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Abstract Photoelectrochemically prepared and vapor-
phase-induced surface nanotopographies are used for immo-
bilization of enzymes at specific surface sites. The specific
nanostructure of step-bunched silicon where the step edges
are negatively charged and that of MoTe2, characterized by
negatively charged triangular growth defects, are success-
fully employed for enzyme immobilization. It is shown
that, at pH values below the isoelectric point of the enzyme
reverse transcriptase (RT), electrostatic interaction via the
Debye length of 3–4 nm and the shorter ranged van der
Waals attraction superimpose for enzyme adsorption at nega-
tively charged surface sites. Scanning tunneling microscopy
(STM) images of reverse transcriptases deposited onto the
layered semiconductor MoTe2 are interpreted in analogy to
semiconductor–insulator–metal (MIS) device physics by
analyzing the electronic properties of the junction between
Pt tip (metal), biomolecule (insulator), and n-MoTe2 (semi-
conductor). The uninhibited current flow in constant-current
STM experiments is tentatively interpreted by salvation-
assisted detrapping of electrons along the circumference of
the proteins where biological water is present. Imaging of the

RTs on step-bunched silicon surfaces with tapping mode
atomic force microscopy shows spatially selective deposition
at negatively charged step edges.

Keywords Protein . Immobilization . Semiconductor .

Scanning probe microscopy . Charge transport

Introduction

In this second part of research on semiconductor–nanosystem
junctions, the original work is reviewed and, based on the
inclusion of additional results and on advances in comprehen-
sion of the system, novel aspects have been added. Because of
the complexity of the protein–semiconductor junction, several
aspects are treated rather extensively to familiarize the reader
with the relevant experimental and theoretical topics. There-
fore, the Derjaguin, Landau, Verwey, and Overbeek (DLVO)
theory and the Marcus–Gerischer theory for charge transfer at
solid–electrolyte interfaces are shortly reviewed (see below),
and also, the structure and functioning of the enzymes reverse
transcriptase are described in some detail. Although only a first
approximation, the electronic properties of the scanning
tunneling microscopy (STM) metal tip–protein–semiconductor
junction are analyzed on the basis of planar models for MOS or
MIS (metal–oxide/insulator–semiconductor) structures.

The imaging of biological molecules and, in particular, of
DNA by STM began shortly after the inception of the method
[1, 2]. Most of the early work was done on conducting sub-
strates such as highly-oriented pyrolitic graphite or Au [3, 4].
We were the first to use semiconducting substrates for imaging
[5, 6]. The interpretation of the contrast of the images, re-
corded in the constant current mode, is difficult, particularly if
the substrates are semiconducting or even insulating as in the
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experiment of Guckenberger and co-workers [7, 8]. Immobi-
lization of proteins has been an issue in bio-sensor develop-
ment for a long time, and various approaches have been
reported [9–11]. In our biomolecule–semiconductor system,
we use (1) the defect nanostructure of the layered semicon-
ductor MoTe2, resulting from chemical vapor transport
(CVT)-induced growth irregularities [12] and (2) the nega-
tively charged step edges of so-called step-bunched Si sur-
faces [13, 14] as substrates for adsorption.

The proteins that are investigated in this study were se-
lected due to their medical relevance and their unique, iden-
tifiable tertiary structure. Accordingly, the enzymes reverse
transcriptase (RT) of the human immunodeficiency virus
(HIV) 1, which is a heterodimeric protein with a well-known
structure [15] and the RT of the avian myeloblastosis virus
(AMV) have been chosen. Of particular interest is (1) the
interaction between the enzymes and nanostructured surfaces
with regard to their immobilization at specifically prepared
sites and (2) the understanding of the imaging process. For
the latter, we tentatively derive a model that explains the bias
voltage dependence of the image contrast in STM. The
model is based on analogies from semiconductor electronics
and considers the STM-tip/protein/semiconductor junction
energetics under different bias voltage conditions. Such anal-
yses might be also useful in the development and advance-
ment of so-called fourth generation solar cells, which combine
inorganic and biological/organic entities.

Experimental

The HIV-1LAV RTs were supplied from the Medical Research
Council AIDS Reagent Project (National Institute for
Biological Standards and Control, Potters Bar, Herts, UK).
The handling of the reverse transcriptases involved dialyses
and electrophoreses of the carrier solution as described in
[16]. Scanning probe microscopy (SPM) experiments were
performed in ambient air using (1) STM (Molecular Imaging)
and (2) tapping mode atomic force microscopy (TM-AFM)
(Nanoscope III, Digital Instruments). For STM, a Pt tip was
used. Its apex was prepared by cutting a Pt wire with fine
clippers. For TM-AFM, Si tips with curvature radii of R<
10 nm (Veeco Instruments) were used. The experiments were
done in ambient air. Substrate surfaces were obtained after
CVT and cleaving of n-MoTe2 to obtain fresh surfaces and by
electrochemical conditioning of Si in alkaline electrolytes to
obtain step-bunched surfaces. N-type (111) oriented samples
with a doping concentration of 5×1014 cm−3 were used; the
nominal miscut was 0°.

The deposition of biomolecules onto the surfaces was done
using a syringe-type pipette. The enzymes with the carrier
solution were deposited by droplet formation on the surface
and left for ~1 h for evaporation of most of the carrier liquid. It

should be noted that proteins are surrounded by the so-called
biological water that is similarly strongly bound to the
biomolecule surface as water films in Helmholtz layers at
inorganic electrodes.

Results and discussion

Enzyme immobilization

Interaction forces between solution particles and surfaces are
generally described by DLVO [17, 18], named after
Derjarguin, Landau, Verwey, and Overbeek, and non-DLVO
models [19, 20]. Originally developed for the description of
colloidal stability, classical DLVO theory includes the inter-
play of electrostatic repulsion of equally charged colloids
(where the electrostatic potential decreases inversely with
distance showing 1/r behavior) and van der Waals attraction,
which is short ranged (1/r6). Particle–surface interactions are
described by various additions to the original model, which
include roughness, surface/interface chemistry, and steric
hydration forces, for instance [21]. Accordingly, the topog-
raphy and chemistry of substrate surfaces are strongly in-
fluential factors in biomolecule adsorption. Therefore, we
first review the fundamental properties of the selected sur-
faces. Figure 1a shows a schematic of the structure of the
layered semiconductor MoTe2. In the trigonal prismatic
arrangement of the MoTe2 structure, saturated bonds form

 

b

a

Fig. 1 Structural properties of MoTe2; a sandwich structure and arrange-
ment; b schematic of negatively charged triangular surface defects where
surface states are formed at step edges
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the outer surface of the individual sandwich layers. The ma-
terial is characterized by a considerable density of triangular
defects where reactive metal d-bonds are exposed to the
ambient [22]. These sites are highly reactive, and negatively
charged surface states are formed on n-type material. This
results in a positive background charge and localized
negative charge at the edges of the triangular defects as
schematically shown in Fig. 1b. The size of these growth-
induced defects ranges between 8 and 34 nm [23]. They are
thus of similar size as the enzymes to be adsorbed [24].
Fresh and chemically rather inert surfaces can be prepared by
mechanical cleaving of the layered material as already
shortly mentioned above.

The second surface nanotopography, step-bunched Si, is
prepared in alkaline electrolytes at cathodic potentials as
shown in Fig. 1 of article I. The surface can also be chemically
prepared [25], and a typical surface topographical AFM
image can be seen in Fig. 2. The step edges are separated by
extended atomic terraces and step heights vary in the range of
10–15 atomic bilayers (BL), which are 0.314 nm high.
Synchrotron photoelectron spectroscopy (SRPES) and Kelvin
probe microscopy (KPM) data [13] (Skorupska et al., to be
published) show that step-bunched n-Si is in accumulation
condition (the Fermi level at the surface is energetically closer
to the conduction band than in the neutral bulk). In KPM
experiments, it was found that negative charge accumulates
near the step edges (Skorupska et al., to be published).

The heterodimeric enzymes RT have an isoelectric point
(IP) at a pH of about 8.5–9 [26]. In the carrier solutions with
pH close to that of physiological solutions (pH 7), the overall
charge of the enzymes is positive. Therefore, providing sur-
faces with highly localized negative charge results in super-
imposed attractive electrostatic and van der Waals interaction
at these sites. For the RT of HIV 1, a schematic of the
tertiary/quaternary structure is presented in Fig. 3, where a
ribbon representation has been chosen. It has become cus-
tomary to compare this structure with that of the right human
hand and label features accordingly as fingers, thumb, palm,

and connection. The larger subunit of 66 kDa comprises the
RNase H, which has a cut-and-paste property in the complex
process of reverse transcription [27].

To emphasize the medical relevance of this enzyme, we
show an abbreviated schematic of the process of reverse
transcription of the RT of HIV 1 in Fig. 4. The top graph of
Fig. 4 shows the so-called minus strand synthesis, which sets
in near the 5′ end of the original plus strand viral RNAwhere
the transfer RNA (tRNA) acts as primer and binds to the
primary binding site (PBS) of the host strand. The arrow
indicates the growth direction of the new strand through the
u5 region, ending at the r region of the viral genome. Below
this graph, a further advanced situation of reverse transcrip-
tion is depicted: the first jump (template exchange) of the
synthesized minus strand genome has taken place after the
Rnase H has digested the initial RNA host part (r, u5) but
leaving the pbs unaffected. When the growing minus strand
(see arrow) passes the polypurine tract (ppt) region of the
template, the template escapes dissolution by Rnase H and
itself serves as primer for plus strand synthesis by a mech-
anism called DNA-dependent DNA polymerization (DDDP)
[28]. The third graph in Fig. 4 visualizes the situation where
the template strand has largely been digested by Rnase H
and minus strand synthesis of the first (lower) copied strand
extends to the PBS site of the new strand, and the second
strand, growing in the opposite direction, is almost com-
pletely synthesized. Only the original pbs and ppt sites
remain. The arrows, labeled Rnase H, indicate the removal
of tRNA and ppt. The then exposed PBS fuses with the PBS
sequence at the 3′end of the minus-strand DNA, resulting in
a circular DNA with overlapping 5′ends. The overall syn-
thesis of the new proviral DNA strand is terminated at the
template-strand breaks at the PBS and PPT ends, resulting in
a linear molecule with long terminal repeats (not shown in
the figure). The origin of the indicated nucleotide sequence
gap is debated [29]. The strand discontinuity might constitute
a binding site for a protein that mediates nuclear transport or
integration of the provirus. In subsequent cell infection, the
proviral DNA is spliced into the host genome, which results
in synthesis of virus components. At that stage, the enzyme
protease catalyzes the assembly of the viral parts. Antiviral
drug therapy uses reverse transcriptase and protease inhib-
itors as well as fusion inhibitors [30] to avoid entering of the
virus into a cell.

SPM imaging

Figure 5 shows an STM image of an RT of HIV 1 on
MoTe2. The heterodimer structure with the two subunits,
the connection area and the central hole with the polymer-
ase active site, are clearly discernible. The height of the
molecule is about 2 nm, and its lateral dimensions are about
7 nm for the short and 24 nm for the long section through

100
300

500 nm

Fig. 2 AFM image of a step-bunched Si(111) surface (see text)
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the molecule. In Figs. 6 and 7, hybrids of RT and syn-
thesized proviral DNA are displayed. For this and the sub-
sequent image, rather involved incubation experiments
have been performed in order to “catch” the situation were

synthesis becomes visible: If the incubation time for strand
synthesis exceeds a rather narrow time interval, the RTs
detach from the strand, whereas for a too short incubation
time, synthesis has not yet become visible. Details of the
experiment are given in [16]. The images show the first STM
images of RTs attached to synthesized DNA strands. In
Fig. 8, an AMV RT enzyme, deposited onto a step-bunched
Si surface and imaged by TM-AFM shows that the sub-
structure of the RT can also be imaged by this currentless
method. The immobilization situation is similar to that on
MoTe2 because here, too, the positively charged protein ad-
sorbs at negatively charged sites at the step edges. In addi-

Fig. 3 Ribbon representation of the tertiary/quaternary structure of the
reverse transcriptase of HIV 1 showing the two subdomains with atomic
weight 66 and 51 kDa and labeling of the substructures according to the
human right hand with thumb, palm, and fingers as roughly indicated by

the white line; the RNase H domain of the 66 kDa subunit and the
connection are shown. Also indicated are amino acid sequences such as
asp and glu; the 66 kDa subunit is 560 amino acids long and the 51 kDa
contains the first 440 amino acids of the p66 subunit

Fig. 4 Shortened version of the process of reverse transcription to
four steps; the last step, the linearization of the circular structure, is not
included.Tthe original viral RNA strand is shown as structured white
strand; the synthesized minus and plus strands are in gray-white tone.
Small lettering refers to the subunits of the original RNA strand, large
letters to the synthesized proviral strands. ppt, PPT Polypurine tracts;
pbs, PBS primer binding sites; tRNA transfer RNA pimer; DDDP
DNA-dependent DNA polymerization (see text)

Fig. 5 STM image of an RT of HIV 1, deposited onto n-MoTe2; V=
−0.7 V (MoTe2 vs. Pt tip) recorded in ambient air
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tion, at these sites, the electric field strength is increased due
to the non-planar geometry. Such interactions belong to the
so-called non-DLVO class [19, 20].

Junction electronics: a working hypothesis

The mechanism of STM imaging of biological molecules
has not yet been unambigously identified. A well-known

unsolved example is provided by the experiments of
Guckenberger et al. [7, 8] who imaged DNA on insulating
mica at rather high bias voltage between tip and substrate at
increased relative humidity levels. A typical result is shown
in Fig. 9. The “ultrahigh conductivity of ultrathin water films”
postulated in the interpretation of these experiments remained
yet unexplained and explanations invoking an alternative, i.e.,
electrochemical, charge transport mechanism had been advo-
cated [31]. Hitherto, theories for charge transfer across
biological molecules [32–34] do not include electrostatic
fields across the biomolecule. The existing models consider
tunneling, hopping, and super-exchange charge transfer/
transport processes [35, 36]. It is presently not clear whether
and to which extent these processes contribute to the contrast

Fig. 6 STM image of an RT-DNA hybrid of the avian myeloblastosis
virus (AMV); conditions as in Fig. 5

Fig. 7 STM image of molecular chain and C-shaped entity of AMV-
RT hybrid; conditions as in Fig. 5

4.11nm

0.0 nm38nm

Fig. 8 TM-AFM image of the AMV RT deposited onto a step
bunched Si(111) surface with a typical zigzag surface topography.
Adsorption near the re-entry site at a step edge is visible

Fig. 9 Plasmid DNA on mica imaged with STM in humid air (data
from the homepage of the Max-Planck-Institute in Martinsried);
typical parameters, V ~7 V vs. grounded tip; tunneling current IT
≤1pA; relative humidity ~70% (see text)
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observed in constant current STM experiments. We first
summarize our findings and comment on them:

1. The high resolution and contrast of the images indicate that
imaging was not limited by electrical resistance across the
various subunits of the enzyme; otherwise, a region of low
conductivity would induce the approach of the STM tip
with subsequent penetration of the molecule and its
disruption. We have observed such behavior in other
experiments at somewhat increased bias voltages [5].

2. The substructure of the images in Figs. 5, 6, 7, 8, and 9 is
very well resolved. In ribbon-type presentations of the
RTs (Fig. 3), strong spatial variations of the polypeptide
chains within the protein exist, which makes it difficult to
assume a spatially homogeneous and highly effective
charge transport mechanism (such as a combination of
interchain tunneling and hopping along chains) through the
molecule that results in electron transfer to the STM tip.

3. STM imaging of the molecules occurred at bias voltages
of −0.7 V for 200pA constant current but not below this
value. This finding points to specific junction electronics
at the Pt-tip/protein/n-type semiconductor contact.

For discussion, we review the experimental situation in
Fig. 10 where the overall experimental geometry, including
the electric field from semiconductor to STM tip, is shown at
contact, without external bias. It should be kept in mind that
STM imaging occurred at a bias of −0.7 V of MoTe2 vs. the
grounded tip. This situation will be further analyzed in this
paper. Because of the doping range of MoTe2 in the range of
1017 cm−3, a space charge layer of ~100 nm extension exists
and the corresponding equipotential lines of this layer are
indicated as semicircles in the figure. At −0.7-V bias, the
situation is inversed: The semiconductor is more negative
than the tip. The electric field points from the tip toward the

semiconductor, with the protein and the air gap between
them, as shown in Fig. 11b. Also shown in Fig. 11b is the
valence band density of states, measured by ultraviolet
photoelectron spectroscopy (UPS) and a process is indicated
where electrons from the valence band tunnel into the empty
states of the tip via transport across the biomolecule (see
below).

In the following, the junction analysis is based on the con-
cepts of applied semiconductor physics (see also the “Dis-
cussion” of article I). The electronic properties of the junction
are described by the potential distribution across it, as typi-
cally done for MOS or MIS (metal–insulator–semiconductor)
structures. Presently, there is no reason to assume that these
concepts can not be transferred to junctions that include

Fig. 10 Schematic of the STM experiment showing possible charge
transport routes as indicated (see also text)

Fig. 11 Energy diagram of the situation at the STM tip–enzyme–
semiconductor contact; the shaded area indicates negatively charged
semiconductor surface states. A surface state induced band bending of
n-MoTe2 of ~0.5 eV has been assumed. χ Semiconductor electron
affinity; EF

M tip Fermi level; EF
SC semiconductor Fermi level; EVac

vacuum level; ΔECB,VB band-edge shift due to Fermi level pinning;
eVa semiconductor Fermi level shift due to applied voltage Va; ΔEF,VB

energetic distance between Fermi level at the surface and the valence
band edge. a Junction in contact, b junction at a forward bias of
−0.7 V; note the inversion of the electrostatic potential (EVac) across
the biomolecule compared to the situation in Fig. 11a
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biological molecules, particularly when considering that
analogous concepts are used at the solid-electrolyte phase
boundary and in bioelectrochemistry. In Fig. 11a, the energy
vs. space diagram depicts the electronic situation at contact
between n-MoTe2 and the Pt tip of the STM. Because of the
narrow tip curvature, the Pt work function Φ has been
assumed to be lower than the bulk value of ~5.7 eV. We take
5.2 eV for Φ. Presently, the correct value cannot be deter-
mined, and we stress here that the discussion that follows is
tentative. It will be shown, however, that we are able to
explain the image process semiquantitatively. The electron
affinity of MoTe2 has been measured by UPS where the
extrapolation of the secondary electron cut-off gives a value
close to 4 eV [6]. The energy gap of the semiconductor was
determined by optical measurements, yielding 1.0–1.1 eV.
The contact potential (energy) difference is then given by the
work function difference between the Pt tip and the semi-
conductor Fermi level. Assuming a typical value of 0.2 eV for
the energetic distance between conduction band and Fermi
level, the work function of n-MoTe2 is 4.2 eV, resulting in a
difference in the Fermi level position before contact of ΔΦ=
1 eV. Because of the large number of defects on the surface
of MoTe2, strong Fermi level pinning is assumed. The latter
is characterized by the independence of the barrier height on
the contact potential or on the work function of the con-
tacting metal in Schottky junctions or at redox electrolyte–
semiconductor contacts [36]. A band bending eVBB due to
surface states has been assumed where the semiconductor
Fermi level is close to the valence band maximum without
reaching the strong inversion condition for which EF

S–EVB≤
0.2–0.3 eV (EF

S denotes the energetic position of the Fermi
level at the surface). The surface states in Fig. 11 are indi-
cated by a gray box at the surface. With ~0.5 eV band
bending, the remaining contact potential difference drops
across the interfacial layer with the biomolecule in it. The
band-edge shift is indicated by a downward-oriented arrow
at the semiconductor surface. This shift of 0.5 eV is also seen
in the Galvani potential (vacuum level, EVac) of the junction.

Under forward bias of −0.7 V (Fig. 11b) of the semi-
conductor vs. grounded tip, the high-surface state density
and the resulting strong Fermi level pinning [22] lead to an
upward shift of the semiconductor band edges without
change in band bending (small upwards arrow in Fig. 11b).
This inverts the direction of the electric field across the
junction, and electrons can be transferred from the semicon-
ductor valence band to the tip through or across the
interlayer with the protein as indicated by the horizontal
arrow in the figure. The possibility that tunneling occurs via
occupied surface states into empty states of the tip cannot be
excluded because the density of surface states (in the range
of >1013 cm−2 eV−1) and the high density of d-band bulk
states of the material (~1020 cm−3 eV−1, see UPS data) are
not too dissimilar. In future work, the surface DOS will be

investigated by capacitance analysis to determine its ener-
getic distribution.

Charge transfer aspects

Considerations on the charge transfer mechanism that
describes the observed behavior are also based on observa-
tions of Guckenberger et al. [7, 8] (Fig. 9): In their pA STM
experiments, currents were observed on insulating mica that
allowed imaging of insulating polypeptides such as DNA
under a forward bias of ~7 V vs. tip. Imaging was dependent
on relative humidity (RH) levels with contrast obtained at
RH ~70%. The origin of the noted conductivity increase of
surface water by a factor of 104–105 compared to bulk water
has been debated. Whereas Guckenberger et al. maintain that
the image contrast results from tunneling, Fan and Bard [31]
proposed an electrolytic conduction mechanism along the
ultrathin surface water film.

In the formulation of our transport hypothesis, first, the
variation of the electron potential energy along polypeptides
of about Vel≤0.6 eV [37] is considered. At room temperature,
the electron release time from the trap by thermal activation
would be in the order of seconds, i.e., much too slow for
efficient charge transport. In the presence of water (mois-
ture), localized electrons will be hydrated and a solvation
shell will be formed. Electron solvation is an ultrafast pro-
cess occurring in the time range 50 fs–2 ps [38, 39]. The

Fig. 12 Schematic of the solvation cage for an electron at a trap site
on polypeptide chains; although the water will not be able to move
freely as for electrons injected into water, the data were taken for that
situation to show the principle of solvation-assisted electron release
from traps; w(E) Marcus–Gerischer probability for collective electron
excitation, λ solvent reorganization energy, Em energetic position of
the electron at the trap site, E static electric field along the polypeptide
chain due to the properties of the semiconductor–protein–STM metal
tip junction
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reorganization energy of free electrons in water is 1.6 eV
[40]. Although not fully appropriate due to the localization
of the electron on the polypeptide backbone, we take this
value for a first approximation. This solvent reorganization
energy λ translates into an electron energy increase accord-
ing to the Marcus–Gerischer theory [41, 42]. The free energy
increase for electrons in water yields a value of 0.34 eV in
the contracting mode of the solvation shell. Hence, this con-
cept is advocated in this paper to emphasize the possibility of
collective hydration-induced thermal excitation of electrons
from trap sites that occurs at room temperature and that is
ultrafast. Figure 12 shows a schematic of electron release
from an asymmetrically deformed trap site using Marcus–
Gerischer theory. The electric field strength across the
enzyme is larger than 105 V cm−1, even without considering
its increase due to the tip curvature, and thus could deform
the atomic potentials along the polypeptide chain, providing
directed charge transport toward the tip. The ribbon structure
in Fig. 3 indicates that electron transport across the molecule
would involve interchain tunneling and hopping along
chains, which should show spatial differences in conductiv-
ity of the molecule that is not seen at 200 pA constant
current. Therefore, we propose that the charge transport is
based on

1. Transport at the outer surface of the protein (see
Fig. 10) where the so-called biological water provides
the possibility for solvation assisted hopping and

2. The fact that resonant injection of electrons into the
enzyme extended LUMOorbitals occurs from the valence
band or high density surface states [43].

Attachment of biological water to the protein is compara-
bly strong, similar to that of water in Helmholtz layers [44] at
metal electrodes. This is likely the reason for its presence
under the ambient imaging conditions of our experiments.
The proposed mechanism explains the high conductivity
observed in our experiments, the bias voltage dependence of
the image contrast, and the conductive properties of the so-
called surface water in the Guckenberger experiments on
mica.

Conclusions

Based on the ultrahigh resolution of enzymes with STM,
performed in ambient air, we developed a working hypothesis
of a resonant charge injection mechanism and analyze the
junction energetics at the STM-tip/protein/semiconductor
contact using the concepts of applied semiconductor physics
for MOS or MIS junctions. The bias dependence of the image
contrast can be explained assuming strong Fermi level
pinning of the defect-rich MoTe2 substrate. For subsequent

electron transport, we propose that a type of hopping
mechanism is active at room temperature where electrons
are released from trap sites at the polypeptide by ultrafast
solvation excitation. This mechanism would also explain the
hitherto unexplained observations of Guckenberger et al.
where STM imaging occurred on insulating mica at elevated
humidity levels.
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