Microsc. Microanal. 3, 352–363, 1997

Microscopy
Microanalysis

AND

© MICROSCOPY SOCIETY OF AMERICA 1997

Characterization of Ultrathin Doping Layers
in Semiconductors
C.P. Liu,* R.E. Dunin-Borkowski, C.B. Boothroyd, P.D. Brown, and C.J. Humphreys
Department of Materials Science and Metallurgy, University of Cambridge, Pembroke Street, Cambridge CB2 3QZ, UK

Abstract: The compositional profile of a narrow layer of InAsxPl−x in InP has been determined using energyfiltered Fresnel contrast analysis, high-resolution electron microscopy (HREM), and high-angle annular darkfield (HAADF) imaging. The consistency of the results obtained using the three techniques is discussed, and
conclusions are drawn both about the validity of interpreting the magnitude of Fresnel contrast data quantitatively and about the degree to which high-angle annular dark-field images of such materials are affected by
inelastic scattering and strain.
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I NTRODUCTION
Doping layers in semiconductors that have widths of a few
monolayers or less exhibit fascinating electrical and optical
properties, as well as provide an insight into impurity diffusion processes. Although the forms of the compositional
profiles of such layers often control the electrical and optical
properties of devices (Schubert, 1993), very few techniques
can be used to characterize them to monolayer accuracy.
Here, we assess the degree to which three different transmission electron microscopy (TEM)–based techniques are
able to provide quantitative and consistent information
about the composition of a narrow layer of InAsxPl−x in
InP. The techniques that we will assess are energy-filtered
Fresnel contrast analysis, high-resolution electron microscopy (HREM), and high-angle annular dark-field (HAADF)
imaging.
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E XPERIMENTAL D ETAILS
The layers examined here have already been examined
qualitatively by Brown et al. (1993), and are shown schematically in Figure 1. Metal organic molecular beam epitaxy
(MOMBE) was used to grow a sequence of InP layers on
(001) InP, between each of which the growth was interrupted in the presence of As2 for periods of 1, 2, 4, 8, 16, or
32 sec. This means that at the start of the growth interrupts,
As2 was switched on, and In and P switched off. The reverse
occurred at the end of the growth interrupts. The structure
contained four such sequences of six InAsxPl−x interrupts,
with each interrupt separated from the next by an InP region of width approximately 20 nm. The substrate temperature was 500°C. This sample was grown as part of a program
to examine the gas-switching characteristic of the MOMBE
growth apparatus during the deposition of InGaAs/InP. The
gas-switching procedure typically leaves the InP surface exposed to As for several seconds in advance of InGaAs deposition. The consequent compositional spike at such an
interface influences the operation of InGaAsP–based MQW
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Figure 1. Schematic diagram showing the structure of the specimen examined.

lasers. In this paper, we concentrate on the characterization
of one of the InAsxPl−x layers, corresponding to an interrupt
time of 32 sec. The difficulty of the problem is highlighted
by the fact that the As concentration at the center of this
layer is not known.
TEM specimens were prepared in the form of 90°
wedges by cleaving on {110} planes. Thus areas of known
specimen thickness could be examined and there were no
amorphous surface layers due to ion beam thinning. Care
was taken to ensure that knock-on damage was minimized
when operating with 400 keV electrons by always aligning
the microscope away from areas of interest.

F RESNEL C ONTRAST A NALYSIS
The TEM-based technique of Fresnel contrast analysis has
been applied widely to the determination of the compositional abruptness of interfaces (Ross and Stobbs, 1991) and
multilayered semiconductors (Shih and Stobbs, 1990). The
approach relies on the sensitivity of the elastic scattering of
electrons to local changes in the potential within the specimen, and involves the matching of a through-focal series of
experimental images of the edge-on interface with computer simulations. The effects of inelastic scattering are dif-

ficult to include in simulations—it is for this reason that
most Fresnel analyses to data have concentrated on an assessment of the way in which the magnitude and the shape
of the contrast varies with defocus, with absolute intensities
rarely being compared with simulations. The use of energyfiltering, as applied here, now allows a more quantitative
comparison of experimental and theoretical data to be
achieved by removing the contribution of plasmon and
single-electron inelastically scattered electrons from the image. However, some phonon-scattered electrons will still
contribute to the image, and all inelastically scattered electrons removed from the filtered image will give rise to absorption.
Energy-filtered Fresnel contrast images of the InAsxPl−x
layer were obtained in a JEOL 4000FX microscope (Cs = 2.0
mm, Cc = 1.4 mm), which is equipped with a post-column
Gatan imaging filter (GIF) and was operated at 400 kV,
using an objective aperture of semi-angle 3.4 mrad (corresponding to an Airy disc radius of 0.29 nm). The layers were
tilted to an 020 systematic row condition a few degrees from
the [100] zone axis, with the plane of the As-containing
layers parallel to the incident electron beam. A 10 eV energy
window was used for energy-filtered imaging and the defocus range for the entire series was measured to be between
+7800 and −8200 nm by matching power spectra obtained
from amorphous material at the specimen edge with computer simulations. Allowance was made for defocus change
as a function of thickness caused by the geometry of the
specimen. The series comprised 21 512 × 512 pixel digitally
acquired images, which were obtained at a sampling density
of 0.132 nm/pixel and with an acquisition time of 2 sec per
image. The point spread function of the detector was deconvoluted from each image and the beam convergence
semi-angle was measured to be 0.12 mrad from the width of
an unsaturated spot in a diffraction pattern taken at the
imaging conditions used for the series.
Examples of the region of the images containing the
layer of interest were digitally extracted from the raw data
and are shown in Figure 2a and b for defocus values of
+7800 nm and −8200 nm, respectively. It is immediately
apparent both that the thickness fringe contrast is strong
and that the way in which the Fresnel fringe contrast
changes with defocus reverses between specimen thicknesses
of 50 and 100 nm! Diffraction contrast has previously been
neglected in Fresnel defocus series of zincblende materials
because of the small value of the 020 structure factor, the
Fresnel contrast being dominated by the local variation of
the crystal mean inner potential (DV0), and continuum or
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Figure 2. Examples of zero-loss
energy-filtered Fresnel contrast
images of the layer of interest at
defocus values of +7800 nm (a)
and −8200 nm (b).

mean potential simulations have been matched to the experimental data (Ross and Stobbs, 1991). However, for InP
the periodicity of the thickness fringes with specimen thickness for the experimental conditions used is about 100 nm,
which is six times shorter than the corresponding value for
GaAs, resulting in the fact that diffraction contrast is significant at all of the specimen thicknesses examined here.
Such behavior cannot be modeled using a continuum calculation, and full atomistic models with many-beam dynamical diffraction theory have been used to match the
experimental images. The reversal of the Fresnel fringe contrast behavior with defocus can be seen more clearly in
Figure 3, which shows a selection of experimental onedimensional Fresnel fringe profiles from the layer plotted as
a function of both thickness and defocus. The profiles have
each been projected parallel to the direction of the layer
over a width of 2.5 nm (corresponding to a thickness range
of 5nm) and are plotted both on an absolute scale with the
incident intensity defined to be unity (Fig. 3a), and with
each profile divided by the mean intensity in that region of
the image (Fig. 3b).
We begin by determining the parameters that are required to match the experimental thickness fringe behavior
both in the bulk InP and at the center of the InAsxPl−x layer.
To first order, the thickness fringe spacing should provide
an indication of the local composition at the center of the
layer, while a match to the intensities of the thickness fringes
requires an appropriate choice of absorption coefficients. As
a first approximation these are defined here as the constant

fraction by which the real part of the potential must be
multiplied to provide the imaginary part, or in other words,
V*g/Vg, which is defined as a constant for all reciprocal
lattice vectors g. Figure 4a shows the experimental thickness
fringe profiles that have been obtained from the image closest to focus and plotted as a function of specimen thickness
for both the InP and the center of the InAsxPl−x layer. The
incident intensity has been scaled to unity and no account
has been taken of the presence of amorphous material at the
specimen edge. The increase in thickness fringe spacing at
the layer as compared with that in the bulk InP results from
the smaller difference between the 020 scattering factors of
In and As than those of In and P, and is consistent with the
presence of an (increased) As concentration. The bestfitting simulated thickness fringes, which were obtained
from a many-beam Bloch wave calculation using EMS
(Stadelmann, 1987), are shown in Figure 4b on the same
intensity scale as the experimental profiles and with the
incident intensity again scaled to unity. The parameters corresponding to these profiles are given in Table 1. (The calculations for InAsxPl−x were carried out using a tetragonal
unit cell that was constrained to match the lattice parameter
of InP on two of the faces). Although the simulations appear to match the experimental data reasonably well in both
the spacing and the intensity of the thickness fringes, certain
features in the profiles, such as the intensity of the first dark
fringe, fit less well. This is a common problem when attempting to match experimental thickness fringe data to
simulations (e.g., Dunin-Borkowski et al., 1995; Dobson et
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Figure 3. Experimental
one-dimensional intensity
profiles across the layer at the
specimen thicknesses and
defocus values indicated. Each
profile has been projected over
a width of 2.5 nm. The profiles
in a are plotted on an absolute
scale where the incident
intensity is equal to 1, while
those in b are divided by the
average background intensity in
that region.

al., 1991), which may result from contributions to the contrast from amorphous layers on the specimen surfaces
and knock-on damage as well as from its very approximate treatment of absorption. The composition at the
center of the InAsxPl−x layer can be estimated from the
periodicity of the fringes; the experimental data suggest a
value for x of between 0.4 and 0.6. Given this value, which
will be refined below, we now turn to a fuller comparison of
the experimental Fresnel contrast at the layer with simulations.

Multislice simulations of the Fresnel contrast at the
layer-incorporated parameters that were consistent with the
experimental data and Doyle and Turner (1968) scattering
factors. A supercell was constructed containing 20 unit cells
of InP with the InAsxPl−x layer at its center. The lattice
spacings at the position of the layer were calculated according to continuum elasticity theory, with the region of
InAsxPl−x constrained to match the lattice parameter of the
InP in the plane of the layer. Values for the lattice constant
a0 of 0.60583 and 0.58687 nm and for the Poisson ratio y of
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Figure 4. Experimental (a) and
best-fitting (b) simulated
thickness fringe profiles plotted
as a function of specimen
thickness both for the bulk InP
and for the center of the
InAsxPl−x layer.

Table 1. Absorption Coefficient and Local Composition Determined from Experimental Thickness Fringe Data for InP Substrate
and InAsxP1-x Layer

Absorption coefficient
v8g
vg
x

InP

InAsxP1-x

0.07

0.07–0.08

0

0.4–0.6

0.35 and 0.36 were used for InAs and InP, respectively. The
As compositional profile was varied until a best fit was
obtained to both the absolute intensity and the contrast of
the experimental profiles shown in Figure 3 for all values of
defocus and thickness. Figure 5 shows the best-fitting Fresnel fringe simulations, which have been plotted on the same
scale as the experimental profiles shown in Figure 3. The
compositional profile and parameters used for these simulations are given in Figure 6 and Table 2, respectively. The
best-fitting compositional profile has diffuse interfaces, a
mean width of (3 ± 0.5) unit cells, and a fitted total InAs
equivalent concentration of (3.8 ± 0.2) monolayers. Care is
required here because the difference between the mean potentials of InAs and InP is predicted to be 0.205 V and 0.247
V using electron scattering factors calculated by Doyle and

Turner (1968) and Rez et al. (1994), respectively. The latter
are supposedly more accurate, which would result in a measured total InAs concentration of (3.8 ± 0.2) × 0.205/0.247
= (3.15 ± 0.17) monolayers (approximately 1.6 unit cells).
Such a comparison of an entire thickness-defocus series
with simulations results in principle in great sensitivity
when determining the compositional profile. (Although the
asymmetry of the compositional profile [Brown et al., 1993]
has not been quantified here, it is in principle also possible
to do this). While the match to the experimental data is not
exact, all of the general trends in the experimental data are
reproduced, including the reversal in fringe contrast behavior with defocus at different specimen thicknesses. The remaining discrepancies are probably associated with the fact
that the shape of the true compositional profile may be
different from that used in the model, adsorption has been
treated approximately, and the effects of surface contamination layers on the contrast have not been included in the
simulations. It should be noted that the above conclusions
rely on the validity of using both continuum elasticity
theory and neutral atom scattering factors. Although we
have not considered the effects of bonding and ionicity on
the scattering factors, a comparison of the Fresnel contrast
results with those obtained using HREM and HAADF may
provide an insight into the importance of these effects. We
have also assumed that the effects of surface dipole layers

Ultrathin Doping Layers in Semiconductors 357

Figure 5. Best-fitting simulated
intensity profiles to the
experimental data shown in Fig.
3 plotted on an absolute
intensity scale (a) and after
dividing by the average
background intensity (b).

(O’Keeffe and Spence, 1994) are negligible (adsorbed layers
may affect the magnitude of the potential; however, local
differences are of interest here), and that leakage fields outside the specimen (Dunin-Borkowski and Saxton, 1997) can
be neglected.
A quantitative comparison of the inferences drawn
from the magnitude of Fresnel contrast with results ob-

tained using other TEM-based techniques has not yet been
undertaken. This is our aim in the following section.

H IGH R ESOLUTION I MAGING
The contrast of HREM images is affected by inelastic scattering (Boothroyd and Stobbs, 1989) and thermal vibrations
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Table 2. Best-fitting Parameters to Fresnel Contrast Data for
InAsxP1-x Layer1
Mean layer width

Figure 6. Best-fitting compositional profile to the experimental
Fresnel contrast data.

Maximum As concentration x
Total InAs concentration
(Doyle and Turner [1968]
scattering factors)
Total InAs concentration
(Rez et al. [1994] scattering
factors)
Absorption coefficient

3 ± 0.5 unit cells
1.8 ± 0.3 nm
0.6
3.8 ± 0.2 monolayers

3.15 ± 0.17 monolayers

0.07

1

(Hashikawa et al., 1995), and it has not been possible to
obtain a match to simulations even when energy-filtered
images have been analyzed (Boothroyd et al., 1994). However, certain HREM-based techniques can be used to provide quantitative information through the analysis of variations in the lattice fringe spacing across an image. It is our
aim here to use one such technique to measure the rigid
lattice shift across the InAsxPl−x layer and to relate this to
the total InAs concentration present for comparison with
the Fresnel contrast data obtained above.
A [100] HREM image of a cleaved wedge specimen
containing the layer of interest was obtained at 400kV in a
JEOL 4000EXII microscope (Cs = 0.9 mm, Cc = 1.3 mm),
using an objective aperture of semi-angle 20 mrad (corresponding to an Airy disc radius of 0.05 nm). The image,
which is shown in Figure 7, was taken at a magnification of
600 k and digitized at a resolution of 7.2 pixels/002 fringe.
It was found to be particularly important to remove the
distortions introduced both by the microscope and by the
densitometer used for digitizing the negative. Accordingly,
an HREM image of a 〈001〉 sapphire specimen of uniform
thickness was taken at the same settings as for the InP image
and the distortion of the lattice was measured relative to the
central region of the negative. Figure 8 shows the resulting
distortion map, which corresponds to a region that is
slightly smaller than the entire negative. The arrows represent the direction and the magnitude of the displacement
relative to the lattice at the center of the map, and are
enlarged by a factor of five. The magnitude of the distortion, which has a spiral component from the projector
lenses and a rectangular component from the densitometer,
is consistent with that measured for the same microscope by
Hetherington et al. (1993). The distortion was found to be
large enough to affect the measured rigid lattice shifts ap-

Total InAs concentration refers to number of monolayers of pure InAs
that would be present if all the As was concentrated in the center of the
layer.

preciably and thus was removed from the InP image digitally.
The technique of regressional analysis (Wood et al.,
1984) was then applied to determine the rigid lattice shift
across the layer. The approach involves extrapolating the
lattice fringes from regions on either side of the layer towards it and then measuring the mismatch between them to
an accuracy that can approach 1% of the lattice-fringe spacing (Stobbs et al., 1984). The specimen thickness, defocus
and imaging conditions must be unchanged between the
two regions of the image analyzed. The sampling of the
experimental image was increased by a factor of five by
interpolation before analysis and two regions of constant
thickness were chosen. These had high lattice fringe contrast
that did not reverse as a function of specimen thickness
within each region. One-dimensional lattice fringe profiles
were obtained by projecting the lattice fringes within each
region parallel to the direction of the layer and polynomial
fits were used to determine the position of each peak and
trough. Plots of the 020 fringe spacing as a function of
fringe number were calculated and are shown in Figure 9
for two different specimen thicknesses, with the layer at the
center of each profile. Smoothed versions of these, obtained
by convoluting each profile with a Gaussian of width onetenth of the 020 fringe spacing, are also shown to illustrate
the underlying trend in the fringe spacing, which is very
similar for the two specimen thicknesses and which shows
the expansion of the lattice fringes at the position of the
layer. The total rigid lattice shift was determined using an
algorithm described by Dunin-Borkowski and Stobbs
(1997). The reliability of the results was established by ex-
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Figure 7. A region of an HREM image of a cleaved wedge specimen containing the InAsxPl−x layer. The regions chosen for subsequent analysis are marked by rectangular boxed areas.

amining the measured lattice shift as a function of both the
widths of the regions on either side of the layer analyzed
and their distances from the layer, ensuring that the effects
of diffraction and phase contrast at the layer were discounted. The lattice expansions at the two specimen thicknesses were measured to be (15.13 ± 2) and (13.43 ± 2)
pixels, where the 020 fringe spacing of InP corresponds to
35.8 pixels, resulting in a measured lattice expansion across
the layer of (47 ± 7)% of an 002 fringe spacing, or (0.139 ±
0.02) nm.
Assuming that the layer is constrained to match the
host lattice in the plane of the layer and that continuum
elasticity theory is valid, the calculations of Zunger and
Wood (1989) can be used to relate the measured rigid lattice shift drc to the total sheet concentration of InAs present,
denoted here by Np in units of atomic %. The expression
takes the form
drc =

S DS D
1
4

1+y
gNp,
1−y

Figure 8. Distortion map, with the arrows representing the magnitude and the direction of the distortion of the image relative to
the center of the map. The arrows are enlarged by a factor of five.
The size of the entire negative and the position of the region
imaged in Figure 7 are also marked by boxed areas.

which is independent of the number of atomic layers over
which the dopant has spread, and
g=

S

2a0~InP!
100

DS D

rp−rAs
= −0.5083 pm
rIn+rp

(Dunin-Borkowski and Stobbs, 1997), where the ionic radii
r for each element are obtained from Samsonov (1968). The
total InAs concentration that is consistent with the experimentally measured rigid lattice shift is (2.7 ± 0.4) monolayers. This agrees with the value obtained from the Fresnel
data to within experimental error and suggests that for the
Fresnel contrast in this system bonding, ionicity and dipole
effects at the InP/layer interface are small. More impor-
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Figure 9. The experimental 020
lattice fringe spacing plotted as
a function of fringe number for
two different specimen
thicknesses. a: Thicker region.
b: Thinner region. The layer is
at the center of each profile,
and smoothed versions,
obtained by convoluting the
profiles with a Gaussian of
width approximately one-tenth
of the 020 fringe spacing, are
also shown.

tantly, it indicates that unlike for HREM, the magnitude of
Fresnel contrast can be matched successfully, in this case to
simulations incorporating the scattering factors of Rez et al.
(1994).

H IGH -A NGLE A NNULAR
D ARK -F IELD I MAGING
The results obtained using the above two techniques will
now be compared with our preliminary HAADF results,
which is generally considered to be a direct method of obtaining quantitative compositional information if the scattering angle of the electrons collected is large enough. This
relies on the premise that the contrast in HAADF images is
dominated by Rutherford (high-angle) elastic scattering,
whose intensity is proportional to the atomic number Z2.
Treacy and Gibson (1993) have established a criterion for
the choice of an inner and an outer angle for the detector.
Few attempts have as yet been made to obtain quantitative
compositional information using HAADF imaging (e.g., Liu
and Cowley, 1991. Wang and Cowley (1989) have shown
that phonon scattering has an atomic number dependence

that is not simply proportional to Z2, while Eaglesham and
Berger (1994) showed that Compton scattering is comparable to phonon scattering in such images for low atomic
number materials. Boothroyd et al. (1996) found that 5% of
the image intensity arose from Compton scattering even for
very thin specimens of Ge, while most significantly, Perovic
et al. (1991) showed that for B doping in Si the contrast
need not in fact depend on Z2 but can be dominated by
strain associated with the presence of misfitting dopant atoms.
HAADF images of the InAsxPl−x layer examined above
were obtained at 100 kV in a VG HB501 scanning transmission electron microscope equipped with a GIF. A
cleaved-wedge specimen was again examined and was tilted
away from the [100] zone axis with the layers parallel to the
incident beam. The inner angle of the detector used was
approximately 150 mrad. Figure 10 shows both bright-field
and HAADF images of several of the layers, with the highest
concentration layer at the top of each image. Qualitatively,
the bright contrast visible at the layer in the HAADF image
is consistent with the fact that the atomic number of As is
higher than that of P. More quantitatively, on the assumption that the contrast is proportional to Z2, the intensity
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ratio (the intensity at the layer divided by that interpolated
between regions on either side of it) can be related to the
local composition InAsxPl−x using the formula
ZIn + xZAs + ~1 − x!Zp 2
)
ZIn + Zp

intensity ratio = (

= ~1 + 0.28125x!2.
This construction is shown schematically in Figure 11. Although the HAADF image is the convolution of the true
compositional profile with the probe profile, the area beneath the peak at the layer should be unaffected by this.
Table 3 shows the measured InAs concentration for several
different specimen thicknesses. Surprisingly, the layer
widths are approximately three times wider than those measured using Fresnel contrast analysis, whereas the As concentration at the center of the layer is approximately six
times lower. In addition, both the As concentration at the
center of the layer and the total amount of As apparently
decrease with specimen thickness. Whereas the increased
layer width may be explained by an incident probe that is
not in focus, the decreasing As concentration with thickness
suggests that inelastic scattering becomes significant at the
higher specimen thicknesses and does not follow the predicted Z2-dependence. However, even when allowing for
inelastic scattering by using values obtained at the lowest
specimen thicknesses, the total InAs concentration is still far
lower than that measured using either Fresnel contrast
analysis of HREM. Our results are at present preliminary,
but a possible explanation is the effect of strain associated
with the presence of a wider layer of As at a concentration
that is too low to detect using Fresnel contrast analysis, but
which may contribute to the HAADF contrast. Other factors to consider are possible As migration due to beam
damage and the presence of static atomic displacements in
the alloy. Our results indicate that the InAsxPl−x layer scatters less to high angles than a simple Z2 dependence would
suggest, in contrast to the increased scattering to high angles
reported by Perovic et al. (1991) for B in Si. However, a full

<

Figure 10. Bright-field (a) and HAADF (b) images of a cleaved
wedge specimen containing the layer of interest (marked with
arrows) and high-pass filtered version (c) of b to show the As
layers which appear as bright lines and which are otherwise of too
low contrast to be clearly visible in b.
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(1.8 ± 0.3) nm, respectively, using Fresnel contrast
analysis, while the InAs concentration inferred from the
measured rigid lattice shift was (2.7 ± 0.4) monolayers.
3. Our preliminary attempt to measure the As concentration using HAADF gave a much broader profile of 6 nm
with a lower InAs concentration of 0.7 monolayers.
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