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Abstract

We describe a technique which allows for atomic force microscopy to be used to make a physical measurement of the thickness of thin film samples.  When dealing with a film which is ultrathin (<100 nm), standard measurement techniques may become difficult to apply successfully.  The technique developed involves the fabrication of a distinct, abrupt step on the film surface, using a device we call the Abruptor.  This step can be scanned with an atomic force microscope, revealing the height of the step. Films from 6-15 nm are now routinely measured in this way, though it is possible to apply this measurement technique to thinner and thicker films.  The thinnest film we measured was 3.6 nm.

Introduction

In our studies of thin films and their optical behavior in the extreme ultraviolet (EUV), it is routine for the thin films group at Brigham Young University to deal with films that have thicknesses between 4-10 nm.  Thin films-- ultrathin films in particular-- can have optical properties distinctly different than those of the same material considered in bulk form [1].  When dealing with materials for which there is little or no existing work, this complication often introduces a large uncertainty to measurements of film thickness found using standard techniques, such as ellipsometry or low-angle x-ray reflection interference.  A physical measurement, however, is a much more direct approach, as it would not require substantial knowledge of the material being studied.

Atomic Force Microscopy (AFM) is capable of measuring surface structures with sub-angstrom resolution, making it an excellent method to precisely determine film thicknesses.  An AFM uses a pointed probe at the end of a long arm or cantilever, similar to that of a record player, which can be used to “scan” a surface.  In tapping mode, the probe is driven to oscillate in a plane normal to the sample surface.  Piezo drivers are used to raster the oscillating probe across the surface, while the probe taps the surface.  The height of the probe is monitored by bouncing a laser off the back of the probe, into a detector. Signals from the detector are used to construct an image showing the topography of the sample.


In many laboratories, film thicknesses greater than 100 nm are measured using AFM by creating a step in the sample between the surface of the film to the substrate.  This step in the sample must have certain attributes for film thickness to be determined from the collected data.  For ultrathin films to be measured using the AFM, the transition between the film and substrate across the step must be as immediate as possible, since AFM data is best when the scan sizes are less than 10 microns.  The piezo drivers used to raster the probe across the sample surface do not translate the probe in a line, but instead cause it to swing in an arc.  With larger scan sizes, this swing becomes more evident, and its presence becomes more substantial when precise, nanoscale measurements are being made.  Figure 1 illustrates the qualities an ideal step would have.  Also, whatever process is employed to create the step must not influence the structure or thickness of the film, since data collected would not truly reflect the thickness of the deposited film. 

Figure 1  A step in sample to be measured by AFM must have certain qualities, illustrated here by these very different landscapes.  Sand dunes are examples of poor quality steps, since they have a gentle, rolling transition from the top of the step to the bottom.  This makes it difficult to declare which part of the surface is the top of the step and which part is the bottom.  Preferred steps, in contrast, have distinct surfaces, where the top and bottom of the step are easily identified, as with the cliff of a canyon. Also, and ideal step in a surface has a very immediate and abrupt transition.  
There are a variety of techniques through which a step in the sample can be formed that involve the removal of the film from the substrate following deposition.  Among the most common are lift-off and photolithographic methods, which involve the deposition of a resist onto select areas of the substrate.  The film of interest in then deposited on top of the substrate, which is partially coated by the resist.  Chemical removal of the resist will leave only part of the substrate coated, and the step between the coated region and the uncoated substrate can be measured with AFM to determine the thickness of the film deposited [2].   Our deposition area, however, is not equipped for lithographic processes, so this approach was not taken.

 With the hopes of creating an AFM measurable step, we attempted to remove films from our substrates through a couple of alternative methods.  The “adhesive tape” method involved using a piece of adhesive tape on the sample surface, and ripping the film from the substrate.  In a second method, the film is scraped from the substrate.  An inexpensive technique similar to lift-off involves writing on a substrate with an indelible marker before deposition, then sonicating the sample in a solvent (such as isopropanol or acetone) afterwards.  The last step removes the marker lines, as well as the film that was deposited above them.

Attempts to produce steps through these methods, however, found little success.  With the materials of interest to our group (typically transition metals and their oxides), the adhesion between the film and substrate is great enough that removal the film is very difficult.  Scraping the film resulted in the film flaking, leaving debris and dust on the surface that interfere with the AFM probe when scans were made.  Occasionally an image could be collected, but the surface would show ridges parallel to the scraping motion, and peaks near the edge of the step-- indicating that the removal of the film had compromised the integrity of the surface.  Use of the indelible marker technique did not result in steps with a transition suitable for measuring ultrathin films with AFM.

Device

The problems encountered with the previously described sample preparation methods could be avoided by integrating step fabrication into the deposition process.  An AFM measurable step could be formed on the sample surface by placing a mask in firm contact with the substrate during film deposition.
To accomplish this, we chose double-edge stainless steel razor blades for use as the mask, and a rigid support for the razor blade was machined to hold the blade securely to the substrate surface at 45˚.  This step fabrication device (SFD) is called the Abruptor, and is pictured in Figure 2.  We acknowledge that the presence of the SFD may locally influence deposition.  However, with the tilt-back design of the razor blade support, we feel that shadowing effects will be minimized at the blade/substrate contact line.  The effects of “deposition atom deflection” (that is, deposition atoms incident upon the SFD potentially bouncing off the blade onto the deposition area), if any, are unknown.

Figure 2  a) The step fabrication device, and it parts: i) SFD body, ii) mounting bolt, iii) securing plate, and iv) stainless steel blade.  A measured drawing of the SFD is available upon request.  b) This is a photo taken of the SFD mounted in our deposition system, loaded with a 3” silicon wafer.
Use

A bolt passes through two springs, one above and one below the device body, to attach the SFD to the platform on which the substrate sits during deposition. Tension provided by the springs allows for the blade to be placed in tight contact with substrate, and offers control over how much pressure is applied by the device.  Before blades are used, they are sonicated first in acetone, then twice sonicated in hexane, and allowed to dry.  Each of the blade preparation steps are done with the blades hanging in a rack, with no contact between neighboring blades.  The following contact procedure is used to produce high quality steps:  

· Secure substrate to sample platform.  
· Hold the SFD between thumb and index finger, with razor away from palm
· Keeping the razor end of the Abruptor above the substrate, place the SFD into position.
· With other hand, begin threading the securing bolt to the sample platform, still keeping the razors edge above the substrate.
· Tighten the securing bolt to achieve the appropriate tension in the springs. Finding the proper tension in the springs is learned by trial and error. If the bolt is too loose, the edge will not be of high quality; if the bolt is too tight, it is possible to crack the substrate and/or scrape the substrate surface.
· Gently lower the contact end of the SFD to meet the substrate
To remove the SFD,

· Gently take hold of the SFD with hand position described above
· Apply a slight force to the SFD to pull the device into palm, increasing the force until the SFD slides slightly.
· Unbolt the SFD from the sample platform.
Evaluation

Our first use of the SFD was a success.  A thin film of vanadium (220 s deposition using a 4” DC magnetron sputtergun, onto a 3" silicon wafer) was imaged with a Digital Instruments D3100, within three hours of its removal from the deposition chamber. The image in Figure 3 was one of several collected during the AFM session, using the scope in tapping mode with a silicon nitride tip. The repeated appearance of a rounded triangle throughout the image is an artifact that comes from the substrate being a poorer quality of <111> orientation silicon wafers. Subsequent films were deposited on higher quality <100> silicon, which were ascertained by AFM to be smooth and flat (roughness <0.2nm). The surface of the <111> wafers had slight depressions, and the deposited film also had low spots, seen as the triangular features. That is, the triangle shape in the image appears with the same orientation, with the same frequency and relative prominence on both the film and substrate sides. The approximate sputter rate was known to be 0.04-0.05 nm/s, meaning the expected film thickness was 8.8-11 nm. A conformal film this thin translates any features the substrate might have, such as these from the <111> wafer.  Analysis of the image using the Digital Instruments Nanoscope software reported the step to be approximately 10.3 nm tall, seen in Figure 4, with the step transition occurring over less than a micron.  

Figure 3   This was the first image collected of a step in a sample using the SFD.  To interpret the image, imagine that it is what an observer above the surface sees when looking straight down, where the brighter features are taller than those that are darker. The size of the scan is 10 microns square, and the gray-scale to the right can be used to gauge the heights of features.  

Figure 4  Software available from Digital Instruments was used to analyze the image shown in Figure 3.  The step height is approximately 10.3 nm.

Following the initial AFM session, the vanadium sample was placed in an oven at 100 C for three days, to accelerate the oxidation of the film, after which it was remeasured with the AFM. It is routine for samples to be annealed in this way, and for the steps produced by the SFD to truly be useful, the steps should maintain the physical qualities needed to be measured with an AFM following such an annealing period. Oxide formation will generally result in the film swelling, as oxygen is incorporated into the film's structure. Analysis of the new images showed the thickness of the sample was now 14.8 nm, shown in Figure 5.  The step height had changed by a factor of 1.4

Figure 5  Following an annealing period, the height of the step is found to be approximately 14.8 nm.  In this image the scan size is 5 microns square.

The films produced in our sputter system are not perfectly uniform,  but it was expected that several measurements along a single step would be in moderate agreement. Measurements at different positions along the step, in both pre- and post-annealing sessions, do, indeed, report consistent values. As an example, Figure 6 is a second measurement of the annealed vanadium film, taken at a different position along the step.  Notice, the measurements of Figure 5 and Figure 6 match the nicely, despite the two locations of the data collection being separated by millimeters.

Figure 6  Subsequent scans of the annealed film at different positions along the step report similar thickness values.  Here, the step height is approximately 16.6 nm, which is reasonably similar (within 10%) to what was reported in Figure 5.

Use of this technique consistently gives good results.  Our success rate for producing a measurable step is nearly 90% for work where a thickness estimate or confirmation is sought and about 70% when a step of the highest quality is needed.  As described in the previous section, it is clear that device placement and removal are skills learned though experience, and require a certain amount of finesse.  On the nanoscale, these “macro” actions each have the potential to introduce features to the surface which may appear in the images and prevent a proper step height measurement.

Transitions between film and substrate vary, but steps typically have slopes on the order of 8 nm over 0.7-0.9 microns. It has been more difficult to produce a high quality transition for thinner films (less than 6 nm). Here, the transition from film to substrate may have an acceptable slope only in isolated regions along the length of the edge.  The best transition observed was a drop of 12.5 nm over a mere 0.12 microns, while the thinnest measured film was 3.6 nm.  We believe that thinner films could be measured, provided that the appropriate surface position for engaging the AFM could be found using the microscope’s “guidance” optics.  A majority of the extremely thin films studied have oxides present that are essentially transparent in the visible, making it very difficult to identify the step while cruising the surface prior to probe engagement.  Being able to determine where to engage the probe with the sample is crucial, otherwise collecting an image of the step is akin to taking shots in the dark.

Additional Results

Three thin film samples of vanadium were deposited, separately, at a multiple of a single sputter time (133 s, 266 s, and 399 s) to produce samples that would have similarly related thicknesses.  The samples were then annealed in an oven at 85( C for three days, and measured with the AFM.  A graph of the step height measurements is shown in Figure 7, with a trendline showing the results of a linear fit.  The equation of the trendline shows the thickness vs. time extrapolates to 1.4 nm for a 0 s deposition (in the graph, the y-axis meets the x-axis at t=62 s). One explanation for this might be to assume the presence of an ultrathin layer of hydrocarbon contaminants on our substrates which is covered by the film as it is deposited, such that the thickness measurements are not solely that of the film, but that of the film plus the hydrocarbon underneath. Based on recent experience with hydrocarbon contamination, the hydrocarbons present on the substrate before film deposition could be between 0.1 and 1.5 nm thick, depending upon the amount of exposure to ambient conditions [3]. No special precautions were taken to eliminate surface layers from substrates before deposition. This layer of hydrocarbon is usually not reported in AFM images, as the AFM probe pushes right through the contaminant since the layer is soft.  Here, though, the hydrocarbon layer is coated with a thin film, and presence of the hydrocarbon is revealed in these measurements.  A second explanation is that the same amount of vanadium oxide forms on the surface of each sample.   

Figure 7  Films with sputter times that are multiples of each other are expected to have thicknesses which are multiples of each other.  Here, though, we see that the film that has the 266 s sputter time is not twice as thick as the film with the 133 s sputter time, nor is the 399 s film three times as thick as the 133 s film.

The explanation involving the presence of a contaminant on the surface receives support from some apparently anomalous features noticed over the course of study of over sixty samples.  Though imaging sessions were usually routine, occasionally features would appear in the images that were without immediate explanation.  Figure 8 shows four examples of strange structures on sample surfaces. Each of the images in Figure 8 is that of a step between film and substrate. On the surface of the film in each image, there are a number of small ridges which run parallel to each other, intersecting the step at various angles. In each instance, the family of ridges have approximately the same height, but do not have uniform spacing.  Also, the ridges do not intersect each other, suggesting that all of them are the consequence of a single physical movement or action. These features were not consistently present among the samples.

Figure 8  Four examples of the puzzling surface features are shown, each from different samples. Each image is that of a step between film and substrate. On the film side of each step, there appear to be ridges, which are not seen on the substrate side. Between the images, the families of ridges have little in common, while ridges of a specific family follow a common contour. Two of the images here show some nanodust, which is responsible for a few bright scan lines, but this is not unusual to see on the sample surfaces.  

The anomalous features seen in a few of the samples, and the issue of with the film thicknesses not extrapolating to zero, can be explained as follows: 

As the SFD makes initial contact, the portion of the blade that is not sandwiched between the securing plate and support surface (between the edge of the razor and the Abruptor body) will bow under the applied force.  We refer to this as “blade-bow”, and it is illustrated in Figure 9.  When blade-bow occurs, the contact edge of the mask slides along the substrate surface.  The blade then might act as a plow, pushing hydrocarbon contaminant in front of the blade. Subsequent film deposition coats the entire region, and removal of the SFD produces a step which has a height that is the thickness of the film plus the hydrocarbon that was pushed in front of the mask.

Figure 9  a) This is an extreme close-up of the contact area between the SFD and the substrate, prior to blade contact being made.  The components of the system are: i) substrate, ii) hydrocarbon contaminant (whose thickness is severely exaggerated), iii) razor blade mask, iv) SFD body, and v) securing plate. b) The blade pushes through the soft hydrocarbon layer as contact is made.  The force necessary to secure the SFD to the substrate causes the blade to buckle slightly, where vii) identifies the position of the undisturbed blade.  The thickness of the hydrocarbon in front of the blade may increase as the blade slides over the surface.  c) A thin film (whose thickness is also severely exaggerated) is deposited, and both the substrate and SFD become coated.  d)  Removal of the SFD leaves a step which will be measured by AFM.  Notice the contribution of the hydrocarbon underneath the film to the step height.

Conclusion

We have developed and applied a technique which produces a step in ultrathin films, which can be measured with AFM to find the step height.  Once a deposition chamber is modified to accommodate the use of the SFD, producing measurable samples is quick and inexpensive. Films as thin as 3.6 nm, and as thick as 220 nm have been measured using this method.  Studies of film thicknesses using this technique have offered insight into the oxidation of vanadium thin films, as well as the presence of hydrocarbon contaminants on substrates.  To better understand the effect of the presence of the SFD to the film deposition in the contact area, it will be necessary to image samples over larger scan areas. 

