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Abstract: We report ultra large photo responsivity ℜ  (ratio of photo-
generated current to absorbed power) in a single nanowire (NW) device 
made from a single strand of a nanowire (diameter ~30nm and length 
~200nm) of an organomettalic semiconducting charge transfer complex 
material of CuTCNQ. The device shows responsivity of 8x104 A/Watt at 1 
volt applied bias with an enhancement over the dark current exceeding 105 
at zero bias. The observed photo current has a spectral dependence that 
strongly follows the main absorption peak (close to 405 nm) showing the 
primary role of absorbed photo-generated carriers. 

OCIS codes: (250.0250) Optoelectronics; (040.5160) Photodetectors; (130.4815) Optical 
switching devices; (160.4236) Nanomaterials 
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1. Introduction 

In recent years photo-response in single nanowire (NW) of different materials have attracted 
wide attentions for their immense potential for applications in the nanoscale optoelectronic 
devices. These include nanowires of inorganic semiconducting materials [1–6], carbon 
nanotubes [7], oxide nanowires [8–11], core shell nanowires [12,13], polymeric nanowires 
[14,15], as well as some organic molecules [16]. These reports showed that it is possible to 
make photo devices based on a single nanowire, which can show substantial photo-response. 

In this paper we report a photodetector made from a single nanowires of charge transfer 
complex Cu:TCNQ (copper tetracyanoquinodimethane) that can reach a responsivity ℜ  
~8x104 AW−1, at a low bias of 1.0 V. One of the reported data on Si nanowire observed 
generation of substantial photocurrent even at zero applied bias [5]. This gives possibility of 
making a solar cell as well as unbiased photo detectors. In some of the inorganic nanowires 
like ZnO [8], the reported resoponsivity ℜ  can reach a value of ~105 AW−1 under an applied 
bias of 1.0 V. A detector with ℜ >104 AW−1 with a current resolution of 1pA and integration 
time 1 msec can detect a power of 10−16 W and photon energy of 10−19 Joule enabling 
detection of a single photon of wavelength 405nm (energy ≈4.9 x 10−19 J). The high ℜ  
detectors ( ℜ > 104 AW−1) for single photon detection are made using avalanche diodes [17], 
single nanowires p-n junction type photodetectors [18] or from superconductive films [19]. 
The device reported here differs from other devices mentioned above not only because it is 
made from a new material but also from the fact that the photodetection mechanism is 
different – it is a combination of photoconductive response and lowering of barrier at the 
contacts. 



Very few reports are published on opto-electronic properties and optical switching of 
charge transfer complex such as CuTCNQ, AgTCNQ and other organometallic compounds 
[19]. These organometallic molecular materials had been observed to switch between two 
stable states when exposed to optical radiation. Though the material has the potential to show 
large photoconductive gain, no investigation has been done on the photo response of single 
nanowire of such metal-TCNQ charge transfer complex. In this paper we report a large photo-
response of a single nanowire device that is made from a single strand of CuTCNQ nanowires 
of diameter ~30nm and length between two probes used for photo-response measurement 
~200nm, the device shows ultra high responsivity comparable to the highest responsivity in 
photo-sensitive nanowires published till date [8,9]. 

There are past reports of resistive state switching in Cu:TCNQ films using high power 
laser illumination [20] and its use as an enabling method for optical writing on this material 
[19]. However, the opto-electronic (photo-conductive) response observed by us in this report 
is a distinct phenomena that has different physical origin form that of resistive switching. 

2. Experimental details 

The Cu:TCNQ nanowires used here were made by vapour phase method by deposition of 
TCNQ on to a heated Cu-film (kept at ~130°C) grown on a glass substrate [21]. In the present 
work, we have grown nanowires with diameters in the range 20-50nm and length of few 
micrometers. A cross-sectional TEM image of the grown wires on Cu, are shown in inset (a) 
of Fig. 1. The wires are subsequently characterized by a number of techniques that include 
Micro-Raman Spectroscopy and FTIR spectroscopy to estimate the extent of charge transfer 

 

Fig. 1. TEM image of a typical Cu:TCNQ nanowire of diameter 30 nm. Inset (a) shows a FE-
TEM image of vertical growth of nanowires on a Cu film. The inset (b) shows an FE-SEM 
image of a 30 nm single Cu:TCNQ nanowire device connected with four deposited Pt leads 
(approximate separation ~200nm). Inset (c) shows I-V characteristics of the single nanowire of 
Cu:TCNQ taken in dark. 

and X-Ray diffraction to ensure that the Cu:TCNQ nanowires grown are in the more 
conducting Phase-I. A typical picture of a single strand of a nanowire taken by TEM, on 
which contacts are made, is shown in Fig. 1. An image of the sample NW device in Metal-
Semiconductor-Metal (MSM) configuration is shown in inset (b) of Fig. 1, connected with Au 
electrodes by Focused Electron Beam (FEB) deposited Pt with low deposition current and 
field to avoid any structural or physical property change in the NW. For attaching leads for 
the measurements, the nanowires are dispersed on SiO2 (300 nm thick)/Si (insulating) 
substrate containing pre-fabricated Cr/Au electrodes which are used as contact pads. 



Dispersing medium used is ethanol. The operation of attching leads to individual nanowires 
was done in a dual beam machine FEI HELIOS 600. The wires were imaged during 
fabrication, using FE-SEM (Field-emission scanning electron microscope). After selection of 
a single nanowire 4 leads were then connected using Pt electrodes deposited by the electron 
beam of the FE-SEM at a voltage of 15 keV and deposition current of 170 pA using the 
precursor methylcyclopentadienyl platinum trimethyl (CH3)3(CH3C5H4) Pt. Two inner 
probes in the single NW device were used for measurements of photo-current; all the 4 
electrodes were used to measure the 4-probe resistivity of the nanowire. 

Zero bias photo-current ( 0)PhI V =  of the single nanowire was taken using Lock-In-

Amplifier. The photo-current was directly put into the current amplifier input of the lock-in 
which has sensititvity <0.5 pA current gain. Schematic diagram of the measurement of the 
zero bias photo-response with lock-in amplifier is shown in Fig. 2 . The term zero bias current 
is used because no bias has been applied to measure the photo-current. The illumination was 
turned ‘ON’ and ‘OFF’ mechanically by a shutter when data shown in Fig. 3 was taken. The 
spectral response and I-V curves were recorded using a source meter (Keithley SM-2400) as a 
voltage source and a picoammeter (Keithley 6485) to measure current. 

 

Fig. 2. Schematic of the measurement of the zero bias photo-response with lock-in amplifier. 

3. Results 

The I-V characteristic of the nanowire in dark is shown in inset (c) of Fig. 1. Non-linear I-V 
shows the asymmetric contact in the device. The spectral dependence of the photo-response 

( )PhI λ is shown in Fig. 3 in the wavelength range 300-900 nm. The data are taken with a 

small bias of V = 0.5 V. The spectral response of the data shows a peak around λ ≈ 405 nm. 
To check whether the spectral response has a relation to the absorption, we measure later 
indeed. The absorption data are taken by two methods. One method is by dispersing the 
nanowires in ethanol by ultrasonication and taking data with the dispersing medium, and 
other method is by dispersing the nanowires on a polished quartz plate and then allow the 
dispersing medium to evaporate. In both cases the normalized absorption was found to be 
similar with a maximum at around the same λ  (≈405 nm) as shown in inset of Fig. 3. 

Comparison with the absorption and the optical response ( )PhI λ  curves shows that the optical 

response is indeed caused by the absorption of the light in the Cu:TCNQ nanowire 
predominantly at the peak absorption range, while at longer wavelength the response is at 
least an order less. The observed photo-response is related to creation of carriers (electron–
hole pairs) at the absorption peak. It is generally believed that on illumination the light is 
absorbed by the TCNQ moiety which leads to creation of neutral TCNQ and the absorption 
peak in Cu:TCNQ arises mainly from neutral (anion radical) TCNQ (TCNQ−1) [22]. If that 
indeed is the case, there is creation of electron from the TCNQ anion radical. 



 

Fig. 3. Photocurrent ( phI ) spectral response of the single nanowire device kept at a constant 

bias of 0.5 V. Inset shows absorption spectra of CuTCNQ nanowire. 

In Fig. 4 we show the photo-response of the device at zero bias ( 0)PhI V = , taken at a 

wavelength λ = 405 nm at different incident powers density. The data shown in Fig. 4 at 
different radiation power densities were taken by switching the illumination ON and OFF 
mechanically. The power density at the largest power corresponds to 2x106 Wm−2. At that 
illumination power density, the single NW device shows a large enhancement of the current 
to 120 nA. The dark current at zero bias was below the detection limit of 0.5 pA of Lock-in-
Amplifier. The enhancement of photo-current over dark is thus ≥  1.2x105 as shown in inset 
of Fig. 4. (The data were taken up to a chopper frequency of 2 kHz. The response did not 
show any roll-off up to that frequency.) 

For the device under test (DUT), the nanowire has a diameter NWd = 30 nm, with the length l  

between electrodes ≈200 nm. Assuming the NW absorbs all around and over the whole length 
l  between the electrodes, an optical power density of optP  = 1 Wm−2 corresponds to 1.9x10−14 

W absorbed by the sample ( sampleP ) between two electrodes. Since the absolute value of the 

absorbance is not known this is the maximum power absorbed by the sample. The value of 

sampleP  is thus an overestimation. For optP  = 2x106 Wm−2 the responsivity at zero bias 

( 0)
( 0) ph

sample

I V
V

P

=
ℜ = ≡ ≈ 3AW−1. The above estimate of the ( 0)Vℜ =  is made with the 

assumption that all the optical power that falls on the wire is absorbed. As pointed out before 

this overestimates the value of sampleP  and thus is a lower bound on ( 0)Vℜ = . This is more 

than that seen in GaN NW [5] [ ( 0)Vℜ = ≈  0.1 AW−1] that shows one of the highest recorded 

zero bias responsivity and much higher than that seen in Si single NW [6] ( 0)Vℜ = ≈  0.6 

mAW−1]. 



 

Fig. 4. Zero bias photocurrent at different optical power density optP  obtained with an 

excitation wavelength of 405 nm. The illumination was turned ON and OFF mechanically. 
(Inset) Ratio of illuminated current over dark showing current gain at zero bias is ~105. 

The zero bias photo current, ( 0)PhI V =  increases with the optical power density optP as 

shown in Fig. 4 and was found to have dependence ( 0)Ph optI V P γ= ∝ ,where the exponent 

0.3 0.4γ ≈ −  for a number of devices tested. Due to the sub-linear dependence of 

( 0)PhI V = on optical power density optP , ( 0)Vℜ =  decreases as optP  increases. In general the 

power dependence of the photo-current depends on the distribution of trap states around the 
Fermi level (EF). For systems with traps distributed uniformly with energy around the EF, 

1γ ≈  [23]. However, for many photoconductors (in bulk form) 1 0.5γ ≈ −  showing a non-

uniform distribution of trap states around EF [24]. In many nanowires, including 
measurements done on single nanowires [3,16] the typical exponent was found to be 

0.3 0.5γ ≈ − . It thus appears that in nanowires the traps have a broad distribution of energy 

around EF. The large carrier generation rate in a confined volume is expected to increase the 
non-geminate recombination cross-section and reduceγ . 

Application of bias enhances the responsivity ℜ  significantly. The I V−  data on the 

device under continuous illumination ( sampleP ≤  1.24x10−7 Watt, λ = 405nm) is shown in Fig. 

5. The measured ( )Vℜ ≈  8x104 (4x103) AW−1 for an applied bias of V = 1V (−1V). This is an 

enormous current response from a single nanowire and compares very well with some of the 
highest reported ℜ  seen in some of the NW devices under comparable bias as pointed out 
earlier. For instance some of the highest reported responses ( )Vℜ  at a bias of 1V 

are 5 110 AW −≈  for Si and ZnO nanowires [6,8], 3 1(1.0 ) 2 10V AW −ℜ ≈ ×  for GaN NW’s [2]. 

For most other inorganic nanowires of Phosphides, Selenides, Nitrides, Oxides [1,3,4,12] the 
reported (1 )Vℜ  lie in the range 1 3 110 10 AW− −− . 



 

Fig. 5. I-V curve under illumination (blue circle) of a single Cu:TCNQ nanowire MSM device. 
Wavelength of illumination is 405 nm. Solid red curve is fit to the MSM model. Inset 
represents schematic representation of MSM structure. 

4. Discussions 

The observed ultra large responsivity of CuTCNQ nanowires based MSM device can arise 
from contributions of three factors elaborated below. Two of these factors depend on the 
photoconductive response of the nanowire and the third on the MSM device configuration. 
Semiconductor nanowires with diameter < 100nm generally show very large photoconductive 

gain G  [25], where ,phI
G

qF
≡ phI  is the photo-current generated due to absorbed photon 

flux F , q  being the charge. G  is also given by the ratio ,
t

G
τ
τ

≡  where τ  is carrier life time 

and tτ  is the transit time through the device. Large gain 1G >>  can occur due to one or more 

of the following reasons. Existence of surface states lead to formation of depletion region 
near the surface that gives rise to built-in field which effectively breaks the photo generated 
electron-hole pair. The strong lateral field can trap the holes (for n-type conductors) thus 
prolonging the photocarrier (electron) life time ( )τ . Secondly, close proximity of the 

electrodes can reduce the carrier transit time ( )tτ leading to large enhancement of the 

photoconductive gain G . Since, G is directly related to ℜ , increase in G increases 
responsivity of a device. The reduction of the device length scale by reducing electrode 
separation (~200 nm) is thus one of the causes that enhance ℜ . 

In addition to the above, a third and rather effective way to enhance gain in the device 
under consideration originates because it is configured as a Metal-Semiconductor-Metal 
(MSM) device. In MSM devices the Schottky barriers at the junctions can get reduced by the 
photo-generated carriers [9,26]. This causes a large enhancement of the photo-current phI , 

which in turn leads to a large enhancement of ℜ . For the device used here, under 
illumination, the barrier height is reduced ~0.1eV and resistance changes from 1.0kΩ to 0.03 
kΩ as shown in Table 1. Reduction in barrier height and resistance are obtained after fitting 
the I-V curves (Fig. 5) 



Table 1. MSM Fitted Parameters of I-V in Dark and Under Illumination 

Conditions φ1 (eV) φ2 (eV) R (kΩ) 

Dark 0.27 0.45 1.0 
Illuminated 0.18 0.34 0.03 

under illumination, with a model of back-to-back Schottky diode that is used to model MSM 
devices [27]. Fitted curvers are shown in Fig. 5 (red line). All the fit parameters for both the 
dark and under illumination are tabulated in Table 1. The suppression of the series resistance 
R is due to the photoconductivity in the NW between the two contacts. Thus, large 
enhancement of the device current is a combined contribution of both barrier height reduction 
and photoconductivity in the nanowire. It is observed (Table 1) that on illumination, the 
barrier heights change to lower value, 1ϕ ≈0.18 eV and 2ϕ ≈0.34eV and the resistance of the 

nanowires reduces to R  = 0.03 kΩ. Both the barrier heights are thus reduced by nearly the 
same amount of ≈ 0.1 eV on illumination. In a MSM device, the photocurrent through the 
device depends on the light induced barrier reduction in the contact region [26]. It had been 
shown that in MSM type devices made on nanowires, one can obtain lowering of barrier, if 
large number of carriers are created or diffuse into the contact region due to illumination 
[7,27]. Control of contact barrier by electrical gate controlled charge injection has been 
recently utilized in Si NW devices [28]. Lowering of interfacial barriers on illumination at the 
metal-semiconductor junction in polymer field effect transistors, have been investigated using 
optical excitation directed in the electrode region without optically perturbing the channel 
[29]. Even charge generated in piezo-electric ZnO NW was found to lower the barrier [9]. 
The analysis of the I V−  data presented above shows substantial lowering of barriers at the 
two M-contacts under illumination. The extra carriers generated optically, that lead to 
photoconduction enhancement, however, diffuse to the barrier region leading to lowering of 
the Schottky barrier. A recent experiment on CdS NW MSM device, using near-field 
scanning microscope and localized excitation, has shown that such indeed is the case that 
most of the photo-response arises at the reverse biased MS junction [28,30] which leads our 
experimental results. 

An estimation of the lowering of barrier height due to photo-generated carriers is given 

below. The photosensitivity, S  which is defined as ph dark

dark

S
σ σ

σ
−

=  , where phσ  is the 

conductivity under illumination and darkσ  is that in dark, in the bulk of the NW S  is ≈33. 

Considering that the change in the conductivity due to the illumination ( ph darkσ σ σΔ = − ) of 

the NW is solely due to the change in the carrier density ( nΔ ), without any change in 

mobility, we can get a measure of the change in carrier density 
0

n

n

Δ
 ≈33 under illumination. 

This change in the carrier concentration nΔ  would lead to a change in the chemical potential 
which will lower the Schottky barrier [31]. The lowering of the Schottky barrier would thus 

be 0

0

lnB n nk T

q n
ϕ

 + Δ
Δ ≈  

 
. Using

0

33
n

n

Δ ≈ , at room temperature, we obtain 0.09ϕΔ ≈  eV. 

This is very close to the actual lowering observed in both the barriers ( 1 0.09ϕΔ ≈ eV, 

2 0.11ϕΔ ≈  eV). This is clear evidence that the photo-carriers generated by illumination in 

the NW reach the junction region and lower the barriers. 
To summarize this part, the proximity of the electrodes in our case can contribute 

substantially to the enhancement of the gain. In our case, in addition to the above, high 
responsivity appears to occur due to lowering of the Schottky barriers at the MS interfaces. In 
the case of Cu:TCNQ since there is not much information available on surface states, their 



role in enhancing the photoconductive gain as in other NW’s like Si NW cannot be 
ascertained. 

5. Conclusions 

In summary, we observed an ultra-large photoresponse in an MSM device fabricated from a 
single strand of a nanowires (diameter ~30nm) of the charge transfer complex Cu:TCNQ 
using FEB deposited Pt contacts which are separated by ~200nm. The observed responsivity 
can reach ℜ  4 18 10 AW −≈ ×  at a moderate bias of 1.0 V and can even show a large zero bias 
photo-current with an enhancement over the dark current exceeding a factor of 105. The 
observed photoresponse is comparable to the largest seen in some other single NW 
photodetectors. The spectral dependence of the photo current strongly follows the main 
absorption peak (close to 405nm), which shows the primary role of the photo-generated 
carriers. This is the first report of ultra large photoresponse in a single NW photodetector 
made from the charge transfer complex molecular material. 
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