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Abstract. The screening of sub-surface Si impurities in an accumulation layer at the GaAs(110)
surface is calculated. Such an accumulation layer can be induced by a scanning tunnelling
microscope tip, and surface Friedel oscillations have been imaged around the Si dopants. This
study uses the effective mass approximation to describe the electrons in the GaAs conduction band,
and a fitted model potential for the impurity. Two-dimensional effects dominate, with a doubly
occupied bound state pulled off the lowest sub-band by the impurity, and a depletion of one electron
in the conduction states. The bound state gives a large central peak in the surface induced charge,
with the Friedel oscillations coming from the change in the conduction states. To explain the
amplitude of the observed oscillations, it is necessary to reduce the tunnelling contribution from
the bound state.

In low-temperature scanning tunnelling microscopy (STM) experiments on n-type GaAs(110),
biased to induce an accumulation layer at the surface, surface Friedel oscillations have been
measured around sub-surface Si donor impurities [1,2]. These show up in constant-current
measurements as an oscillatory height variation around a central peak. It was thought that
room temperature measurements show only the hillock above the dopants [3], though it is now
apparent that a very weak oscillation can be seen under these conditions around Si impurities
in the surface layer [4], and even around sub-surface Si [5]. Previous theory has studied STM
imaging of Friedel oscillations around an impurity in a semi-infinite electron gas [6]. In other
work, the screened potential around a surface impurity has been fitted to experiment, and this
was then used to estimate the change in surface density of states and tunnelling current [4].
Friedel oscillations have also been studied, using scanning tunnelling spectroscopy, around
sub-surface donor impurities at InAs(110), and the results fitted by a WKB treatment of the
screening electrons [7].

In this Letter we shall calculate the screening around an impurity by the electrons
confined by the accumulation layer potential, and we shall show the importance of the reduced
dimensionality. We use a model impurity potential, as our aim is to study general features
associated with impurities in an accumulation layer. We find that the screening charge has
two contributions—a doubly-occupied (D) impurity bound state which dominates the central
peak in the image, and a loss of one electron through the occupied conduction band associated
with the first minimum and successive Friedel oscillations. Finally we shall relate this to the
STM measurements.

The experiments which we shall consider were performed on Si-doped GaAs, with an
impurity density of 2 x 10'® cm=3 [1]. The Si substitutes for Ga, and acts as a donor with an
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jonization energy of 2 meV. In a typical configuration the STM tip was separated by 10 A from
the GaAs(110) surface, and using a sample bias of —2.5 V there is an electron accumulation
layer with an estimated surface band bending of 0.28 eV. Thus the Fermi energy is 0.28 eV
above the bottom of the conduction band at the surface. In STM measurements at 4.2 K the
Si impurities image as a central peak, with an apparent height of typically 1 A, beyond which
there are Friedel oscillations with the wavelength expected for an electron gas with effective
mass m* = 0.067m, (appropriate to GaAs), and the local Fermi energy. The impurities can
be imaged from many layers below the surface. From the number of observed impurities it is
estimated that the maximum depth imaged is about 30 A [8], or even as deep as 60 A in some
experiments [7].

To calculate the electron states with an impurity in the accumulation layer we use the
effective mass approximation, modelling the Si impurity by a parametrized potential which
we adjust so that there is one extra electron in the system. First we calculate the band-bending
self-consistently, solving the effective mass Schrodinger equation with the Hartree potential
due to the filled conduction states. We neglect exchange-correlation, on the grounds that the
electron density parameter r, in the accumulation layer is relatively small, 0.27a* in terms of
the effective Bohr radius a* [9]. The electron states in this potential V (z) (z is the coordinate
perpendicular to the surface) are found using a Green function method, with the boundary
condition that the amplitude vanishes at the surface. (In previous work we have found that
the resulting envelope function gives a good description of the actual wave-functions at the
GaAs(110) surface [10].) The Fermi energy and energy zero are at the conduction band
minimum at z = 0.

The result of this calculation is that with a sample bias voltage of —2.5 V and a tip-
surface distance of 10 A the surface band-bending is 0.35 eV, somewhat greater than the value
of 0.28 eV from a semi-classical calculation [11]. The reason for this difference is that the
boundary condition on the wave-functions and their quantization reduce the density near the
surface, so greater band-bending is needed to give the total surface charge density required
by Gauss’s theorem. Figure 1 shows the local density of states at z = 10 A with the quan-
tized sub-bands characteristic of quantum confinement. This quantization has been detected
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Figure 1. Local density of states (in Hartree atomic units) atz = 10 A.The energy has an imaginary
part of 2.7 meV.
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in scanning tunnelling spectroscopy [2, 12]. The bottom of the conduction band is at —0.11
eV, much higher than the local potential near the surface.

The electronic structure of the screened impurity can be found using the matching Green
function method [13]. The Green function for the whole system is built up from the Green
function Gq for the unperturbed accumulation layer, and the Green function Giyp for the
impurity by itself. This method relies on being able to separate the system into two parts—an
unperturbed region (A) beyond the impurity, and the impurity region (B). To this end we
assume that the potential v(r) felt by an electron has Coulomb form inside a sphere of radius p
centred on the impurity at ry, and outside it is given by the accumulation layer potential V (z)

Z.ire?
v(r) = |Tff V@) r-mol<p
=V(z) |r — 10| > p. ()

We treat Z.i and p as parameters, though in principle Z. is given by —1/e€.
In the matching Green function formalism, the Green function for the combined system
of A joined on to B is given by
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where ng is the outward normal derivative from B to A across S, the surface separating A
and B. So knowing the surface values of G and dG/dny for fixed r’, we can find the Green
function for » in both A and B. By putting r on the boundary in both equations we obtain
two simultaneous integral equations for the two surface functions. In a spherical harmonic
expansion over S in which G(rs, ) becomes matrix Gy and Go(rs, ') vector go, and taking
Gimp to satisfy a zero-derivative boundary condition at p, these are given by

=(1- n g h_zg. h_zg - _ n’ G o' 4
&= 2m* 0 ) om 1mp+2m* 0 &0 &= 2m* imp8 - @

Substituting back into (2) and (3), and using similar expressions for ' in B, gives us the Green
function everywhere. The numerical evaluation of Gy and G, is somewhat tricky, because of
the singularity in the Green function. However we can include this by adding and subtracting
the free-electron Green function, as we shall describe in a subsequent paper.

The integrated density of states in the combined system, the number of states in the system
with energy less than E, can be found from the surface Green functions in (4). The change in
the integrated density of states due to the impurity, including spin degeneracy, is given by

svE) =~ 2smmndet [ (1= 26} 2 gt G ] N
= ——3Jmlnde - — Gimp+ — im

b4 2m*=° ) 2m* P o i
where Ny, is the integrated density of states of the isolated impurity [14]. The energy in (5) is
evaluated with a small positive imaginary part. This expression, a generalization of Levinson’s
theorem [15], enables us to adjust the impurity potential to achieve the self-consistent

requirement that there is one extra electron below the Fermi energy, with SN (Eg) = 1.



1492 Letter to the Editor

0.2

ON
o

0 L
-0.2 -0.1 0
E (eV)
Figure 2. Change in the integrated density of states due to impurity potentials with Ze; = —0.1

(solid line) and Zg = —0.2 (dashed line), p = 10 A, atzg = 40 A. The energy has an imaginary
part of 2.7 meV.

The effect of a weak impurity potential on the integrated density of states in the
accumulation layer is shown in figure 2. Results are given for an impurity at zo = 40 A
with the relatively small radius of p = 10 A—the number of induced electrons up to Ef is
only 0.06 with Z.y = —0.1. § N shows steps, broadened by the imaginary energy of 2.7 meV,
at the threshold energies of the sub-bands (figure 1); the steps in § N correspond to sharp peaks
in the actual density of states. Now an attractive potential always pulls off a bound state in
two dimensions, though the binding energy may be very small (it varies with the strength of
the potential v as exp(—a/v) [16]). This means that a step in § N which is less than two must
be a combination of a bound state just below the sub-band threshold together with a reduction
in the number of continuum states directly above.

The energy distribution of states changes greatly when the potential is strong enough to
induce one extra electron in the system. Figure 3 shows § N for two impurity potentials inside
the semiconductor which satisfy this requirement (Z.; = —0.26, p = 25 A, at zo = 30 A, and
Zet = —0.15, p = 40 A, at zo = 40 A). The bound state is now apparent as a step approaching
two in § N—rounded off, and reduced in height, by the imaginary part of the energy which
broadens the state. There is a large reduction in the number of states in the continuum above
the bottom of the first sub-band, and it is the combination of the bound state with this depletion
which leads to § N (Er) = 1. The loss of continuum states above a nearby bound state is well
known from the behaviour of phase shifts in potential scattering. Filling up the states, we have
a doubly occupied D~ impurity level, and a net loss of one electron in the occupied continuum
states.

There is much evidence from magneto-optic studies for the formation of stable D~ centres
on Si donors in GaAs/GaAlAs quantum well structures [17-20]. The binding energy is greatly
enhanced in the quasi-two dimensional systems compared with the bulk [21], where D~ centres
are only populated under certain sample and experimental conditions [22]. The total energy
of the D™ state in a quantum well 100 A wide has been calculated to be —14 meV, taking the
bottom of the lowest sub-band as the energy zero [23]; in our case the loss of one electron
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Figure 3. Change in the integrated density of states due to impurity potentials with Z.;r = —0.26,
p =254, at zo = 30 A (solid line); and Zey = —0.15, p = 40 A, at zo = 40 A. The energy
has an imaginary part of 2.7 meV. Both of these impurity potentials add one extra electron to the
system.

in the continuum will presumably reduce the electron—electron interaction and increase the
binding energy.

As the occupied conduction electron states, including the bound state, come from a
very narrow energy range, the tunnelling through the surface potential barrier in the STM
experiments is quite constant [10]. So we expect that it is the electron density at the surface
which is probed, rather than the local density of states at E, as was assumed by Kobayashi [6].
In our calculation the wave-functions go to zero at z = 0, so we take the tunnelling current in
STM to be proportional to the electron density just inside the surface, at z = 5 A (the precise
distance does not change the conclusions). Figure 4 shows the ratio of the induced density én
to the unperturbed density ng at z = 5 A plotted as a function of R for two impurity positions,
atzo = 30 A and z0 = 40 A.The potential used is the same as for the solid line in figure 3, with
Z.t increased to —0.28 for the deeper impurity to maintain §N(Er) = 1. We are restricted
to large values of zy by the long range of the potential, which is more realistic than using a
small value of p. The results show the large central peak, followed by rather weak Friedel
oscillations.

Translating these results into experiment, the surface corrugation in constant current mode
is given by

Sh (6)

h dn
~ (1)
where @gaas is the work-function of GaAs [6]. Our results for the impurity at zo = 30 A
correspond to a height of 0.7 A for the central peak, and for the impurity at zo = 40 A a height
of 0.3 A. These figures are in the range of observed heights, though on the high side given
that 30 A is the maximum depth of impurity which is observed. The peak is dominated by the
bound state, which with our potential parameters has a decay constant of about 0.08 A~!. STM
experiments on Tess-doped GaAs show an exponential decrease in measured peak height with
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Figure 4. Induced electron density relative to the unperturbed electron density at z = 5 A as a
function of R (in ;\). Solid line—impurity potential with Zer = —0.26, p = 25 A, at zo = 30 A;
dashed line—with Zo; = —0.28, p = 25 A, at zo = 40 A. The energy has an imaginary part of
2.7 meV.

impurity depth [24], but with a much bigger decay constant of 0.5 A~!; this seems incompatible
with the depth to which the Si impurities are seen.

The Friedel oscillations come from the scattering of the continuum states. Their
wavelength with the deeper impurity, for which they are relatively larger, is 71 A—what we
would expect on the basis of the Fermi energy measured from the bottom of the band. Their
amplitude varies as 1/R?, the behaviour expected with a two-dimensional electron gas [9].
Including the Fermi function for a temperature of 300 K has little effect on the amplitude of
the first Friedel oscillation. This lack of sensitivity to temperature broadening has also been
found with Friedel oscillations on metal surfaces. It suggests that we have to look elsewhere
to explain the reduction (or disappearance) of the Friedel oscillations at room temperature.

A major discrepancy with experiment is the amplitude and position of the Friedel
oscillations—experimentally the first minimum has an amplitude of about 1/4 that of the
central peak and occurs at R = 25 A, whereas our results for zo = 30 A give a tiny minimum
at R = 46 A. The experimental results are closer to our results for zo = 40 A, even though
this is too deep to be imaged! To obtain agreement with experiment we should reduce the
bound state contribution, which is in effect what happens with the deeper impurity. Figure 5
shows the separate contributions, from the bound state and from the continuum, to én/ng for
the impurity at zo = 30 A, and we see that reducing the bound state contribution to the STM
image will enhance the first minimum and pull it in.

This suggests that our assumption that the tunnelling probability is uniform across the
states may be incorrect. Even though the exponential decay of the wavefunctions through the
barrier is essentially the same [10], we should bear in mind that the tunnelling rate from a
localised state can also depend on the rate at which the hole left behind is filled by relaxation
processes [24,25]. If this is the rate-determining step, it will reduce the tunnelling from the
bound state. Thermally-activated relaxation would provide an explanation of why the Friedel
oscillations are much more apparent at low temperature [24]. However, before we rush to such
conclusions it is clear that more work needs to be done on improving our model, with a more
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Figure 5. Induced electron density relative to the unperturbed electron density at z = 5 A as a

function of R (in A), with impurity potential with Z. = —0.26, p = 25 ;\, at zo = 30 A. Solid
line—contribution from bound states; dashed line — contribution from continuum.

realistic (and truly self-consistent) impurity potential, and an accumulation layer which varies
across the surface around the STM tip.
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