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The authors demonstrate that electron tomography allows accurate measurement of roughness of

buried interfaces in multilayer samples. The method does not require the interface to be exposed at

the surface of the sample, or does it require a laterally extended sample. Therefore, it enables

quantitative site specific analysis of individual elements within semiconductor devices. The

standard deviation of the interface distance from a plane fitted to an interface is used as a measure

of the interface roughness. The roughness is evaluated in three dimensions, eliminating

the uncertainties inherent to roughness measurements on cross-sectional images from a single

projection. The apparent interface roughness depends on the signal-to-noise ratio (S/N) arising

from electron counting statistics in the data. To eliminate the effect of the S/N, multiple images

were collected at each tilt. The roughness was extrapolated to an asymptotic value with a high S/N.

This value was taken as the true interface roughness. The method was validated on computer

generated data by demonstrating a good agreement between known roughness values and

asymptotic values obtained using the above method. [http://dx.doi.org/10.1116/1.4926975]

I. INTRODUCTION

Interface roughness of buried layers in nanometer size

devices often degrades performance of the devices because

the roughness of the interfaces might affect expected

growth of consequent layers during the device fabrication.

To characterize the roughness of an exposed surface,

atomic force microscope (AFM)1 has been widely used.

Small angle x-ray scattering can be used to measure aver-

age roughness of either laterally extended interfaces or

interfaces within periodic structures.2 In practice, it is

desirable to quantitatively evaluate roughness of buried

interfaces on a sample containing multiple layers within

a localized area of devices with small, frequently sub-

100 nm, lateral dimensions. Often a single defective

structure within a device needs to be analyzed with as little

distortions as possible.

A transmission electron microscope (TEM) or a scanning

TEM (STEM) can be used to observe the roughness of a

cross section of a sample directly. To allow for high resolu-

tion image acquisition, the sample must be made very thin in

a focused ion beam instrument (FIB). A very thin sample

may bend or the device features may be damaged during the

FIB fabrication. When a single cross section is used, the

information about the sample is integrated along the electron

beam path in the (S)TEM giving only beam path-averaged

roughness. A true roughness of the buried interface in three

dimensions (3D), comparable to an AFM roughness

measurement of exposed surfaces, is needed to provide

insights into device fabrication and defect issues.

Electron tomography in a (S)TEM3,4 can retrieve a 3D

volume reconstruction from a series of two-dimensional pro-

jection images acquired at suitable tilt increments. Zhong

et al.5 reported a protocol to quantitatively measure the

roughness of ZrO2/In2O3 multilayer films from a 3D volume

obtained from energy-filtering TEM tomography. It is diffi-

cult to estimate reliability and accuracy of a roughness mea-

surement method when working with experimental data

only. To obtain an estimate of the reliability and accuracy,

it is desirable to benchmark the method on computer-

generated data with known interface roughness values.

Similarly, the computer generated data can be used to gain

insights into the effect of shot noise in the images and, as

reported here, the error arising from the process of roughness

extrapolation to a high dose.

Here, we present an electron tomography method for the

evaluation of buried interface roughness of SiO2/W multi-

layer films using annular dark field (ADF) STEM mode.

We detected the location of the interface using median fil-

ter, low pass filter, Sobel filter, and binary filter. To verify

the performance of the image processing procedure, we

also evaluated roughness of computer generated test data

and obtained a good agreement between the known input

roughness and the roughness obtained using our data proc-

essing procedure. We also investigated the effect of the

S/N in the images on the calculated roughness value

accuracy.a)Electronic mail: Misa.Hayashida@nrc-cnrc.gc.ca
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II. SAMPLE PREPARATION AND DATA
ACQUISITION

Figure 1(a) shows a rod-shaped specimen6 fabricated

from a multilayer test sample used to demonstrate the rough-

ness evaluation. The sample was grown as a sequence of

SiO2–W–SiO2 on a Si wafer. The SiO2-on-W interface

[upper part of Fig. 1(a)] exhibits higher roughness than the

deeper W-on-SiO2 [lower part of Fig. 1(a)]. The rod-shaped

sample was fabricated using a Hitachi NB 5000 dual beam

(FIB/SEM) instrument. Nanodot fiducial markers7 for align-

ment of the tilt series were fabricated by SEM with gas

injection system in the same instrument. The tilt series was

acquired using ADF STEM mode of a Hitachi HF-3300

TEM/STEM with cold field emission source and the

MAESTRO computer control system.8 We used free lens

control mode to adjust collection angle of the ADF detector.

To do that, the projector lens excitation was adjusted to max-

imize the intensity of the collected ADF signal while exclud-

ing diffraction contrast. The tilt step was 3� over the entire

180� tilt range eliminating the missing wedge problem. At

every tilt, ten images were collected with 5 ls/pix dwell

time to reduce the effect of sample drift and to evaluate the

effect of the S/N. Beam current was between about 5 and 10

pA. The images were summed after compensating for drift

using standard cross correlation alignment. To evaluate the

effect of the S/N, a subset of 3, 5, 7, and 10 projected images

were summed at each tilt resulting in four tilt series

with increasing incident electron dose. The images were

512� 1024 pixels with (0.47 nm)2 pixel size. To align the

images within the tilt series for the four dose series, the

nanodot fiducial marker method was used.7 The RMS differ-

ence7 between the expected and measured marker position

in the projected images over the entire tilt series was 1.84

pixels that is 0.86 nm.

All four tilt series at various doses were reconstructed

using filtered back projection.9 Figure 1(b) shows the 3D

volume rendering of the sample. The damage by the electron

beam during the acquisition is negligible as judged by

absence of observable changes between the first (0�) and last

(180�) images in the tilt series.

III. IMAGE PROCESSING

To detect the location of the interface, median filter, low

pass filter, Sobel filter, and binary filter were subsequently

applied to the slice images as shown in Figs. 1(c) and 1(d).

The same filters with the same parameters (except for the

threshold of the binary filter) were applied to both experi-

mental images and computer generated images. In this way,

the computer generated data were used to validate the data

processing step of the roughness measurement.

Median filter (window size 7 pixels) was used to decrease

the effect of shot noise in the images. The low pass filter

(window size 10 pixels) and Sobel filter were used to

enhance the interface visibility after contrast adjustment of

FIG. 1. (a) Experimental ADF STEM image of the (from top) SiO2–W–SiO2 on silicon wafer test sample used for evaluation of interface roughness. The fabri-

cated nanodot fiducial markers are indicated by the two ellipses. The upper SiO2-on-W interface was used for this work. To enhance the markers’ contrast, the

brightness of W part is saturated. (b) The 3D volume rendering of the sample. (c) Z slice section of the reconstructed volume. (d) A processed image allowing

the detection of the SiO2-on-W–SiO2 interface. The gray line indicates the interface between SiO2 and W layer. (e) The experimental relationship between

measured roughness and electron dose. The horizontal axis is the incident number electrons per pixel for each image of a tilt series. Ten images were collected

at each tilt allowing us to generate tilt series with 3, 5, 7, and 10 images summed at each tilt. The apparent interface roughness decreases with increasing S/N

and tends to an asymptotic value of 1.1 nm at a high irradiation dose.
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each image. The binary filter was used to convert the recon-

structed data volume into binary images. Then, the position

of the boundary (interface) between black (digital 0) and

white (digital 1) were detected in each slice parallel to the

sample’s long axis (Z slice). The window sizes of the median

filter and the low pass filter were adjusted to the smallest

value that keeps the interface continuous, as shown in Fig.

1(d). Decreasing the window size further leads to the pres-

ence of discontinuities at the interface. Increasing the win-

dow size leads to excessive smoothing and the measured

interface roughness becomes lower than the known interface

roughness in the computer-generated data. In this way, we

estimated the appropriate window size by utilizing computer

generated tilt series data with varying electron dose.

Approximately 7 � 104 points were detected in every tilt

series. A plane that minimizes the RMS distance from the

interface was fitted to the interface in the 3D reconstructed

volume. The plane corresponds to the mean position of the

buried interface as estimated by minimizing the RMS devia-

tions. The standard deviation of distances from this fitted

plane was taken as the interface roughness. The same proc-

essing was applied to all four experimental tilt series and to

the computer generated test data.

IV. RESULT

Figure 1(e) shows that the apparent value of the interface

roughness decreases with increasing electron dose in the ex-

perimental data. This is because the S/N increases with

increasing electron dose which in turn improves the image

processing accuracy. Furthermore, Fig. 1(d) shows that the

apparent interface roughness tends to an asymptotic value

with increasing electron dose. Since we have generated four

experimental tilt series, we can extrapolate the measured

data and estimate the asymptotic interface roughness at a

high S/N. To do that, the experimental dose dependence of

roughness in Fig. 1(e) is fitted to a power law as follows:

IRðqÞ ¼ aq�b þ d; (1)

where IR(q) is the interface roughness as a function of dose q

in counts and a, b, and d are constants. At high dose, q ! 1,

the interface roughness tends toward the constant d, which

represents the interface roughness at high dose. While the

true value of the interface roughness in an experimental sam-

ple is not known, it appears to be reasonable to take the as-

ymptotic value (d) as the true representation of the interface

roughness, about 1.1 nm in the example shown in Fig. 2.

V. SIMULATION

To verify the image processing step, we evaluated the

roughness of computer generated test data. Many virtual tilt

series with varying S/N and contrast levels were generated.

In an experiment, these parameters would correspond to var-

iation in incident electron dose (S/N) and the collection

angle in STEM mode or the objective aperture in TEM mode

(both affecting the contrast). Varying levels of roughness

were simulated as well. Each data set was 512 � 256 pixels,

and angular step in the computer generated tilt series was 3�

over 690� tilt range to match our experimental data. The

data were intended to simulate the STEM annular dark field

mode used in the experiments above.

The images consist of a bright region (tungsten), a dark

region (SiO2), and zero region (vacuum outside sample), as

shown in Fig. 2(a) with the evaluated interface between the

W and SiO2 region, marked by a dashed line. The S/N was

evaluated in the SiO2 region of the sample as the standard

deviation divided by mean brightness in the SiO2 region.

The equivalent dose for simulated images was estimated by

adjusting the S/N in the SiO2 region to match the experimen-

tal data. The effect of contrast (C) difference between the

reference region SiO2 and the tungsten region in a projection

image was investigated by generating images with W region

contrast that is 2, 5, 10, and 20 times higher than the contrast

in the reference SiO2 region. The shot noise in the computer

generated projection images was implemented by a ran-

domly generated number of incident electrons at each pixel

multiplied by the projected sample thickness and contrast at

each pixel. The number of incident electrons N per pixel at

each image was taken 30, 50, 100, 200, 500, 1000, 3000, and

5000. For example, when an electron was incident on tung-

sten region with thickness t and contrast C ¼ 2, we assumed

that t*C counts were detected at that pixel.

In STEM mode, the measured intensity per pixel is related

to the incident electron dose in a complicated way.10

Therefore, we calibrate the incident electron dose of simula-

tion data empirically using the known collection parameters

of the experimental data. As shown in Figs. 3(a) and 3(b), we

evaluated the statistical mean and standard deviation in both

experimental images and computer generated images. Then,

we calculated the S/N as standard deviation divided by the

statistical mean in the SiO2 region. In the experimental data,

when the collected electron dose estimated from the known

beam current and pixel dwell time was 2180 electrons/pixel,

the S/N ratio was 0.056. We converted the S/N of simulation

tilt series to electron dose using 2180/0.056 * SNC, here

SNC is the calculated S/N of the computer generated image.

FIG. 2. (a) Example projection image from a computer generated virtual tilt series. (b) and (c) Computer generated images before and after Gaussian filter. The

application of a Gaussian filter as shown in (c) more closely resembles the experimental images as shown in Fig. 3(b). Each data set is 512 � 256 pixels.
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The results are shown in Fig. 3(c). For example, for N

¼ 100, the S/N is 0.038 and the incident electron dose is

4687 electrons/pixel. The computer-generated tilt series was

reconstructed in exactly the same manner as the experimen-

tal data.

Figure 2(b) is an example of a computer generated pro-

jected image. The image has higher spatial frequency com-

ponent compared with an experimental image in Fig. 3(b).

To provide insight in the experiment, the simulations need to

closely reflect the parameters used in the experiments. The

critical parameters in the experiment are the probe size and

probe broadening, and the S/N in the data. The probe size

and probe broadening derive both from probe geometry and

from interactions of the electron beam with the sample.11 To

account for the probe broadening, we applied a Gaussian fil-

ter to the computer generated projection images. The filter

with a window size of 3 pixels was as follows:

1=16 2=16 1=16

2=16 4=16 2=16

1=16 2=16 1=16

2

6

4

3

7

5
: (2)

The pixel size of experimental tilt series was 0.47 nm.

Therefore, the broadening as described by Eq. (2) is about

1.4 nm. After the filter was applied to the computer-generated

projected images, the images, as shown in Fig. 2(c),

resembled the experimental tilt series more closely.

The generated tilt series were then reconstructed and the

interface between SiO2 and W parts of Z-slice images was

detected using the same method as the experimental data.

Figure 4(a) shows the relation between incident electron

dose and roughness measured from four computer generated

tilt series with different input roughness. A contrast level of

C¼ 20, which is close to the contrast in the experimental

data, was used. The input roughness is indicated by the solid

horizontal line for each input value. In agreement with the

experiment, the roughness estimated from the series is

getting closer to known input roughness with increasing

electron dose. Figure 4(b) shows the relation between S/N

and roughness for various contrast levels. The black line

indicates the known input interface roughness, 2.7 pixels.

Not surprisingly, the agreement between the known input

roughness and the estimated one improves as the S/N and

contrast increase.

FIG. 3. (a) and (b) Areas of SiO2 used for calibration from counts to electron dose in an image. The image size of the simulation image is 512 � 256 pixels. (c)

The relationship between S/N ratio and electron dose at each image.

FIG. 4. Relation between measured roughness from computer-generated tilt series and electron dose with different roughness (a) and with different contrast

(b). In (a), the known input roughness was 2.7 pixels, 1.4 pixel and 0.9 pixels. The contrast used for the simulation was C ¼ 20 that is close to the experimental

data. The dose dependence of the apparent roughness for known input roughness taken as 2.7 pixels.
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VI. DISCUSSION

The measurement of a buried interface’s roughness on

device sections with small lateral dimensions is important

for device failure characterization and for development

of new devices. Electron tomography, as presented here, pro-

vides a means to measure approximate interface roughness

within about 1 nm on �100–200 nm diameter rod shaped

sections. If a tilt series of the sample with 1=2 the pixel size as
compared to here (0.47 nm)2 was collected, the resolution in

the reconstructed volume would improve correspondingly

assuming that the alignment, probe size, broadening, and

sample drift do not limit the resolution. Since the probe size

(less than 0.3 nm) is smaller than the pixel size (�0.5 nm), it

is expected that the lower interface roughness, below 1 nm,

can be measured. However, the broadening of the electron

beam within the sample could exceed the pixel size if the

sample rod diameter is large. The beam broadening arises

both from probe geometry and from broadening due to elec-

tron scattering in the sample. A rough estimate indicates that

geometrical broadening dd of the probe propagating through

the 100 nm diameter rod with 10 mrad incidence angle is

about dd ¼ (10 mrad)*(100 nm/2) ¼ 0.5 nm, assuming that

the probe is focused at the midplane of the sample (at 1=2
diameter: d). This provides a lower estimate for broadening

of the experimental data. In practice, it is difficult to focus

the probe exactly at the midplane, and the broadening due to

both elastic and inelastic scattering must be also included.11

This leads to a 3 pixel (1.4 nm) Gaussian being used to smear

out the detail in the computer generated data.

The amount of geometrical broadening depends only on

the probe geometry. It is well known that decreasing the

probe diameter requires increasing the convergence

angle,10,12 which in turn leads to increased geometrical

broadening. To limit the geometrical broadening to a value

dd, the rod diameter D and the probe convergence angle

a should satisfy the relation 2a/D < dd. The estimate of

broadening due to both elastic and inelastic scattering

depends on collection parameters in a rather complicated

way. As rule of thumb, the broadening due to scattering

increases with increasing projected mass thickness of the

examined rod. The 150 nm diameter rod used here has a

mass thickness of about 300mg/cm2 in the tungsten part and

about 40mg/cm2 in the SiO2 region. This indicates that for

most samples of practical interest examined at �1 nm resolu-

tion, the broadening due to electron scattering is not a

limiting factor.

Therefore, a small diameter rod should be fabricated in

FIB to decrease the effect of probe broadening. The decrease

in pixel size however corresponds to increase in electron

dose. For example, if the S/N is to be kept the same in the

experimental images, the decrease of pixel size by a factor
1=2 corresponds to an increase in irradiation dose by a factor

of four. The resulting electron beam irradiation damage can

then become the main factor limiting the achievable resolu-

tion for many materials. The ultimate resolution of the

method is therefore difficult to estimate. Assuming that tech-

nical limitations, such as fabrication of small diameter,

sample drift, and alignment accuracy, can be circumvented,

the electron irradiation damage and perhaps the large con-

vergence angle of instruments forming small STEM probe

(and associated geometrical broadening in practical samples)

determine the achievable resolution.

The extrapolation of the roughness to an asymptotic

value at a high dose eliminates the dependence of the

measured roughness on the incident dose. However, the

irradiation damage increases with increasing electron dose.

If the interface is modified by the damage, it could be

expected that the interface roughness should be decreasing

(becoming more smooth) with increasing dose. Therefore,

the question remains on what is the most suitable approach

to execute the extrapolation and what is the minimum

suitable data set needed (that is, electron dose and number

of dose series).

The extrapolation of roughness to a high dose needs to be

treated cautiously. As any extrapolation, the process is prone

to amplifying the effect of any inaccuracies and small

number of fitting points. Testing the process on computer

generated data with known value of roughness can help to

determine the conditions under which the extrapolation may

be possible. Table I shows example fit parameters a, b, and d

in Eq. (1) for the simulated tilt series with contrast C ¼ 3 in

Fig. 4(b). The known input roughness in the data set was 2.7

pixels. For practical purposes, it is the number of points in

the dose dependence, i.e., the number of tilt series that need

to be evaluated, that is the most time consuming step. It

appears that the estimate of asymptotic roughness from

seven points yields asymptotic roughness (d) �2.7 pixels, in

good agreement with the known input value. The asymptotic

roughness from four points was 2.2 pixels. The difference

from the known value of the interface roughness in the

computer-generated data is 0.5 pixels. If the pixel size is

same as our experimental data (0.47 nm/pixel), the interface

roughness in the experimental data (2.7 pixels) and the

difference from the true value should be no more than 0.5

pixels, corresponding to 1.30 and 0.24 nm, respectively. It

would therefore appear that at least four tilt series (i.e., four

different doses per tilt) should be collected to obtain an

acceptable estimate of the asymptotic roughness. While it

may appear advantageous to collect many images at every

tilt, the advantage in improving the fit of the asymptotic

value may be reduced by the need increase the irradiation

damage of the sample. If the dose per image is too low, the

S/N can become too low for accurate alignment of both indi-

vidual images at each tilt as well as for accurate alignment

of the images within tilt series.

TABLE I. Example fit parameters a, b, and d in Eq. (1) for the simulated tilt

series with contrast C ¼ 3 in Fig. 4(b).

Number of used tilt series for fitting a b d (pixels)

4(‹–fl) 68.1 0.5 2.2

5(‹–�) 497.8 0.8 2.7

7(‹–†) 779.4 0.9 2.7
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VII. CONCLUSIONS

We have demonstrated an electron tomography method

for quantitative measurement of buried interface roughness.

The method allows us to measure a SiO2-on-W interface

with approximately 1 nm interface roughness. The method

requires acquisition of multiple images at every tilt step dur-

ing the tilt series acquisition. Several tilt series with increas-

ing S/N are then generated by aligning and summing a

subset of the images at each tilt. Reconstructing such series

with increasing S/N allows us to extrapolate the roughness to

an asymptotic value at high S/N. The asymptotic value is

taken as the true value of the buried interface roughness,

eliminating the apparent dependence of the measured inter-

face roughness on incident dose. The method was validated

on computer generated data, achieving a good agreement

between the known input value of roughness and the asymp-

totic value obtained using the above method.
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