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Imaging Buried Interfacial Lattices with Quantized Electrons
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We demonstrate that the well-known(Bil)-(7 X 7) superlattice buried under as much as 100 A
of crystalline Pb can be directly imaged with a scanning tunneling microscope at 77 K. The un-
expected transparency of the metal and the high lateral resolution are the result of a nondiffractive
scattering of the electrons at the interface. We attribute this phenomenon to a large anisotropy of the
effective masses associated with the free in-plane and the quantized transverse motion of the electrons.
[S0031-9007(98)06246-2]

PACS numbers: 61.16.Ch, 71.18.+y, 73.20.Dx, 79.60.Jv

Buried interfacial structure is the building foundation all three dimensions.In our experiments, we exploit the
upon which rests a desired material in any heteroepitaxfact that, through the matching of the boundary conditions,
system. Probing the interfacial structure and its evolutiorthe wave function of an electron under confinement in the
during the growth is essential to our understanding and tanetal region should contain the imprints of both the vac-
the ability to ultimately control the morphology and physi- uum and buried interfaces. Thus the internal quantized
cal properties of the epitaxial film. Despite the rapid ad-electrons are an ideal probe of the buried interface, which
vancement in many microscopy fields in recent decadesn some ways is superior to an external source. The ques-
in situ andnondestructiveletermination of a buried inter- tion remains: What is the fundamental limit of the lateral
facial structureto an atomic scalgemains a formidable resolution given the fact that the two-dimensional (2D) in-
task. The difficulty stems from a weak signal involving plane motion of electrons remains free? Consider the nor-
only one or two atomic layers on the one hand, and sigmal incident electrons scattered off an interfacial feature
nificant attenuation or dephasing of the probing waves asf a lateral sizeo; the Heisenberg uncertainty principle
they traverse the burying layers on the other. Traditionshould lead to the angular divergence of the scattered elec-
ally, much of the buried interface analysis is accomplishedrons~a/(A/o), whereA is the electron de Broglie wave-
with destructivetechniques such as cross-sectional TEMlength, andx = m, /m is the ratio of the effective masses
But in recent years, significant progress has been made of the electron normal and parallel to the film. As a result,
a number of nondestructive approaches. With the help cdt the opposite side of the film the feature is projected with
the intense synchrotron light source, grazing-incidence xthe size ofc + Ha(A/o), H being the thickness of the
ray diffraction, and soft x-ray spectroscopy have been useflm. Thus, the best lateral resolution is estimated to be
for characterizing the interfacial reconstruction and chemio ~ (aHX)'/2. Forafree electron gda = 1) to resolve
cal composition [1]. Low energy electron microscopy hasthe interface feature with a size on the order of the Fermi
been used to observe both atomic steps and dislocatiomgavelengthar, its thickness should be of the same order.
at the SfAg interface [2]. lon-implantation-induced sub- Thus, achieving atomic resolution for a lattice buried un-
surface noble gas bubbles have been revealed by scannidgr a thickness of practical interest seems not permissible.
tunneling microscopy (STM) [3]. Interfacial point defects But, as we shall show below, owing to the unique topol-
are identified by ballistic electron emission microscopy [4].0ogy of the Fermi surface (FS) in metals, the ratio of the

In this Letter, we report our successful attempt to di-effective massea can be significantly reduced. Together
rectly image the well-known $i11)-(7 X 7) superstruc-  with the strong quantization, this results in the nondiffrac-
ture [5] buried under as much as 100 A of Pb using aive scattering and, hence, in a great enhancement of the
low temperature STM operating at 77 K. The ability to resolving power.
probe a buried interface morphology with STM has been To explore the attainable lateral resolution, we choose
clearly demonstrated in our previous Letter [6]. It has beerthe well-known Sil111)-(7 X 7) reconstruction as the
shown that the buried atomic terraces manifest themselvesibstrate on which we deposited Pb while keeping the
through interference fringes while the absolute depth isubstrate below room temperature. Previous studies have
unveiled in the quantum states (QS) energy spectra [7,8shown that, under such preparation procedures, the un-
Thus, a simple one-dimensional quantization for the firstderlying Si111)-(7 X 7) remains intact and the Pb forms
time makes possiblén situ nondestructive characteriza- (111) crystallites following the initial growth of two
tion of the metal overlayers grown on a semicondudator wetting layers [9,10].
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Our experiment was performed in &x 10~!! Torr
ultrahigh vacuum chamber which integrates a homemade
low temperature STM operational from room temperature
down to 5 K with a sample fabrication chamber equipped
with an Auger spectrometer, a reflection high-energy
electron diffraction (RHEED) system, and a number of
molecular-beam epitaxy cells. The(8i1)-(7 X 7) sub-
strate is prepared using a routine sputtering and annealing
procedure. Pb atoms are deposited on the clean surface
from an effusion cell held at 50C at a rate of~1 ML/
min. Both RHEED and Auger spectrometers were used to
verify and control the specimen preparation. STM images
were acquired at 77 K in the constant current mode. The
images obtained on top of the Pb overlayers are calibrated
against images of a clean(8i1)-(7 X 7) taken at the
same temperature.

A large number of Pb islands have been studied in our
experiment. Their lateral dimension ranges from 500 to
3000 A, and the corresponding height varies from 12 to
100 A. A typical STM image of the Pb crystallites on
the Si111)-(7 X 7) surface is similar to that shown in our
previous Letter [6]. The top of a Pb island is atomically
flat even when it expands many terraces of the substrate,
except for a small lattice mismatch between adjacent ter-
races. Under appropriate bias conditions, STM can detect
the interference patterns of the quantized electrons with
those in an odd number of Pb layers giving rise to bright
fringes and the ones in an even number of layers dark 2
fringes, or vice versa. These binary fringes result fromg ;g 1 (a) A 550 x 550 A STM image of a superlattice

the simple fact that the spacing between two (111) planegithin a bright interference fringe acquired on a 60 A thick
of Pbdy = Ar/4. Pb crystallite with a tip bias of-0.5 V. Both the size of

Higher resolution STM images reveal that within eachthe unit cell (27 A) and the principal axes of the superlattice

- . . . : . _~foincide with that of the $111)-(7 X 7) reconstruction of the
fringe there exists a fine structure. Figure 1(a) is atypI(:"Jlgubstrate, but the intensity is modulated with a longer period

image taken with a tip bias 6f0.5 V over a bright fringe. ;¢ ¢ A’ (b) 330 X 330 A STM image showing thex3
It exhibits a hexagonal lattice with a period of 27 A. Both spatial modulation of the superlattice. (c) Fourier transfer of

the size and the axes of symmetry of the superlatticéhe superlattice image showing both spatial frequencies.
coincide with that of the $111)-(7 X 7) reconstruction
of the substrate. The variation of the intensity in Fig. 1(a)Pb layers is changed by one and the corresponding fringe
is caused by a weaker modulation of a period~af1 A s flipped. An example of this is shown in Fig. 2(c). Keep
along the same orientation, as can be better seen in the mind that the surface of this image is atomically flat and
Fourier transform of Fig. 1(c), as well as in the zoom-outthe step diagonally across the image reflects the change of
of Fig. 1(b). fringe contrast as a result of an underlying atomic step.
STM images similar to Figs. 1(a) and 1(b) can beThus positive and negative images are always associated,
observed with a range of tip bias from0.6 to —0.4 V.  respectively, with bright and dark fringes.
When the tip bias is reduced further t€.3 V, however, The internal fine structure of a fringe is intimately
there is an abrupt change of the image contrast but not tr@nnected with the local variation of the energy spectra
period, as shown in Fig. 2(a). This change is accompaniedf the electron confined in the thin Pb film, as revealed
by a switching of the fringe contrast from bright to dark. by our site-specifid-V measurements. Figure 3 shows
Figure 2(b) is an image of the same region acquired atwo distinct/-V characteristics that are obtained over both
—0.5 V tip bias. Thus, these two types of images appeaeven (curves 1) and odd (curves 2) numbers of Pb layers.
to be a pair of complementary pictures, and we shall refe€Curves 1a and 2a acquired at sigsee inset of Fig. 3)
to them aspositive [Fig. 2(b)] and negative[Fig. 2(a)], display a staircaselike tunnel spectrum similar to those
respectively. reported previously [6]. It has been shown that the energy
The switching between positive and negative imageseparationA between QS near the Fermi level equals
depends not only on the tip bias but also on the thickness ivy/H, vy being the Fermi velocity; and the energy
of Pb. For a given bias, this occurs when the number ofhift § between two such corresponding QS férand
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FIG. 2. (a) A240 x 240 A STM image of a similar superlattice as Fig. 1 acquired over a dark fringe with a tip bias reduced
down to—0.3 V. (b) A STM image of the same region as (a) taken-&t5 V bias. (c) A270 X 270 A STM image showing

the superlattices on both the dark and the bright (lower right) fringes that are complementary images like (a), a negative, and (b), a
positive. The diagonal boundary is caused by the underlying atomic step of the Si substrate.

N + 1 Pb layers is2dyA/Ar, or roughly A/2 for Pb. Quite surprisingly, the burie@@ X 7) interfacial atomic
These current steps are smeared out when the spectra #a#tice can be imaged under as much as 100 A of Pb with
collected at siteB (curves 1b and 2b) and sit@ (spectra only a very small degradation of the contrast and sharpness
not shown). Thesé-V characteristics offer an empirical of the detailed features. According to the resolution argu-
explanation for the abrupt contrast switching behavior. Foment given earlier, this could only be possiblerif< 1.

a given Pb thickness (curves 1a and 1b, for example) at To gain a theoretical insight into the enhanced lateral
—0.3 V, tip bias conductance at sifeis higher than that resolution, let us examine the tunneling density of states
at siteB, while at —0.5 V, the opposite is true and the v(E, p) as a function of electron energyand tip position
switching occurs at-0.4 V for this particular case. For a

fixed bias of—0.5 V, on the other hand, the conductance

at siteA is higher than that at sit8 for the odd number of 3.0 ' l '
layers of Pb, but the opposite holds for the even number
of layers. Furthermore, it is evident that when the tip 201 1 - even layers
bias is set near a step of theV spectrum, the contrast 2-o0dd layers
of the fine structure is optimized, as experienced in our 10F
measurements. ) .
Collectively, the above observations suggest that the
internal fine structure of the fringe is originated from the 0.0
buried interface, rather than the top surface of the Pb.
Indeed, when we substitute the(Hil)-(7 X 7) with a -1.01

Si(100) substrate on which Pb is known to grow (111) __
crystallites as well [11], we observed lattices of only two- <é 20
fold symmetry associated with the dimerized surface of —
Si(100) [12]. We therefore conclude that this fine structure

is an image of the burie@@ X 7) Pb/Si(111) interfacial -3.0

lattice, the vortices being the corner holes and border lines

being the dimer chains as depicted in the inset of Fig. 3. -4.0
Although the Sil111)-(7 X 7) reconstruction remains I

intact under a Pb film, the adatoms are most likely dis- -3.0F
placed by Pb atoms, forming an alloyed layer. We specu-
late that patches of Si atoms are responsible for the imaged 4.0} b,,’
defect (white protrusions) visible in Fig. 2(a). Notice that ’
the lattice parameters for the (111) plane of Si and Pb are

asi = 3.84 A andap, = 3.51 A, respectively. A super- -5.0 l '
lattice commensurate with both of these two lattices should -1.0 -0.5 0.0 0.5 1.0
contain 21 Si units or 23 Pb units, and, hence, have a pe- Tip Bias (V)

riod of 80.7 A. Within the measurement accuracy, this lat-

tice coincides with the 3 times modulation of tfiexx 7)  FIG. 3. Site-specific/-V spectra taken over regions of odd

lattice of Figs. 1(a)—1(c), and, hence, is presumed to band even numbers of Pb layers, respectively. - Inset shows an

the cause of the latter. This conjecture implies that the P{§ic128d positive image of the superlattice and the correspond-
. . . ) ] . p . . g Si(111)-(7 X 7) lattice under burial with adatoms being re-

lattice manifests itself through a beating with the Si latticemoved. The letters mark the three distinct sites on wiidh

in the STM images. measurements are performed.
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p = (x,y) at the surface of the Pb filnp, = H. The
density of statew is proportional to the imaginary part of
the electron Green’s functio@(r, r), which in the case

Equation (5) diverges a6 — E,, implying a total loss of
resolution. Inthe experiment, this is precisely the situation
when the twol-V curves cross each other at the step

of a film with smooth boundaries can be written in the(Fig. 3). SinceE — E, = A/2, Eq. (5) predicts that the

form

GUr,r") =D @) en(z)galr — 1’ E),

dk ek

Q27)? E — E, —

(1)

LE) = .
gn(r ) g T id

smallest attainable feature size~ 7/y/mA, and when
substitutingA with whvr/H, it gives the similar estimate

of the resolution as obtained from the uncertainty principle
argument. Thus, a largér and a smaller are essential

to a good lateral resolution. We note that, near the [111]
symmetry point, the hole FS of Pb is nearly flat [13] which,
indeed, gives rise to a large in-plane effective mass. For

Here E, and ¢,(z) are subband energies and wave funclargerlkl, however, the FS strongly deviates from a Fermi

tions, respectively, and, is the energy of the:th sub-

sphere and the quadratic spectrum is not applicable. In this

band of in-plane motion of electrons with a wave vector off€dime, k|, determined from the (111) sections of the FS,

k = (ky, ky).

is nearly constant ane-kr. Thus from Eq. (4) we have

To account for the interface roughness we add a smalle ~ Ar/2. This explains well why the experimentally

size defect modeled by a potentiglr) = v6(r). The

attained resolutiofi=6 A) does not change appreciably for

presence of the defect modifies the Green’s function, ang§@mples of various heights.

atv — o one easily finds

_ GR(r,0G2(0,r)

Gg(r,r) = G%(r,r) GO(O 0
£(0,

(2)

The pronounced steps in thieV curves such as those

In conclusion, we have shown that an interfacial lattice
buried under a film of Pb whose thickness is as many as
10 times the Fermi wavelength can be clearly imaged with
STM. The key to the transparency of a metal and such
an excellent lateral resolution lies in a highly anisotropic
motion of the electrons and the strong quantization of their

of Fig. 3 indicate that the density of states has sharpransverse components. Since a great number of materi-

peaks near the subband energigs This means that the

als exhibit various degrees of anisotropy of the effective

dominant contribution to the density of states near stepnasses, we expect our present finding to be applicable in

position is due to only one termin Eq. (1). ThusEatlose
to E, we can substitut& e (r,r') = ¢,(2)en(z)gn(p —
p',E) into Eq. (1), and find

®3)

. gn(psE)gn(_p’E)
(0, E)

Gelr,r) = [gon(H)]Z[gn(o, E)

many other heteroepitaxy systems. Undoubtedly, detect-
ing the evolution of the interface structure as a result of
material deposition or thermal treatment will be one of the
most valuable applications of this technique in future work.
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sions. This work was supported by The Rowland Institute
for Science.
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