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Chemical Mapping of Semiconductor Interfaces at Near-Atomic Resolution
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We combine chemical lattice imaging with digital pattern recognition to map, at near-atomic resolu-
tion, the compositional change across GaAs/A1GaAs interfaces of the highest optical quality. These
maps quantify the information content of each unit cell of the lattice image. Our results show that
state-of-the-art GaAs/A1GaAs interfaces contain substantial atomic roughness on scales finer than sug-
gested by optical measurements.

PACS numbers: 68.55.Nq, 61.16.Di, 68.35.Dv, 68.65.+g

The fascinating optical and electronic properties of
modern multilayered systems are strongly infIuenced by
the structure of their heterointerfaces, which have been
much investigated. ' In all but the most heavily
mismatched compound semiconductor systems, the
atoms occupy zinc-blende sites at and on both sides of
the interface. Interfacial roughness is a few monolayers,
with one monolayer being the most commonly quoted
value. Interruption of growth before the deposition of a
succeeding layer reduces interfacial roughness. The
lateral spacing between interfacial steps, deduced from
optical measurements, appears to be of the order of
microns. However, the quantitative determination of the
lattice site occupancy at and around an interface, and
the correlation of this information with the optical and
electronic properties of the same interface remain impor-
tant experimental and theoretical challenges.

The determination of the site occupancy at a semicon-
ductor heterointerface, and hence the interfacial atomic
configuration requires chemical information on an atom-
ic scale. In this Letter, we combine the recently
developed chemical imaging technique with digital pat-
tern recognition to determine the atomic configuration of
two sets of optically well-characterized, high-quality
GaAs/A1Q37GaQ63As interfaces, grown with and without
interruption. In images of cross-sectional samples -75
A thick, we determine the composition of individual unit
cells 2.8&&2.8 A in area, and give confidence levels for
the accuracy of our determination at each cell in the lat-
tice image. Our analyzed lattice images map the sample
composition at near-atomic resolution, both chemically
and spatially. Such maps establish that interfaces of the
highest optical quality are not atomically smooth, and
that the spacing between interfacial steps, i.e., the island
sizes are smaller than previously thought.

The interrupted growth samples were produced by
standard molecular-beam epitaxy (MBE) with growth
interruption of 2 min at each interface, as reported else-
where. ' The samples grown without interruption were
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FIG. l. Chemical lattice image of a GaAs/A1Q37GaQ63As
quantum well produced after 2-min growth interruption at
each interface. Careful inspection reveals interfacial regions
have images intermediate between GaAs and A1037Ga063As.

produced by gas-source MBE. All samples displayed
"monolayer" splitting of the photoluminescence lines,
with linewidths among the smallest currently achieved,
and represent the state of the art. ' Chemical lattice im-
ages were obtained in a (100) cross section with a JEOL
4000EX high-resolution transmission electron micro-
scope operating at 400 keV, with sample thicknesses
(-75 A) and lens defocus values (- —200 A) corre-
sponding to maximum chemical sensitivity.

Figure 1 is a typical chemical lattice image of a
GaAs/AlQ37GaQ63As heterostructure grown with inter-
ruption. Briefly, the chemical lattice-imaging technique
utilizes the bandpass characteristics of the microscope
objective lens to enhance the transmission of the chemi-
cally sensitive (200) refiections in the (100) projection,
thus producing a large change in the spatial frequency
content of the lattice image as the interface is crossed.
The chemical information is encoded in the patterns that
GaAs and A16aAs produce. Thus, the GaAs lattice-
image unit-cell pattern consists of five white blobs,
placed at the four corners and the center of a square,
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FIG. 2. (a) Averaged, noise-free images of GaAs and
Alp 37Gap 63As. The unit cells used as templates for pattern
recognition are the dotted 2.8-A squares. (h) Schematic repre-
sentations of the template vectors Rg,A. and RA[(;,A„the distri-
bution of RG,. A,, and RA[~,A, about them, and an interfacial vec-
tor R'. (c) Schematic representation of the distributions pro-
duced by the GaAs and AlQ37GaQ63As unit cells about their
templates. Note that the angular position of R' denotes the
most likely composition only. The actual composition falls
within a normal distribution about this point.

while the A10376a063As pattern consists only of four
large white blobs at the corners of a similar square [Fig.
2(a) l.

Lattice images such as Fig. 1 are traditionally evalu-
ated by simple visual inspection. This is not sufficient for
our purpose of determining the composition at each
lattice-image unit cell. It is necessary to determine the
way that random variations due to surface damage, con-
tamination, and shot noise cause uncertainty in the eval-
uation of lattice images. BrieAy, this is achieved as fol-
lows. '' First, we obtain an "ideal, ' noise-free image of
the projected unit cell for each of the two materials by
averaging over many lattice-image unit cells not at the
interface. The resulting images act as templates for the
recognition of GaAs and Alo 37Gao63As [Fig. 2(a)].
Each template is divided into a 35&35 pixel array, and
the intensity in each pixel is recorded. We define a vec-
tor R', whose components are the intensity values at
each pixel of the template. Thus the ideal GaAs and Al-
GaAs unit cells are each represented by a 1225-
component vector template. The change in composition
from GaAs to A16aAs can now be defined in terms of
the angle 0, between these two vectors [Fig. 2(b)]. We
represent a given unit cell of the real (i.e., noisy) image
also by a vector R. For "bulk" GaAs not at the inter-
face, the vectors Rg„.A, representing the lattice-image
unit cells form a distribution about RG.,A„with the an-
gles between Rg„.A, and R(-„.A, representing the effect of
noise. The standard deviation o. of this distribution
quantifies the noise present in the image of GaAs [Fig.
2(c)]. A similar procedure is used to quantify the noise
in "bulk" AlGaAs. The noise present is such that R(-,A,
and RA~~„.A, form similar normal distributions about
their templates, with the template vectors R~,A, and

RA~~,. ~, about 12' apart. This means that as the Al con-
centration is increased from 0 to 0.37, the template vec-
tor R' rotates through an angle which is 12'.. Thus, our
vector representation of the lattice image allows us to
distinguish between GaAs and Al() 376a063As with total
confidence.

We next consider vectors R' representing the image
unit cells in the close vicinity of the interface. Our im-
age simulations and control experiments show that the
projection of R' onto the plane defined by the template
vectors rotates monotonically and linearly between the
two template vectors as the Al content is changed. Thus
the angular position of R' with respect to the template
vectors Rp,. ~, and R~~g, p, yields the Al content of the
2.8X2.8-A. unit cell. At all the interfaces we have ana-
lyzed, a substantial number of vectors R' fall more than
3a away from both the template vectors RG,A, and
RA~~,. A, . Assuming the noise content of the image to be
the same at and in the vicinity of the interface, such vec-
tors represent, with a confidence of at least 3 parts in
10, unit cells of Al Ga~ — As, with 0&x &0.37. The
actual composition of the unit cell represented by a vec-
tor R' must fall within —3o. of the value deduced from
the angular position of R'. Thus, the approach we have
outlined allows the determination of the Al content of in-
dividual interfacial unit cells 2.8X2.8X75 A. in size. A
unit cell at an atomically abrupt interface is composed of
4 Alo 376a063As and —,

' GaAs or vice versa, depending
on the choice of origin. Thus an abrupt interface would
be characterized by a transition from GaAs to
Al() 376ao 63As via a single unit cell, with an Al content of
4 X0.37 or 4 x0.37, depending on the unit-cell position

adopted.
Figure 3 is a possible representation of a chemical lat-

tice image analyzed as described above, where the indivi-
dual lattice-image unit cells are placed at different
heights. The height of a unit cell represents the angular
position of its vector R with respect to the template vec-
tors. The height can thus be interpreted in terms of the
Al concentration, going from 0 to 0.37 from the bottom
to the top of the three-dimensional representation. ' The
blue and yellow regions indicate those unit cells falling
within 3a. of Alo 376ap 63As and GaAs, respectively,
while the other colors break up the data into a different
standard deviation, or composition bands. This represen-
tation allows a quantitative display of the noise in the
GaAs and A1GaAs regions, and the change in the angu-
lar position of R with respect to the templates on cross-
ing the interface. It thus provides a spatial map of the
composition, at near-atomic resolution. With our choice
of unit-cell origin, an atomically abrupt interface would
result in a transition from GaAs to A16aAs via a single
(green) interfacial unit cell at a height —,

' that of a blue
Alp 37Ga063As unit cell. It is clear that this is not real-
ized, and that the interface is not smooth. ' Figure 3,
which is typical, shows that the transition from GaAs to
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FIG. 3. Three-dimensional representation of the analyzed
lattice image of AIQ37GaQ63As grown on GaAs after a 2-min
interruption. The unit cells are 2.8-A squares. The height of
each cell represents the angular position of its vector R with
respect to the template vectors, which are about 12o. apart.
Yellow and blue mark those cells which fall within 3o of GaAs
and AlQ 37GaQ 63As templates, respectively. Green, magenta,
and red represent 3a bands centered about 3o., 6o, and 9o.
points from GaAs. Outside the yellow and blue regions, the Al
content of each unit cell is intermediate between GaAs and
AlQ 37GaQ63As, with confidence levels given by normal statistics.

Alo 376a063As takes place over 2-4 unit cells, and that
the interface contains significant atomic roughness. At
the level of detail of our composition maps, the assign-
ment of values for interfacial imperfections, such as
transition width, roughness, and island size, is a matter
of definition. Also, without extensive sampling caution is
required in deducing quantitative values for the spacing
between interfacial steps, however, they are defined.
Nevertheless, it is clear that significant atomic roughness
at the —50-A lateral scale is present. Figure 4 shows
the analyzed chemical lattice image of a GaAs/
Alo 376ao 63As interface produced without growth inter-
ruption. Increased interfacial roughness is now apparent
in that no single color band can be continuously followed
along the interface for more than a few unit cells. '

A detailed discussion of the effect of growth parame-
ters on interfacial roughness will be published elsewhere.
However, our results already show that samples of the
highest optical quality, grown with or without interrup-
tion, can exhibit significant interfacial roughness on an
atomic scale. Interrupted-growth MBE interfaces are
somewhat smoother than those produced by uninterrupt-
ed gas-source MBE, but the differences are modest. In
both samples substantial roughness occurs on a finer
scale than generally deduced from optical measurements.
We cannot, from our present measurements, decide why
this is so. However, our results indicate that the cath-
odoluminescence intensity variations observed over dis-

FIG. 4. Three-dimensional representation of the analyzed
chemical image of AlQ37GaQ63As grown on GaAs without inter-
ruption. Color-coding and unit-cell size are the same as Fig. 3.
Note the presence of small, disjointed clusters of color, indicat-
ing finer scale roughness.

tances of microns probably represent not individual is-
lands, but regions consisting of many islands, whose ad-
mixture changes as the probe is scanned. It is also possi-
ble that optical measurements do not probe the atomic
scale roughness revealed by our technique. Our work
may thus stimulate a more profound understanding of
the correlation between the structural and optical prop-
erties of multilayered systems.

We now speculate on more general consequences of
the approach outlined in this Letter. First, it makes pos-
sible the local quantification of the information content
of lattice images. This should also allow the develop-
ment of quantitative means for judging the success of a
match between experimental and simulated images, a
procedure fundamental to structure determination by
lattice imaging. Second, by using pattern-recognition
techniques, our approach allows sophisticated discrim-
ination between noise and signal, and may thus help cir-
cumvent the pessimistic conclusions previously reached
about the dominant effect of noise in lattice imaging, and
its consequences for the detection of individual point de-
fects. ' Third, it presents a means for achieving near-
atomic resolution spatially and chemically, thus opening
the way for the study of chemical inhomogeneities and
reactions on an atomic scale. These possibilities remain
to be explored. Here we have presented results on the
GaAs/AlGaAs system. It is clear, however, that a wide
variety of interfaces and interfacial reactions, fundamen-
tal to modern materials, systems, and devices, can now
be studied quantitatively at near-atomic resolution.

We acknowledge valuable discussions with D. S.
Chemla, A. Y. Cho, J. S. Denker, L. C. Feldman, P. H.
Fuoss, M. Grabow, L. Jackel, M. Panish, J. Shah, C. V.
Shank, and C. A. Warwick, and expert technical assis-
tance from J. A. Rentschler.
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