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Photosynthesis in plants and bacteria is driven by molecular
electronic complexes, such as the photosystem I (PSI).1 Photoex-
citation of PSI causes an electron transfer through a series of redox
reactions from the chlorophyll special pair P700, as a primary
electron donor, to a final electron acceptor, ∼6 nm away from the
oxidant P700+.1–3 The resulting photopotential is ∼1 V, and the
intrinsic conversion of solar energy to electrical energy has an
efficiency of ∼58%.1,2,4 These properties make the PSI a promising
building block in nanoscale optoelectronic devices.5,6 Recently, the
electronic and optoelectronic properties of PSI have been investi-
gated in oriented self-assembled monolayers on top of gold2,3 as
well as GaAs7 surfaces. Here, we study the optoelectronic properties
of carbon nanotube (CNT)-PSI hybrids for three different on-chip
functionalization strategies. The PSI is bound to the CNTs via
covalent, hydrogen, or electrostatic bonds. The covalent bonding
is achieved via selectively generated cysteins on the lumenal side
of the PSI. We find that optoelectronically active junctions between
PSI and the CNTs are only achieved in cases where the electron
transfer path of the PSI is perpendicular to the CNTs.

For all three approaches, we use single-walled CNTs (from Arry,
Nanomaterials and Nanotechnology) with a diameter in the range 1-2
nm and either semiconducting or metallic properties.8,9 As in various
hybrid nanosystems,10–13 the CNTs serve as nanoscale electrical wires
in the presented PSI-CNT hybrids. For device fabrication, individual
carboxylated CNTs are first deposited on an insulating SiO2 substrate
and then contacted with Pd source-drain electrodes by e-beam
lithography.10 For the first chemical route, amine reactive NHS-esters
are generated at the carboxyl groups of the CNTs which are reacted
with ethylenediamine (Pierce) and a second linker molecule sulfo-
MBS (Pierce). After activation of the thiol cysteins on the lumenal
side of the genetically mutated PSI2 with dithiothreitol (Sigma-Aldrich),
the chip with maleimide functionalized CNTs is immersed overnight
in the protein solution. Afterward, the sample is rinsed with deionized
water and dried under nitrogen.

AFM images (Figure 1a-c) before and after functionalization
of the CNTs with PSI provide a first indication that PSI proteins is
attached to the sidewalls of the CNTs. The diameter of the CNTs
is ∼2 nm, according to the height profile in Figure 1d. After
chemical treatment a large number of spherical particles is attached
to the same CNT (Figure 1b and 1c). One particle on the sidewall
of the CNT is highlighted by a circle in Figure 1c, which displays
a magnification of the dashed square in Figure 1b. The diameter of
the particles is in the range 15-22 nm (see height profile in Figure
1e), which is consistent with the diameter of the PSI.1 We interpret
the findings as PSI proteins attached to the sidewall of the CNT
due to covalent bonding between the maleimide functionalized CNT

and selectively generated cysteins on the lumenal side of the
PSI.2,14,15 Hence, the electron transfer path in PSI is perpendicular
to the CNT (sketch in Figure 2a).

For optoelectronic measurements, a bias voltage VSD is applied
across the source-drain electrodes and the light of a titanium:sapphire
laser is focused through an objective of a microscope onto the CNT
based circuits. All measurements are performed at p < 1 × 10-3

mbar.10,14,15 The electrical signal is amplified by a current-voltage
converter (Ithaco 1211) and read out with a lock-in amplifier (eg&g
7260). The latter detects the current difference for the laser being “on”
and “off”, ∆I ) ION - IOFF, at the trigger frequency of the optical
chopper, fCHOP, in the kHz regime. Due to the fact that the examined
circuits show an ohmic behavior for small VSD (up to 100 mV) their
photoconductance can be estimated by GPH ) ∆I/VSD. Filled squares
in Figure 2a depict the wavelength dependence of the photoconduc-
tance of sample A, which was fabricated by the first chemical route.
The photoconductance shows an enhanced signal at 680 and 360 nm.
The findings are consistent with the absorbance data of the PSI (solid
line in Figure 2a) which were taken in solution (Jasco V-550 UV-vis
spectrophotometer). The origin of the enhanced photoconductance at
the resonances of the PSI can be attributed to an electron or energy
transfer between the excited PSI and the CNTs. A charge (energy)
transfer exhibits slow (fast) photoconductance dynamics.15 Both
dynamics can be detected in the presented single PSI-CNT hybrid
system. With respect to the absorption of unbound PSI in solution,
the expected photoconductance at ∼420 nm is either slightly suppressed
or blue-shifted. This can be caused by the interaction between PSI
and the solid state surface, as first reported for PSI immobilized on
Au surfaces.4

Importantly, the enhanced GPH below 700 nm can be attributed
to an effect of the PSI. This is proven by measurements on sample
B (Figure 2b). Here, the photoconductance of a CNT bundle before
(O) and after (9) on-chip functionalization with PSI by covalent
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Figure 1. Atomic force microscope (AFM) image of a contacted CNT (a)
before and (b) after chemical treatment for covalently binding the PSI to
the CNT. (c) Enlarged image of dashed square in Figure 1b, showing a
large number of PSI bound to the sidewall of the CNT. (d) and (e) Single
traces along the dotted and solid lines in Figure 1a and 1b.
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bonding is compared. The maxima at 680 nm and at ∼360 nm
only appear when the PSI is attached to the CNTs. Above 700 nm,
the PSI does not absorb light, and in turn, the magnitude of the
photoconductance before and after functionalization with PSI is
the same within the experimental error. Consequently, the two
photoconductance maxima around 760 and 845 nm and also the
maximum at 825 nm in Figure 2a are interpreted to result from
electron-hole dynamics only within the contacted CNTs.15–18

These findings are consistent with resonances assigned to the E22

transition in semiconducting CNTs with a diameter in the range
1-2 nm.10,15,17

In the second chemical route, the electrically contacted CNT
bundle of sample C is functionalized with ethylenediamine. After
activation of the cysteins at the PSI with dithiothreitol, sample C
is incubated in a PSI solution at pH 7.2. In analogy to Figure 1b,
AFM measurements prove that the PSI is adsorbed to the CNTs
(data not shown). This can be explained by hydrogen bond
formation or electrostatic interactions between the PSI and the
amino groups on the CNTs which are positively charged at pH
7.2. In both cases, the PSI is preferentially orientated with its
electron transfer path perpendicular to the amine modified CNTs3

(sketch in Figure 2c). The photoconductance of sample C shows a
peak at 680 nm (Figure 2c) which again can be assigned to a charge
or energy transfer between the PSI and the CNT.15 The increase in
photoconductance at ∼360 nm, however, is only weak. Above 700

nm, no photoconductance resonances are observed, which is
consistent with the fact that the I-V characteristic of this hybrid
shows a metallic behavior (data not shown), and in turn, the CNT
is metallic.8

In the third chemical route (sample D), the functionalization of
the CNTs with PSI is enabled by electrostatic forces between
negatively charged terminal groups on the CNTs and positively
charged regions on the lumenal and stromal side of the PSI.3 By
incubating the chip with the contacted, carboxylated CNTs in a
buffer solution at pH 7.2, the carboxyl groups are deprotonated
resulting in negatively charged COO- groups.3 Then, PSI is added.
After ∼12 h, the sample is rinsed with deionized water and dried
under nitrogen. AFM measurements demonstrate a partial adsorption
of PSI to the CNTs (data not shown). The wavelength dependent
photoconductance of sample D (squares in Figure 2d), however,
shows only resonances above 700 nm which are caused by
electron-hole dynamics in semiconducting CNTs.15–18 The slightly
enhanced photoconductance around 600 nm can be assigned to
CNTs (compare Figure 2b). Most importantly, there is no photo-
conductance resonance at 680 nm (triangle in Figure 2d), a fact
which can be explained by a less efficient adsorption of the PSI to
the CNTs and by considering the mechanism of adsorption of the
PSI on the CNTs. Electrostatic interactions between negatively
charged COO- groups and the PSI favor a parallel orientation of
the PSI’s electron transfer path with respect to the CNT.3 For this
alignment the photogenerated dipole is parallel to the CNTs’ axis
and the proposed mechanism of energy transfer15 is less efficient.19

In addition, a possible charge transfer between the PSI and the
CNT15 is suppressed in this configuration.

We have studied the functionalization of 17 carbon nanotube
devices plus 22 nonfunctionalized devices for control measurements.
We find that a perpendicular orientation of the electron transfer
path within the PSI with respect to the CNT is crucial for an efficient
optoelectronic functionalization of CNTs.
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Figure 2. (a) Wavelength dependence of the photoconductance of sample
A (9, PLASER ) 127 W/cm2), where the PSI is covalently bound to the
CNT with its electron transfer path perpendicular to the CNT. (b) Equivalent
data for sample B, before (O) and after (9) on-chip functionalization by
covalent linkage (PLASER ) 81 W/cm2). (c) Data for sample C (9, PLASER

) 2.9 kW/cm2) where PSI is attached to amine modified CNTs. (d) Data
for sample D (9, PLASER ) 955 W/cm2), where the electron transfer path is
expected to be oriented parallel to the CNTs due to Coulomb interactions.
The absorbance of the PSI is plotted as a solid line in Figure 1a, c, and d.
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