenon in CCTO crystals.

SPM investigations have been performed on CCTO single

crystals after polishing treatments and fabrication of a silver

paste bottom electrode, while the top electrode is represented by

the AFM tip.

In Fig. 3 the SPM images of the CCTO crystal are given. The

morphological images (Fig. 3a and c) show a flat crystal (the root

mean square, calculated on 50 � 50 mm2 area, is about 1 nm). By

contrast, the SIM and C-AFMmaps (Fig. 3b and d) revealed the

presence of an inclusion, which is darker than the CCTO bulk

indicating that it is more insulating.

Further dielectric investigations have been carried out by

stopping the C-AFM tip and ramping the applied dc bias on both

the inclusion and the bulk. The recorded I–V curves (Fig. 4a)

pointed to a possible blocking effect caused by the inclusions. In

fact, as shown in Fig. 4a, the current flowing through the

inclusion (red experimental points) is one order of magnitude

lower than in the CCTO matrix (blue solid circles).

Stopping the tip motion, in SIM mode, it was also possible to

collect the dC/dV versus voltage curves, as shown in Fig. 4b. The

dC/dV curve acquired on CCTO single crystal (Fig. 4b, blue solid

circles) shows a single peak, while the curve acquired on the

inclusion (Fig. 4b, red open squares) presents two peaks. By

integration of the experimental curves, the relative capacitance

versus voltage curves have been obtained (Fig. 4c). A step-like

behaviour typical of an ideal Metal–Insulator–Semiconductor

device (where the semiconductor is n-type) has been observed in

the CCTO single crystal, while in the inclusions a double step

behaviour has been found.

Moreover, analogous SIM and C-AFM characterizations

have been performed on a second CCTO single crystal (in the

following indicated as CCTO1), grown in a different laboratory.

The provided CCTO1 crystal (Fig. 5a) yielded similar results. In

this case also the morphological images (Fig. 5b and d) show an

inclusion within the crystal. The squared inclusion size is about

10� 10 mm2. The inclusion dielectric behaviour has been clarified

by SIM (Fig. 5c) and C-AFM (Fig. 5e) investigations: it is, like in

our CCTO sample, more insulating than the crystal bulk.

The presence of crystalline inclusions, discovered by the

nanoscale investigation on two different CCTO crystals,

prompted a deeper and more accurate structural/chemical

analysis.

The structural/chemical nature of the insulating inclusions

within the CCTO crystals has been evaluated by Transmission
Fig. 3 SPM images performed on CCTO single crystal: (a and c) the

AFMmorphologies, collected in contact mode, do not show any features;

(b) impedance and (d) current maps.
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Electron Microscopy (TEM). Fig. 6a shows a TEM micrograph

of the CCTO single crystal. It is clearly visible a well-crystalline

inclusion, about 5 mm wide, having a lighter contrast within the

CCTO crystal. The selected area electron diffraction pattern

(Fig. 6b) obtained from the inclusion can be identified as the
Fig. 5 (a) Picture of the CCTO1 crystal and its SPM images: (b and d)

AFM morphologies obtained in contact mode; (c) impedance and (e)

current maps.

This journal is ª The Royal Society of Chemistry 2011



Fig. 6 (a) TEM plan view image of the CCTO crystal and (b) selected

area electron diffraction (SAED) of the inclusion visible in (a). The

SAED pattern indicates that the inclusion phase is CaTiO3.

Fig. 7 Band diagram scheme representing the heterostructure formed at

the insulating inclusion/CCTO crystal interface. The present hetero-

junction shows a pin in the valence band due to both the n-type semi-

conductivity of the CCTO and the insulating nature of the CTO and

secondly due to the CTO larger band gap compared to CCTO.
(001) plane of the orthorhombic cell of calcium titanate

(CaTiO3). Most of the CaTiO3 (CTO) inclusions are perfectly

oriented with respect to the CCTO single crystal, i.e. the [001]

CTO//[001] CCTO, and some of them showed a different orien-

tation parallel to the [001] CCTO.

We also tried to estimate the number of CTO inclusions per

unit volume from the current and impedance maps and it has

been found to be >1%. In particular, the map areas (corre-

sponding to the crystal investigated area) are 100 mm2 and since

the CTO inclusions are almost insulating, the electrical signal can

be collected from a sample thickness of about 10 mm. Thus, the

investigated total crystal volume is 105 mm3. Almost one inclusion

(having a volume size not bigger than 103 mm) has been found for

each investigated area, so it is possible to conclude that the CTO/

CCTO volume ratio is about 1/100.

These inclusions have not been detected by the macroscopic

Laue diffraction for the following possible reasons: (i) firstly, the

relatively small fraction of the secondary phase leads to only very

low intensities on the photograph, which may not be visible to

the eye; (ii) secondly, it is possible that the X-ray spot (roughly 1

mm in diameter) simply ‘‘missed’’ the inclusions although several

different points on the crystal (both front and backside) were

investigated. In addition, the penetration depth of the X-ray

beam is limited, making inclusions underneath the surface

undetectable. Finally, the (averaged) unit cell parameter of the

identified phase CaTiO3 is almost 1/2 of the unit cell parameter of

CCTO, so the diffraction spots overlap in the case of a top-

otactical growth of both components.

Thus, the presence of insulating CTO inclusions causes the

electrical heterogeneities within CCTO single crystals.

The CCTO/CTO system deserves some attention since it can

be represented as a heterojunction shown in Fig. 7. The present

heterojunction between the CCTO crystal and the CTO inclusion

shows a pin in the valence band due to both the n-type semi-

conductivity of the CCTO and the insulating nature of the CTO,

and secondly due to the CTO larger band gap compared to

CCTO. Several works demonstrated a similar behaviour in more

conventional systems such as Si or Si–Ge structure.30,31

In summary, the present scanning probe characterization

provides two important information not available with the

previous macroscopic measurements:

- it seems to be extremely hard to grow pure CCTO single

crystals, in fact, both the investigated CCTO crystals possess

inclusions. On the other hand, it has been demonstrated by
This journal is ª The Royal Society of Chemistry 2011
thermogravimetric analysis that CCTO ceramics easily reduce to

CaTiO3, TiO2 and Cu,32 thus also in the synthesis process the

formation of one of these phases might occurred.

- the interpretation of macroelectrical analysis might induce to

incomplete conclusions because they did not provide experi-

mental evidence of insulating inclusions.

Recently, also in the case of CCTO ceramics, great attention

has been devoted to the role of nanosized internal insulating

barrier layers due to staking faults or nanodomains originating

within grains.33–35 Some works, in fact, described the presence of

defects such as stacking faults and/or nanodomains within the

grains of CCTO ceramics and they support the idea that the

internal barrier layer capacitance (IBCL) mechanism is enhanced

by another similar effect, operating in the nanoscale range,

referred to as ‘‘nanoscale barrier layer capacitance model

(NBCL)’’.33–35On the basis of this argumentation, the presence of

CaTiO3 precipitates may affect the conduction mechanisms in

CCTO single crystal and because of their different electrical

conductivity could contribute to explain the CCTO single crystal

electric response. The aim of the NBCL model is to provide

a common explanation/origin of giant permittivity for CCTO in

all its forms (crystals and polycrystalline ceramics). Certainly it is

no trivial to isolate the nanoscale barrier layer contributions, but

to date no nanoscopic investigation has been reported for CCTO

crystals and no direct evidence for internal barrier layer has been

provided.
Conclusions

C-AFM and SIM investigations demonstrated the presence of

insulating inclusions in CaCu3Ti4O12 single crystals grown in

different laboratories. The presence of these inclusions has not

been previously observed by macroscopic techniques used for the

structural, compositional and electrical characterization. TEM

analyses have been performed and the insulating inclusions have

been identified to be CaTiO3. The CaTiO3 secondary phase could
CrystEngComm, 2011, 13, 3900–3904 | 3903



block/restrict conduction within CaCu3Ti4O12 crystals and could

participate in the macroscopic conduction mechanisms.

It is noteworthy that the experimental approach presented in

this paper could be used to investigate the dielectric properties of

a wide class of inhomogeneous materials. In particular experi-

mental proof of the detection of insulating inclusions, embedded

in semiconducting matrix, has been provided. This represents

a step forward with respect to the standard macroscopic elec-

trical characterization techniques.
Experimental

Single crystal CCTO was grown by the travelling solvent

floating zone technique. The applied growth furnace (model

GERO SPO) is equipped with two 1000 W halogen lamps, the

radiation of which is focused by gold-coated ellipsoidal mirrors.

Polycrystalline bars serving as seed and feed rods were cold-

pressed and sintered in air for 12 h at 1000 �C. Since CCTO

does not grow congruently, the tip of the feed rod was enriched

with 20% CuO acting as self-flux. A growth rate of 5 mm h�1

was used and the seed rod was rotated with a speed of 30 rpm,

while the feed was kept still. To avoid the thermal reduction of

copper at the high temperatures required, the crystal growth

was performed in pure oxygen with a pressure of 4 bar and a gas

flow rate of 0.2 l min�1.

Laue diffraction was performed in reflection geometry with

a Huber diffractometer. The distance between the sample and the

Polaroidª photo film was 40 mm. White X-ray radiation was

generated with a Cu tube (30 kV, 30 mA). The sample was illu-

minated for 3 minutes.

CCTO single crystals were observed by a Leo Iridium 1450

Scanning Electron Microscope.

The CCTO single crystal slices were polished to eliminate the

influence of superficial artefacts in the SPM mapping.

Measurements were performed using a back side contact,

obtained by silver paint, opposite to the polished surface.

Measurements at nanometre scale were performed by a Digital

Instrument D3100 atomic force microscope (AFM) with

a Nanoscope V controller operating in air and in contact,

equipped with the tunnelling atomic force microscopy (TUNA)

module. SIM measurements were carried out in constant DV

mode by a Digital Instruments Dimension 3100 atomic force

microscope. The ac bias applied between the tip and sample was

varied in the 1–10 V peak-to-peak range at 90 kHz; the resonator

frequency was in the range 1.0 � 0.1 GHz.

The CCTO single crystals were examined by electron micros-

copy using a field-emission JEOL transmission electron micro-

scope, operating at an accelerating voltage of 200 kV.
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