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Nanoscale hybrid molecular organic photodetectors based on self-assembled guanosine molecules
conjugated to wide-bandgap GaN semiconductors has been realized in the ultraviolet wavelength
regime. Metal-semiconductor-metal based photodetector is fabricated using ordering of modified
guanosine based semiconductor nanowires which exhibit I-V characteristics with high current
response and higher rectification ratio compared to Si based hybrid photodetectors. Photocurrent
response of a two-terminal device shows the typical characteristics of a semiconductor photodiode
with a cutoff wavelength at �325 nm. The I-V characteristics have been elucidated using the
induced polarization properties of self-assembled guanosine semiconductor. © 2008 American
Institute of Physics. �DOI: 10.1063/1.2828405�

Guanosine derivatives such as dG�C10�2 deoxyguanosine
molecules have been self-assembled on solid substrates such
as mica, sapphire,1,2 and even on semiconducting substrates
viz. SiO2,3 but the effect of self-assembly on highly polar
semiconductor surfaces such as GaN has not been investi-
gated. The penetration depth of photons in silicon is low, and
this makes it insensitive in vacuum ultraviolet region for
application in photodetectors.4 Silicon based photodetectors
also have high dark current, and most available detectors
operate in low temperature to reduce this dark current.4 In
previous studies, the polarization properies of self-assembled
deoxyguanosine crystal �SAGC� in Si photodiodes has not
been considered. In this study, the polarization in self-
assembled wires along the direction of current flow is stud-
ied.

This work presents the fabrication of two-terminal de-
vices from guanosine derivative based on GaN substrate that
can be potentially used as a hybrid molecular based detector,
rectifier, or modulator in the UV-visible region. Among the
four bases of DNA, guanosine can be easily reduced to deox-
yguanosine, which is commercially available. Modified gua-
nosine has a unique sequence of groups that act as donors or
acceptors of H bonds.1,2 The conduction in guanosine mol-
ecules deposited in between metal electrodes on Si or GaN
can be explained either by the direct metal—� orbital over-
lapping or by charge transfer via tunneling through the bar-
rier height. Thus, the work function of the metal is an impor-
tant parameter in characterizing a contact. Previous work on
the work function of various metals5–7 and DNA bases8,9

shows that guanosine dominates the transport properties
among DNA bases. The bandgap of SAGC on Si substrate is
about 3.40 eV which is similar to that of GaN. Thus, this

modified guanosine self-assembled on GaN is ideally suited
for hybrid molecular electronic devices due to its low oxida-
tion potential compared to other bases of DNA.2 The lower
oxidation potential favors charge transport and a strong in-
trinsic dipole moment of the order of 7 D, which provides a
polarity to the molecules.2

GaN substrate has either negative or positive polarity
depending upon the Ga or N ion termination at the cap layer.
The surface and interface polarization results in domain for-
mation of electronic charges.10 The formation of domains
with a specific polarity has been utilized for the enhancement
of the self-assembly behavior of guanosine molecules by
suitable modification of the side chains. The band gap of
GaN �3.45 eV� is in the proximity of self-assembled gua-
nosine derivative.10,11 The transparency of GaN substrate due
to wide-bandgap makes it possible to use these hybrid mo-
lecular based devices in the UV-visible region. Bow-tie-
shaped electrodes used in the fabrication of the detectors
orient the self-assembled guanosine molecule along an axis,
in order to have a dipole moment orientation along the axis
of the electrodes. Moreover, the small cross sectional area
between the tips of the electrodes helps the guanosine mol-
ecule to self-assemble as the lateral periodicity of the self-
assembled guanosine molecule is 2.5 nm.

A two step process is used to fabricate bow-tie-shaped
electrodes �Figs. 1�a� and 1�b��. The fabrication of bow-tie-
shaped electrodes with nanometer �or larger� dimensions can
be achieved using electron beam lithography. Wire bonding
of electrodes for applying any bias voltage and device inte-
gration requires larger surface area ��100 �m2� of elec-
trodes �as the smallest wire used in a wirebonder had a di-
ameter of 15 �m�. Thus, to optimize the fabrication process,
initially larger metals pads were deposited using a metal
evaporator �Fig. 1�a��. Bow-tie-shaped electrodes of chro-a�Electronic mail: arup@unt.edu.
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mium ��8 nm� and gold ��30 nm� are lithographically de-
signed on passivated GaN substrate �Fig. 1�b��. The gap be-
tween the electrodes varies from 60 to 500 nm depending on
the ordering of the guanosine wires. Devices used in the
present work have 100 nm gap �Fig. 1�b��. These electrodes
were then mounted on a chip carrier and can be used as
photodetectors. Thin gold wires were bonded to the gold
electrodes to provide a bias voltage �±10 V�.

The optimum self-assembly in between the electrodes on
confined nitride nanostructure were observed by depositing a
1 �l drop of a 3.3�10−3M solution of dG�C10�2 in chloro-
form. The protocol used to synthesize the dG�C10�2 molecule
is similar to previous reports.1,13 The guanosine molecule
was deposited in between the electrodes �Fig. 2 inset� using
specially fabricated nanopipettes with a tip diameter of
100 nm. Figure 2 depicts the current voltage characteristics
of the deoxyguanosine molecule under nitrogen atmosphere
at room temperature. It is observed that the device shows
similar characteristics to that of a metal-semiconductor-metal
device. The length of the self-assembled molecular semicon-
ductor wire in this device is �100 nm. When a bias voltage
is applied to the device, the semiconductor region is depleted
and is devoid of high current flow. Metal-semiconductor-
metal �MSM� structure is composed of two Schottky con-
tacts with back-to-back alignment, as discussed by Sze et
al.14 The semiconductor guanosine wire connects the gold
electrodes as a MSM device analogous to two Schottky di-
odes connected back to back. A voltage applied to the device
puts one of the diodes in forward bias and another in reverse-
bias condition. The leakage current is very low compared to
the current flow through the self-assembled molecular wire
��200 nA�. Current transport through the device is due to
both majority and minority carriers. In the devised MSM

structure, the current-voltage characteristics can be separated
into three regions using the reach-through voltage Vrt and the
flatband voltage Vfb model. If the majority carrier transport
dominates, the current increases slowly with the applied volt-
age V. When V�Vrt, the current is proportional to exp�V1/2�.
In case of dominant minority carrier transport, the current
increases gradually in the limit V�Vrt. When Vrt�V�Vfb,
the current increases very rapidly and is proportional to
exp�V2�. For V exceeding Vfb�V�Vfb�, this increase slows
down and is proportional to exp�V1/2�. In the small voltage
regime the I-V relation is complex and is dependent on the
voltage at both contacts. The current-voltage relation can be
solved numerically for V�Vrt region and only the regions
V�Vrt has been fitted.

The band of SAGC one-dimensional wire is tilted due to
the polarization induced along the axis of the ribbon-like
deoxyguanosine. It results in a difference in the barrier
heights and the built-in potential at two contacts. This im-
plies that in the SAGC based MSM structure the current-
voltage curves are not symmetrical. It is observed from Fig.
2 that under reverse-bias condition, the current increases
very rapidly when the applied voltage is over 5 V and then
slows down when it is over 9 V. This conforms to the I-V
characteristics dominated by the minority carrier transport
function with negligible contribution from majority carriers.

The current is14

I � Is�exp�−
q�Vfb − V�2

4kT�Vfb + ��b�	 − exp
−
q�b2

kT
��

when

Vrt � V � Vfb,

and

I � Is exp� q

kT

q�V − Vfb�

4�	sL
	

when V�Vfb, where Is is saturation current, k is the Boltz-
mann constant, T is temperature, q is the electron charge, L is
the thickness of the semiconductor, 	s is the permittivity in
the depletion layer, ��b is the built-in potential difference at
two contacts, �b2 is the built-in potential at the forward-

FIG. 1. Nanoscale UV photodetector integrated on a semiconductor chip. �a�
Larger gold pads. �b� Magnified image of electrodes with 100 nm gate or
gap.

FIG. 2. Current-voltage characteristics of a two-terminal nanoscale device
based on semiconductor deoxyguanosine deposited in between Au elec-
trodes on GaN substrates. Inset is the schematic of UV-visible photodetector
based on modified deoxyguanosine on GaN substrates.
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biased contact, and � is Planck constant. Under forward-bias
condition,

I��A� = 16.96�exp�− 0.023�V − 15.48�2� − 0.018�

when

V � 2.4 V,

Vrt is estimated to be 2.4 V from Fig. 2.
While under reverse-bias condition,

I��A� = 2.54 exp�− 0.31�V − 9.08�2� ,

when

5 V � V � 9.08 V,

where Vrt is estimated to be 5 V from Fig. 2, and

I��A� = 2.54 exp�0.44
V − 9.08�

when

V � 9.08 V.

The difference of Vfb under forward- and reverse-biased
conditions is possibly caused by effects other than Schottky
effect, the origin of which is still not clear. The saturation
current depends on the barrier height of Schottky contact.
The different saturation currents imply the different barrier
height at two contacts. As the curve fit satisfactorily with the
minority carrier transport, it implies a lower barrier height
for minority charge carriers compared to the majority carri-
ers.

It is also observed that there is no significant difference
in the I-V characteristics under room and dark condition. In
the low current region, electrons having energy greater than
the barrier height cross the barrier and enter the semiconduc-
tor region and result in current flow across the junction. As
the applied bias voltage increases, the barrier height de-
creases making it easier for the electrons to cross the barrier.

The dynamic resistance can be found from the derivation
of current–voltage equations. Under forward-bias condition,
the dynamic resistance increases monotonically from 1.9 k

at 2.4 V to 117.1 k
 at 10 V. Under reverse-bias condition,
the dynamic resistance increases monotonically in the range
5 V�V�9.08 V. At 5 V, it is 0.89 k
. It increases rapidly
as the applied voltage approaches 9.08 V. The dynamic re-
sistance increases monotonically in the range 9.08 V�V
�10 V. It is close to 0 when the applied voltage is close to
9.08 V. It is 1.13 M
 at 10 V. The MSM structure has ca-
pacitance in the depletion layer, just like in p-n junction. The
capacitance decreases slowly as minority carrier current in-
creases. The smaller resistance implies a faster response
time. The dynamic resistance can be significantly reduced by
long range ordering of the molecular wires and appropriate
surface modification of the substrate. The figure of merit of
device estimated from the rectification ratio in GaN based
system is significantly higher than Si based hybrid photo-
diodes.

Figure 3 represents the photocurrent spectrum of a two-
terminal device in inert atmosphere under dark conditions
which was measured using a Xe-lamp source and a mono-
chromator. The photocurrent spectrum is typical of a semi-
conductor photodiode and shows an absorption bandedge at
�320 nm. For a similar concentration of the SAGC mol-
ecule a 20 nm blueshift of the cutoff wavelength toward the
UV wavelength is observed compared to Si based SAGC

system.3 The absorption edge of the SAGC wires are ob-
served to be at a higher energy compared to the bulk GaN
bandedge. Our recent results also show that the long range
ordering of the self-assembled wires and consequently the
gap length between the electrodes can be enhanced to
500 nm to enable photolithography techniques.

In conclusion, self-assembled guanosine based molecu-
lar wires have been used to fabricate two-terminal diode on
GaN semiconductor substrates. Due to polarity induced
along the direction of the SAGC wires during the self assem-
bly process, the output current of the GaN based photodiodes
is significantly higher than hybrid Si-self-assembled oligo-
nucleotide based photodiodes at similar input voltage. The
cutoff wavelength can be reduced to �325 nm.

This work is supported by National Science Foundation
under Grant No. ECS-05-33960 entitled “Self-assembled
guanosine based hybrid single-molecular electronic devices.”
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