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A method for quantifying inhomogeneity of crystal structure at the nanoscale is

suggested and experimentally verified. The method is based on digital

processing of images obtained by high-resolution transmission electron

microscopy. A series of images is acquired and each image is divided into

several overlapping sliding windows. Interplanar distances are determined using

a fast Fourier transform and the CrysTBox software. A spatial distribution of the

estimated distances is obtained considering the size and position of the sliding

window within the analysed sample. This approach provides for a picometric

precision and accuracy if applied on ideal data. Although this accuracy was

verified on experimental data, it can be worsened by errors specific to a

particular application and data acquisition technique. The achieved spatial

resolution ranges from a few to tens of nanometres. These levels of accuracy,

precision and spatial resolution are reached without the need for aberration

correction or for a reference lattice parameter, and using samples prepared by

focused ion beam milling.

1. Introduction

Functional properties of inorganic materials are determined

by their chemical composition and crystal structure. The

difference between the properties of graphite and diamond

arising from their different crystal structures is the most

commonly known example of the role of crystal structure. In

the past few decades, the synthesis of nanomaterials and

nanostructures has proven to be a powerful tool for tailoring

material properties. To a great extent this is a result of

alterations in crystal structure with decreasing geometrical

dimensions to the nanoscale or under heteroepitaxial growth.

The crystal structure and/or lattice parameters of nanos-

tructures can differ from those of bulk prototypes. Moreover,

a spatial distribution of the lattice parameters may exist inside

nanostructures due to the presence and increased influence of

surfaces and interfaces, relaxation of film–substrate misfit,

and/or synthesis technology. This distribution, or structural

inhomogeneity, can have a strong impact on functional prop-

erties. For instance, a uniform gradient of lattice parameters

can lead to enhancement of electromechanical response

through a flexoelectric effect in perovskite oxide ferroelectrics

(Zubko et al., 2013), whilst a random distribution can be

responsible for the degradation of excellent conducting

properties in graphene (Couto et al., 2014). Therefore,

knowledge of the spatial distribution of lattice parameters and

lattice strains on the nanoscale is a crucial issue in modern

technology.
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Deviations in lattice parameters from their average values

can be detected and estimated using X-ray, electron or

neutron diffraction/scattering analyses. However, these

methods are not able to determine the spatial distribution of

the lattice parameters at the nanoscale inside a sample. Today,

transmission electron microscopy (TEM) is the only technique

ensuring the required spatial resolution for local quantifica-

tion and mapping of the lattice parameters in nanostructures.

The dedicated, advanced TEM approaches include diffrac-

tion-based methods [convergent-beam electron diffraction

(Klinger et al., 2015; Klinger & Jäger, 2015; Zhang et al., 2006),

nanobeam electron diffraction (Béché et al., 2009), nanobeam

precession electron diffraction (Rouviere et al., 2013) etc.] and

image-based methods [high-resolution TEM (HRTEM;

Klinger & Jäger, 2015; Hÿtch et al., 1998), and more recently

electron holography (Hytch et al., 2008; Koch et al., 2010)]. In

particular, a two-dimensional mapping of lattice strains using

HRTEM has been developed with special emphasis on

applications in microelectronics (Diercks et al., 2011). State-of-

the-art HRTEM combined with geometric phase analysis

(GPA) (Hÿtch et al., 1998, 2003; Diercks et al., 2011; Hÿtch,

1997; Johnson et al., 2004) allows for mapping lattice para-

meters or lattice strains, typically with a precision of

approximately 0.2% and spatial resolution of 0.2 nm for the

field of view of 100 nm. In order to achieve such precision and

resolution, the use of aberration-corrected HRTEM is

required, accurate sample preparation needs to be mastered

[e.g. commonly used focused ion beam (FIB) cutting is not

suitable] and the sample thickness must not exceed 50 nm. For

thicker samples, very large strains (of approximately 1%) can

be mapped with similar spatial resolution, which, however,

requires high-resolution scanning TEM.

Here, we suggest a robust approach for mapping lattice

parameters via d-spacing measurement using conventional

HRTEM without the need for aberration correction. More-

over, rather thick samples prepared by FIB are sufficient. A

reference lattice parameter is not needed and the field of

analysis is not limited. We demonstrate experimentally the

applicability of the suggested approach by mapping lattice

parameters in an epitaxial film of BaTiO3 (BTO) grown on an

SrTiO3 (001) substrate (STO). The achieved accuracy is in the

range of picometres with a spatial resolution of a few to tens of

nanometres. We believe that our simple, inexpensive and

robust approach can be convenient for mapping lattice para-

meters in a broad class of nanomaterials and nanostructures.

2. Experimental details

To explain individual steps and to demonstrate the abilities of

the proposed approach, the suggested method is applied to the

characterization of a 70 nm-thick epitaxial BTO film grown on

an STO substrate. This nanostructure was chosen because the

lattice parameters of BTO are expected to vary as a function

of depth within the film. Additionally, the accuracy and

precision of the proposed method were verified on two

samples of a known well ordered crystal structure: Mg and Si.

The reference Mg sample was prepared by grinding and Ar+

polishing in a Gatan Precision Ion Polishing System. The Si

reference sample was prepared using a Ga+ FIB.

The BTO film was grown on top of the STO single-crys-

talline substrate by pulsed laser deposition (Chernova et al.,

2015). Because of the mismatch between the lattice para-

meters of BTO and STO, the theoretical biaxial in-plane

(parallel to the substrate surface) misfit strain is �2.5%

compressive in BTO at the deposition temperature of 973 K.

The misfit strain is known to relax with increasing film thick-

ness and it may be completely relaxed in BTO at the growth

temperature. Upon further cooling to room temperature, the

mismatch between the coefficients of thermal expansion in

BTO and STO may result in tensile in-plane strain in the BTO

film. X-ray diffraction (XRD) analysis revealed cube-on-cube

epitaxy of perovskite-type BTO on STO. The room-

temperature out-of-plane (normal to the substrate surface)

and in-plane lattice parameters were found to be 0.3998 and

0.4005 nm, respectively. This finding shows the presence of

average tensile in-plane strain in BTO, in agreement with the

qualitative discussion above. Possible multiple routes for

strain relaxation can lead to strongly inhomogeneous strain in

the BTO film (Sun et al., 2004; He et al., 2006).

A cross-sectional BTO/STO sample for the TEM analysis

was prepared using a DualBeam scanning electron microscope

FEI Quanta 3D FEG equipped with a Ga+ FIB. To protect the

BTO film from possible damage by Ga+ ions, the top surface of

the film was coated with platinum. A scheme of the final cross-

sectional sample is shown in Fig. 1.

Images of the Mg, Si and BTO/STO samples were acquired

on an FEI Tecnai TF20 X-twin trans-

mission electron microscope operating

at 200 kV. The device used for the image

acquisition was a 4 Mpx CCD camera

(Gatan UltraScan 1000 P; 2048 �

2048 pixels). Since the binning was set

to the value of 2, the resolution of the

resulting images was 1024� 1024 pixels.

In total, 38 HRTEM images of the

BTO/STO sample were acquired using

magnifications ranging from 440 000�

(pixel size of 0.046 nm) to 930 000�

(pixel size of 0.022 nm). The images

included three series covering the whole
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Figure 1
Scheme of the cross-sectional TEM sample of a BTO layer on an STO substrate together with
illustrative HRTEM images (magnified 710 000�, pixel size of 0.029 nm).



thickness of BTO. Each series was taken in a distinct region (in

the in-plane direction) of the sample. Series 1 consists of

images acquired using a magnification of 440 000� (pixel size

of 0.046 nm), while the magnification is 710 000� (pixel size of

0.029 nm) in series 2 and 3.

3. Method

The proposed method is based on the CrysTBox software

(Klinger et al., 2015; Klinger & Jäger, 2015), which determines

interplanar distances in fast Fourier transformation (FFT) of

HRTEM images. The whole procedure is described in the

following sections and individual steps are illustrated by esti-

mation of the BTO lattice parameters in the BTO/STO

sample.

3.1. Input

The analysis requires a series of HRTEM images and

specification of a crystallographic plane to be analysed (see

Fig. 2a). If the zone axis and depicted atomic planes are not

known, they are indexed automatically by the CrysTBox

software assuming a theoretical unit cell. If the d spacing is to

be examined as a function of position in the sample (e.g. as a

function of depth within a layer), an appropriate depth

annotation must be provided for each image.

The presented method determines the lattice parameters

from d spacings and normals of the depicted atomic planes.

For an orthogonal crystal structure, the d spacings and

normals of planes (001), (010) and (100) correspond directly to

the lattice parameters and directions of the unit-cell axes,

respectively. For general crystal structures, the lattice para-

meters can be calculated from non-collinear plane normals

and d spacings using trigonometric functions. In either case,

quantification of all three lattice parameters requires HRTEM

images taken in at least two different zone axes.

To determine the BTO lattice parameters, the BTO/STO

sample was oriented to the [010] zone axis. This zone axis

allows one to measure the BTO lattice parameters directly by

determining the d spacings of the (001) and (100) planes. The

depth (or coordinate across the thickness) of individual

images within the BTO layer was estimated manually for each

image.

3.2. Sliding windows

To ensure high spatial resolution of the analysis, narrow

sliding windows are cropped out of the original images and

analysed separately (see Fig. 2b). The sliding windows can

overlap as long as each window carries a reasonable amount of

new information with respect to its neighbours.

The size of the sliding window is an important parameter

arising from two contradictory needs. The thinner the window,

the denser and more localized the estimation is. On the other

hand, narrowing the window brings a resolution reduction in

its FFT image, which can decrease the accuracy and reliability

of consequent d-spacing estimation.

For the analysis of the BTO layer, horizontal sliding

windows were used. The height of the window was set to 40%

of the image height. The width of the window was extended
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Figure 2
HRTEM image processing. (a) Input data: the image, depth annotation and specification of the plane of interest; (b) sliding windows are cut out of the
image; (c) an artificial diffractogram is obtained from each sliding window using FFT; (d) the diffraction pattern is analysed using CrysTBox diffractGUI
and the d spacing is estimated; (e) the d spacing corresponding to the plane of interest is found and can be further processed together with its
counterparts from other sliding windows or other HRTEM images.

Figure 3
Averaging procedure. (a) Floating windows are cropped out of the input image; (b) the d spacing is estimated using diffractGUI; (c) the d-spacing value is
inserted into all depth bins covered by the floating window, together with values from other sliding windows and other images; (d) contents of the bins
within a certain range (averaging window) are averaged, resulting in one value.



across the whole image. Ten sliding windows were uniformly

distributed across each image from the top to the bottom.

3.3. d-spacing estimation

Each sliding window is passed to the CrysTBox diffractGUI

software (Klinger et al., 2015; Klinger & Jäger, 2015), which

determines the d spacing of the depicted planes. This tool

transforms the HRTEM image into an artificial diffractogram

using FFT (see Fig. 2c). The diffraction spots are detected, a

regular diffraction lattice is found and its parameters are

measured (see Fig. 2d). The estimated d spacings and plane

normals are returned and further processed together with the

estimations from other sliding windows (Fig. 2d).

Insufficient quality or resolution of the FFT of HRTEM

images may lead to wrong estimations of d-spacing vectors.

Therefore, each estimated d-spacing vector is checked against

the normal to the plane of interest. If it does not match either

in direction or in length, it is considered to be outlying and is

not further taken into account. For the window size described

above, outlying estimations have not been detected.

3.4. Processing and visualization of estimated d-spacing
values

Numerous estimated d-spacing values belonging to various

positions in the sample or representing different areas of

analysed regions are obtained as described above. Moreover,

some of the sliding windows cover only the layer while some of

them represent the substrate or coating as well. In order to

reduce the total number of data points while reflecting the

image contents, averaging and binning are employed. The

averaging reduces the number of data points and the binning

prevents the averaging from discarding information about the

position, size and contents of an individual sliding window.

The depth scale (coordinate across the thickness of BTO) is

divided into equal-sized bins to accommodate the d-spacing

values from corresponding depth levels, which are conse-

quently averaged (see Fig. 3) as follows: for each estimated

value (Fig. 3b), the depth range covered by its sliding window

is determined (Fig. 3a). The d-spacing value measured in a

particular sliding window is then inserted into all bins which

fall into the depth range covered by the floating window

(Fig. 3c). Finally, the values in several neighbouring bins

(delimited by the height of the averaging window) are aver-

aged together, resulting in a single value. This value represents

all estimated values in a certain depth range (Fig. 3d).

For a multi-layer sample (e.g. the STO substrate, BTO film

and Pt coating here), it is important to know whether the d

spacing is estimated purely from the layer of interest (BTO

here) or whether it is affected by another layer (substrate or

coating). The estimations which at least partially cover the

substrate or coating are identified [the triangular data points

in Fig. 3(c)]. This information is further passed to the averaged

data [the triangular data points in Fig. 3(d)], which makes it

possible to include or exclude the data influenced by

unwanted layers.

For the visualization of the BTO data, the bin size was set to

1 nm and the averaging window was 5 nm high.

4. Results and discussion

The accuracy of CrysTBox diffractGUI was first verified on

simulated data, then the method was applied on reference Mg

and Si samples, and finally the BTO/STO nanostructure was

analysed. The results are compared with those obtained using

X-ray analysis. Method parameters are also discussed.

4.1. Why is CrysTBox diffractGUI so accurate?

The accuracy and precision of the presented method are

greatly dependent on the performance of diffractGUI. Since it

would be quite difficult to determine the accuracy achieved by

this software analytically, it was tested on several simulated

images. These images depicted an orthogonal lattice of two-

dimensional Gaussians 0.25 nm distant from each other in
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Figure 4
Simulated images used to verify the accuracy of CrysTBox diffractGUI.
(a) Noiseless, pixel size 0.01 nm. (b) Noisy, pixel size 0.01 nm. (c)
Noiseless, pixel size 0.1 nm. (d) Noisy, pixel size 0.1 nm. The insets show
the bottom-right corner of each image magnified 4�.

Table 1
Interplanar distances estimated by diffractGUI analysing the simulated
images (see Fig. 4).

The d spacing used for generating the images was 0.25 nm for both d spacing 1
and d spacing 2.

Pixel size of 0.01 nm Pixel size of 0.1 nm

Noiseless Noisy Noiseless Noisy

d spacing 1 (nm) 0.2502 0.2503 0.2499 0.2499
d spacing 2 (nm) 0.2503 0.2506 0.2499 0.2499



both orthogonal directions. To make

sure the period of the lattice did not

exactly match the image raster, the

lattice was rotated by 11.11�. Further-

more, a noise with amplitude twice as

high as the amplitude of the Gaussians

was added. The size of the simulated

images was 500 � 500 pixels. The

images were generated for pixel sizes of

0.01 and 0.1 nm in direct space, yielding

a resolution of 2/0.1 and 2/0.01 nm�1,

respectively, in reciprocal space. For

both pixel sizes, noiseless and noisy

images were analysed. All the analysed

images can be seen in Fig. 4. Note that

the chosen pixel sizes delimit a range

covering the pixel sizes of most

contemporary HRTEM images.

The results presented in Table 1 show

the accuracy and precision to tenths of a

picometre. It is also shown that these

are not significantly affected by the size

of the pixel. Even for the images with

the resolution of 0.1 nm, the achieved

accuracy is higher by two orders of

magnitude than the image resolution

itself. The same holds true in the

frequency domain, where the d spacings

are actually measured – the pixel size of 2/0.1 nm�1 (for the

image with 0.01 nm pixel size in direct space) is much larger

than the thousandths of 1 nm�1 required to obtain the accu-

racy shown in Table 1. This accuracy is ensured by the methods

employed by diffractGUI for detection of the Bragg reflec-

tions in the frequential domain and for finding a regular lattice

which fits those detections. Although the principles of

diffractGUI analysis have been described by Klinger et al.

(2015) and Klinger & Jäger (2015), it could be beneficial to

briefly outline the algorithm here. After an artificial diffrac-

togram has been calculated from the input image using FFT,

the Bragg reflections are detected using a DoG1 filter. Since

the reflections vary in size, it is necessary to perform this

detection for various scales of DoG filter (typically 30 scales).

This procedure provides coordinates of thousands to tens of

thousands of possible reflections and also their scores – a

measure reflecting the quality of each particular detection. To

reduce the number of detected reflections, all the detections

neighbouring some stronger one are omitted. From this set, a

few tens of the strongest detections are selected, which should

most likely correspond to a real reflection and therefore

should lie on a regular lattice of the diffraction pattern. Since

this set still typically contains many misleading detections,

some smart algorithm is needed to extract the lattice from it.

This algorithm is called RANSAC and works in a cycle of

three steps: Firstly, three random detections are selected and

vectors between them are used to generate a regular candidate

lattice covering the whole image. Secondly, the so-called

inliers are found. An inlier is a detection whose distance to the

closest candidate lattice point is shorter than a certain

threshold. Thirdly, if there are sufficiently many inliers (six or

more by default) a lattice best fitting the inliers is found and

scored. The candidate lattice with the highest score is returned

as the resulting lattice. Since the parameters of the lattice are

calculated using many detections distributed all across the

diffraction pattern, they can be determined with a sub-pixel

accuracy.

The only theoretical limitation results from the Shannon–

Kotelnikov theorem, which states that the sampling frequency

should be at least twice as high as the frequency in question.

This limit is approached in the case of the images with the

pixel size of 0.1 nm as the sampling frequency is only 2.5�

higher than the measured one, which is also apparent from the

Moiré effects in Fig. 4(c). Still, diffractGUI performs quite

adequately.

4.2. Reference samples

The applicability of diffractGUI on sliding windows cut out

of a real-world image was verified on experimental images

acquired on the Mg (Fig. 5) and Si (Fig. 6) samples. Three

images of each sample were analysed, and each image

provided d-spacing values estimated for three different atomic

planes. The parameters of the sliding windows were the same
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Figure 5
Examined images of the Mg reference sample.

Figure 6
Examined images of the Si reference sample.

1 Difference of Gaussians – filters the image using a difference of two
differently wide Gaussians. It is particularly suitable for localizing blobs in the
image.



as used for the analysis of the BTO film: ten horizontal

windows per image, each covering 40% of the image height.

This approach provides ten estimations for each atomic plane

in each image. Those ten estimations were averaged providing

one estimated d-spacing value for each examined plane in

every image. The averaged (measured) values are compared

with the theoretical ones in Tables 2 and 3. The differences

between the measured and theoretical values are a few pico-

metres only, suggesting excellent accuracy of the method. The

high repeatability of the method can be illustrated by the

similarity of the results obtained for Image 1 and Image 2.

These two images depict quite similar areas within the refer-

ence samples. Corresponding d-spacing values estimated using

these image pairs show differences of the order of hundreds of

femtometres. The high precision (or repeatability) of the

estimation can also be seen in the low standard deviations.

4.3. BTO/STO nanostructure

A schematic orientation of the analysed crystallographic

planes within the BTO/STO sample is shown in Fig. 7(a). The

crystal lattices of BTO and STO are assumed to be orthogonal

and their lattice parameters equal to the d spacings of planes

(001) and (100) therein. The orthogonality was additionally

verified in order to ensure accurate estimation of the lattice

parameter. The angles between the analysed planes of BTO

were measured in all of the 380 sliding windows, resulting in a

mean value of 88.76� with a standard deviation of 0.22�. The

corresponding error in the estimated lattice parameter is then

approximately 0.02%, or tenths of picometres. Even in the

case of the highest encountered deviation from the right angle

(interplanar angle of 87.90�), the error does not exceed

0.3 pm.

The evolution of the lattice parameters determined by the

proposed method using all 38 HRTEM images (380 sliding

windows) is shown in Figs. 7(b)–7(e). Additionally, each of the

three series across the BTO layer was processed separately.

The obtained distributions of lattice parameters both in the

out-of-plane direction (across the thickness of BTO) and in

the in-plane direction reveal the presence of random nano-

sized structural inhomogeneities in BTO (Fig. 8). Importantly,

such inhomogeneities are found to affect the ferroelectric

polarization and dielectric properties of BTO, as will be

reported elsewhere.

4.4. Influence of method parameters

As mentioned in x3.2, the reliability of d-spacing estimation

can be affected by the height of the sliding window. The

reduction of the window height leads to a decrease of the FFT

resolution in the out-of-plane direction. As a result, a number

of outlying estimated values can appear. Such outlying values

were not encountered for the window heights of 40 and 60%

of BTO, and six outlying values (from 380 data points) were

encountered for a 20% high sliding window, with five of them

belonging to windows depicting amorphous Pt. The main

effect of window heights of 20–60% was a more pronounced

data smoothing in the out-of-plane direction found with

increasing height. The window height of 10% resulted in

approximately 50 obviously outlying values. Moreover, strong

scattering of the estimated out-of-plane parameters was

obtained even after removal of these outlying values, which

made the measurements unrepresentative. The impact of the

window height on the accuracy is difficult to quantify analy-

tically, but it can be enumerated experimentally. Table 4 shows

how the average measured d spacing and its standard devia-

tion depend on the window height in the case of the BTO/STO
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Table 2
Comparison of measured and theoretical d-spacing values in the Mg sample.

Each measured d spacing stands for a mean value of ten partial estimated values obtained for ten different positions of the sliding window in the image; the
standard deviation of those ten estimates is also stated.

Image 1 Image 2 Image 3

(100) (0�110) (�1110) (100) (0�110) (�1110) (100) (0�110) (�1110)

Measured d spacing (nm) 0.2741 0.2777 0.2745 0.2741 0.2777 0.2747 0.2756 0.2779 0.2756
Standard deviation (pm) 0.4 0.5 0.9 0.6 0.6 0.6 0.4 0.7 0.4
Theoretical d spacing (nm) 0.2779 0.2779 0.2779 0.2779 0.2779 0.2779 0.2779 0.2779 0.2779
Difference (pm) �3.8 �0.2 �3.4 �3.8 �0.2 �3.2 �2.3 0.0 �2.3

Table 3
Comparison of measured and theoretical d-spacing values in the Si sample.

Each measured d spacing stands for a mean value of ten partial estimated values obtained for ten different positions of the sliding window in the image; the
standard deviation of those ten estimates is also stated.

Image 1 Image 2 Image 3

(200) (1�111) (�11�111) (200) (1�111) (�11�111) (200) (1�111) (�11�111)

Measured d spacing (nm) 0.2724 0.3094 0.3120 0.2723 0.3092 0.3116 0.2722 0.3104 0.3124
Standard deviation (pm) 0.0 0.2 0.6 0.2 0.4 0.6 0.4 0.3 0.6
Theoretical d spacing (nm) 0.2715 0.3135 0.3135 0.2715 0.3135 0.3135 0.2715 0.3135 0.3135
Difference (pm) 0.9 �4.1 �1.5 0.8 �4.3 �1.9 0.7 �3.1 �1.1
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Figure 7
BTO/STO nanostructure. (a) Schematic showing approximate orientation of the processed planes and corresponding in-plane parameters (red) and out-
of-plane parameters (green). (b), (c) The in-plane and (d), (e) the out-of-plane lattice parameters (d spacings) as a function of the out-of-plane
coordinate (across the thickness of BTO). In (a), (d), the substrate, BTO layer and coating are taken into account. In (c), (e), the BTO layer only is
considered.

Figure 8
BTO/STO nanostructure. (a), (b), (c) The in-plane and (d), (e), ( f ) the out-of-plane lattice parameters (d spacings) as a function of the out-of-plane
coordinate (across the thickness of BTO) measured in the individual series: (a), (d) in series 1; (b), (e) in series 2; and (c), ( f ) in series 3. Everywhere the
BTO layer only is taken into account.



sample. A significant increase in the standard deviation can be

seen for the height of 20% and below. This number, however,

cannot be generally accepted as a threshold guaranteeing a

reliable/unreliable estimation since it largely depends on the

character and quality of the analysed data. It can be seen in

Table 5 that the height of 20% still provides very accurate

results in the case of the Mg reference sample.

Also, parameters such as the number of sliding windows in

each HRTEM image, bin size or the height of the averaging

window influence the final results. However, because these

parameters affect only the depth range from which the aver-

aged d spacing is calculated, their influence is seen mainly in

data smoothing across the thickness of BTO.

4.5. Discussion

The obtained results prove the high accuracy and precision

of the presented method. The average difference between the

theoretical d spacings and those measured in the reference

samples is 2.1 pm for the Mg sample (Table 2) and 2.0 pm for

the Si sample (Table 3). In other words, the measured lattice

parameters agree with the theoretical ones within approxi-

mately 0.1%. The results obtained in the BTO/STO nano-

structure are compared with the average lattice parameters

determined by XRD. For this purpose, the lattice parameters

are estimated from all of the 38 HRTEM images belonging to

the BTO layer only (see Figs. 7c and 7e) and then they are

averaged together. The HRTEM-determined in-plane and

out-of-plane lattice parameters are �0.4023 and �0.3982 nm

compared to the XRD-determined ones �0.4005 and

�0.3998 nm, respectively. Thus the parameters determined by

different techniques agree within approximately 0.4%,

suggesting the high accuracy of the presented method.

In general, the accuracy and precision of the lattice para-

meter measurement depend on both microscope settings (e.g.

calibration, camera resolution, binning etc.) and subsequent

data analysis (as described in x3). It is shown that the

presented method only has a negligible impact on accuracy.

The error induced by the experiment may, however, reach up

to several per cent.

Compared to other existing methods, the proposed

approach does not pose such strict requirements either on the

sample or on the equipment. The main requirement raised by

the method is the presence of contrast features corresponding

to the atomic columns in the image. If these features are strong

enough to form the peaks in the power spectrum, the method

can be successfully applied regardless of sample thickness or

preparation, or technical characteristics of the microscope.

Moreover, when applied to images acquired on an aberration-

corrected microscope, this method can cooperate with GPA. It

can automatically determine the position of the power spec-

trum peak masks, providing the strain or d spacing maps in a

fully automatic mode. It is worth mentioning that the applic-

ability of the method is not limited to electron microscopy.

The method can be successfully applied for quantification of

periodicity deviations in any periodic structures and using a

wide range of images acquired by a variety of techniques

(TEM, scanning TEM, scanning probe microscopy, light

microscopy, ordinary cameras, satellites etc.), or using even

non-image signals.

5. Conclusions

A method for accurate, precise and highly localized

measurement of lattice parameters using HRTEM images is

developed. The accuracy of a few picometres is experimentally

verified by comparison of the measured parameters with the

theoretical values and with those obtained using X-ray

diffraction analysis in different samples. The spatial resolution

of the method is from a few to tens of nanometres. The method

allows for detecting and quantifying the distribution of

structural inhomogeneities on the nanoscale. Because the

method does not require an aberration-corrected microscope,

its applicability is significantly wider than that of other tech-

niques of similar abilities.
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Table 5
Influence of sliding window height on the accuracy of d-spacing
estimation in the case of the Mg reference sample.

Each measured d-spacing value stands for an average of 30 partial estimates
(ten floating windows in three analysed images). Standard deviations of those
30 partial estimates are also stated.

(100) (0�110) (�1110)

Window
height (%)

d spacing
(nm)

Standard
deviation
(pm)

d spacing
(nm)

Standard
deviation
(pm)

d spacing
(nm)

Standard
deviation
(pm)

10 0.2905 46.7 0.3397 190.4 0.3247 127.8
15 0.2900 88.3 0.2981 137.3 0.2824 50.1
20 0.2740 1.0 0.2765 2.3 0.2756 1.4
30 0.2744 1.0 0.2778 0.8 0.2751 0.8
40 0.2745 0.8 0.2778 0.6 0.2751 0.5
50 0.2743 0.8 0.2773 0.9 0.2753 0.6
60 0.2743 0.7 0.2774 0.8 0.2750 0.6

Table 4
Influence of sliding window height on the accuracy of d-spacing
estimation in the case of the BTO/STO sample.

Each measured d-spacing value stands for an average of up to 380 partial
estimates (ten floating windows in 38 images excluding the outlying values).
Standard deviations of those partial estimates are also stated. Note that the
averaged data also included those from the STO substrate.

In-plane lattice parameter Out-of-plane lattice parameter

Window
height (%)

d spacing
(nm)

Standard
deviation (pm)

d spacing
(nm)

Standard
deviation (pm)

10 0.4227 265.8 0.4553 331.7
20 0.4017 16.3 0.4030 71.4
40 0.4013 3.6 0.3975 3.3
60 0.4014 3.3 0.3975 3.0
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