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Mapping Projected Potential, Interfacial Roughness, and Composition in General
Crystalline Solids by Quantitative Transmission Electron Microscopy
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We describe how general lattice images may be used to measure the variation of the potential in crys-
talline solids in any projection, with no knowledge of the imaging conditions. This approach is applicable
to structurally perfect samples, in which interfacial topography or changes in composition are of interest.
We present the first atomic-level topographic map of a Si/SiOq interface in plan view, and the first mi-

croscopic compositional map of a Si/GeSi/Si quantum well in cross section.

PACS numbers: 61.16.Bg, 68.35.—p

Lattice images, obtained by transmission electron mi-

croscopy (TEM), are routinely used to infer the subsur-
face microstructure of crystalline materials. In principle,
a lattice image is a map of the sample (Coulomb) poten-
tial, projected along a zone axis (see, e.g. , [1,2]). In

practice, it is di%cult to extract quantitative information
from lattice images. This stems from two primary
reasons. First, electrons are multiply scattered during
their passage through crystalline samples of realistic
thickness (~ 10 A). This results in a complex, highly
nonlinear relationship between the sample potential and
the characteristics of the lattice image. This relationship
changes rapidly with the sample thickness, and thus from
point to point over the sample. Second, electromagnetic
lenses have severe aberrations. The image details thus
depend sensitively on the (contrast) transfer function of
the microscope, and hence the lens defocus. It is not pos-
sible to establish a general relationship between the sam-

ple potential and the image features. This has led to the
development of "image matching" procedures, whereby
the sample structure is inferred by visually comparing
simulated images of model structures with experimental
results. Extraction of information by this procedure, even

at the qualitative level, requires accurate knowledge of
the imaging conditions (sample thickness, lens defocus,
etc. ) [3,4]. These are difficult to measure, and are often
poorly known.

Here, we describe an approach, named QUANTITEM,
which measures the variation of the sample potential
from general lattice images of structurally perfect crys-
talline materials, requiring no knowledge of the imaging
conditions [5]. In samples of uniform composition,
QUANTITEM can be used to map the topography of
buried interfaces in plan view, with near-atomic resolu-
tion and sensitivity. Here, we demonstrate this capability
for the Si/Si02 interface. We show that QUANTITEM
topographic images of such interfaces are comparable
with those obtained from surfaces by the scanning tun-
neling microscope. In samples with cornpositional nonun-
iformities, QUANTITEM may be used to map the com-
positional variation. We demonstrate this by presenting
composition maps across Si/GeSi/Si quantum wells. Un-
like chemical mapping, QUANTITEM does not rely on

the presence of chemical rellections [6,7), and is thus

applicable to general crystalline materials.
To describe the principle of this approach, it is con-

venient to represent the information content of an image
unit cell in vector notation [8]. All the available informa-
tion in a lattice image is contained in the image intensity
distribution. The periodicity of the lattice can be used to
divide the image into unit cells, within each of which the
intensity distribution is digitized, say nxm times. We
represent these nxrn numbers as the components of a
(multidimensional) vector, whose position and length de-
scribe all the available information. (For a discussion of
image localization, see [1,9,10].)

To measure the variaton of the projected potential
from a lattice image, one must discover how the image
changes with the projected potential, under the particular
conditions used to obtain the lattice image under analysis.
In vector notation, this requires two steps. First, one
needs to determine the path traced by the unit cell image
vector as the sample potential varies (Fig. 1). This path
changes with imaging conditions, and must be determined
afresh for each lattice image. Second, one must deter-
mine the rate at which this path is traversed as the sam-
ple potential changes. This rate need not be a linear
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FIG. 1. Lattice image unit cells, and their vector representa-
tion R', for three diA'erent sample thicknesses. The cloud of
points represents tips of vectors drawn from an experimental
image of a (wedge-shaped) Si sample. The path described by
the image vectors quantifies the way changes in the sample pro-
jected potential aA'ect the lattice image.
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function of the potential change. Determination of the
path and the rate at which it is traversed quantify the
way that changes in the sample potential aA'ect the im-
age.

The path of the image vector can be directly deter-
mined from the experimental image by plotting the tips
of the image unit cell vectors over the region of interest
(Fig. 1). Since all TEM samples are wedge shaped, this
directly reveals the path described by the image unit cell
vector as the projected potential changes. The rate at
which this path is traversed can be measured in one of
two ways. In the first, one assumes that no particular
thickness is favored over the field of view [11]. The den-
sity of points (vector tips) along the path is then inversely
proportional to the local rate of path traversal. The total
length of the path can be calibrated in terms of sample
thickness, by recognizing that lattice images vary periodi-
cally with the pendellosung oscillations. This calibrates
one period of the path in terms of a known change in

thickness, namely, the extinction distance [12].
The second approach to measuring the local rate of

path traversal requires high signal-to-noise ratios. In the
absence of noise, the atomic nature of the sample gives
rise to discrete clusters of points along the path, each rep-
resenting columns with a given number of atoms. Noise
tends to smear these clusters into a continuous distribu-
tion. Nevertheless, the signal-to-noise ratio is sometimes
adequate to reveal the presence of such clustering of
points in Fourier transforms of their density, or by auto-
correlation techniques. This allows an absolute deter-
mination and calibration of the rate at which the path is
traversed as a function of projected potential.

The above discussion notwithstanding, we show below
that appropriate parametrization of the path can result in

a highly linear relationship between the projected poten-
tial and the chosen parameter, obviating the need for lo-
cal calibration of the rate of path traversal.

We now describe how QUANTITEM may be imple-
mented in practice. The procedure is facilitated by an
appropriate choice of reference frame in vector space.
We derive a reference frame from the experimental im-

age itself, by extracting a number of "template" vectors
from the image. A general unit cell is then expressed in

terms of its projections on planes defined by these tem-
plate vectors. In general, three template vectors suf5ce,
and their choice is not critical [13]. The primary require-
ment is that the choice of template vectors R should
provide an adequate description of the significant images
present. This is easily achieved by extracting a template
from each area of the image with distinctly diA'erent
characteristics.

Analysis of simulated images shows that, in general,
the path described by the image vector for potential
changes of about half an extinction distance can be well
approximated by an ellipse [14]. Figure 1 shows the tips
of experimental image unit cell vectors projected onto the
plane defined by the three template vectors R; . We de-
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I IG. 2. Variation of ellipse phase angle p, vs sample thick-
ness r, normalized to the extinction distance g, simulated for Si
(a) and Ge„Si~—„(b).Note the strong overlap of the points,
indicating a universal relation between the variation in p, and
the projected potential for these systems, irrespective of sample
thickness, projection direction, and lens defocus.

TABLE l. Thickness and chemical sensitivity of QUAN-
TITEM. Best values were obtained by median filtering over
2x2 image unit cells.

System
Cell size

(A')
Sensitivity

Typical Best

si (1oo&
si (11o&
Si (1 1 1&

Geo.25Si0 75(1 10&

2.7 x 2.7
3.8 x 5,4
2.2 x 3.8
3.8 x 5.4

is. i A
S.3 A
i i.o A

5.4 at. % Ge

3.2 A
2.o A
3.2 A

2.4 at. % Ge

scribe the path by fitting an ellipse to the experimental
points, and parametrize it in terms of the ellipse phase
angle p, . [In two dimensions, a point (x,y) on an ellipse
is given by x =acosp„y=b i st, .] For the samples we
have investigated, this parametrization yields a universal
and linear dependence on the sample potential, irrespec-
tive of the imaging conditions. Figure 2 is a plot of the
variation of the ellipse angle (t, vs the projected potential
for Si in the (100), (111), and (110) projections, and
Ge, Si~-„over the defocus range —100- —700 A, and
thickness range 80-420 A. These plots were obtained by
analyzing simulated images of Si and Ge Si~ in the
(110) projection. When present, such a universal rela-
tionship obviates the need for fresh measurement and
calibration of the rate of path traversal in each lattice im-
age.

By presenting experimental images of the atomic
roughness at Si/Si02 interfaces in plan view, we show
that QUANTITEM may be used to reveal the topogra-
phy of buried interfaces with high spatial resolution and
sensitivity. Figure 3(a) is a (100) lattice image of a Si
sample, after a final rinse in an anisotropic etch (KOH in

H20) and the formation of a native oxide ( —15 A thick
on each surface). Figure 3(b) is a QUANTITEM map
of the thickness variations in (the crystalline part of) the
SiOz/Si/SiOz sample, with height representing thickness.
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FIG. 3. (a) Lattice image of Si02/Si/Si02 sample, viewed in

(100) plan view. The sample was formed by anisotropic etching
of Si in KOH, followed by formation of a native oxide. Two
Si/Si02 interfaces are seen superimposed. (b) QUANTITEM
map of the thickness of crystalline Si sandwiched between the
two SiOq layers. Height represents sample thickness. This to-
pographic map, deduced from (a) above, directly reveals the su-
perimposed roughness of the two Si/Si02 interfaces. Note the
pyramidal hi1locks produced by the anisotropic etch.

FIG. 4. (a) Lattice image of Si/Ge025Sip75/Si quantum well
structure, viewed in 11101 cross section. (b) Map of ellipse
phase angle p, across the image shown in (a) above. Note the
variations in the Si region, indicating significant thickness
changes. Inset: schematic representation of the effect of com-
position on |t),. The heavier GeSi causes p, to advance more
rapidly. The variation of thickness across the field of view
means that part of the change in p, is due to composition, part
d ue to th ick ness change.

Since the sample contains two Si/SiOq interfaces, the
variations reveal the superimposed roughness of the two
Si/Si02 interfaces in plan view. The formation of pyra-
midal hillocks due to the anisotropic nature of the etch is
clear. Such structures are absent when the Si surface is

etched isotropically. Quantitative error analysis yields
the sensitivity estimates shown in Table I. It is clear that
two monolayer thickness variations can be readily mea-
sured, and in favorable circumstances, monolayer thick-
ness sensitivity may be obtained by spatial (median)
averaging over four image unit cells. Figure 3(b) consti-
tutes the first quantitative, high resolution, topographic
image of a buried interface in plan view.

We now describe how QUANTITEM may be used to
measure the chemical transition between two regions of
known composition in crystalline materials. In the ab-
sence of chemical reflections [7], a lattice image essential-
ly measures the sample projected potential. Changes in

sample thickness and composition must therefore be con-
sidered on the same footing. This is demonstrated by Fig.
2, in which the ellipse phase angle p, shows the same
dependence on sample thickness for Si and Gep p5Slp75,
provided the thicknesses are normalized to the extinction
distance for each material.

Changes in composition have two consequences. First,
the path described by the vector can be changed. When

present, this can be readily discerned by plotting the ex-
perimental vectors in regions of known composition.
Second, the extinction distance is altered, which changes
the rate at which the path is traversed in each material.
Heavier materials advance the phase more rapidly (Fig.
4). QUANTITEM exploits this latter effect to determine
the composition of an image unit cell. Consider a target
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FIG. 5. QUANTITEM composition map deduced from Fig.
4. Height represents Ge concentration, the bar one-sigma accu-
facy.

4152



VOLUME 7 l, NUMBER 25 20 Dvc~MBER 1993

unit cell of unknown thickness and composition, and as-
sume for the moment that its thickness is known. In out-
line, QUANTITEM proceeds as follows [(Fig. 4(b), in-

set]: (i) It measures the amount by which the ellipse
phase angle tt), of the target unit cell is advanced from a
reference unit cell in a region of known composition; (ii)
it subtracts off the part due to the thickness change; (iii)
it ascribes the remainder to changes in the extinction dis-
tance, and hence composition. Since the extinction dis-
tance can be easily calculated and/or measured, this
directly yields the composition of the target unit cell.

To determine the sample thickness at the target unit
cell, we map the sample thickness over regions of known

composition, and fit a two-dimensional model function
(surface) to the data, so as to obtain an accurate descrip-
tion of the undulations in the sample thickness. We then
infer the sample thickness at the target unit cell by inter-
polating the model function between the adjoining regions
of known composition [Fig. 4(b), inset). Quantitative
procedures are used to determine the uncertainty with

which the thickness at the target cell has been inferred.
Figure 4(a) is a (110) cross-sectional lattice image of a

Si/GeozsSi07s/Si quantum well [15]. Figure 4(b) shows

the variation of the ellipse phase angle hatt, across the im-

age, as determined by QUANTITEM. The variation of

p, over the regions away from the interfaces clearly re-

veals significant thickness changes, both locally and

across the —150 A square field of view. These variations

can be reproduced by a model function with a (one-

sigma) accuracy of -3.5 A. As shown in the inset of
Fig. 4(b), in regions of unknown composition, the sample
thickness is inferred by interpolation. Once the sample

thickness at a target cell is determined, its composition is

deduced from the part of d, ttt, not due to thickness

change.
Figure 5 is a QUANTITEM composition map across a

Si/Ge02sSi075/Si quantum well. The height represents
the Ge concentration. This image represents the first

quantitative microscopic map of the compositional

change across the important Si/Ge, Sit „

interface,
directly revealing its roughness at high resolution. (See
Table I.)

The implementation of QUANTITEM requires atten-

tion to important practical factors, such as the nonlineari-

ties and geometrical distortions introduced by the record-

ing medium, and the tradeoA between noise and spatial
resolution. %e have established that such factors do not
aII'ect the practical implementation of QUANTITEM, or
have developed procedures to measure and/or reduce
their consequences [13].

%'e now discuss the more general implications of our
work. There can be no single route to quantitative elec-
tron microscopy. However, we have described a means

for direct measurement of the sample projected potential
from general lattice images. This approach is based on

the notion that imaging conditions do not need to be indi-

vidually known, or controlled. Their combined eA'ect sim-

ply produces a relationship between the projected poten-
tial and the image features, which can be extracted
directly from each experimental image. Here we have
demonstrated the ability of QUANTITEM to yield high
resolution topographic maps of buried interfaces in plan
view. This opens the way for the study of a variety of im-
portant interfacial reactions at the atomic level, such as
surface roughening during oxidation. The ability to map
compositional variations in general systems is a signifi-
cant step toward investigating the relaxation of general
multilayered systems and their point defect reactions [7].
More generally, QUANTITEM constitutes a rapid and
robust means of extracting quantitative information from
lattice images.
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