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Abstract

We present a comparative scanning tunnelling microscopy (STM) study of two features on the Si(00 1) surface with a single dangling
bond. One feature is the Si-P heterodimer—a single surface phosphorus atom substituted for one Si atom of a Si-Si dimer. The other
feature is the Si-Si—H hemihydride—a single hydrogen atom adsorbed to one Si atom of a Si-Si dimer. Previous STM studies of both
surface species have reported a nearly identical appearance in STM which has hampered an experimental distinction between them to
date. Using voltage-dependent STM we are able to distinguish and identify both heterodimer and hemihydride on the Si(001) surface.
This work is particularly relevant for the fabrication of atomic-scale Si:P devices by STM lithography on the hydrogen terminated
Si(001):H surface, where it is important to monitor the distribution of single P dopants in the surface. Based on the experimental iden-
tification, we study the lateral P diffusion out of nanoscale reservoirs prepared by STM lithography.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Currently there is growing interest in using a scanning
tunnelling microscope (STM) to pattern surfaces [1] for
the fabrication of devices with atomic-scale placement of
phosphorus (P) dopants in silicon (Si). This technique has
been proposed for building quantum cellular automata
[2], single electron transistors [3—5], and a Si based quan-
tum computer [6-9]. In these approaches, STM lithography
is used to selectively desorb hydrogen from a hydrogen ter-
minated Si(001):H surface from the nanometer down to
the atomic scale. After dosing the patterned surface with
phosphine (PH;) gas, the PH; molecules are found to
adsorb only to the exposed Si dangling bonds [10]. By sub-
sequent annealing, the phosphorus atoms are then incorpo-
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rated into the surface and the hydrogen resist layer is
removed [10-12]. Recently, Schofield et al. demonstrated
the positioning of single dopants in the surface with atomic
precision [13]. Furthermore, it has been shown that nano-
scale devices can be fabricated, encapsulated and contacted
with conventional lithography by using a novel registration
scheme [14].

A common but not well-known problem in fabricating
Si:P devices by STM lithography is that two surface species
are produced which appear very similar in STM imaging:
the Si-P heterodimer (HD), and the Si—Si—H hemihydride
(HH) (see Fig. 1). The HD is the result of an incorporation
reaction in which a single P atom substitutes one Si atom of
a Si-Si dimer in the (2 x 1) reconstructed Si(001) surface
[11,12,15]. The HH consists of a single hydrogen atom ad-
sorbed to one Si atom of a dimer [16]. In the context of
the above device fabrication procedure, the HH arises from
the non-perfect desorption of the hydrogen [17]. Further-
more, HH may be present even without deliberate hydrogen
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heterodimer

hemihydride

Fig. 1. STM topographies of the Si-P heterodimer and the Si-Si-H
hemihydride. The left column shows a heterodimer in filled and empty
states [(a) U=—-1.6V, (c) U=+1.2V]. The right column depicts a
hemihydride at similar biases [(b) U= —1.7V, (d) U=+1.1 V]. Both
features appear very similar. (e) Schematic diagrams of a Si-Si-P
heterodimer and a H-Si-Si-H hemihydride.

dosing due to adsorption from the residual gas in ultra-high
vacuum (UHV). The HD is of course the desired product of
incorporating the P dopant into the surface layer.

Separate STM studies of both features have been re-
ported previously [11,15,16,18-26]. From these studies it
becomes obvious that both features appear very similar
in STM imaging. Fig. 1 highlights this similarity, where
we present voltage-dependent STM topographies obtained
in our group in different experiments under nearly identical
imaging conditions. The left column shows a HD imaged in
filled (sample voltage U <0) and empty (U > 0) electronic
states, whereas the right hand side shows a HH at compa-
rable biases. The schematic structure of both features is
depicted at the bottom (Fig. 1(e)). Imaging the filled elec-
tronic states (Fig. 1(a) and (b)) shows that both features
appear asymmetric with an elevation on one side of the
dimer row as reported previously [11,15,16,18-26] and sta-
tic buckling visible on the neighboring 2-3 dimers. In empty
states imaging (Fig. 1(c) and (d)), both species appear asym-
metric with an elevation on one side of the dimer row and a
depression on the other side. The elevation in both filled and
empty states are on the same side of the dimer row. We note
that STM images are determined by both geometric and
electronic effects alike. Hence, we describe the appearance
in the topographies without any assumptions about the geo-
metric structure.

For both HH and HD, the appearance in STM imaging
was attributed to the formation of a single dangling bond

(see Fig. 1(e)). In the case of the Si—Si—H hemihydride, the
adsorption of a H atom saturates the dangling bond of
one Si atom of a Si-Si dimer that would otherwise contrib-
ute to the dimer © bond [16,19]. Thus, a dangling bond is ex-
posed on the Si atom on the opposite end of the Si—Si dimer.
In the case of the Si—P heterodimer, the © bond is broken by
replacing one tetravalent Si atom with a P atom with 3
bonds and a lone pair [15,24]. Such a single dangling bond
was proposed to be similar to a half-filled band giving addi-
tional states for tunnelling close to the Fermi level, which
leads to the elevated appearance of the dangling bond in
filled and empty states STM imaging. The depression on
the H and the P site of the dimer in the STM topographies
were ascribed to the fact that the states of the saturated dan-
gling bond at the hydrogen atom (HH) as well as the states
of the lone electron pair of the P atom (HD) are further
away from the Fermi level. According to these simple mod-
els the electronic structure near the Fermi level is essentially
identical for HH and HD. Thus, it comes at no surprise that
both structures have a very similar appearance in filled and
empty states STM imaging and that differences will only be-
come visible by careful comparison.

One advantage of STM-based device fabrication is that
one can determine the number and precise location of do-
pants in the device by STM imaging. However, that re-
quires that there is no ambiguity in appearance between
intentionally placed phosphorus dopants and residual
hydrogen atoms due to incomplete desorption. Our com-
parative STM study was thus aimed at establishing a clear
experimental distinction between both features.

The results presented here consist of two parts: first, we
performed an experiment with a low density both species
on the surface in order to look for differences between
Si-P heterodimers and Si-Si-H hemihydrides in STM
imaging. Here, we first created a low density of isolated
HD and then subsequently performed several dosing cycles
with a small amount of atomic hydrogen at room temper-
ature to increase the abundance of HH. A detailed survey
with voltage-dependent imaging reveals subtle differences
in the appearance of both features when compared directly.
We assign the features in the STM images to either hetero-
dimer or hemihydride according to their relative abun-
dance. This finding constitutes a nice example of the
power of voltage-dependent STM imaging to resolve even
small differences in the local electronic structure. In the sec-
ond experiment, we apply the experimental distinction of
the HD and the HH to study the lateral diffusion of P
atoms in the surface during a high temperature anneal
out of nanoscale reservoirs created with STM lithography.
Thus, we demonstrate that it is possible to monitor the P
dopant distribution in the Si(00 1) surface during the fabri-
cation of STM-based Si:P devices.

2. Experimental

All experiments were performed in an UHV Omicron
variable temperature scanning tunnelling microscope
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(VT-STM) at a base pressure of 2 x 10~'! mbar. The STM
tips were etched from polycrystalline tungsten wire and
outgassed for a couple of hours at 150 °C before the mea-
surement. All STM measurements were performed at room
temperature. Voltage-dependent STM images were taken
simultaneously on the same surface area by switching the
bias voltage when reversing the scan direction for each line.

The samples were cleaved from polished n-type Si(001)
wafers doped with P to a resistivity of around 1 Q cm.
Clean Si(001) surfaces were prepared by outgassing the
samples at temperatures around 550 °C for a couple of
hours and flashing in UHV for 20s at 1100 °C followed
by a controlled cool-down from 900 °C to room tem-
perature of approximately 2 K/s. The pressure during
flashing and cool-down did not exceed 1x 107" mbar.
Atomic hydrogen was provided from cracking ultra-pure
(99.9999%) molecular hydrogen on a heated tungsten fila-
ment with a water-cooled heat shroud. The PHj; dosing
was performed by opening a precision leak valve between
the UHV chamber and a phosphine microdosing system.
The phosphine and hydrogen doses were calibrated by
counting the corresponding feature density on the surface
after dosing in a separate set of experiments. Sample heat-
ing was achieved by passing a current directly through the
sample. The substrate temperature was measured with an
infrared pyrometer to an accuracy of +20 K.

To prepare a Si(001) surface with heterodimers, the
clean sample was dosed with typically 8.5 x 107> L (Lang-
muir) of PH3;, and annealed to temperatures of around
550 °C. Following this procedure, it is well known that
the PH; molecules dissociate, the P atoms get incorporated
into the surface, and the remaining hydrogen from the
phosphine dissociation is desorbed [10-13,15]. For the
preparation of isolated hemihydrides, the Si(001) sample
was dosed at room temperature with typically 6.3 x
10~ L of atomic hydrogen from a cracker cell. The hydro-
gen atoms randomly adsorb to individual Si atoms [16,19].
Complete hydrogen termination was achieved by heating
the sample to 370 °C and exposing it to the atomic hydro-
gen beam for 7 min. Such a procedure routinely results in
a uniform monohydride phase on the Si(001) surface
[10].

3. Experimental distinction of Si—P heterodimer
and Si-Si-H hemihydride

In the first experiment, we fabricated a submonolayer
coverage of Si—P heterodimers on a clean Si(001) surface
and then applied several subsequent small doses of atomic
hydrogen at room temperature to increase the density of
hemihydrides. After each step the surface was surveyed
with voltage-dependent STM imaging. Thereby, we have
both species present on the surface and increase the abun-
dance of one in a controlled way. The ultimate goal was to
establish an experimental distinction and assign the
features to either HD or HH based on their relative
abundance.

Representative voltage-dependent STM images of the
surface for two of the dosing steps are shown in Fig. 2.
The surface after dosing with 3.0 x 1073 L of PH;, followed
by a 10 s anneal at a temperature of 580 °C, is shown in
Fig. 2(a) and (b). It is well known that after this procedure
the P atoms have incorporated into the surface, the ejected
Si atoms have diffused to the step edges and the majority of
the dissociated hydrogen atoms have desorbed [10-13,15].

There are a number of features on the surface appearing
similar to HD or HH [11,15,16,18-24]. At a sample voltage
of U= —1.5V, these features appear as an asymmetric ele-
vation on one side of the dimer. At U= +1.5V, they ap-
pear as an asymmetric elevation on the dimer row with a
depression on the opposite end (see enlargements). Indeed,
we can distinguish two variants of these features, which we
have marked A and B. As the A feature is much more
abundant on the surface than the B feature, this naturally
leads to identifying feature A as the heterodimer and the
feature B as the hemihydride. The small amount of hemihy-
drides is due to incomplete desorption of the hydrogen [17].

A close inspection (see enlargements in Fig. 2(a) and (b))
reveals that feature B appears higher than feature A in both
filled and empty state imaging. This becomes evident from
sections of the topography data depicted in Fig. 2(c). The
positions of the sections are indicated by the arrows in
the enlargements of the topographic data. Imaging the
filled electronic states at U = —1.5 V, the asymmetry of fea-
ture A and B with respect to the dimer rows is clearly vis-
ible (Sections 1 and 2). While feature B appears elevated by
around 10 pm, feature A appears slightly depressed with
respect to the clean Si dimers. Imaging the empty states
at U= +1.5 V (Sections 3 and 4), the asymmetric elevation
is more pronounced for feature B than for feature A.

The assignment of the features to HD or HH is corrob-
orated in the following steps of the experiment. Subse-
quently, the surface was dosed with repeated cycles of
roughly 6.5x 107 L of atomic hydrogen at room temper-
ature. Fig. 2(d) and (e) shows the surface after the second
cycle at U=—-1.3V and U=-+1.3V, respectively (the
images after the hydrogen dosing were not taken on the
same surface area as the ones after PH; dosing and anneal-
ing). There are a number of HD/HH-like features on the
surface, which can be divided into two variants A and B
as before. Sections of the topographic data from these
STM images for feature A and B are displayed in
Fig. 2(f). While at U= —1.3 V both features now appear
lower with respect to the surrounding clean Si dimers,
again feature B is higher than feature A in both filled
and empty states imaging.

After hydrogen dosing, the number of B features has
clearly increased. Our identification of the HD as feature
A and the HH as feature B is confirmed by a detailed sur-
face survey after every H dosing cycle and counting statis-
tics. Using a sampling area of more than 3200 nm? for each
dosing cycle, we have classified the features in filled and
empty states STM images into types A and B according
to the description given above and determined the corre-
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Fig. 2. Voltage-dependent STM images after dosing Si(00 1) with PH3 and atomic hydrogen. (a) and (b) show the surfaceat U= —1.5Vand U=+1.5V
after PH; dosing and annealing. There are a number of heterodimer- or hemihydride-like features on the surface which exist in two different variants
marked A and B (see enlargements). (c) Sections through the voltage-dependent topographies for the features A and B as indicated by the dotted arrows in
the enlargements. (d) and (e) are STM images at U = —1.3 V and U = +1.3 V after subsequent dosing with approximately 0.013 L of atomic hydrogen. (f)
Sections through the voltage-dependent topographies for features A and B as indicated in the enlargements. The dashed lines mark the positions of the

dimer rows.

sponding surface densities (see Fig. 3). As expected, the
HD density remains constant within statistical limits
whereas the HH density increases by about 0.23% of a
monolayer in each H dosing step. A linear fit to the HH
density is shown by the solid line.
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Fig. 3. Surface density of heterodimer and hemihydride features during
the repeated dosing experiment. The density of the heterodimers remains
constant within statistical limits whereas the hemihydride abundance
increases linearly.

Comparing the data sets from Fig. 2(a) and (b) with (d)
and (e) illustrates that even though the height of the fea-
tures in STM imaging depends on the bias voltage and
the tip condition in the experiment, the qualitative differ-
ences in the appearance between HD and HH prevail.
We note that we usually survey the surface at a wide range
of bias voltages and choose the tunnelling conditions giving
the best distinction between HD and HH which can slightly
vary from experiment to experiment.

4. Phosphorus diffusion out of nanoscale reservoirs

In the second experiment, we apply the experimental dis-
tinction presented in the previous section to determine the
P diffusion out of a reservoir on the surface created by
STM lithography on the hydrogen terminated Si(001):H
surface [1,10,13]. Here, the adsorption of PHj; and the
incorporation of P dopants into the surface are initially re-
stricted to the areas patterned with the STM. It is known
that annealing at temperatures high enough to desorb the
hydrogen will cause some lateral diffusion of the P atoms
in the Si(001) surface [10,13,17]. We demonstrate that we
are able to estimate the magnitude of lateral diffusion using
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(a) STM lithography

Fig. 4. STM lithography and registration to patterned areas after PHj
dosing and annealing. (a) STM image of a patch on the Si(001):H surface
patterned by STM lithography. The desorbed area appears elevated due to
additional tunnelling contributions from the = states of the Si(001)
surface. Marker hillocks (see black arrows) have been deposited from the
tip by bias pulses. (b) The same sample area after dosing the surface with
PH; and annealing for 10 s at 530 °C. The area of the pattern (marked by
the dotted square) can be identified by the step structure as well as the
marker hillocks.
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the steady state P atom distribution after a high thermal
anneal.

One prerequisite for determining the distribution of the
phosphorus atoms in the surface with respect to the reser-
voir boundary is the ability to return to the same surface
area with the STM tip throughout the different steps of
the experiment as demonstrated in Fig. 4. Fig. 4(a) shows
the hydrogen terminated Si(001):H surface with a
400 nm by 400 nm patch where the hydrogen has been des-
orbed by STM lithography. The patterned area appears
elevated in filled states STM images due to the additional
n bond states available for tunnelling on the bare Si(00 1)
surface compared to the passivated Si(001):H surface
where there are no states in the bulk band gap [1,10]. In
Fig. 4(b), the sample has been dosed with roughly 0.03 L
of PHj; followed by an anneal of 10 s at 530 °C, which re-
sults in dissociation of PHj3, incorporation of the phospho-
rus into the surface, and desorption of the hydrogen as
reported before [10-13,15]. After desorbing the hydrogen
resist, the area patterned by STM lithography does not ap-
pear elevated anymore. Nonetheless, the area of the litho-
graphic patch (marked by the dotted square) can be
inferred using the underlying step structure of the Si(001)
surface and by the aid of marker hillocks (see black arrows)
of material deposited from the STM tip onto the surface by
applying voltage pulses to the tip.

Fig. 5 shows atomically-resolved voltage-dependent
STM images inside ((a) and (b)) and outside ((c) and (d))
the patterned area after phosphine dosing and annealing.
Inside the patterned area, there is a high density of Si-P
heterodimers and some Si—Si—H hemihydrides. In complete
analogy to the previous experiment, we are able to catego-

outside patterned area

Fig. 5. Voltage-dependent STM images inside and outside a STM-patterned patch after phosphine dosing and annealing. (a) and (b) Area inside the STM-
patterned area at U= —1.4V and U=+1.4V. (c¢) and (d) Area outside the patterned area at U= —1.4V and U= +1.4V. There is a high density of
heterodimer/hemihydride features inside the patterned area and a medium density away from it. The features can be divided into two variants A and B.
The asymmetric up-down appearance is more pronounced for feature B than for the A feature (see enlargements).
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rize these features into type A (heterodimer) and B (hemi-
hydride) based on their appearance in voltage-dependent
imaging (see enlargements). As before, the HH appears
higher in filled and empty state than the HD.

As expected, the density of Si—P heterodimers (feature
A) is higher inside the area patterned with STM lithogra-
phy than the density of Si-Si—-H hemihydrides (feature
B). Far away from the patterned area, there are mainly
HH present with the occasional HD feature. The residual
HH inside the lithographically defined patch (Fig. 5(a)
and (b)) can arise from several sources. They can be due
to incomplete hydrogen desorption by STM lithography,
due to hydrogen atoms dissociated from the PHj3, or due
to hydrogen atoms that have diffused from the outside into
the area patterned with STM lithography during the anneal
[18,23]. We assume that the HD observed far away from
the patterned area are due to the occurrence of phosphine
adsorption on random dangling bonds or defects in the
monohydride resist layer. Furthermore, one can also see
a higher density of dimer vacancies inside the patterned
area compared to outside. It is well known that dimer
vacancies form during annealing of the Si surface [27].
We attribute the increased formation of dimer vacancies
to the relief of surface strain caused by the high phospho-
rus density in the areas patterned by STM lithography
[17,28].

Imaging at different locations, we observe that the den-
sity of the HD does not change sharply at the border of the
STM-patterned area. Instead, there is a concentration gra-
dient as the phosphorus atoms diffuse along the surface
during the thermal anneal. In order to study the P diffusion
in more detail, we have analysed a series of atomically-
resolved STM images on overlapping areas. The position
of these scan frames with respect to the reservoir patterned
by STM lithography was determined by registration of the
scan offset to the same surface area as shown in Fig. 4. The
concentration profile perpendicular to the border of
the reservoir as extracted from the STM images are shown
in Fig. 6. The HD density decreases when moving away
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Fig. 6. Surface density of heterodimer and hemihydride as function of
distance to the area patterned with STM lithography. The abundance of
the hemihydride is roughly constant, whereas the decreasing density of the
heterodimer reflects the surface diffusion from the patch due to the
thermal anneal. The solid line depicts a Gaussian fit to the heterodimer
density to estimate the diffusion length.

from the patch whereas the density of the HH remains
roughly constant. We estimate the diffusion constant by fit-
ting a Gaussian concentration profile for one-dimensional
diffusion with a constant total number of dopants [29]
c(x) = ¢y +aexp(— L (2)?). From the width w, we calculate
the diffusion length Dt via w = /2Dt of roughly 23 nm and
a diffusion constant of D = 5.1 x 10~'* cm?/s at the anneal
temperature 530 °C. This value is more than five orders of
magnitude higher than the bulk diffusion constant extrap-
olated to the same temperature (~10~'" cm?/s) [29]. The
nearly constant density of hemihydrides can be explained
by the rapid diffusion of hydrogen at the anneal tem-
perature eliminating any initial concentration gradient
[18,23].

5. Discussion

From a close inspection of Fig. 2(b) and (d) one can see
that the HD is surrounded by a circular elevation (glow) of
a few nm diameter at U = +1.3 V which is indicative of po-
sitive charge. In contrast, the HH does not show this glow.
The circular elevation around the HD arises from the effect
of the screened Coulomb potential of the localised charge,
which is superimposed on the periodic density of states
(DOS). This electrostatic potential locally shifts the elec-
tronic bands and thereby modifies their contributions to
the tunnelling current [30].

The positive charge of the HD is very likely related to
states in the band gap which are depleted by the band-
bending at the surface and leave a positively ionized core
behind. However, the charge seems also to be dependent
on the experimental conditions, as can be seen from
Fig. 5(b) where the HD has no glow. The dependence on
the experimental conditions can be explained by the fact
that the surface Fermi level is sensitive to the overall den-
sity of surface defects as well as the electrostatic induced
surface band bending of the tunnelling tip. We have ob-
served that the visibility of the charge is reduced when
the overall surface defect density is increased. Moreover,
the charge is not visible at low positive bias and is best seen
at medium positive sample bias (e.g. compare Fig. 1(c) with
Fig. 2(b)).

The simple dangling bond model [15,16,19,24] can nei-
ther account for the different apparent height of hetero-
dimer and hemihydride nor for the different charging of
both, and therefore needs to be extended as for example
by first-principles total energy and bandstructure calcula-
tions of both species.

By studying the diffusion out of nanoscale reservoirs
during high temperature anneals we have demonstrated
that it is possible to monitor the P distribution during the
fabrication of Si:P devices by STM lithography. However,
further studies are needed to obtain the temperature depen-
dence of the diffusion, address the role of the hydrogen and
surface defects, and elucidate the mechanisms of the lateral
P diffusion. A promising approach would be to com-
pare diffusion studies using the concentration profile after
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diffusion—as presented here—with diffusion of single P
atoms by real-time STM [27] or atom tracking STM
[23,31] at elevated temperatures.

6. Conclusion

We have presented a comparative STM study on the Si—
P heterodimer and the Si-Si-H hemihydride—two com-
mon surface features encountered when fabricating Si:P
nanoscale devices by STM lithography. Voltage-dependent
imaging reveals subtle differences in the appearance by
which both features can be distinguished. The feasibility
of studying the diffusion of phosphorous atoms in the
Si(001) surface out of nanoscale reservoirs fabricated with
STM lithography was demonstrated, obtaining a diffusion
constant D = 5.1 x 10713 cmz/s at a temperature of 530 °C.
The experimental distinction of the heterodimer and the
hemihydride is crucial for monitoring the dopant distribu-
tion in P-in-Si nanostructures fabricated with STM
lithography.
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