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Abstract

:

In the last 30 years research has shown that the resolution and reproducibility of data acquired using the atomic force microscope (AFM) can be improved through the development of new imaging modes or by modifying the AFM tip. One method that has been explored since the 1990s is to attach carbon nanotubes (CNT) to AFM tips. CNTs possess a small diameter, high aspect ratio, high strength and demonstrate a high degree of wear resistance. While early indications suggested the widespread use of these types of probes would be routine this has not been the case. A number of methods for CNT attachment have been proposed and explored including chemical vapor deposition (CVD), dielectrophoresis and manual attachment inside a scanning electron microscope (SEM). One of the earliest techniques developed is known as the pick-up method and involves adhering CNTs to AFM tips by simply scanning the AFM tip, in tapping mode, across a CNT-covered surface until a CNT attaches to the AFM tip. In this work we will further investigate how, for example, high force tapping mode imaging can improve the stability and success rate of the pick-up method. We will also discuss methods to determine CNT attachment to AFM probes including changes in AFM image resolution, amplitude versus distance curves and SEM imaging. We demonstrate that the pick-up method can be applied to a range of AFM probes, including contact mode probes with relatively soft spring constants (0.28 N/m). Finally, we demonstrate that the pick-up method can be used to attach CNTs to two AFM tips simultaneously. This is significant as it demonstrates the techniques potential for attaching CNTs to multiple AFM tips which could have applications in AFM-based data storage, devices such as the Snomipede, or making CNT-AFM tips more commercially viable.
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1. Introduction


Atomic force microscopy (AFM) has now been commercially available for over 30 years and the technique has been applied to analysing a diverse range of samples including, for example, living cells [1,2], hair and wool fibres [3,4], nanomaterials [5,6], DNA [7,8] and polymers [9,10]. AFM has also been applied to measuring the strength of chemical bonds [11,12] and surface forces [13,14] as well as determining the mechanical properties of a variety materials [15,16,17]. Over the years more and more functionality has been developed and built-in to commercial systems and there are now a large number of imaging modes beyond the standard contact mode, tapping mode and force distance spectroscopy that have increased the power of this technique. Indeed with the development of high-speed AFM [18,19], imaging modes such as TREC [20,21,22], Peakforce tapping mode [23,24], calibration procedures to precisely quantify force [25,26,27,28] and tip shape [29,30] as well as combining AFM with other types of microscopy [31,32,33,34] this technique will continue to develop and demonstrates considerable promise into the future. However, what remains consistent in the acquisition of AFM data is that the resolution and measurement accuracy of that data is strongly dependant on the AFM tip diameter, shape and durability.



AFM tips are typically composed of silicon or silicon nitride and have a conical or pyramidal shape. One method that has been explored to optimise tip shape parameters and increase tip lifetime is attaching carbon nanotubes (CNTs) to AFM tips. CNTs are good candidates for this purpose due to their structural, chemical and mechanical properties [35]. These properties have seen CNTs applied to a large number of research areas including, for example, solar cells [36,37], enhancing the performance of materials [38,39], sensor applications [40,41] and desalination [42,43]. The advantages of using CNTs as AFM tips include nanometre-scale diameter, high aspect (length-to-diameter) ratio, excellent thermal and electrical conductivity and significantly greater resistance to wear than conventional silicon AFM tips [44]. Methods exist to produce CNT-AFM probes including chemical vapour deposition (CVD) [45,46], dielectrophoresis [47,48] and manual attachment using electron microscopy [49,50]. While the development of CNT-AFM probes has potential benefits it is worth noting there now exist a range of AFM tips available that satisfy many of the advantages of CNT-AFM probes. Examples of these types of probes are summarized in Table 1.



Table 1 shows the nominal parameters for AFM probes with parameters similar to CNT-AFM probes.



Despite the potential advantages of CNT-AFM probes their application in AFM has not been as dramatic as early indications would suggest. Difficulty in attaching CNTs to AFM tips, scaling up the attachment process to multiple probes and the parallel technological development of silicon probes have seen their use limited. It should also be noted that CNT-AFM probes experience scanning artefacts unique to their usage. Strus et al. [51] demonstrated that adhesion between the sidewall of the CNT and surface structures can produce a “ringing” artefact in AFM images.



However, recent research has demonstrated that CNT-AFM probes are effective in determining the thickness and layer number of 2D nanomaterials such as graphene [24]. Two other areas that CNT-AFM probes can be beneficial is in their wear resistance and as AFM probes to perform conductive AFM imaging and measurements. While the technology for producing sharper AFM tips made from silicon has advanced considerably (refer to the nominal tip diameter for Scan Asyst probes) the smaller the diameter the tip is the higher the pressure on the tip while imaging and the greater the probability of blunting and wearing the silicon tip. Larsen et al. [52] demonstrated that CNT-AFM probes have at least 20 times the lifetime of silicon probes and sample wear is also minimized using CNT-AFM probes.



One of the more recent commercially available options AFM scientists have access to is high-speed AFM or fast scanning AFM [18,19,44] which has the potential to observe chemical and biological processes in real-time. Su et al. [53] determined that the applied force the AFM tip experiences is proportional to the impact speed of the tip, which is also proportional to the probe tapping frequency. Fast scanning AFM probes have resonant frequencies in the MHz range which is up to 10 times larger than typical tapping mode probes. This means that AFM probes with higher resonant frequencies will impact the sample surface with higher velocity and, therefore, increased force which can result in increased tip wear. Slattery et al. [44] showed that CNTs attached to the tips of probes specially designed for fast scanning are more resistant to wear than the silicon tips.



Another area of AFM research that CNT-AFM probes have been used is conductive AFM. Slattery et al. [54] showed that CNT-AFM conductive probes can achieve high resolution conductivity images and are more durable than standard conductive AFM probes. The method employed by Slattery et al. [54] to create their conductive CNT-AFM probes used a FIB/SEM to attach the CNT to the AFM tip. Martinez et al. [55] also used an SEM to attach a SWCNT to an AFM tip which was welded to the tip by focussing the SEM beam onto the CNT/tip junction. This produced an amorphous carbon layer which pinned the CNT to the AFM tip surface. Dremov et al. [56] and Xu et al. [57] also developed methods of producing conductive CNT-AFM probes by attaching multi-walled CNTs to metal coated AFM tips. Dremov et al. [56] used a technique based on dielectrophoresis while Xu et al. [57] welded CNTs onto AFM tips by flowing DC current through the AFM tip and attached CNT.



Attaching CNTs to AFM tips also means that the tip now essentially acts as an anchor point for the CNT. Therefore, blunt and used tips can be reused as CNT-AFM tips which is another advantage of these types of probes. However, the widespread use of CNT-AFM probes has diminished in the AFM community and is due to a number of factors including their tendency to only be applied to high spring constant tapping mode probes and the lack of methods that can attach CNTs to more than one AFM probe at a time. In this work we will demonstrate that one of the first methods developed [58] can be applied to contact mode cantilevers with low spring constant and can also produce two usable CNT-AFM probes in one process.



One of the earliest methods developed to attach CNTs to AFM tips was developed by Hafner et al. [58] and involves the manual attachment of CNT to AFM tips through the imaging of CNT covered substrates. This is also known as the pick-up method and is one of the relatively simplest methods to attach CNTs to AFM tips. The method involves simply scanning the AFM tip in tapping mode across a CNT covered surface. Van der Waals forces are sufficiently strong that occasionally a CNT will detach from the surface and adhere to the AFM tip. This typically causes a change in image resolution as the diameter of the attached CNT will typically be smaller than the diameter of the AFM tip. This method has been used by research groups to attach CNTs to AFM tips and have been used to analyse a variety of sample surfaces [59,60]. However, one of the drawbacks of the method is that only vertically aligned CNTs will adhere to the AFM tip and these make up a small proportion of CNTs on a typical CVD grown CNT surface. Wade et al. [60] also suggested that after some time has elapsed the vertically aligned CNTs may collapse onto the surface and, therefore, CVD produced CNT surfaces may have a limited lifetime for this time of attachment method. Gibson et al. [61] demonstrated how high-force tapping mode improves the rate and stability of CNT attachment to AFM tips using the pick-up method. This has the advantage of not only potentially adhering CNTs that are vertically aligned but also CNTs that are laying down on the substrate. Slattery et al. [47] also used high-force tapping mode imaging to demonstrate how this technique could be used to stabilize images produced using CNT-AFM tips. SEM images indicated that high-force tapping mode improved CNT-AFM performance by straightening and/or shortening the attached CNTs.



There are still challenges associated with the fabrication and implementation of CNT-AFM probes. The strength of attachment of the CNT to the AFM tip and the imaging stability of the CNT-AFM probe are crucial to their performance. Slattery et al. [62] demonstrated that certain imaging modes, such as peak-force tapping mode, may provide advantages to using CNT-AFM probes. The other major challenge is that the techniques to produce CNT-AFM probes tend to only attach CNTs to AFM tips individually. Some research has been done using CVD to fabricate multiple CNT-AFM probes in a single process, but they have limitations including non-uniformity of growing conditions. As yet, no AFM probe manufacturer offers CNT-AFM tips on the scale of a wafer and indeed it is becoming increasingly difficult to purchase these types of probes. In this work we demonstrate, for the first time, the pick-up method can also be used to attach CNTs to two AFM probes simultaneously. This proof of concept is significant, and we will discuss how the pick-up technique could be further improved to produce larger numbers of CNT-AFM tips in a single process. This has potential applications in not only AFM imaging but AFM-based data storage devices such as the “Millipede” [63,64,65] or “Snomipede” [66] which require large arrays of cantilevers. These types of instruments have the potential for considerable data storage densities. Durig et al. [67] demonstrated that 500 Gbit/in2 can be achieved using thermo-mechanical writing and readout in thin polymer films with bit sizes of 30–40 nm each. The performance of such devices could be improved by using CNT-AFM probes due to their wear characteristics, chemical stability and small diameter.



The pick-up method has been primarily used to attach CNTs to tapping mode AFM probes and possess relatively large spring constants (e.g., greater than 5 N/m). For contact mode cantilevers with spring constants typically less than 0.5 N/m the pick-up method is less effective. This is because capillary forces on the sample surface can cause the tip to adhere to the surface and prevent or disrupt the tip from disengaging from the surface and therefore makes stable CNT attachment difficult to achieve. We demonstrate that high-force tapping mode can be used with contact mode probes to achieve stable CNT attachment. These low spring constant CNT-AFM tips can then be used in tapping mode which will reduce imaging force compared to standard tapping mode probes.



We will also review the various methods to determine CNT attachment to AFM probes and comment on their advantages and disadvantages. These methods include changes in image resolution while scanning, analysing amplitude versus distance (AVD) curves and SEM imaging. This should prove particularly useful to researchers new to the field.




2. Materials and Methods


2.1. Carbon Nanotube Substrate Preparation


The procedure to produce the CVD grown CNT substrate has been described previously [56] but is summarised as follows. The process was started by sputtering 10 nm aluminium (Proscitech, Kirwan, Australia, 99.99%) and 5 nm iron (Goodfellow, Huntingdon, UK, 99.5%) sequentially onto a bare silicon surface (Siltronix, Archamps, France, <100>, single side polished). The sample is then placed into the CVD system under a flow of 1500 sccm argon (99.997%, BOC, Adelaide, Australia) and 500 sccm hydrogen (99.98%, BOC) and then raised to 750 °C and left for 10 min once the temperature is reached. CNT growth begins by adding 200 sccm acetylene (98%, BOC) and introducing water vapour with a 2500 sccm argon flow through a water bubbler. The growth is stopped after 10 min by stopping the acetylene, hydrogen, and water vapour flow in the order listed, and the system is cooled under the original 1500 sccm flow of argon.




2.2. AFM and SEM Experimental Details


AFM measurements were conducted using tapping mode in air in ambient conditions on a Multimode AFM with Nanoscope IIIa controller and a Multimode 8 AFM with Nanosocope V controller (Bruker Corporation, Billerica, MA, USA). AFM data was analysed using the Nansocope analysis software version 8.1 (Bruker Corporation, Billerica, MA, USA). The scanners were calibrated in x, y and z directions using silicon calibration grids (Bruker model number VGRP: 10 µm pitch, 180 nm depth, Bruker Corporation, Billerica, MA, USA, and Mikromasch TGZ01: 3 µm pitch, 20 nm depth, Mikromasch model TGZ01 Sofia, Bulgaria ). Details of the AFM probes used in this work are provided in Table 2.



SEM images are secondary electron images which were acquired using a FEI/Philips XL30 Field emission SEM (Eindhoven, Netherlands). Typical accelerating voltages used to acquire SEM images were between 10 and 20 kV.




2.3. Single AFM Tip CNT Attachment Using the Pick-Up Method


To attach CNTs to a single AFM probe involves scanning a CNT covered substrate in standard tapping mode. The CNT substrate used was prepared as described in Section 2.1. Standard tapping mode images were acquired with the amplitude set-point typically 70–80% of the free cantilever amplitude. The target amplitude was typically set between 350 to 1500 mV and corresponds to ~10–30 nm. Once in feedback and imaging, the amplitude set-point was then lowered in 10 mV increments until it was approximately 20–50% of the free cantilever amplitude. This high force imaging typically produced unstable scan lines and sections of AFM images. When a CNT became attached the image would stabilize and the amplitude set-point was then promptly returned to standard operating values (70–80% free amplitude). Subsequent AFM images were acquired to ensure stable AFM imaging and CNT attachment. Typically, the high force imaging would comprise 10–20% of the AFM image before CNT attachment occurred. In some cases it was found that relocating the AFM probe to a different area of the CNT substrate produced more stable images as CNTs on the area where pick-up occurred could be displaced and make imaging difficult. This process was successful approximately 80% of the time and could be repeated multiple times for the same probe.



To further demonstrate CNT attachment amplitude versus distance (AVD) curves were acquired. AVD curves are similar to static force distance curves except it is the cantilever oscillation amplitude that is measured as the AFM probe is pressed into the sample surface. AVD curves can be used to verify CNT attachment by the appearance of a buckling signature which occurs when the CNT attached to the AFM probe is pushed into a hard surface such as silicon. There are a number of research groups that have used AVD distance curves to verify CNT attachment to AFM probes [68,69,70,71] but they are also used to study experimentally and theoretically the compression, bending and buckling behaviour of CNTs [69,70]. This method was applied to AFM probes with nominal spring constants ranging from 0.24 to 16 N/m which covers AFM probes used for contact, force modulation and tapping mode imaging.




2.4. Double AFM Tip CNT Attachment Using the Pick-Up Method


The AFM probes used for this procedure were 1930-00 dLevers (Bruker Corporation, Billerica, MA, USA) as they are designed for tapping mode imaging in air and are the same length. Since the cantilevers are the same length it is assumed that when one is in feedback the other is also contacting the sample surface which increases the potential for CNT attachment. Once a stable CNT attachment was verified through AFM imaging and/or AVD curves the tip was retracted from the surface and the laser re-positioned and aligned onto the next cantilever on the chip. This tip was then brought into feedback with a reduced scan area of 10 × 10 nm. This was done to ensure that no additional CNTs were picked up. As soon as the second probe was in feedback AVD curves were acquired. If a CNT buckling signature was observed then this was considered verification that both probes had CNTs attached. If no evidence of CNT attachment was observed on the second probe then the procedure is repeated. Once CNT attachment was observed for both probes using AVD curves then tapping mode images were acquired on the CNT surface for both AFM probes to demonstrate that stable CNT attachment was achieved.





3. Results


3.1. Techniques to Determine CNT Attachment to AFM Tips


3.1.1. AFM Imaging


CNTs typically have diameters less than standard AFM tips and therefore it is expected that AFM images acquired before and after CNT attachment would have improved resolution. This is particularly evident when using the pick-up method and high-force tapping mode and is demonstrated in Figure 1. In Figure 1a the CNT covered surface is imaged with an FMV model AFM probe (Bruker Corporation, Billerica, MA, USA) and image indicates the tip is relatively blunt. Figure 1b shows the process of using high-force tapping mode to attach a CNT to the AFM tip. The region on the image where the tapping mode set-point is reduced is highlighted by a red rectangle and shows where the CNT has become attached and the resolution of the image has improved. In Figure 1c the same area is re-scanned and shows that the CNT attachment is stable and the image resolution is significantly Figure 1 shows the process of attaching a CNT to an AFM tip using the high-force tapping mode imaging method. Figure 1a is the image with the tip which is relatively blunt. Figure 1b shows the process of attachment by reducing the imaging set-point until a resolution change is observed. Figure 1c shows an improved resolution image with a stable CNT attached to the AFM tip. The height colour scale for images is 10 nm.



Analysis of the CNT in Figure 1a,c (denoted by the number 1) shows that the FWHM of the CNT has decreased by a factor of approximately 4 before and after CNT attachment.



This technique is particularly suited to the pick-up method as the same area can be re-scanned and the exact same CNTs FWHM compared before and after CNT attachment. A further advantage of high-force imaging is that it inevitably blunts the silicon AFM tips and, therefore, makes it obvious when CNT attachment has occurred. While this method is most applicable to the pick-up method it can also be used to verify CNT attachment using other techniques. Recent research has demonstrated that it is also possible to locate and relocate the same small areas and nanostructures on surfaces. This is typically done using techniques such as FIB milled or optical markers on the sample surface [26,72]. Tang et al. [48] also imaged and reimaged calibration grids before and after CNT attachment to demonstrate improved image resolution.




3.1.2. AVD Curves


Figure 2 shows a typical AVD curve when a CNT has been attached to an AFM tip. The figure shows sections A, B and C of the AVD curve. Section A shows where the AFM tip approaches the sample surface but has yet to contact it, therefore, the amplitude of cantilever oscillation is approximately zero and the curve is flat. Section B is where the tip begins to tap the surface and as the surface moves closer to the tip the amplitude of oscillation decreases steadily. Once the tapping force reaches a critical value the CNT begins to bend or buckle and the cantilever oscillation increases again and this is highlighted in section C. The amplitude and duration of the CNT buckling signature depends on a number of factors including the diameter of the CNT and the attached length [62,63,64,65]. This mode of operation is in-built in the majority of commercial AFMs and is relatively easy to implement with the primary drawback being that in the process of acquiring AVD curves the CNT can be dislodged if it is not securely attached. AVD curves have also been used to study experimentally and theoretically the compression, bending and overall mechanical behaviour of CNTs.




3.1.3. Electron Microscopy (EM)


TEM and SEM are often used to determine CNT attachment but typically requires a high resolution field emission microscope to resolve the attached CNTs, particularly if they are less than 20 nm in diameter. Figure 3a–e are examples of SEM images of CNT-AFM tips produced using the pick-up method. While EM can produce definitive images of the attached CNTs potentially yielding information on tip shape, CNT diameter and CNT length they do require careful edge-on imaging with an experienced operator. The tips that the CNTs are attached to must also be conductive which can be problematic for silicon nitride tips. It should be noted that CNTs on AFM probes are also susceptible to changes in humidity and electrostatic forces [54] which may be experienced in preparing for and executing EM analysis. Wade et al. [54] noted that they could not produce TEM images of their AFM tips which they were confidant had CNTs attached using the pick-up method. They concluded that electrostatic charging was removing the CNTs from the AFM tips. They solved this by using AFM probe containers that were conductive. We have also found that the electron beam itself can, in some instances, cause the CNTs to move or detach from the AFM probe, making SEM imaging difficult and damaging to the CNT-AFM tip. This can be seen in Figure 3f where the CNT was originally in the position of the dotted line but during SEM imaging the CNT moved to its final position indicated in Figure 3f. This rendered the CNT tip unusable. It should be noted that for the AFM probes in Figure 3a–e SEM imaging was very stable and multiple images were acquired indicating secure CNT attachment to the AFM tip. These probes were suitable for extensive AFM imaging in standard tapping mode and as the tips they are attached to are conductive then potentially also conductive imaging. For most CNT attachment methods, including the pick-up technique, improved resolution and AVD curves are sufficient to verify CNT attachment has occurred.





3.2. CNT Attachment to Contact Mode Probe Using the Pick-Up Method and High-Force Imaging


Figure 4 shows tapping mode AFM images of the attachment process using high-force imaging and the pick-up method for a Bruker NP contact mode (Bruker Corporation, Billerica, MA, USA) with spring constant equal to 0.28 N/m [73]. Figure 4a shows that the image was very unstable which is due to the low spring constant of the contact mode cantilever causing the tip to adhere too strongly for the feedback to maintain stable imaging. The nominal diameter of these tips is 40 nm which is relatively large compared to standard tapping mode probes. However, in Figure 4a high force imaging was used and sections of the image show CNTs resolved which indicates CNT attachment is occurring.



When CNT attachment was assumed to have taken place, which was confirmed by the AVD curve in Figure 5, then the probe was moved to a different location on the sample and a stable AFM image in tapping mode was achieved (refer to Figure 4b).



Stable tapping mode imaging with a contact mode probe is more likely after CNT attachment as the diameter of the CNT will be much less than the nominal diameter for the tip, thus reducing adhesion. Additionally, the stiffness of the CNT may add additional stability to the imaging process, provided the amplitude set-point is above 70–80% of the free cantilever amplitude. This is important as it demonstrates that modified high force imaging can facilitate CNT attachment to contact mode probes using the pick-up method. Therefore, since contact mode probes have spring constants 0.1–0.01 of the spring constant of standard tapping mode probes they can image soft materials with significantly reduced imaging force. This is the first time this technique has been used to attach CNTs to low spring constant contact mode probes.




3.3. CNT Attachment to Two Tapping Mode Probes Simultaneously Using the Pick-Up Method and High-Force Imaging


The pick-up method using high-force tapping mode imaging was applied to 1930-00 dlevers (Bruker Corporation, Billerica, MA, USA) which has two tapping mode AFM probes of the same length located on the same ship, with the nominal parameters described in Table 1. The methodology described in Section 2.3 was applied to these probes to demonstrate that the pick-up technique can be used to attach CNTs to more than 1 AFM probe simultaneously. An example of data indicating CNT attachment is shown in Figure 6a,b. This figure shows AVD curves acquired using 1930-00 dLever-C and 1930-00 dLever-D probes located on the same chip respectively. These AVD curves display distinctive buckling signatures indicating that CNT attachment has been achieved.



To verify that the CNT attachment to both probes is stable tapping mode AFM images were acquired on the CNT covered substrate and are shown in Figure 7a,b.



In approximately 50% of attempts simultaneous CNT attachment was achieved demonstrating that the pick-up method, facilitated by high-force imaging, is capable of attachment to multiple AFM probes. This is another important result as it demonstrates the potential of the pick-up method to produce more than one CNT-AFM probe in a single process which has been a drawback of other techniques.





4. Discussion


Early indications of the routine use of CNT-AFM probes in AFM have not occurred and are due to a number of reasons including the difficulty in attaching CNTs to AFM tips, scaling up the attachment process to multiple probes, the tendency of CNT attachment methods to only be applied to high spring constant tapping mode probes and the technological development of silicon probes. While there are numerous techniques for attaching CNTs to AFM probes these methods are almost exclusively applied to one AFM tip at a time. Attaching CNTs to multiple AFM tips means that these types of probes could become more commonplace than they currently are. Indeed, very few manufacturers provide CNT-AFM probes and they are typically greater than 100 US dollars each (e.g., FN-1 series K-Tek Nanotechnology). In this work we demonstrate that the pick-up method, one of the simplest techniques to attach CNTs, can adhere CNTs to two AFM probes simultaneously. While this is not at the wafer scale it does demonstrate the proof of concept. There are a number of ways this technique can be improved. For example, by optimizing the CNT substrate and probe parameters such as spring constant. Carnally et al. [59] coated AFM tips with a thin film of plasma polymerized hexane before using the pick-up method to create CNT-AFM probes. This coating presents the CNT with a highly hydrophobic coating to which it can adsorb and improved the success rate and robustness of the CNT-AFM probes. This approach combined with the methods employed in this work could allow larger scale production of CNT-AFM probes and is the subject of further research. If this procedure could be scaled up then larger arrays of probes could be functionalized with CNTs with a wide range of applications including, but not limited to, providing the AFM community with high resolution durable probes and data storage density research.



In this work we also demonstrated that the pick-up method can be applied to contact mode probes with spring constant less than 0.30 N/m. CNT attachment allows these low spring constant probes to operate in tapping mode. Contact mode probes operating in tapping in air with attached CNTs will allow soft biological samples to be imaged with much less force than standard tapping mode probes, which have much higher spring constants.



We also reviewed the advantages and disadvantages of the different methods that can be used to detect CNT attachment which include improved image resolution, AVD curves and EM imaging. This will be useful for any scientists entering this area of research.
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Figure 1. Shows the process of attaching a CNT to an AFM tip using the high-force tapping mode imaging method. (a) is the image with the tip which is relatively blunt. (b) shows the process of attachment by reducing the imaging set-point until a resolution change is observed. (c) shows an improved resolution image with a stable CNT attached to the AFM tip. The height colour scale for images is 10 nm. 
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Figure 2. This figure shows an AVD curve with a CNT attached. Section A is the tip approaching the surface with the amplitude of oscillation of the tip constant. Section B shows the amplitude of the cantilever as the tip begins to the tap the surface and the amplitude decreases. Section C shows where the CNT buckles and the amplitude of the cantilever temporarily increases until the amplitude is again suppressed. 
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Figure 3. SEM images of CNTs attached to AFM tips. The scale bars in each image are (a) 200 nm, (b) 500 nm, (c) 200 nm, (d) 200 nm, (e) 200 nm and (f) 200 nm. It can be seen in (f) that the electron beam moved the CNT from a relatively straight position, given by the dotted line, to a bent position. 
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Figure 4. (a) exhibits unstable imaging expected due to the low spring constant of the contact mode probe (0.28 N/m). High force imaging was used to attach a CNT to the AFM tip as can be seen in in sections of the image where CNTs are visible. (b) shows that CNT attachment was achieved due to a stable tapping mode image of the CNT surface. The height colour scale for images is 6 nm. 
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Figure 5. Shows an AVD curve for the contact mode probe used to acquire the AFM images in Figure 4a,b. The buckling signature typical for CNT attachment can observed. 
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Figure 6. Shows AVD curves for two 1930-00 dlever AFM probes located on the same chip using the procedure outlined in Section 2.3. (a) is for a 1930-00 dlever-C probe and (b) is for a 1930-00 dlever-D probe. Buckling signatures showing evidence of CNT attachment can be observed in both AVD curves. 
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Figure 7. (a) and (b) Show tapping mode images with (a) acquired using a 1930-00 dlever-C probe and (b) acquired using a 1930-00 dlever-D probe. The height colour scale for both images is 5 nm. 
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Table 1. Shows types of AFM probes currently available on the market that meet some of the requirements of CNT-AFM probes.
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	Manufacturer
	AFM Probe Type/Tip Composition
	Nominal Spring Constant (N/m)
	Mode of Operation
	Nominal Tip Diameter (nm)
	Tip Features





	Mikromasch
	Hi’ResC/Silicon
	5
	Tapping
	2
	Small diameter



	Bruker
	Scan Asyst air/Silicon
	0.4
	Peak-force tapping
	4
	Small diameter



	Bruker
	DCS40/high density carbon
	42
	Tapping
	40
	High aspect ratio



	Nanoworld
	SSS-NCH/Silicon
	42
	Tapping
	4
	Small diameter



	Nanoworld
	DT-NCHR/Diamond
	80
	Tapping
	300
	Wear resistance



	Nanoworld
	AR5-NCHR/Silicon
	42
	Tapping
	Less than 20 nm
	High aspect ratio



	Budgetsensors
	SHR300/diamond like carbon
	40
	Tapping
	2 nm
	Small diameter/wear resistance
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Table 2. Shows the nominal parameters for the different types of AFM probes used in this work. All probes were purchased from Bruker (Bruker Corporation, Billerica, MA, USA).
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	AFM Probe
	Nominal Length (μm)
	Nominal Width (μm)
	Nominal Resonant Frequency (kHz)
	Nominal Spring Constant (N/m)
	Nominal Tip Diameter (nm)





	FMV
	225
	28
	75
	2.8
	20



	1930-00 dLever-C
	85
	35
	175–325
	11
	20



	1930-00 dLever-D
	85
	55
	220–400
	16
	20



	NP
	120
	20
	56
	0.24
	40
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