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ABSTRACT: The organic dye ﬁlters of conventional color image sensors achieve the red/green/blue response needed for color imaging, but have disadvantages related to durability, low absorption coeﬃcient, and fabrication complexity. Here, we report a new paradigm for color imaging based on all-silicon nanowire devices and no ﬁlters. We fabricate pixels consisting of vertical silicon nanowires with integrated photodetectors, demonstrate that their spectral sensitivities are governed by nanowire radius, and perform color imaging. Our approach is conceptually diﬀerent from ﬁlter-based methods, as absorbed light is converted to photocurrent, ultimately presenting the opportunity for very high photon eﬃciency. KEYWORDS: Vertical silicon nanowire, photodetector, color imaging, image sensor, selective absorption
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vary with nanowire radius. In addition, wavelength selective photodetectors have been demonstrated using self-aligned silicon ﬁns in metallic slits.17 To the best of our knowledge, however, no color or multispectral imaging experiments have been performed that make use of this, probably because of diﬃculty in assembling reasonable numbers of the vapor liquid solid (VLS) grown nanowires into devices and in forming the necessary p-i-n junctions. We recently demonstrated that etched vertical silicon nanowires show vivid colors.18 This is a consequence of peaks in their absorption spectra that arise from the wavelength-dependence of the spatial distribution of the waveguide modes that they support.18 These spatial distributions depend on the nanowire radius.18−20 The nanowires are in arrays, but the eﬀect does not originate from diﬀractive eﬀects but can be understood at the level of the individual nanowire. An important advantage of this approach is that a single lithography step deﬁnes the nanowire radii and therefore their optical responses. We have previously shown that when embedded into a transparent ﬁlm the nanowires can be used as passive color ﬁlters for multispectral imaging.21,22 Here, we demonstrate a conceptually diﬀerent mode of operation. Rather than acting as passive ﬁlters, the nanowires incorporate photodetectors, meaning that absorbed photons are converted to photocurrent. This permits color imaging. The concept of our vertical silicon nanowire-based p-i-n photodetector is illustrated schematically as Figure 1a. Photodetectors based on vertical silicon nanowires have been



onventional image sensors achieve color imaging using absorptive organic dye ﬁlters. These face considerable challenges1 however in the trend toward ever higher pixel densities and multispectral imaging.2,3 For the former, the small absorption coeﬃcient of organic dyes sets a lower bound on ﬁlter thickness, limiting the realization of very small pixels. For the latter, that each ﬁlter function requires its own fabrication step makes devices with large numbers of spectral channels diﬃcult. Additionally, organic dye ﬁlters degrade under ultraviolet illumination and at high temperatures. There is therefore currently considerable interest for alternative approaches. Plasmonic color ﬁlters present the advantages that the spectral response can be determined ﬂexibly and that only one material is needed.1,4,5 However, the basic approach is unchanged from that used with organic dyes: color ﬁlters transmitting certain wavelengths are formed on the detectors. The wavelengths that are not transmitted are absorbed or reﬂected. Ideally, to maximize eﬃciency, we would instead prefer this light to be converted to photocurrent. To this end, image sensors based on color splitting have been proposed.6 Another approach has been to make use of the wavelengthdependent absorption length of light in silicon.7 Here, we instead make use of the unique optical properties of semiconductor nanowires, namely that their spectral absorption can be engineered, for ﬁlter-free color imaging. A key motivating factor for the ﬁeld of nanotechnology is that the properties of materials can be dramatically altered when they take the form of one-dimensional nanostructures.8 Semiconductor nanowires are especially of interest due to their unique optical and electrical characteristics.9−12 It has been demonstrated that horizontal germanium13,14 and silicon15,16 nanowires show light absorption and photocurrent spectra that © XXXX American Chemical Society
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Figure 1. Fabrication of vertical silicon (Si) nanowire photodetectors. (a) Concept schematic of p-i-n photodetectors based on vertical silicon nanowires (b) Fabrication steps. (i) Epitaxially grown n+/n− wafer doped with p+ on top. Aluminum (Al) etch mask is fabricated using e-beam lithography, evaporation, and lift-oﬀ. (ii) Vertical silicon nanowires are dry etched. (iii) PMMA is spun cast and cured. Top of PMMA is dry etched to expose nanowires. ITO is sputtered to make a transparent electrical contact to nanowires. (c) SEM image of nanowires in step ii of panel b. (30° tilted view). Each array contains 100 × 100 nanowires. Arrays contain nanowires with radii of 80, 100, 140, and 120 nm (clockwise from upper left corner). Heights of all nanowires are 2.7 μm, and pitch is 1 μm. Scale bar is 100 μm (d) Magniﬁed view of nanowires of panel c. (i−iv) Nanowires with radii of 80 nm/100 nm/120 nm/140 nm. Scale bars are 1 μm. (e) Reﬂection-mode optical microscope images of etched nanowires arrays. Scale bar is 100 μm. Radii of nanowires are 80, 100, 140, and 120 nm (clockwise from upper left corner) (f) SEM image of nanowires embedded in PMMA and covered by ITO (step iii in panel b). Scale bar is 1 μm. (g) Device after scribing has been performed on ITO layer to electrically separate nanowire arrays. Scale bar is 100 μm. (h) Photograph of fabricated device mounted on PCB. Inset shows magniﬁed image of device. Scale bar is 5 mm. Electrical connection established using gold wires and silver epoxy.



guarantee the uniform ﬁlling of polymethylmethacrylate (PMMA) between the nanowires in the later spacer fabrication step. Each nanowire array comprises 100 × 100 vertical nanowires and has an extent of 100 μm × 100 μm. The nanowires have vertical p-i-n junctions, consisting of p+/n−/n+ layers with thicknesses of about 200 nm/1500 nm/1000 nm, respectively. Figure 1c,d shows scanning electron microscope (SEM) images of arrays of etched vertical silicon nanowires. These images are obtained from a dummy sample fabricated using the same process as the actual device used in imaging experiments. This is done to prevent possible damage of the actual device from electron beam radiation and to minimize contamination.25 An optical microscope image of an array of etched vertical silicon nanowires on a silicon substrate is shown in Figure 1e. The color diﬀerence between the nanowires with diﬀerent radii is clearly seen. Figure 1f shows an SEM image of the silicon nanowires (radii: 80 nm) after the PMMA is etched



previously reported and shown to exhibit high phototransistive gain and infrared response.23,24 The wavelength-selective absorption properties of nanowires have not been used for color imaging, however, to the best of our knowledge. Key steps of our fabrication process are shown in Figure 1b. We start with a silicon epitaxial wafer (substrate: n+, epitaxial layer: n−). We dope the top of the epitaxial layer p+ to make a p-i-n structure. We dry etch silicon nanowires and make electrical contact to them with a transparent layer of sputtered indium tin oxide (ITO). This is described in greater detail in the Supporting Information. We fabricate arrays containing nanowires with radii of 80, 100, 120, and 140 nm. It should be noted that these and all other radii quoted in this paper are the design values in the electron beam lithography step. All nanowires are 2.7 μm tall with a pitch of 1 μm. We choose these parameters for fabrication considerations. We can etch nanowires with this height without them collapsing. The period is chosen to B
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Figure 2. Electrical measurement and optical simulation of fabricated device. (a) Dark state I−V curve of fabricated device (log scale). (b) I−V measured in dark state and under illumination of 270 mW/cm2 at a wavelength at 633 nm. Nanowires have radii of 140 nm. (c) Measured responsivities of photodetectors with nanowire radii (R) of 80, 100, 120, and 140 nm. (d−g) Measured and simulated external quantum eﬃciencies (EQEs) for nanowire devices with diﬀerent radii. Insets show electric ﬁeld intensity proﬁles (normalized) simulated at wavelengths of peaks of EQE spectra (simulations) denoted by dagger or double dagger. Proﬁles are horizontal slices (400 nm × 400 nm) at tops of intrinsic regions, that is, 200 nm below nanowire top ends. White circle shows nanowire outline. Inset of panel d shows simulated EQE of nanowires (R = 60 nm) when embedded in air (n = 1) rather than PMMA (n = 1.495). HE11 mode around 700 nm is distinct when surrounding medium is air but suppressed when embedded in PMMA.



increased by the large surface-to-volume ratio of the nanowires and damage to the silicon crystal structure from dry etching.27,28 We anticipate that the dark current could be reduced by synthesizing the nanowires using alternative methods or by adding passivation layers. Alternative synthesis methods could include metal-assisted chemical etching29 or VLS growth,30 as these frequently yield nanowires with smoother surfaces than dry etching. It has been reported that surface passivation using silicon dioxide31 or amorphous silicon32 reduce nanowire surface states. We measure the I−V characteristic of an array of nanowires with radii of 140 nm under dark and illuminated conditions (Figure 2b). I−V characteristics for all nanowire arrays under illumination are available in Figure S1 in Supporting Information. We measure the responsivities of devices containing nanowires with radii (R) of 80, 100, 120, and 140 nm at 0 V bias. The results are presented as Figure 2c and demonstrate that the choice of



and ITO is sputtered. It is evident that the tops of the nanowires are exposed as desired, meaning that electrical contact can be established. To electrically separate the nanowire arrays, the ITO layer is next scribed (Figure 1g). Finally, the device is mounted on a printed circuit board (PCB) and electrical contact is made by gold bond wires and silver paste (Figure 1h). The current−voltage (I−V) characteristics measured from unilluminated (dark state) fabricated nanowire arrays with four diﬀerent radii are shown as Figure 2a. Further details are contained in the Supporting Information. Each array contains 100 × 100 nanowires, and all measurements are conducted at room temperature. The dark current measured from each array is ∼300 pA at a bias of −1 V. The dark current density is therefore ∼3 μA/cm2, which is signiﬁcantly higher than stateof-the-art CMOS devices (3.8 pA/cm2).26 We believe this comes from thermal generation due to surface states that are C
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Figure 3. Color imaging experiments. (a) CIE 1964 XYZ color matching functions. (b) Channels VIS 1-3 represent linear combination of four relative responses (R = 80, 100, 120, 140 nm) of Figure 2c. Linear combination is chosen to achieve result similar to standard color responses (panel a). (c) Images captured by our nanowire arrays. (i) R = 80 nm, (ii) R = 100 nm, (iii) R = 120 nm, (iv) R = 140 nm. (d) Color calibration and gamma correction are applied (gamma = 2.2) to linear RGB image to produced corrected image. Linear RGB image constructed by linear combination of i− iv images in panel c. (e) Color image of test objects taken by our nanowire arrays. (f) Color image of test objects taken by conventional digital camera.



nanowire radius strongly modiﬁes the positions of the responsivity peaks. The major peaks correspond to HE11, HE12, and HE13 modes.19 It should be furthermore noted that by adding a bottom photodetector it would be possible to convert the light that is not absorbed by the nanowires to photocurrent. This presents the exciting prospect of image sensor pixels with signiﬁcantly higher photon eﬃciencies than current ﬁlter-based approaches as in principle all light incident on the device can be converted to photocurrent. This will be pursued in future work. The method furthermore has advantages over the approach to ﬁlter-free color imaging that uses the wavelength-dependent absorption length of light in silicon,7 as the spectral absorption properties in our case can be controlled by nanowire geometry, rather than being a ﬁxed material property. From the responsivity data, the external quantum eﬃciency is found and plotted as Figure 2d−g. To estimate the internal quantum eﬃciency, we perform electromagnetic simulations using the ﬁnite-diﬀerence time-domain (FDTD) method. The geometries of the simulated structures



are chosen to match those of the actual devices except for the nanowire radii. We ﬁnd that improved agreement between experiments and simulations is achieved when the simulated nanowires have radii 20 nm smaller than the design values of the actual devices. We believe that this is due to fabrication imperfections in the actual devices. The top radii of etched nanowires tend to be slightly smaller than the actual etch mask. This is consistent with previous reports of ∼5 nm notches for nanowires with diameters of 100 nm.33 In addition, the simulations assume perfect cylinders and do not account for the tapered sidewalls present in the real structures that result from undercutting in the etching step. The simulated external quantum eﬃciency is taken as the ratio between the power absorbed in the intrinsic region and the incident power, meaning that the internal quantum eﬃciency is assumed to be 100%. To estimate the internal quantum eﬃciency of the fabricated devices, use the least-squares method to ﬁnd the factor that, when multiplied by the simulated external quantum eﬃciency, results in the best ﬁt to the experimental data. This D



dx.doi.org/10.1021/nl404379w | Nano Lett. XXXX, XXX, XXX−XXX



Nano Letters



■



factor is then the internal quantum eﬃciency. For nanowires with radii of 80 nm/100 nm/120 nm/140 nm, the measured external quantum eﬃciencies are in reasonable agreement with the simulated external quantum eﬃciencies for internal quantum eﬃciencies of 0.24/0.26/0.28/0.30. That these are not unity is likely to be mainly due to surface recombination at the etched surfaces of the nanowires. We believe that the internal quantum eﬃciency can be increased by passivating nanowires using the methods mentioned above. In addition, the external quantum eﬃciency can be enhanced by optimizing the height and period of the nanowire arrays. Simulations indicate that light absorption increases as period decreases or height increases (Supporting Information, Figure S2 and S3). In Figure 2d (inset), the simulated external quantum eﬃciency is shown for the case that the nanowires are embedded in air, rather than PMMA. The HE11 mode can be seen to generate strong absorption peak at λ ≈ 700 nm. This peak is suppressed when the nanowires are in PMMA. It is for this reason that we use higher order absorption peaks, rather than the HE11 mode, despite the fact that they produce multiple absorption peaks in the visible range. Imaging experiments are performed using the nanowirebased photodetectors. In Figure 3a, the ideal response of the CIE (1964) 10° color matching functions is shown.34 We choose a linear combination of the signals from the four nanowires arrays (Figure 2c) to achieve a response similar to the standard color response of Figure 3a. It can be seen that there are diﬀerences between the standard response (Figure 3a) and that of our device (Figure 3b) because of the multiple peak nature of the responsivities of our devices (Figure 2c). We assign channels VIS1-3 to be the red, green, and blue (RGB) channels, respectively. In Figure 3c, images of the Macbeth ColorChecker card35 obtained with our nanowire-based imaging system are shown. These are obtained by recording photocurrents from the four nanowire photodetector arrays as the device is mechanically translated in a 180 × 128 array. Further details are provided in the Supporting Information. We combine the images obtained by the nanowire photodetector arrays (Figure 3c) to obtain a linear RGB image. We then apply color correction and gamma correction (Figure 3d). The resultant color image produced by our nanowire-based photodetector can be seen to be similar to the actual color chart. The measured RMS color diﬀerence ΔE*ab of the 24 color patches is 22.28.34,36 We also take the image of a scene of test objects with our device. Figure 3e shows the colorcorrected image. It can be seen that this is very similar to that obtained with a conventional camera (Figure 3f) with the slight diﬀerences due to the spectral response of our device (Figure 3b) not being perfectly matched to the standard response (Figure 3a). In conclusion, we have demonstrated ﬁlter-free color imaging using vertical silicon nanowire p-i-n photodetectors whose spectral responsivities are controlled by nanowire radius. Our method not only simpliﬁes the fabrication process, because the optical responses of the color pixels are deﬁned simultaneously through a single lithography step, but also opens the way to collect the photons that would be otherwise absorbed in conventional color ﬁlters. This method also presents the exciting opportunity for wideband multispectral imaging via the use of nanowires made from other semiconductor materials, for example, heterogeneous epitaxial nanowires.37
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