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Abstract. Transport mechanisms by which charge can flow from the surface of the
semiconductor to the bulk of the semiconductor are studied. It is shown that these processes can
have a significant effect on the apparent band gap of a semiconductor and can cause the STM
cument to perturb regions of the surface that have a large lateral displacement from the region
of the surface into which the tunnel current was originally injected.

The scanning tunnelling microscope (STM) operates by bringing a sharp metallic tip close
enough to a surface for a tunnel current to pass between the two. The tip is moved across the
surface and a topograph is generated either from vertical displacements of the tip required
to maintain a constant current flowing between the tip and the surface or from the variation
of the tunnel current with the position of the tip as the tip is scanned across the surface. For
a review of the STM see [1]. In the case of the semiconductor surfaces, the tunnel current
flows predominantly into states localized at the surface of the semiconductor. The charge that
is injected into these localized states must be transferred into the bulk of the semiconductor
o complete the current path through the device. Although the currents used in the STM
are extremely small, typically of the order of 1 nA, the current densities generated in the
tegion analysed by the STM are extremely high, of the order of 10° A m™2, In this letter
we consider the mechanisms that allow current flow between the surface states and the bulk
states and discuss the implications of this for analysing STM images of semiconductors.

The mechanisms that are expected to provide the most significant routes for charge
from the surface to enter the bulk of the semiconductor are tunnelling and recombination
pracesses such as two-body Auger processes and phonon emission processes [2]. Tunnelling
processes will be considered first and recombination processes will be considered later.

The tunnel current density for tunnelling from a localized surface state into the bulk of
the semiconductor will be calculated numerically using the tunnelling formalism originally
developed by Oppenheimer [3] with wavefunctions for the bulk of the semiconductor and
the localized surface state calculated using the WKB approximation. The probability per
unit time for tunnelling from a surface state into the bulk of the semiconductor may be
written as

Pumn =y % [(¥anlg V @IWs) P S(Es — En) ey

where the sumn is over bulk states, W, and ¥, are the wavefunctions of bulk states and the
surface state, respectively, E; is the energy of the surface state measured relative to the
band edge at the surface as illustrated in figure 1 and E, is the energy of bulk state n, g is
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Figure 1. Schematic illustration of band bending at a semiconductor surface showing the value
of E;, which gives the energy of the surface state relative to the semiconductor band edge at
the surface.

the charge on the electron and V(z) is the potential in the surface depletion region of the
semiconductor, In the depletion approximation V(z) is given by [4]

V(z) = (gNpw?/2808)[1 — z/w] @

where w is the width of the surface depletion region, Np is the doping density in the
semiconductor and g, is the relative dielectric constant of the semiconductor. The surface
state wavefunction, W, will be modelled by the wavefunction for a Dirac § function potential
well at the surface [5]. The tunnelling probability depends very sensitively on the effective
mass in the tunnelling direction. This varies with the semiconductor and the wavevector of
the tunnelling electron paralle] to the surface. In order to simplify the discussion we shall
initially assume a single value for the effective mass of 0.26m,, where m, is the mass of a
free electron, which is appropriate for tunnelling from the (111) surface of silicon [6]. The
variations of the tunnel current with the energy of the surface state, E;, for systems with
various doping densities are shown in table 1. The enormous variation of tunnel current
with both Np and E, can be clearly seen. For the highest doping density of 10* m™3
the current of 1 nA injected into the surface by the STM can be dissipated to the bulk by
tunnelling from a single surface state provided that this state is within 0.4 eV of the band
edge. However, this situation changes significantly on decreasing the doping density and at
a doping density of 10?2 m™ only when the surface state is less than 0.1 eV away from the
band edge at the surface does the tunnel current to the bulk reach the value of 1 nA required
to sustain a typical STM current. As the wavevector parallel to the surface, %, is a good
quantum number for elastic tunnelling these values of E; are measured from the band edge
at the same value of k). Hence, these values of E; are measured with respect to the direct
band gap rather than the indirect band gap. Thus, even in the case of the highest doping
density, elastic tunnelling from the single surface state to the bulk is capable of sustaining
a typical STM current only over a very small range of the possible values of E;. However,
scattering processes can change the value of X and surface states which have values of k|
far from either the valence band maximum (VBM) or conduction band minimum (CBM)
can produce significantly larger inelastic tunnel currents than elastic tunnel currents through
scatterings that change the value of k) for the mnnelling electron so that it lies near to
either the VBM or the CBM. Such inelastic tunnel currents are typically no more that 1%



STM images of semiconductors 5157

of the maximum elastic current [7]. In order to estimate the maximum current generated
by inelastic tunnelling from a single surface state the values of the currents shown in table
1 should be multiplied by a factor of (.01 and E; measured from either the VBM or the
CBM. Hence, for systems with a very high doping density of 10°* m~3 inelastic tunnelling
will be capable of dissipating an STM cument of 1 nA from any surface state which is
within 0.35 eV of the VBM or the CBM. However, for all values of doping density, when
the surface state lies close to the middle of the band gap, the required current flow to
the bulk cannot be supported by tunnelling from a single surface state. At lower doping
densities this is true for almost all the surface states except those very close to the VBM
or the CBM. Finally, we shall briefly discuss the effect of varying the effective mass of
the tunnelling electron from the value of 0.26m, that we have assumed up to this point. If
the effective mass is larger than 0.26m, there is a larger range of energies for which either
elastic or inelastic tunnelling cannot dissipate a current of 1 nA from a single surface state.
In contrasts, if the effective mass is smaller than 0.26m, there is a smaller range of energies
for which either elastic or inelastic tunnelling cannot dissipate a current of 1 nA from a
single surface state to the bulk, and below a critical value of the effective mass, the value
of which will depend on the doping density, there will be no surface states which cannot
dissipate a current of 1 nA to the bulk by either elastic or inelastic tunneliing.

Table 1. Variation of current from a single surface state with E;, which is defined in figure 1, for
tunnelling from the (111) surface of silicon for various doping densities, Np. Currents smaller
than 10~2° are not shown.

Tunnel current (A)

E; (eV) Np = 10 m™ Np =108 m? Np =102 m™3

0.05 3 x 1072 5% 1073 2 x 1073
a1 2 % 10-2 5 %1077 3 x i0-12
02 5x 1074 1x 101 —
0.3 1x10°8 — —
0.4 7 x 10710 — —
0.5 6x10°14 — —
0.6 2 x 10-1° — —

We shall now discuss transfer of carriers between surface and bulk states by the
most important recombination processes, namely phonon emission processes, Auger
recombination and radiative processes. Phonon emission processes can be divided into two
categories, Cascade processes occur when an electron which is initially in some excited
state loses energy, mainly by a cascade of one-phonon transitions between states located
in the band gap. Multi phonon transitions occur when a number of phonons are emitted
during the movement of an electron or hole between two sates in the band gap, or between a
band gap state and the bulk. Multi phonon processes are clearly essential when the energy
difference between the two energy levels involved in a transition exceeds the maximum
one-phonon energy. The Auger processes relevant to the present problem are caused by
Coulomb interactions of an electron or hole in a surface state with electrons or holes in
the bulk of the semiconductor. The Auger recombination rate increases with the density of
carriers since the recombination rates for the processes which involve interactions between
an electron initially in & trap state and an electron in the bulk conduction band or between
a hole initially in a trap state and a hole in the bulk valence band vary as T1n’p, and
Ty p*n,, respectively, where Ty and T, are Auger recombination coefficients, n and p are
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the densities of electrons and holes in the conduction and valence bands and p; and r; are
the number of full and empty trap states [8]. The threshold density of carriers at which
Auger processes becomes significant is about 10?2 m=3 [9).

The cross-sections for bulk recombination for the recombination mechanisms have been
collated by Stoneham [2]. Theoretical models have been developed for calculating these
recombination rates [9]. However, the resulting expressions are extremely complex and the
final values for the recombination rates depend on a large number of parameters, some of
which have not been determined very accurately. Unfortunately, this can lead to a large
margin of error in the estimates of the recombination rates. Owing to the sensitivity of the
model calculations of the recombination rates and the limited knowledge of many of these
parameters, estimates of recombination rates based on Stoneham’s values will be used to
analyse the rate at which charge leaves a surface state of the semiconducior and enters the
bulk.

The rate at which electrons or holes are captured from the bulk bands can be determined
directly from the capture cross-section of the surface state, o. The probability per vnit time
that a surface state captures an electron or hole from the bulk bands is proportional to the
density of electrons (or holes) in these bands and can be expressed as {10]

Pe cap = N0V (3a)

-Ph.cap = POpU (3b)

where P, c4p 1s the probability per unit time that an electron is captured from the conduction
band, and Py .., is the probability per unit time that a hole is captured from the valence
band, o, and o}, are the capture cross-sections for electron and holes, respectively, and v,
and v, are the thermal velocities of electrons and holes. The probabilities for electron and
hole emission from the surface state to the bulk, P, ., and P ., are related to the capture
probabilities through detailed balance and are given by

Peem = 0.v.n; exp{(E; — E)/kT} (4a)
Ph.em = Gpipn; CXP{“(Es - Et')/kT} (4b)

where n; is the infrinsic carrier density, E; is the energy of the surface state and E; is the
intrinsic energy level at the surface of the semiconductor.

In order to determine the current flows that can be sustained by the recombination
mechanisms we shall again use the silicon(111) 2 x 1 surface as our mode] system. The
Fermi level is pinned at this surface at an energy (.4 eV above the valence band edge [11]
giving carrier densities at the surface at room temperature of the order 10'* m~2 for the
majority carriers (holes) and 10'* m~2 for the minority carriers (electrons) and a thermal
velocity of these carriers of the order of 10° m s~!. The current flows sustainable by the
different recombination mechanisms will be compared by calculating the number of surface
states required to sustain a current of 1 nA from the surface to the bulk. The number of
surface states, r;, required to sustain a current, 7, flowing between the tip and the surface
is

ns = 1/(Pq) (5)
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Table 2. Typical cross-sections for dominant capture mechanisms and the number of surface
states required to dissipate 2 current of 1 nA from the surface to the butk for capture and emission

processes.
Radiative Auger  Phonon

Typical cross-section (A2) 1075104 10! 10-2-104
Number of surface states for

capture of majority carrier 10111010 107 108-102

capture of minority carrier  1017-1016 1013 1014-108
Emission from

midgap state 108-104 101 1012108

quarter-gap state 10'0-10° 108 107-10

band edge state 10°-10* 10 10%-1

where P is the probability for the relevant electron or hole capture or emission process.

Table 2 shows the numbers of surface states required to sustain a current of 1 nA by
capture of majority and minority carriers and by emission processes from surface states
whose energies are at the middle of the band gap at the surface (midgap) a quarter of the
way across the band gap at the surface (quarter-gap) and at the energy of a band edge at
the surface (band edge). It can be seen from this table that none of the capture processes
are capable of sustaining a current of 1 nA from a single surface state, These capture
rates are relatively small because of the low carrier density in the region of the swrface.
However, as this carrier density is essentially unaffected by changes in the bulk doping
density if the Fermi level is pinned at the surface we expect that this conclusion will apply
to many semiconductor systems. Emission processes from states whose energies lie in a
broad range around the middle of the band gap also cannot sustain a current of 1 nA from
a single surface state. However, as the energy of the surface state approaches a band edge
it is possible for emission processes via the phonon mechanism to sustain a current of 1 nA
from a single surface state provided that the cross-section for the phonon recombination
mechanism does not lie towards the bottom of the possible range of values.

The analysis presented above shows that in the case of a semiconductor surface for
which the surface states lie relatively close to the middle of the gap neither tunnelling
nor recombination occurs sufficiently rapidly to dissipate a typical STM current from a
single surface state. However, the current will only continue to flow in such systems if
the current out of the surface state is the same as the current injected into the state by
the STM. If the carriers are not transferred directly to the bulk fast enough to produce a
current of 1 nA, then the only possible mechanism for sustaining a continued current flow
in the STM is for the carriers injected into the surface state to spread laterally across the
surface. Then the required current can be transferred from the surface to the bulk using one
of the mechanisms described above because the current density is reduced if the tunnelling
or recombination occurs over an area that is larger than that of a single surface state. There
is some intriguing experimental evidence supporting the idea of lateral spreading on the
surfaces of semiconductors. Areas on the 2 x l-reconstructed (100) surface of silicon with
sizes of the order of 2000 A2 which appeared as diffuse bright circles in the STM images
within which the 2 x 1 reconstruction could be clearly resolved have been observed [12].

The weakness of the analysis presented above is that we have assumed that the rates of
surface recombination processes are similar to those of bulk recombination process. To show
that these results are representative and to provide a quantitative value for the extent of the
lateral spreading we shall consider the case of the 2x | reconstruction on the (111) surface of
silicon for which the surface recombination parameters have been obtained experimentally
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by Halas and Bokor [13]. Bokor and Halas measured the decay of the number of excess
carriers on the 2 x l-reconstructed Si(111) surface following the application of a short
laser pulse. They used these measurements to parametrize equations for the carrier transfer
between the surface states and the bulk bands. Their equations describing the current flows
between carriers in the surface and the bulk bands at time ¢ are

Ja(t) = ki {n()[N; — 77 ()] — nim™ (1) expl{ Ex» — E;)/kT)} (6a)
Jp(t) = —ky pO[N; — m ()] + () /s (6b)

where J,, is the electron current into the conduction band, J, is the hole current into the
valence band, @ and =* are the populations of electrons and holes in the bonding and
antibonding surface states, E;+ is the energy of the 7* band minimum, N; is the total
density of bonding and antibonding surface states, 1/7, is the rate at which holes are
emitted from the 7 band to the valence band (P, . of equation (48)) and k; and k; are
equal to the product of the capture cross-section and thermal velocities (v of equation
(3)) for electrons and holes, respectively. The rapid communication with the bulk states for
the & states required Bokor and Halas to include capture and emission processes for this
band explicitly rather than relating their rates through detailed balance. The values of the
parameters extracted from the experimental measurements are k; = 3.33 x 10716 m? 57/,
ky = 3.33 x 107* m? s~! and 7, = 200 ps. The extent of the lateral spreading expected
for the Si(111) 2 x 1 surface can be determined by using these parameters to calculate the
number of states required to sustain a surface to bulk current of 1 nA. For the case of holes
injected into the 7 band we find that a current of ! nA can be dissipated from a single
surface state due to the very large value of 1/1,. However, for electrons injected into the
m* band 10'? surface states are required to dissipate the current to the bulk, The difference
between the numbers of states required to dissipate the current for the & and 7* bands
reflects the energies of the states in question. The m band is very close in energy to the
valence band edge. This proximity to a band edge increases the rates of all the mechanisms
that can transfer carriers from surface to bulk states. In contrast the 7* band lies close to the
middle of the gap and the transfer rates from surface to bulk are much slower; consequently
a much larger degree of lateral spreading is required to dissipate the current injected into
these states. The results presented previously show that it is possible for a single state to
sustain a current flow from 1 nA from the surface to the bulk, hence, once the tip is near
such a site, the electrons injected into the surface can be rapidly transferred to the bulk via
recombination at the defect site or tunnelling.

Lateral spreading of the current introduces a degree of non-locality in the imaging and
hence is an important factor to consider when analysing STM images of semiconductors.
Furthermore, the movement of the charge introduced into the surface will be affected by
the surface conductivity and hence the resuiting surface charge disiribution can be highly
anisotropic. The lateral spreading also profoundly changes the nature and the magnitude of
the voltage drops that occur in STM experiments. Flores and Garcia [14] made a theoretical
study of the voltage drops that occur during an STM analysis of a semiconductor surface
by applying point contact theory [15]. They used a formula which gives the resistance as

where p is the resistivity of the sample, [ is the effective length of the sample and s represents
the cross-sectional area of the current lines spreading in the vicinity of the semiconductor
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surface. Flores and Garcia modelled an experimental study of the 7 x 7 reconstruction of the
(111) surface of silicon [16]. They calculated the spreading resistance for a current flowing
through an area of 13 A2, Their results for the resistance were in good agreement with the
experimental measurements obtained by Binnig et al [16]. However, their analysis neglected
the presence of a depletion region between the surface and the bulk of the semiconductor.
The results in this paper show that for dangling bond states on the 7 x 7 surface, which
are typical midgap states, there would have to be considerable lateral spreading of carriers
across the surface before the current could be dissipated into the bulk. Once in the bulk the
spreading resistance model could be applied to calculate the voltage drop for this section of
the current path, But the cross-sectional area for the current flow is much greater than the
13 A? assumed by Flores and Garcia and, hence, when the voltage drop across the bulk of
the semiconductor-is calculated using [7] the spreading resistance is negligible.

The experiments performed by Binnig et al [16, 17) show that semiconductor surfaces
with a low bulk doping density are more difficult to analyse with an STM than are
the corresponding semiconductor surfaces where the bulk has a high doping density. In
order to obtain conduction when performing an STM analysis of semiconductors with low
doping density Binnig et al [17] found that they had to perform their experiments at high
temperatures (T = 440 K). The high temperature increases the density of carriers that are
able to participate in electrical conduction, hence it also increases the phonon and the Auger
rates of interaction between surface states and bulk states. Increasing the temperature or
the doping density of a sample will tend to reduce the number of surface states that are
needed to interact with the bulk in order to establish an effective electrical contact between
the surface and the bulk of the semiconductor.

If an inordinate number of surface states are required to establish electrical contact
between the surface and the bulk of the semiconductor, the conduction mechanism at the
surface may not be rapid enough to connect the site at which the STM is injecting charge
into the surface to enough surface states to allow the injected charge to enter the bulk at the
same rate at which it enters the surface. If the dominant transport mechanisms that allow
charge to flow from the surface to the bulk are very slow they can have a deleterious effect
on the establishment of an efficient electrical contact between the semiconductor surface
and bulk regions. This can result in the STM failing to function properly on surfaces where
the rate at which charge from the surface enters the bulk is very slow.

In summary we have shown that the transport mechanisms by which charge flows from
the semiconductor surface to the semiconductor bulk can have a profound effect on STM
images of semiconductor surfaces. We have shown that non-localities can be introduced
into the STM image by lateral spreading of charge across the surface.
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