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Abstract

:

We propose a simple method to fabricate a photodetector based on the carbon nanotube/silicon nitride/silicon (CNT/Si3N4/Si) heterojunction. The device is obtained by depositing a freestanding single-wall carbon nanotube (SWCNT) film on a silicon substrate using a dry transfer technique. The SWCNT/Si3N4/Si heterojunction is formed without the thermal stress of chemical vapor deposition used for the growth of CNTs in other approaches. The CNT film works as a transparent charge collecting electrode and guarantees a uniform photocurrent across the sensitive area of the device. The obtained photodetector shows a great photocurrent that increases linearly with the incident light intensity and grows with the increasing wavelength in the visible range. The external quantum efficiency is independent of the light intensity and increases with the wavelength, reaching 65% at 640 nm.
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1. Introduction


Carbon nanotubes have continuously attracted the attention of the scientific community due to their excellent chemical, mechanical, and electrical properties [1,2,3]. They can be combined with different polymers to improve their mechanical and electrical response [4,5,6,7], applied as chemical and biomedical sensors [8,9,10], or used in different electronic applications to obtain improved optoelectronic devices [11,12,13].



Due to the high electrical conductivity, CNTs have a high dark current and are not suitable as photoconductors. However, they can be used in combination with traditional semiconductors to suppress the dark current and obtain highly sensitive hybrid photodetectors [14,15,16,17].



Photodetectors are omnipresent in applications such as monitoring, imaging, and communications [18]. To fulfill the high demand of low-cost CNT photosensors, we demonstrate a facile approach to fabricate performant CNT/Si photodetectors through the deposition of single wall carbon nanotube (SWCNT) films over a silicon substrate by a dry transfer technique [19]. The simple and fast method that we propose allows the formation of a uniform film of randomly distributed nanotubes over the substrate without the use of the expensive equipment necessary for the chemical vapor deposition (CVD) growth.



In this work, we focus first on the fabrication of the device and on the characterization of the SWCNT film, and we then present the electrical measurements in the dark and under illumination. The photoresponse is quantified by the external quantum efficiency (E.Q.E.) as a function of the intensity and wavelength of the incident light.



Of note, in addition to the low-cost fabrication, the efficiency of our devices is generally greater or equivalent to that observed in other CNT-Si detectors obtained by direct growth of the nanotubes using CVD [20] or by other approaches [21].




2. Materials and Methods


2.1. Device Fabrication


The device was obtained by depositing SWCNTs on a Si3N4/Si substrate using the dry transfer process. The substrate consists of a n-doped silicon wafer (300 µm thickness, 2300–3150 Ωcm resistivity) with the top surface covered by a 60 nm Si3N4 insulating layer. To enable the electrical connection, the back of the substrate was fully covered by a metallic layer (Ti 30 nm/ TiN 50 nm/ Ti 20 nm/ Pt 100 nm), and two similar metallic pads with 1 mm diameter were deposited on top of the substrate. A cross-section of the substrate is reported in Figure 1.



The transfer process consists of two principal phases (Figure 2): The first one is the realization of the SWCNT film and the second one is the transfer of it on to the substrate.



The SWCNT film is obtained by low vacuum filtration of a liquid solution of SWCNTs on a filter membrane. The liquid solution is made of SWCNT powder diluted to 80 µg/mL with distilled water and sodium dodecyl sulphate (SDS, 2% solution weight ratio). The SDS molecules surround the SWCNTs and prevent their aggregation and precipitation in the aqueous medium. The mixture is tip-ultrasonicated for one hour, obtaining a well dispersed compound. After that, the mixture is left for about 10 h to let the bundled nanotubes precipitate. After the removal of this precipitate, a stable mixture that does not show any kind of further SWCNT precipitation, after several months, is obtained. The stable mixture is then deposited on a filter membrane (Durapore PVDF, pore size 0.22 µm, diameter 47 mm) using vacuum filtration and is rinsed with a solution of ethanol, methanol, and water (15%–15%–70%) to remove all the surfactant from the SWCNT film.



The transfer process starts after the SWCNT filter has dried. The transfer is achieved by placing a piece of CNT film over the substrate, by wetting the membrane with water and ethanol, and then by pressing it to improve the adhesion of the film to the substrate. After a few minutes, the dried membrane is peeled off and the CNT film is left over the substrate.




2.2. SWCNT Film Characterization


The morphology of the SWCNT film was investigated using a field-emission scanning electron microscope (SEM, Zeiss LEO 1530) at an accelerating voltage of 5 kV. The SWCNTs form a uniform film that covers the substrate surface entirely (Figure 3a). The SWCNTs in the film are randomly oriented and form an intricate three-dimensional net structure (Figure 3b).



The chemical composition of the SWCNT film was investigated by X–ray photoemission spectroscopy (PHI 1257) with Mg Kα radiation. The survey spectrum in Figure 4a shows that the film mainly contains carbon with a small amount of oxygen (due to atmospheric contaminants), nitrogen, and silicon (due to the exposed substrate). Figure 4b shows the deconvoluted XPS spectrum of the core level C 1s. The spectrum has been fitted by the sum of six signals: aromatic rings carbon (C=C/C‒C, 284.8 eV), hydroxyl groups (C–OH, 285.9 eV), epoxy groups (C‒O‒C, 286.9 eV), carbonyl groups (C=O, 288.2 eV), carboxyl groups (C=O(OH), 289.3 eV), and the π-π* shake up (291.1 eV).



Figure 4c shows the valence electron energy loss spectrum (EELS) taken from the SWCNT film. By comparing our spectrum with typical graphite EELS spectra, it is possible to attribute the peak at 5.8 eV to the excitation of the π bound electrons and the broad peak centered at 25.5 eV to the excitation of the (σ+π) bound electrons [22].



To determine the quality of the SWCNT powder, micro–Raman spectra were acquired using a LABRAM spectrometer with a λ = 633 nm (1.96 eV) excitation line. For calibration we used the Raman peak of crystalline silicon. The Raman spectrum of the SWCNT film is reported in Figure 4d, that shows the D and G bands typical of carbon material. The D band, attributed to amorphous carbon, is less intense that the G band, indicating the high quality of the nanotubes. The G band is divided in two peaks: the G+ and G−, associated with carbon atom vibration along the axis and along the circumferential direction of the SWCNTs, respectively [23]. In the low frequency region, the radial breathing modes (RBM) typical of SWCNTs are present. Using the following phenomenological relation, it is possible to evaluate the tube diameter d starting from the RBM frequency ω [15]:


  d   nm   =   234   ω     cm   − 1     − 10    



(1)







Table 1 summarizes the diameter, the chiral vector index, and the nature of the SWCNT associated to the most intense RBM frequency observed from the Raman spectrum.





3. Results


All electrical and photoresponse measurements were performed with the sample inside a dark box using a source-measure unit Keithley 236 for current-voltage IV characterization. Different LEDs were used as light sources. The light intensity was modulated by neutral filters with different transmittance. An optical fiber was used to direct the light over the device surface. To measure the average photoresponse of the SWCNT-Si3N4-Si heterojunction, the optical fiber was placed at a distance such that the light spot covered most of the deposited SWCNT film. Figure 5a,b shows the setup adopted to measure the IV characteristics of the SWCNT film and the SWCNT–Si3N4–Si structure, in the dark and under illumination.



Initial electrical stress with repeated voltage sweeps in range (−40 V, +7.5 V) was applied to the SWCNT-Si3N4-Si heterojunction until the device showed a high current with reproducible rectifying behavior. The electrical stress causes the local thinning or breakdown of the Si3N4 layer, which is therefore treated as an ultrathin tunneling layer able to withstand a voltage drop and transmit an electrical current [24]. In this situation, a Schottky MIS (metal-insulator-semiconductor) structure is formed at the top surface and an ohmic contact is formed on the back side with the Ti/TiN/Ti/Pt film covering a large area (Figure 5c).



Figure 5d shows the IV characteristic of the SWCNT film in the dark and under illumination by the white light of a supercontinuum laser (SuperK COMPACT by NKT PHOTONICS Blokken 84 DK-3460 Birkerød) in the configuration of Figure 5a. The high conductance of the SWCNT film makes it impossible to detect a photocurrent.



Figure 5e shows the current measured in the configuration of Figure 5b by illuminating the SWCNT film of the device with a 640 nm light source at different intensities. The dark current quickly reaches high values in forward bias, whereas it remains below the noise floor of the experimental setup (around the nanoampere) in reverse bias, until the voltage reaches −7.5 V. At lower voltages, the current exponentially increases for a few orders of magnitude. The exponential growth is due to tunneling trough the MIS barrier, as shown in the band diagram of Figure 5c, which ends up in saturation due to the series resistance [24]. The current around −7.5 V follows the Fowler–Nordheim model,   I ∝      V d     2   ϕ  − 1     e x p   − b  d V   ϕ   3 2       , that describes tunneling through a triangular barrier under the application of an electric field (  ϕ   and d are the height and thickness of the barrier, and b is a constant). This is demonstrated by the linear behavior of the Fowler–Nordheim plot (  l n   I /  V 2    v s    V  − 1    ) shown in Figure 5f [25,26]. Moreover, assuming a SWCNT/Si3N4 barrier   ϕ =  Χ  S  i 3   N 4    −  Φ  C N T   ~ 4.0    eV    (   Χ  S  i 3   N 4      is the electron affinity of Si3N4 [27] and    Φ  C N T     is the work function of the SWCNTs [28]), from the slope of the F–N plot, a Si3N4 thickness less than 7 nm after electric stress can be estimated.



When the device is illuminated, the saturated reverse current shows an increase below −7.5 V (Figure 5e) with steps depending on the incident light intensity. The increase is due to photogeneration in the depletion layer that enhances the current, as shown in Figure 5c. The photocurrent is consistent with the growing photo absorption of Si in the range 380–640 nm. In the range −7.5 to 0 V, a photocurrent is not detected, as it likely occurs below the detection limit of  ~ 1 nA of the measurement setup.



Figure 6a shows the photocurrent (   I  p h o t o   =  I  l i g h t   −  I  d a r k    ) calculated as the difference between the current measured when the device is illuminated (   I  l i g h t    ) and the dark current (   I  d a r k    ), as a function of the light intensity for different wavelengths. The photocurrent increases towards the red part of the spectrum and is a linear function of the light intensity for all the wavelengths. We point out that the linearity is very important for the practical applications of the proposed photodetector.



We calculated the external quantum efficiency E.Q.E., defined as the percentage of collected electrons over the number of impinging photons:


  E . Q . E .  %  =    I  p h o t o   h c   e P λ   × 100    



(2)




where    I  p h o t o     is the photocurrent,  h  is the Plank constant,  c  is the speed of light in vacuum,  e  is the electron charge, and  P  and  λ  are the power and the wavelength of the incident light. The E.Q.E. plot in Figure 6b shows that the efficiency is independent of the light intensity. This is consistent with the linearity of the photocurrent as a function of the light intensity in our device.



We remark that the achieved E.Q.E., up to 65% for red light, is competitive with that observed in other CNT-Si detectors obtained by CVD growth of the CNTs [20] or by other methods [21,29].



Figure 6c shows the current under switching light by the white light of the supercontinuum laser, showing the good stability of the photo response for repeated light on/off cycles and a response and recovery time of few seconds limited by the time constant of the measurement setup [30].



We finally note that the performance of the device could be further optimized by tuning the thickness of the Si3N4 dielectric rather than relying on its thinning/breakdown by electric stress.




4. Conclusions


We have reported the easy fabrication of a SWCNT-Si3N4-Si photo detector that is obtained through the dry transfer of a SWCNT film. The nanotube film acts as a semitransparent charge-collecting layer that allows the light to penetrate inside the substrate. The bias applied to the SWCNT film with respect to the Si substrate allows the separation of the photo charge generated in the Si depletion layer.



We have shown that the SWCNT–Si3N4–Si device has a rectifying behavior and a photocurrent in reverse bias that increases linearly with light intensity.



As photodetectors are used everywhere, the proposed device represents a step forward towards the exploitation of carbon nanotubes in real-life applications.
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Figure 1. Schematic representation of the substrate cross-section. 






Figure 1. Schematic representation of the substrate cross-section.



[image: Electronics 11 00271 g001]







[image: Electronics 11 00271 g002 550] 





Figure 2. Phases of the dry transfer process. (a) Substrate and piece of SWCNT filter before the transfer. (b) SWCNT film pressed over the substrate surface after wetting it with water and ethanol. It is important to place the film in contact with the metallic pads to facilitate the connection of the device with the measurement equipment. (c) Peel-off of the membrane. (d) Detector with deposited SWCNT film and membrane after the transfer process. 
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Figure 3. (a) SEM image at low magnification of the SWCNT film. The nanotubes cover the substrate surface entirely; it is possible to see some residues of the membrane used for the transfer process. (b) SEM image at high magnification of the SWCNT film. 
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Figure 4. (a) Survey spectra of SWCNT film revealing the presence of oxygen and nitrogen due to the adsorption of atmospheric contaminants. (b) C 1s spectra. (c) Energy loss spectra. (d) Raman spectra. 
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Figure 5. (a) Pad to pad horizontal measurement configuration and (b) top–back vertical measurement configuration. (c) Band diagram of the device in reverse bias showing tunneling through the top barrier and photogeneration in the top depletion layer (the back contact is ohmic). The cross section of the device is also shown. (d) IV characteristics of the SWCNT film (configuration a) in the dark and under illumination by a white light (wavelength in the range 450 nm to 2400 nm and intensity   2    W  /   cm  2   ). (e) IV curves of SWCNT−Si3N4−Si MIS structure in configuration b) (top-back) under 640 nm light at different light intensities. (f) Fowler–Nordheim plot of the IV curves of the SWCNT−Si3N4−Si MIS structure around V = −7.5 V (the red straight-line   Y = a + b   X = 26 + 392   X   is the fit of 26    μ W  /   cm  2    data–green curve). 
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Figure 6. (a) Photocurrent vs. light intensity in reverse bias (V = −14 V) for different wavelengths. (b) Calculated E.Q.E. as a function of the light intensity for different wavelengths and (inset) average external quantum efficiency, E.Q.E., as a function of the wavelength. (c) Device current under switching white light (wavelength in the range 450 nm to 2400 nm and intensity   2    W  /   cm  2   ). 
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Table 1. RBM frequency (ω) obtained from the Raman spectrum and the evaluated diameter (d), chiral vector index (n,m), and nature of the SWCNTs.
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	ω (cm−1)
	d (nm)
	(n,m)
	Type





	267.2
	0.91
	(8,5)
	Metallic



	294.3
	0.82
	(9,2)
	Semiconductor
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