
VOLUME 76, NUMBER 13 P H Y S I C A L R E V I E W L E T T E R S 25 MARCH 1996

lectron
bbles as
7 layers
reement

by the

2298
Quantum Wells and Electron Interference Phenomena in Al
due to Subsurface Noble Gas Bubbles
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Scanning tunneling microscopy on Ar ion bombarded and annealed aluminum surfaces shows e
interference between the surface and subsurface bubbles of implanted gas. The depth of the bu
determined from the energy dependence of the standing waves indicates a minimum around 6–
on Al(111). The appearance and energy dependence of the interference pattern is in good ag
with scattering theory based on free electrons, and indicates the bubbles have a shape given
Wulff construction.

PACS numbers: 61.16.Ch, 61.80.Jh, 73.20.Dx
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Whereas quantum wells (QW’s) and related electron
terference phenomena in semiconducting systems are
known and have found technological applications [1,
there are relatively few observations of such phenomena
metals. Besides interference phenomena of surface s
electrons on noble metals [3], there has been evide
of QW phenomena of metal bulk states in photoelectr
spectroscopy of thin layers [4–6]. It has also been sho
theoretically that QW’s of bulk states can be studi
by scanning tunneling microscopy (STM) on metals [7
but experimental verification has been limited to ultrath
metallic layers on Si [8]. In the current Letter we repo
the detection of interference of Al bulk electrons betwe
the (outer) surface and subsurface gas bubbles, which f
a second reflecting Al surface.

The experiments were done on Al and Al99Cu1 sin-
gle crystals, which were cleaned by cycles of sputter
(1 keV Ar1) and annealing (400–500±C). Auger electron
spectroscopy (AES) did not show any impurities exce
implanted Ar. STM measurements have been perform
with a commercial STM (Omicron micro-STM) operate
in constant current mode. Sample preparation and m
surements were performed in UHV with a base press
below10210 mbar.

On STM topographs measured on the (111) surfa
of the crystals we find hexagonal features with appar
heights (positive or negative) of typically620 pm or less
and a diameter of a few nm (Fig. 1). Varying the tunneli
voltage changes the appearance of these features
between positive and negative corrugation), and, alo
with the fringes seen at the outer edges of the hexag
we identify these features as resulting from electro
interference.

To further study the nature of the hexagonal featu
we investigate their electronic structure using STM sp
troscopy of unoccupied states. Unlike conventionalIsV d
spectroscopy, due to the strong increase of tunneling
rentI with gap voltageV at higher voltages, we rather us
0031-9007y96y76(13)y2298(4)$10.00
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zsV d spectroscopy with the tunneling current held fixed b
the feedback loop. Figure 2 shows such a measurem
for a line scan through two hexagonal features. Since
zsV d spectrum of the pure Al surface shows a nearly li
ear increase with increasingV (mainly caused by the re-
duction of the effective barrier height), we have subtract
this background contributionzpure Al from the data. Bright
indicates higher apparent heightz, equivalent to larger tun-
neling probability at electron energies at or slightly belo
V ; contributions from energies much belowV are strongly
suppressed by the tunneling barrier.

FIG. 1. Constant current topograph of Al99Cu1(111) taken
at Vsample  22 mV and I  1 nA, size 18 3 17 nm2. The
maxima and minima in the hexagonal features have an appa
height of approximately620 pm, compared to the atomic
corrugation (peak trough) of 4 pm.
© 1996 The American Physical Society
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FIG. 2. STM spectroscopyDzsV d  zsV d 2 zpure AlsV d along
a line scan through the interference patterns of two adjac
subsurface Ar bubbles (STM image shown below).

Since Al(111) does not have a surface state nearG,
which might also lead to electron interference pheno
ena observable by STM [3], the experimental data can
explained only by interference of bulk states, forming
quantum well between the surface and a subsurface refl
tor. The periodic increase and decrease ofDzsV d (Fig. 2)
supports this view. At each energy where tunneling in
a new quantum well state (standing wave between the s
face and the reflector) becomes possible, we see an incr
of tunneling probability, and, hence, ofDzsV d.

Analyzing the number of hexagons over a large surfa
area, we note a clear correlation with the amount of res
ual argon detected by Auger spectroscopy; both decre
with increasing annealing temperature. Furthermore, o
gassing of Ar was detected by a mass spectrometer. Ba
on this, we identify the reflectors needed for the quantu
well as the surfaces of Ar-filled voids, i.e., gas bubble
which form by diffusion during annealing of Ar implanted
during sputtering. We note that the shape of such bubb
should follow the Wulff construction, which minimizes the
surface energy of Al. This results in roughly equilater
hexagons for their (111) faces (Fig. 3). The interferen
patterns we observe on the (100) surface (not shown) lo
more likek110l-oriented squares with rounded edges, al
in agreement with the respective facet of the bubbles
determined by the Wulff shape.

In a one-dimensional particle-in-a-box model, the e
ergies of QW states are related to the electron dispers
and the well width. Therefore, we can estimate the dep
of the bubbles from theDzsV d data. The relevant unoc-
cupied Al bands for electron motion perpendicular to th
(111) surface are parabolic with an effective massmp ø
me. Assuming the electrons undergo reflection at both t
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FIG. 3. Wulff construction for Al. Only the low-index faces
h111j, h100j, and h110j are shown (based on surface energi
from Ref. [9]).

crystal surface and the bubble surface incurring an ener
independent phase shift, we find the depthD is given by
(atomic unitse2  h̄  me  1)

D 
pp

2En11 2
p

2En
, (1)

whereEn is thenth state in the QW. Taking a sharp in
crease ofDzsV d as indicating the appearance of a ne
energy level, then using the lowest two levels Eq. (
indicates the depth of the bubble responsible for the l
(right) hexagon in Fig. 2 as around 9 (15) atomic laye
A similar analysis of many other bubbles yields dept
around the same range. As would be expected, we h
observed that the deeper bubbles give weaker contrast

In reality the scattering phase shifts at the reflector a
surface are not energy independent, largely due to the c
sical turning point of the electrons moving outward with in
creasing energy. This results from the charge spilling o
of the well, leading to a potential which increases smooth
across the interface. The effect of this is to compress
energy levels, so that Eq. (1) overestimates the depth.
have quantified this effect by considering a simple analy
based upon both self-consistent jelliumlike surface pote
tials andab initio pseudopotential calculations for thin A
slabs, each including a constant tip-induced electric fie
These indicate that the depths of the two bubbles in Fig
are probably closer to 6–7 layers and 11–12 layers. W
have identified a number of bubbles at the same depth
the shallower one in Fig. 2, but none closer to the surfa
This presumably reflects the weakness of a thinner Al fil

As a further support of our interpretation we have ca
culated theoretical STM images of subsurface bubbl
approximating the tunneling current,IsV , Rd, by the in-
tegrated local density of states (LDOS) of the surfa
nsr, Ed at the positionR of the tip [10],

IsV , Rd 
Z EF1V

EF

nsR, Ed dE . (2)

V is the bias voltage, and the current is assumed to fl
from an electronically structureless tip to unoccupied sta
of the Al crystal which lie within an energyV of the
2299
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Fermi energyEF . We treat the Al crystalsz , 0d as a
free-electron metal ( jellium), for simplicity using a plana
potential step [heightW fixed by Al(111) work function]
for the vacuum barrier, and we neglect changes in
tunneling barrier induced by the tip. By calculating th
one-electron Green functionGsr, r0; Ed of the system, we
obtain the LDOSnsr, Ed  s1ypd ImGsr, r; Ed.

We findGsr, r0; Ed by scattering theory. The scatterin
potential of the bubble, assumed to have a circular cr
section parallel to the surface, is represented as a se
of circular disks, each of potentialV , with delta-function
width. Thenth disk has radiusSn and lies at a depthZn,

Vbubsrd 
NX

n1

Vdsz 2 ZndQsSn 2 rd . (3)

We place the first disk at depthD beneath the surface
sz  0d, and the remainder at a regular spacingd. By
choosing a spacing much less than the electron wavele
2py

p
2E, scattering by the potentialVbubsrd closely re-
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sembles that of a solid object occupying the same reg
and with a mean potentialVd, while the particular form
of Vbubsrd in Eq. (3) enables us to easily vary both th
bubble dimensions and the profile normal to the surfa
The validity of the representation is readily assessed by
creasing the density of scattering planes, and we find
calculated images are insensitive to the precise value
d when d # 1. We chooseVd  0.58, the same as the
vacuum potentialW .

We solve the Lippman-Schwinger equation for ea
individual disk to find the corresponding reflection an
transmission properties, and the reflectivity of the com
posite object is found by coupling the scattering operato
of the individual disks, along with those of the step po
tential at the surface. The result is a reflectivityRm

kk0sEd
relating the amplitudes of waves incident on and scatte
from the surface, at energyE, with azimuthal angular mo-
mentumm, and with radial momentak (incident) andk0

(reflected), respectively. In terms of this reflectivity th
Green function is
Gsr, r0; Ed  G0sr, r0; Ed 1
X
m

Z
dk

Z
dk0 kxjmklRm

kk0kmk0jx0legk z1gk0 z0

. (4)
d

f

o
t
a
s

r

er
ra-
, the
be-
rts

at
n-

-
ion
r
ate
ities
lso

he-
ur-
Al

ess,
e
n

h
d
f-

mi-
n
ic

or-
b-

ies.
s-
x  sr, fd, G0 is the vacuum Green function,gk p
2W 2 2E 1 k2 is the decay constant into vacuum, an

kxjmkl 
p

ky2p Jmskrd expsimfd is a normalized, in-
plane, free-electron wave function.

The result of such a calculation is shown in Fig. 4, whe
we have assumed the bubble has the shape of a trunc
cone with 45± slope (which lies between the slopes
the h100j and h110j faces of the Wulff construction) and
lies at a depth ofD  3.5 nm. The good qualitative
agreement between calculatedIsV d data (normalized with
respect to the pure Al surface) and the experimentalzsV d
spectroscopy (Fig. 2) is evident. The calculation a
reproduces the subtle features of the fringes, such as
inwards movement with increasing voltage and the fact t
the outer fringes have a shorter “wavelength” than tho
closer to the center.

FIG. 4. Grey-scale plot of the calculated ratioIsV , Rdy
Ipure AlsV d along a line scan above a bubble. The geome
used in the calculation is shown on the right.
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Varying the geometry of the scatterer we find poor
agreement when the individual disks are all of identical
dius, so that the edges do not slope. On the other hand
result is not very sensitive to the shape of the reflector
low its maximum circumference. This therefore suppo
our assumption of a scatterer with a flat top and slopes
the sides, which is in agreement to the Wulff shape me
tioned above.

Implantation of noble gases in solids has practical im
portance in diverse fields ranging from sputter deposit
of thin films to the walls of fusion devices [11]. Ou
STM study of QW phenomena has allowed us to estim
the depth, size, and shape of small gas bubbles, quant
not easily accessible by other techniques. We should a
mention that we have observed similar interference p
nomena also on Pb(111). Therefore, the study of subs
face bubbles via electron interference is not restricted to
and may be possible on other metals as well. Neverthel
the simplicity of the free-electron-like Al band structur
(compared tod bands) greatly simplifies the identificatio
and interpretation of this effect.

Finally, it should be noted that an unexpectedly hig
number and stability of Ar bubbles implanted in Al coul
be of significance in a technologically important but insu
ficiently understood phenomenon, namely, the electro
gration failure of sputter-deposited Al or AlCu conductio
lines used in integrated circuits. Since the thermodynam
equilibrium pressure of a gas bubble in inversely prop
tional to its radius, excess pressure will build up when bu
bles merge [12], e.g., being trapped at grain boundar
Both the formation of large voids [13] and the high pre
sure can damage the conduction lines.
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