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Molecular electronics!!! is aimed at demonstrating suitable
alternatives to silicon-based nanoelectronics for building
complex and functional devices. One of the end goals is to
use single molecules as active elements in electronic nano-
devices, whereas the main challenges are the interconnec-
tion of the molecules and the fabrication of electrical con-
tacts to the outside. In recent years, proteins have attracted
much interest as active materials because of their electron-
transfer (ET) capabilities (crucial for a number of vital pro-
cesses such as photosynthesis, respiration, and energy con-
version). These pivotal reactions usually take place inside a
single protein (intramolecular ET) or between two or a few
proteins (intermolecular ET). Therefore, it is crucial to de-
velop reliable methods to interconnect and probe transport
in single/few proteins in order to investigate the basic mech-
anisms underlying ET. This kind of information is not di-
rectly accessible by conventional techniques such as spectro-
scopic and electrochemical methods, which provide average
figures over statistical ensembles. Up to now, such studies
could only be performed by means of scanning probe meth-
ods (SPMs),”™ but never in device geometry, due to severe
difficulties in the fabrication of devices with single mole-
cules as active components. The physical limitations of opti-
cal lithography have prompted the development of alterna-
tive, top-down techniques for patterning below the 100-nm
scale, but in most cases these do not match the advantages
of photolithography in its low cost and high throughput
(with the notable exception of nanoimprint lithography™).
Most of these alternative methods (including mechanical
break junctions, electron-beam lithography, electromigra-
tion, electrodeposition, etc.) are appropriate for contacting
only single devices. Thus, despite the proof-of-concept for
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individual components,®'! the economical fabrication of
more complex molecular circuits on a large scale remains a
challenge.

Recently, Krahne et al."? have succeeded in the fabrica-
tion of a network of nanojunctions defined only by optical
lithography and wet etching of an AlGaAs/GaAs quantum-
well (QW) structure (an important step towards low-cost
mass production). The gap size is determined by the thick-
ness of the quantum well and of the deposited metal layer
with subnanometer precision. This approach enabled the au-
thors to investigate transport through single Au nanoclusters
at T=4 K. However, the main drawback of this technique
lies in the relatively large bulk leakage currents through the
semiconductor substrate at ambient conditions, which limit
the use of the nanojunctions to cryogenic temperatures in
the dark and highly conductive nano-objects. In this Com-
munication, we report on i) a significant improvement of
this method and ii) the fabrication and characterization of a
new class of nanodevices based on few/single proteins that
operate at room temperature. Transport in molecular tunnel
junctions based on the blue-copper protein Azurin is inves-
tigated for the first time at the single-molecule level in
device geometry. We observe features characteristic of
transport through molecules, such as negative differential
resistance (NDR) in the current-voltage characteristics and
identify the mechanism and the protein sites responsible
(despite recent reports based on SPMs, the NDR phenom-
enon is little understood on the molecular scale™).

The nanojunction fabrication started with an AlGaAs/
GaAs (20nm thick) quantum-well structure grown by
metal-organic chemical vapor deposition (MOCVD) (Al
concentration between 35% to 90%). Mesa structures were
defined by optical lithography and wet etching. Next, selec-
tive wet etching (using citric acid) was employed to remove
a few tens of nanometers of the GaAs layer from the sloped
edges of the mesa structure (Figure 1a). To reduce bulk
leakage currents, we employed a selective oxidation tech-
nique, carried out after the selective etching and the remov-
al of the GaAs cap layer, which allows the conversion of the
Al-rich layers into a stable native oxide (Figure 1b). This
relies on a continuous flow of water steam carried by nitro-
gen gas that bubbles through deionized water. The oxidation
is carried out at a controlled temperature in a home-made
oven. After oxidation, the electrodes were defined by opti-
cal lithography and evaporation of a 15-nm-thick film of Ti/
Pt. The gap is determined by: 1) the thickness of the GaAs
QW, 2) the thickness of the deposited metal layer, and
3) the surface roughness of the etched AlGaAs/GaAs inter-
face. Figure 1c shows that the resulting gap between elec-
trodes is only a few nanometers across; no significant
changes in interface roughness are observed after oxidation.
In such nanogaps, molecules/nanoparticles can be positioned
between the electrodes by electrostatic trapping or by spe-
cific immobilization procedures. Since only photolithogra-
phy is used to define the electrode pattern, the improved
mesa-gap technique reported here enables the simultaneous,
economic fabrication of large arrays of nanodevices working
at ambient conditions. We emphasize that all the described
processes are carried out at wafer scale, which is crucial for
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Figure 1. Schematics of the a) non-oxidized and b) oxidized mesa
nanojunctions with immobilized proteins, and c) scanning electron
microscopy image of a nanojunction with a 5-nm gap (see the restric-
tion indicated by the arrow) fabricated on an oxidized sample. The
etched groove separating the electrodes is visible in the horizontal
direction. Due to the corrugated profile of the electrodes character-
ized by the presence of a few restrictions, few proteins in parallel
participate in the current transport; only those immobilized in posi-
tions such as the one indicated by the arrow where the electrode dis-
tance matches the Azurin diameter (about 4-5 nm) are able to par-
ticipate.

the implementation of low-cost mass-production of nano-
scale devices.

Figure 2a and b shows the leakage current of a series of
devices with high Al concentration (80% ) versus the oxida-
tion time and oxidation temperature at a fixed source—drain
voltage of 1.5 V. We obtained as best parameters an oxida-
tion time of 2h at 450°C. We find for all conditions an
almost exponential rise in leakage current with respect to
the bias voltage (Figure2c), with values always below
30 pA for highly oxidized samples (i.e., a reduction of six
orders of magnitude with respect to the non-oxidized de-
vices). Lower Al concentrations result in higher currents,
because of a reduction of the oxidation rate.

Transport was investigated in Azurin, a small blue-
copper protein (14.6 kDa) from the bacteria P. aeruginosa,
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Figure 2. a,b) Dependence of the leakage current (at Vj;,,=1.5V) on
the oxidation temperature and duration. The Al concentration was
kept constant at 80 % for all these samples. The error bar shows the
standard deviation from the final value of the leakage current in the
oxidized samples. For optimal conditions, the leakage current
remains below 30 pA up to V,,s=1.5 V. ) I-V characteristics of dif-
ferently oxidized nanojunctions at room temperature and in the dark.
Black line: no oxidation; green: 30 min, 450°C; dark blue: 60 min,
450°C; red: 180 min, 450°C; light blue: 240 min, 450°C; pink:

180 min, 135°C.

which is able to mediate electron transfer in vitro from cyto-
chrome cs5; to the nitrite reductase from the same organ-
ism.'") There is considerable interest in this protein that has
recently been used to demonstrate biosensor devices™ and
the first protein transistors."! These devices exploit the
charge transfer through the redox level of its copper site.
Azurin exists in two stable electronic configurations Cu' and
Cu", and its ET capability depends on the equilibrium be-
tween these two oxidation states by means of a reversible
redox reaction, which continuously converts the Cu" copper
oxidized state into the Cu' reduced state and vice versa.

In the work reported here, we immobilized wild-type
Azurin molecules by direct site-specific attachment via the
disulfide bridge (RSSR) onto our oxidized mesa nanojunc-
tions. In detail, the mesa devices were functionalized with
Azurin by casting of a 20 pL. drop of the protein solution
(1.0 mgmL ™" in 50 mm NH,Ac buffer, pH 4.6). After incuba-
tion (30 min at room temperature), the buffer solution was
removed and the samples were washed, and then dried by a
high-purity nitrogen flow. Since a single disulfide-bond site
is present in Azurin, the protein orientation is defined once
attached to the electrode (with the direction from the disul-
fide to the Cu site perpendicular to the electrode surface!').
The width L, of the electrodes, defined by optical lithogra-
phy, was set at either 2 or 4 um. However, the profile of the
electrodes (see Figure 1c¢) is quite corrugated and only in a
few restricted situations does the electrode distance match
the Azurin diameter (about 4-5nm). As a consequence,
only a few proteins in parallel participate in the current
transport: those immobilized in positions like the one indi-
cated by the arrow in Figure 1c. Therefore, intramolecular
ET in a single or few Azurin molecules in parallel is probed
here for the first time at the molecular level in device geom-
etry (in our previous report, the electrode gap was 100 nm
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Figure 3. a) /-V characteristics of various mesa devices functional-
ized with Azurin by casting of a 20 uL drop of protein solution. The
peaks in the current can be ascribed to resonant tunneling between
localized states on the disulfide bridge RSSR and the copper site
Cu". The black and yellow lines show the current across an empty
nanojunction and a device based on Apo-Azurin, respectively, as ref-
erences. Molecular features (such as NDR) gradually disappear after
a couple of weeks, in agreement with our previous experiments on
the ageing of Azurin monolayers.® b) Normalized conductance plot-
ted as a function of bias voltage. c) Electron-transfer pathway from
RSSR to Cu" in P. aeruginosa Azurin.P%

and electron transport occurred by hopping from one re-
duced protein to an adjacent oxidized onel'")).

Figure 3a shows current-voltage characteristics for some
of the devices, where Azurin was immobilized in between
Ti/Pt electrodes, with a minimum gap size of about 5nm
(Figure 1c). The dominant features are maxima in the cur-
rent (indicated by the arrows in Figure 3a) that we observe
in all samples in the range of —3.5V to —2.5 Vand 2.5V to
3.5V, with some fluctuations in the peak position within dif-
ferent samples.!'” Such maxima in the current correspond to
NDR and an increased transparency of the molecular
tunnel junction under appropriate biasing conditions. We
remark that molecular features (such as NDR) gradually
disappear after a couple of weeks, in agreement with our
previous results on ageing of Azurin monolayers.'¥! The I-V
characteristics of the empty nanojunction and of a device
based on the Apo-Azurin (i.e., the Azurin protein without
the Cu atom) are shown in Figure 3a (black and yellow
curves, respectively). In particular, the current flowing
through devices based on Apo-Azurins is significantly
lower, due to the absence of a metal atom capable of media-
ting electron transfer, according to previous reports on met-
alloproteins and their apo-forms."")

To illustrate the fine structure in the transport data we
plot the normalized derivative of the blue-copper Azurin
data in Figure 3b. Here we can identify a series of peaks
and valleys, in particular a pronounced double-peak struc-
ture at negative bias (e.g., a strong peak at —2.3 V with a
shoulder at —2.2'V) that shifts for different samples by
some hundred millivolts. At positive bias we find broad

www.small-journal.com

© 2007 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

peaks at 2.2V, 2.8V, and 3.2 V. These features were repro-
ducible in different devices (30% from an ensemble of 20
fabricated devices) and furthermore, no influence on L, was
observed.

We ascribe the multiple peaks in the dI/dV curves to
blue-copper proteins that participate in parallel to the cur-
rent transport. This finding is supported by the almost sym-
metric position of the dI/dV peaks with respect to the origin
(all peaks are in the range £2.2'V to £3.4 V). The specific
potential drop across each protein, and therefore the effec-
tive potential of the redox centers, is expected to change for
the different proteins immobilized inside the nanogap due
to irregularities in the contacts and the different “lever
arm” to the redox center. This leads to small differences in
the resonant transport conditions for each immobilized pro-
tein.

NDR has been associated with 1) transfer of carriers
from a high-mobility to a low-mobility valley,” 2) resonant
tunneling between localized states,”??! and 3) two-step re-
duction processes in the molecules.**! However, despite
the current understanding of NDR in conventional semicon-
ductors, this phenomenon is less understood on the molecu-
lar scale (see a previous report!'®l). We propose the occur-
rence of on/off resonance conditions in the tunneling pro-
cess through the redox levels (RSSR and Cu") of Azurin as
the governing mechanism for current transport in our devi-
ces. Electron-transfer reactions in proteins in aqueous solu-
tions have been investigated in considerable detail in the
last years because of their central role in a number of bio-
logical processes, ranging from respiration to photosynthesis
and energy conversion. To date, experimental information
about this phenomenon has been provided primarily by
spectroscopic and electrochemical techniques that measure
various quantities averaged over a large number of mole-
cules. It is commonly accepted that long-range ET in pro-
teins occurs between a donor (D) and an acceptor (A) via
vibration-induced electron tunneling, with a rate given by

2 2
k = (%)HIZMFC (1)

Here, FC is the nuclear (Franck—Condon) factor, which
in the Marcus model is approximately proportional to
exp(-AG*/kgT). The activation energy, AG* = %(1 - ATGO)Z,
in turn is determined by the “reorganization energy”, A, and
the free energy of the reaction, —AG" On the other
hand, H?,=Cexp(—fBR) is the tunneling matrix element
from donor to acceptor, primarily depending on the distance
R between D and A (B=1.1 A from Azurin protein stud-
ies?”!). The pre-exponential term C depends on the charac-
ter of the coupling between D and A, and on the microen-
vironment separating D and A, which mediates the virtual
state or provides intermediate states (if D and A are in con-
tact Hp, is roughly proportional to the overlap between
their orbitals). An intriguing issue in understanding ET in
proteins is to identify which part of the protein environment
plays a dominant role in the electron tunneling between the
redox pair (D and A), that is, the electron-tunneling path-
way.?¥
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In the case of Azurin, its -barrel structure contains two
potential redox centers: a blue-copper site coordinated di-
rectly to amino acid residues, and a disulfide bridge (Cys3-
Cys26) at the opposite end of the molecule, at a distance of
~2.6nm from the copper site.”” Intramolecular electron
transfer from the disulfide radical ion RSSR™ to the Cu
center was reported by Farver et al.,”” who also identified
the amino acids that provide the pathway with the strongest
coupling (Figure 3¢). Our results are consistent with trans-
port via this electron pathway connecting the two different
redox-active sites in Azurin (namely the Cu" center and the
disulfide bridge RSSR linking cysteines-3 and -26). In this
frame, NDR can be attributed to resonant tunneling result-
ing from the alignment of the two narrow energy states lo-
calized on Cu" and in the region of RSSR (Cys3-Cys26),!
which leads to the maxima in the /-V characteristics. A
quantitative comparison between the ET rate obtained here
and those quoted in the literature, provided primarily by
spectroscopic and electrochemical techniques, is not possible
because of the different environmental conditions. As an il-
lustration of this, the ET rate constants determined by AC
impedance and electroreflectance (ER) techniques (300 s
and 150-200 s, respectively) are one to two orders of mag-
nitude higher than those determined by cyclic voltammetry
(4-12 s71).P7 Another important difference is that the reor-
ganization energy in the molecular tunnel junction™ is sig-
nificantly smaller than in the semi-infinite solvent space of
electrochemical ET, since in solution the dominant contri-
bution to A (1.0 eV in a previous report™®)) arises from reor-
ientation of solvent molecules in response to the change in
charge distribution of the reactants.® Finally, we note that
in Farver’s experiment, the created disulfide radical ion
decays spontaneously by an intramolecular ET to the Cu™
center, while in our experiment an intense electric field is
present in the tunneling junction, which can strongly en-
hance this process. Notably, our results are in good agree-
ment (for both current values and peak position ranges)
with the signatures of resonant tunneling (and NDR) re-
cently reported in the current-voltage characteristics of a
Cu-Azurin metalloprotein, measured with conducting-probe
atomic force microscopy junctions at low applied forces at
Oxford University.'>*! However, in that report the mecha-
nism and the protein sites responsible for the NDR were
not identified. Since this latter work employed quite similar
experimental conditions with respect to ours (with electron
transfer reactions of few/individual molecules probed in
high electric fields) the mechanism that we propose to ex-
plain NDR is also valid for their case.’

Finally, we consider the broadness of the peaks mea-
sured in the d//dV spectra. The sharpness of a resonant tun-
neling peak is related to the width of the involved levels/
bands, which is broadened by the interaction with the envi-
ronment. In this respect, the metal redox centers provide
low-lying highest-occupied molecular orbital (HOMO) and
lowest-unoccupied molecular orbital (LUMO) levels that
are strongly coupled to the vibrational nuclear environment.
We attribute the observed broad peaks to fluctuations in the
nuclear configuration, which shift the energy levels of the
redox centers.***"]
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In summary, we have 1)significantly improved the
mesa-gap technique for the fabrication of large-scale arrays
of nanojunctions/nanodevices, and 2) investigated transport
in molecular tunnel junctions based on the blue-copper pro-
tein Azurin under ambient conditions, for the first time at
the single-molecule level in device geometry. On the one
hand, these results were achieved by our novel fabrication
approach, which has a great appeal for applications in mo-
lecular electronics (especially for low-cost mass production
of single-molecule components working at ambient condi-
tions). On the other hand, we observed characteristic molec-
ular features, such as NDR, in the /-V spectra providing in-
formation on the pathway and the underlying mechanisms
governing tunneling through the Azurin redox levels. These
results are also very interesting from a technological point
of view because of the possible applications in biosensors
and switchable devices (exploiting NDR).
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