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ABSTRACT 

Modem ULSI technology is currently pushing the limits of metal-oxide-

semiconductor field-effect-transistor (MOSFET) gate dielectric stability by requiring 

thicknesses on the order of only a few tens of angstroms [1]. At this thickness, even small 

levels of contamination may lead to undesirable or fatal device characteristics. Common 

techniques for detecting the effects of contaminants on MOSFET devices use, for 

example, gate oxide integrity (GOI) and capacitance vs. voltage (C-V) curves methods. 

Such methods, however, lack the spatial resolution required to characterize the effects of 

an isolated contaminant. Imaging techniques with high lateral resolution such as Atomic 

Force Microscopy (AFM) and Scanning Capacitance Microscopy (SCM) offer some 

information about both the local presence and effect of contaminating materials. 

Additionally, a new technique called Tunneling Atomic Force Microscopy (TAFM) has 

been developed to locally map and characterize the electric properties of thin oxides in 

order to study how contaminants interact with the oxide. This technique uses an AFM 

with a conducting tip to place a localized tip-sample bias across the oxide, causing 

quantum mechanical electron tunneling. The TAFM can be used in a constant current or 

constant voltage mode, yielding complementary information about the local electronic 

properties of the features in the oxide film. Also, by fixing the position of the tip above 

the feature and ramping the bias, one obtains an I-V curve that can be analyzed using 

metal-insulator-semiconductor (MIS) theory. An analysis of the AFM map, TAFM map, 

and I-V curves helps one to determine the nature of the bulge. 
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1 MOORE AND THE MOSFET 

In 1965, Gordon Moore noted that with the shrinking of transistors, the number of 

devices per square inch in integrated circuits had doubled with every generation since 

they were invented and that each generation appeared about every 18-24 months. 

Although he initially had little confidence that this trend would be followed so closely, 

Moore's Law, as it is known today, continues to accurately predict the growth in the 

computer chip industry. 

Channel 
p-Tyi^Si 

Figure 1-1: Diagram of a MOSFET 

Modem integrated circuits used in computers, both RAM for data storage and logic 

circuits for data processing, rely on the Metal Oxide Semiconductor Field Effect 

Transistor (MOSFET) acting as a simple switch. Figure 1-1 shows a cross-section of a 

basic n-channel MOSFET. In the device's inactive state, the p-n junctions between the 

source and channel and the drain and chaiuiel create depletion regions that prevent the 

flow of current from the source to the drain. To turn the switch on, a positive bias is 

applied to the gate that attracts electrons to the region beneath the dielectric, forming a 

conductive channel between the source and the drain. 
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The MOSFET, which started with a channel length of 10 in the 1970's, continues 

to shrink under the constant struggle to increase the processing power of computers and 

now has a channel length of about 100 nm. Reducing the size of the MOSFET reduces 

switching time, power usage, cost per transistor, and cost per function while increasing 

circuit density, which allows more complicated processing and more data storage. As the 

length of the channel is decreased, the voltage across the channel must be reduced or 

several effects called short-channel effects come into play that degrade the MOSFET 

performance. Since the voltage across the channel becomes the output voltage of the 

transistor and this output is used to drive the gate of the next MOSFET in the circuit, all 

the MOSFETs must also be tuned to switch at lower voltages. This is done by reducing 

the dielectric thickness approximately linearly with the channel length in order to 

maintain a large enough capacitance and therefore to draw enough charge to the gate to 

create a channel. However, as the dielectric, traditionally silicon dioxide, has thinned to 

less then 4 nm, significant problems with reliability of the film have surfaced. Common 

problems include uniformity in thickness; susceptibility to low levels of contaminants, 

particularly metals; and edge defects due to film patterning. 

The research detailed in this dissertation has been directed at developing tools and 

techniques for characterizing these defects using a spatially localized probe, an atomic 

force microscope, in order to determine methods and materials for tomorrow's 

MOSFETs. 
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2 ATOMIC FORCE MICROSCOPY 

The Atomic Force Microscope (AFM) was invented is 1986 at Stanford University by 

G. Binnig, C. F. Quate, and C. Gerber [2] as a means of measuring inter-atomic forces. 

Their invention was based on the commonly used profilometer. hi this device, a stylus 

attached to a spring is placed in contact with a sample to be examined. The stylus is 

dragged along the surface of the sample and any compression of the spring, measured 

with a variety of techniques, is translated into an image of the sample surface. To create 

the AFM, Bimiig et. al. used an extremely small cantilever as the spring, a diamond as 

the stylus or "tip", and a current tunneling mechanism mounted behind the spring to 

measure displacements of the spring on the order of 10"^ A. 

2.1 Principles 

2.1.1 Basic Operation 

The new AFM system worked, however, it was later recognized that the force applied 

by the tunneling mechanism was greater than the atomic forces being measured. In 

modem AFM systems [3], several methods of tip displacement detection are used 

including optical interference and cantilever-mounted strain gauges. Most systems, 

however, are now based on an optical deflection teclinique for measuring the 

displacement of the scanning tip as shown in Figure 2-1. A laser beam is reflected off the 

back surface of the cantilever and is incident on a split photodiode. While the cantilever 

is in its relaxed position with the sample far from the tip, the photodiode is aligned such 

that the light falls equally on each half. During operation of the AFM, the difference of 
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the intensity of the signal to each half of the photodiode measures the degree of 

deflection of the cantilever. 

Split Photodiode 

A 

Tip Assembly 

Sample 

Z-Piezo 

X-Y-Piezo Set Pomt 
0 

Figure 2-1: Diagram of an AFM system 

To image with the AFM, the sample and tip are brought into contact using a stepper 

motor until the cantilever deflects slightly. The sample is then raster scanned beneath the 

tip by applying appropriate sine waves to X and Y piezoelectric materials on which the 

sample is mounted. These piezoelectric materials provide a fine control over all three 

directions of motion allowing accuracies of a fi*action of an angstrom in the z direction 

while providing up to 120 |im travel in both of the lateral directions. 
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The simplest method for obtaining an image of the sample topography is simply to 

note how the cantilever deflects as the tip is scanned across the surface, assuming the 

photodiode voltage is calibrated in terms of the tip deflection for the cantilever in use. 

Though simple, this "constant height" mode allows the tip-sample force to vary with the 

deflection of the cantilever according to Hooke's Law, Fcam = -kz, where k is the spring 

constant of the cantilever and z is the deflection distance. Imaging of a soft sample may 

then show an incorrect representation of the topography as the force, and therefore 

penetration depth, changes. 

A more accurate technique for imaging is called the "constant force" mode. In this 

mode, the initial deflection is set at a value chosen by the user thus determining the force 

of contact. As the tip comes into contact with a surface feature on the sample, the 

deflection of the tip is noted and compared to the set point deflection. The bias to the z-

piezoelectric is then adjusted to raise or lower the sample until the cantilever returns to 

the set point deflection. This bias is also displayed on the screen, calibrated in units of 

distance, to produce the topography image of the sample. With this feedback, a constant 

deflection of the tip, and therefore force, is maintained leading to accurate imaging of 

topography even on soft samples. This technique also has the advantage that the system 

calibration is dependent on the z-piezoelectric, which is rarely changed, as opposed to the 

cantilever, which is often changed. 

2.1.2 AFM Tip Assemblies 

Modem AFM tip assemblies are made from a variety of materials. Most common 

today are microfabricated silicon or silicon-nitride tips. Figure 2-2 is an SEM image of an 
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Ultrasharp brand AFM tip. On the left in the image is the tip substrate, a large area used 

to hold and manipulate the tip. In the center of the image is the spring-like cantilever and 

on the right pointing up is the AFM tip itself. These tips can often be processed to 

improve the tip sharpness and they can be coated with various materials to, for example, 

harden them or make them conducing or magnetic. Also useful, however, are homemade 

tips such as those described later in this work. 

Figure 2-2 : SEM image of an Ultrasharp brand AFM tip 

2.1.3 Tip Convolution 

The finite size of the AFM tip may result in artifacts in the images obtained with an 

AFM. This is demonstrated below in Figure 2-3. In this figure, a tip of radius Rt images a 

feature of radius Rf on a sample. The resulting image of the feature has a radius of 

Ri = Rt + Rf. Thus, since we tend to think of the tip as an infinitesimal point, it appears as 

though this point has imaged a much larger feature. 
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Figure 2-3: AFM tip Convolution 

When imaging surfaces at larger scales, say for example a 10-100 ^m scan, with a 

common resolution of 512 pixels per scan line, visible features can be no smaller than 

about 20-200 nm. In this case, tip convolution can generally be negligible. For smaller 

scans, a sharp tip is necessary to produce reliable images. In these cases, it is obviously 

highly desirable to produce tips with a radius of curvature as small as possible. 

2.1.4 Tip-Sample Interactions 

In order to fully understand the operation of the AFM, it is important to understand the 

forces acting between the tip and the sample. However, the flexibility of the cantilever 

complicates a direct measurement of these forces. To help conceptualize these forces, 

begin by considering a tip attached to a cantilever with infinite stiffhess such that the tip-

sample separation is controlled directly by the substrate-sample separation. Later, this 

restriction will be relaxed. 

Three particularly important forces are the van der Waals, capillary, and ionic forces. 

It is primarily these forces that act on the cantilever and therefore balance its Hooke's-

Law force: 

Fcant = FvdW + Fc + Fi. 
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d) A 
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"Si 
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van derWaals/ 
Capillary (Attractive) 

Figure 2-4: Tip-sample force as a function of separation in air 

Figure 2-4 shows a typical plot of the sum of the three forces as a function of the tip-

sample separation. At large separations, the force is negligible. At smaller separations in 

a vacuum or some other inert environment, van der Waals forces attract the tip towards 

the sample. This force is generally given in terms of the Hamaker constant, A. This 

constant is defined as 

A = -kT 
4 

3 .Je,-sz^' \ 3/ 

I6V2 (n,* +nl j ' '  f 2/ 

where ei, 82, /»i, and ni are tlie dielectric constants and refractive indexes of the two 

materials and I is their ionization potential. For a sphere of radius R whose center is a 

distance D from a flat surface the force is given by 
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Fvdw = AR/6Dl 

For example, a tip of a typical radius of 10 nm in direct contact with a plane would be 

attracted to the plane with a force of about one nN. 

In air, where the tip and sample are generally covered with a thin layer of physisorbed 

water vapor, a capillary bridge forms between the two surfaces that creates an attractive 

force between the tip and the sample. This force is given by [4] 

Fc = 4 71R Y COS0 

where R is again the radius of curvature of the tip, y is the surface tension of the liquid, 

and 0 is the angle subtended by the capillary bridge. It is commonly the case that a small 

concentration of a vapor forming a capillary bridge will dominate the tip-sample force. 

As the tip approaches to within about an angstrom of the sample, or about the distance 

of a chemical bond, the ionic antibonding force begins to repel the tip. The ionic 

repulsion increases until this repulsion balances the attraction of the van der Waals and 

capillary forces, and the tip is said to be in contact with the sample. Furdier decreasing of 

the substrate sample separation results in an upward force on the tip. 

Although extremely useful conceptually, the type of curve shown in Figure 2-4 is 

difficult to obtain at the nanometer scale because the finite deflection of the flexible 

cantilever required to measure the force is comparable to the tip-sample separation. 

However, some information about the tip-sample interactions can still be obtained with a 

flexible cantilever by measuring the deflection of the cantilever as a function of the 

substrate-sample separation. Figure 2-5 shows a typical such curve called a force curve. 
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Separation 

Figure 2-5; Deflection as a function of substrate-sample separation (Force Curve) 

When the substrate-sample separation is large, the cantilever is not deflected. As the 

substrate is brought closer to the sample, attractive forces between the tip and sample 

increase until they are sufficient to deflect the cantilever slightly in the direction of the 

sample. By bending the cantilever and bringing the tip closer to the sample, the forces 

increase further, causing the cantilever to bend farther towards the sample. A run-away 

process thus snaps the tip towards the sample until the repulsive ionic force and the 

Hooke's Law restoring force of the cantilever balance the attraction. At this point, the tip 

is in contact with the sample and further reduction of the tip-substrate separation causes 

cantilever relaxation and eventually upward deflection of the cantilever. On a hard 

sample the cantilever will now deflect approximately as a linear function of the 

separation distance and this deflection can be directly translated into the tip-sample force 

using Hooke's Law. On a soft sample, the repulsive ionic force acts over a longer range 
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and as the tip is pressed into the sample the increasing total attractive forces cause the tip 

to penetrate deeper into the sample than it would on a hard sample. This translates into 

less cantilever deflection for the same change in separation distance. 

As the separation is now increased, the process is reversed. However, in this case, the 

attractive forces act to keep the tip in contact with the sample until the cantilever's 

Hooke's Law force overcomes the attractive forces and a second run-away process allows 

the tip to spring away from the sample. This process occurs at a greater separation than 

the first run-away process, thus creating a hysteresis effect. 

In this manner, the measured deflection shown on the left of Figure 2-5 translates 

directly into a real measurement of the tip-sample forces. Note however that this curve is 

not a measure of the tip-sample force as a function of tip-sample separation. Because the 

cantilever bends, the tip-sample separation is not the same as the substrate-sample 

separation, which the user can control. Although called a force curve, a more accurate 

term for Figure 2-5 might be a deflection curve as the interaction forces can only be 

measured from this curve while the tip is in contact with the sample. 

2.2 AFM Characterization: Copper Contaminated Silicon 

The poor quality of thin gate oxides on silicon wafers resulting from the presence of 

metals during wafer processing has long been attributed to the direct presence of metallic 

islands in the oxides. Early research on the effects of copper contamination showed that 

concentrations of copper above 5xl0'^ atoms/cm^ were required before sufficient 

quantities of copper would reprecipitate at the silicon/oxide interface, causing 

degradation of the oxide [5-7]. More recent research showed that edge effects in the 



continually shrinking gates of field effect transistors cause the precipitation of copper, 

reducing the quantity of copper needed for detrimental effects to be observed [8]. 

However, breakdown in general is a result of a large variety of defects includmg for 

example particulate contamination, pinholes, and surface roughness. The study by 

Verhaverbeke et. al. [5] showed that during oxidation the presence of a variety of metals 

induced surface roughening of the silicon and that there was a direct link between this 

surface roughness and the resulting oxide quality. However, the authors observed little 

effect in the presence of copper because in the experiment, the roughening occurred 

during the oxidation process and copper readily diffuses into silicon at these 

temperatures. 

In contrast to the observations of Verhaverbeke et. al., lower concentrations of copper 

have been seen to cause defects when it is deposited from hydrofluoric acid (HF) 

solutions, particulariy in ultra-thin oxides. For example, for 3 nm oxides, less than lxlO'° 

atoms/cm^ copper deposited from contaminated HF are required on the silicon surface 

prior to oxidation to adversely affect time-dependent dielectric breakdown (TDDB) 

measurements [9]. Extensive studies of copper deposition fi-om HF solution [10-15] 

revealed that deposition occurs via an electrochemical redox reaction involving the 

reduction of copper metal and dissolution of silicon. According to a study by Kern [16], 

Cu^"^ ions in HF solution, upon contact with a silicon surface, are reduced and deposited 

at nucleation sites on the silicon. This reduction reaction uses electrons, and therefore 

requires an accompanying oxidation reaction to supply them. This takes the form of 

etching of the silicon surface, either uniformly or as pits. Additionally, however, it has 



been discovered that a third reaction, the evolution of hydrogen, is catalyzed by the 

presence of copper on the silicon surface and that this reaction is the dominant cathodic 

reaction [17,15], 

_ , Cu"^ + 2e —> Cu 
Cathodic reactions; 

Cu + 2H^ + 2e' -> Cu + H, 

Anodic reaction: Si + 6HF -> H2SiF6 + 2H"^ + H, + 2e' 

The reduction of oxide quality due to copper-contaminated HF solutions has been found 

to be due to the roughening of the silicon surface prior to oxidation [9, 18]. Removal of 

the copper itself with a hydrochloric peroxide mixture (HPM or RCA-2) clean, used to 

remove noble metals, failed to improve the oxide quality significantly and it was 

concluded that it was the roughening of the surface, due to the dissolution of silicon, that 

was the cause and not the presence of copper formations. 

2.2.1 AFM Imaging of Etching Near Copper Deposits 

Researchers have observed that silicon dissolution occurs primarily near the copper 

precipitation [11-12]. One study reports that the process of silicon dissolution occurs 

directly beneath the copper deposit [11]. Figure 2-6 is an AFM image of a sample 

contaminated with an HF solution containing high levels of copper. The image shows pits 

were significant amounts of silicon have been removed. This figure is also one of the first 

demonstrations of a "moat" where a ring of etched silicon surrounds a region of material 

that is higher than the surrounding region. 
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Figure 2-6: Copper-etched pits and "moats" 

Common sense would suggest that the region of higher material is a copper deposit. 

However, APM examinations of contaminated samples that have been cleaned in either 

HF or HCl to remove copper show that surface features remain, as seen in Figure 2-7. 

This result indicates that silicon dissolution occurs not directly beneath the copper deposit 

but in the area surrounding it while the silicon beneath the copper is protected from 

etching. Such a process is shown schematically in Figure 2-8, where the dashed line 

represents the original silicon height. At lower contamination levels, little undercutting 

occurs and the small copper deposit causes the formation of a large silicon feature 

beneath it. At higher contamination levels, undercutting occurs and eventually the copper 

deposit is completely removed leaving a pit. Our belief in this process is supported 

further in the following experiment. 
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Figure 2-7: AFM image and cross-section of features remaining after cleaning 

Copper 

Silicon 

Figure 2-8: Cross-sections of feature formation prior to copper cleaning 

2.2.2 AFM Imaging of Etching From Unpolished-Side Contamination 

With the introduction of copper interconnects, there is increased concern that wafers, 

including the unpolished side, may obtain copper from contaminated tools. Although 



most silicon dissolution resulting from this contamination is local, the research present 

here suggests that dissolution also occurs large distances from the precipitation sites. The 

effects of surface roughening due to an HF bath in the presence of unpolished-side copper 

contamination have not yet been studied. The elecfrochemical reaction suggests that the 

presence of metallic copper on the unpolished side of the wafer will catalyze hydrogen 

evolution there while the accompanying silicon dissolution will occur on all surfaces of 

the wafer, as illustrated in Figure 2-9. This results in a roughening of the polished side of 

the wafer. It is also known that the presence of hydrochloric acid (HCl) in an HF solution 

will dissolve metallic copper on the wafer [19]. This experiment was performed to 

determine the extent of roughening of the polished side due to the presence of copper on 

the unpolished side and whether HCl can prevent it. 

6HF H2SiF6 + 2H+ + H2 

V/ V/ 
Silicon 
Wafer̂  

Copper 
Isbnds H2 2H+ 

Figure 2-9: Diagram of copper catalyzied silicon etching 

2.2.3 Experiment 

This experiment was performed in two parts. In the first part, a high level of copper 

contamination was used to ensure that the surface roughening could be observed and 

compared to the controls. The second part of the experiment was intended to examine 
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lower concentrations of copper and to determine whether the addition of HCl, which 

removes copper from the wafer surface, would reduce the roughening effect. The wafers 

used were p-type (1-16 Q-cm) 150 mm Cz (100) silicon. 

In the first part, the wafers were cleaned with a 10-minute dip in sulfuric peroxide 

mixture (SPM) at 95 °C (4:1 volumetric H2SO4/H2O2), rinsed for 10 minutes, cleaned 

with an HF (1%) dip for 3 minutes at room temperature, and rinsed for 10 minutes. The 

experimental controls consisted of a wafer were no processing, including the pre-clean, 

was performed (wO) and a wafer subjected to copper contamination without a subsequent 

clean HF bath, termed the reference wafer (wl). Wafers wl - w3 were processed in the 

following manner: 

1. A pad oxide, approximately 12.5 nm thick, was grown thermally. 

2. Resist was spun onto the wafer to prevent front-side contamination by the copper. 

3. A 3-minute dip in buffered HF was used to remove oxide from the unpolished 

side of the wafer prior to contamination. 

4. The wafer was contaminated by a dip in 30:1 buffered HF containing 200 ppb Cu 

for 5 minutes. This process deposited approximately 2 x lO'"^ atoms/cm^ of copper 

on the unpolished side, just less than a monolayer [10]. 

5. The resist was then removed by a wash in acetone and the wafer was rinsed for 10 

minutes in DI water. 

6. Next, the wafer was dipped in 1% HF for 10 minutes. This caused the reaction 

described earlier to occur. In particular, this includes the etching of silicon on the 

front side of the wafer. This step was skipped on wafer wl. Note: it was 
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determined that the dissolution of all copper contamination into this clean HF 

solution resulted in a concentration of < 0.1 ppb in the solution. This is well 

below the specifications for a clean HF solution. 

7. The wafer was then cleaned with a 10-minute SPM bath and a 10-minute rinse in 

DI water, which removed the Cu. The wafer was then cleaned with 5 minute of 

1% HF and a 10-minute rinse in DI water. 

8. Some wafers were thermally oxidized to a thickness of 3 nm for oxide defect 

analysis. 

The resulting wafers are shown in Table 2-1. 

Wafer 10'Cu atoms/cm'' HFEtch 

0 0 N 

1 20 N 

2 20 Y 

3 20 Y 

Table 2-1: Wafer Splits in Part I 

In the second part, the control consisted only of a wafer were no processing was 

performed (wO). For the test wafers, the procedure was identical to the previous 

experiment with the following changes: 



3. The 3-minute dip in buffered HF used to remove oxide from the unpolished side of 

the wafer was deemed unnecessary because this oxide was quicicly removed in 

step 4 and therefore it was not performed. 

4. The wafers were contaminated by a dip in 30:1 buffered HF containing 200 ppb Cu 

or 10 ppb Cu for 5 minutes. This process deposited approximately 1.8 x 10*'* 

atoms/cm^ or 9 x lO'^ atoms/cm" of copper on the unpolished side. 

6. The wafer was dipped in a solution of 1% HF or 1% HF and HCl for 10 minutes. 

The resulting wafers are sho\vn in Table 2-2. 

Wafer lO'^^Cu atoms/cm' HFEtch HCl 

0 0 N N 

2 0.9 Y N 

3 0.9 Y Y 

4 18 Y N 

5 18 Y Y 

Table 2-2: Wafer Splits in Part II 

2.2.4 Results 

The four wafers of Part I and the five wafers of Part n were characterized using a 

Digital Instruments tapping-mode atomic force microscope (AFM). The wafers were 

diced into approximately Vi inch square dies. From each wafer, a line of dies from the 

center to the edge, consisting of typically 10 dies, were mounted for examination and 
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numbered starting from the wafer center. Each die was blown with fihered, compressed 

air to remove dust generated during the cutting process. Approximately 10 images at 

random locations on each die, were taken. Images of both I ^m and 3 |am were taken of 

Part I wafers and only images of 3 ^m were taken of Part U wafers. This resulted in 

approximately 100 images per wafer. 

Figure 2-10 shows three typical I |Am images taken from the Part I (a) unprocessed 

wafer, wO, (b) reference wafer, wl, and (c) test wafer, w2. A z height of 2 nm is 

represented by a black-to-white contrast in these images. These results show slight 

roughening of the surface of the reference wafer due to the processing, however, there is 

an obvious increase in roughening on the test wafer. Note that although the additional 

roughness in Figure 2-10(c) appears to be due to "particles", the vertical and lateral scales 

must be considered. The apparent lateral scale of these features is 30-50 nm while the 

apparent vertical scale is less than 2 nm. Since the shape of each feature is different, tip 

convolution can be ruled out. It is concluded that the apparent scale is correct, and what 

appears as particles is simply surface roughness. 

2nm 

0 nm 

(«) (b) (<) 

Figure 2-10: Three randomly chosen 3 mm images from Part I 
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Figure 2-11 shows histograms of the same images shown in Figiu*e 2-10. The 

histograms are centered such that the median heights are aligned and are scaled correctly 

in depth. The unprocessed wafer (a) shows a well-formed and narrow Gaussian 

distribution of surface roughness. The reference wafer (b) shows a slight widening of the 

Gaussian and the test wafer (c) shows a dramatic widening along with a tail extending 

nearly a nanometer above the median. 

Figure 2-11: Histograms of the images in Fig. 2 

Figure 2-12 consists of typical Tapping Mode AFM images from Part n (a) 

unprocessed wafer, wO, (b) low copper concentration wafer without HCl, w2, and (c) low 

copper concentration wafer with HCl, w3. Again, the copper on the wafer unpolished side 

has a significant effect on the polished side after emersion in the HF. However, the HCl 

appears to significantly reduce this effect when present. It appears from Figure 2-12 (b) 

that the etching process commonly produces a central island surrounded by a moat. 
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further supporting the process suggested in Figure 2-8 since it is known that no copper is 

on the front surface. 

(a) (b) (c) 

Figure 2-12: Three randomly chosen 3 mm images from Part II 

Figure 2-13 shows the two-dimensional isotropic power spectral density (PSD) of all 

the data. A technique based on a Fourier transform of the image, the PSD plots the 

contribution to the image as a function of wavelength and is an excellent method for 

quantifying surface roughness. Values of PSD on the right indicate the presence of low 

frequency, long wavelength features. In AFM measurements, high values here are 

typically an indication of drift or nonlinearities in the scanning piezo, and should not be 

compared between scans. Peaks on the left of the PSD plot indicate the presence of high 

frequency, short wavelength features. These are likely due to incompletely damped 

vibrations present during scanning. 
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2D Power Spectral Density 

S 2 to 

200 300 

Figure 2-13: The averaged power spectral densities of all samples 

The PSD of APM images is the most accurate between these extremes. For the 1 and 3 

|im images obtained in this experiment this region is between approximately 30 and 300 

nm and is shown in Figure 2-13. The lower grouping of curves represents data taken from 

the unprocessed wafers of both Parts, the reference wafer of Part I and both wafers placed 

in HF where HCl was also present The middle curve represents data taken from the test 

wafer with 9 x lO'^ atoms/cm^ and shows extensive roughening of the surface, 

particularly at wavelengths near 300 nm. Even more roughening is seen in the top curve 

representing data taken from the test wafers with 1.8 x lO'"* and 2x10'"' atoms/cm^. This 

figure shows a 10-fold increase in PSD over a wide frequency range for the test wafers 

placed in clean HF over the reference and unprocessed wafers. However, the presence of 

HCl m the HF clearly counters the effect of the copper. 

i 
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Because the catalyst of the silicon dissolution, the copper islands, are on the 

unpolished side of the wafer it is reasonable to expect that the roughening may be more 

pronounced at the edges of the wafer than at the center of the wafer. A comparison of the 

PSD plots, however, showed no noticeable dependence on distance from the wafer 

center. This may be the result of sufficient fast transport of from all dissolution sites 

on the polished surface to the hydrogen evolution sites on the unpolished surface. 

Time dependent dielectric breakdown (TDDB) measurements of the oxidized wafers 

without HCl present during the clean are shown as a Weibull plot in Figure 2-14. Here, 

the log of the log of the cumulative failure rate, F, is plotted as a function of time and is 

expected to approximate a straight line. These plots are detailed elsewhere [20]; however, 

they confirm a marked decrease in time to breakdown on contaminated wafers as in 

earlier results where wafers were contaminated on the polished side [9]. In this 

experiment however, this degradation is observed as a result of surface roughening of the 

unpolished side. The use of HCl, again, was found to nearly eliminate this effect as 

shown in Figure 2-15. 
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Figure 2-14: Time dependent dielectric breakdown of the contaminated samples 
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Figure 2-15: TDDB measurements of the contaminated samples with HCl 
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2.2.5 Discussion 

From this experiment it is seen that the contamination of silicon wafers by more than 

I ̂   ̂
about 1 X 10 atoms/cm of copper on the unpolished side of the wafer increases the 

surface roughness of the polished side up to a factor of 10 in the feature sizes between 

about 30-300 nm as observed using AFM techniques. This leads to the conclusion that 

the surface roughening due to the dissolution of silicon is not limited to the location of 

copper deposits. In agreement with an experiment where copper was deposited on the 

polished side of the wafer and removed prior to oxidation [9], TDDB measurements of 

these samples show a clear degradation of oxide quality as a result of this roughening. 

However, the addition of HCl to the clean HF solution effectively removes the copper 

from the silicon wafer, preventing the roughening process as seen in the AFM 

measurements and producing high quality oxides as seen in the TDDB measurements. 

2.3 Conclusion 

The operation of an AFM is not difficult to understand and this and other SPM 

techniques based on it provide an amazing view of the nanometer scale. More recent 

variations of the AFM including non-contact and dynamic mode AFM, while more 

complicated, provide important advantages such as being less damaging to both the tip 

and the sample. It has been shown that the basic AFM system is capable of providing 

important qualitative and quantitative information about the surfaces of the 

semiconductor prior to the formation of the dielectric. However, regardless of the surface 

features prior to dielectric formation, it is the dielectric electrical quality that is generally 

tlie final word in the life-span of the device. In the next chapter is discussed a tool 
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capable of simultaneously imaging both the sample surface and the electrical quality of 

the dielectric. 
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3 TUNNELING ATOMIC FORCE MICROSCOPY 

As the size of semiconductor devices shrinks, the demand for tighter control on 

defects in MOSFET dielectrics rises. A commonly used technique to characterize large-

scale areas on a dielectric film consists of obtaining I-V curves operating in the Fowler-

Nordheim tunneling regime. Measurement of this emission current requires the 

fabrication of large capacitors on the sample. I-V curves measured across these capacitors 

provide information on charge trapping, dielectric strength, and oxide degradation. In its 

standard form, however, this technique lacks the required resolution. According to the 

Semiconductor Industry Association's Technology Roadmap, the ability to analyze 

"localized gate oxide and field oxide defects (e.g., ionic contamination, charging effects)" 

is a process integration need that is not expected to have a solution for the next 10-15 

years [1]. Over the past ten years, various scanned probe techniques have emerged as 

important tools for investigating the local surface and sub-surface properties. These 

include scanning tunneling microscopy, atomic force microscopy, and scanning 

capacitance microscopy [21]. None of these techniques, however, are ideally suited for 

characterizing localized electrical defects in thin dielectric layers on silicon. Therefore, a 

new form of atomic force microscope has been developed, where a feedback-controlled 

voltage is applied between tip and sample in order to maintain a constant fA-level 

tunneling current through the dielectric under investigation while raster scanning the 

sample. This tool is called a Tunneling Atomic Force Microscope (TAFM). The 

tunneling current is dependent on the local thickness and other qualities of the probed 

dielectric making it possible to obtain simultaneous maps of the dielectric's surface 
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topography and thickness or electrical quality at a resolution of at least 8 nm [22]. The 

utility of the TAFM has been demonstrated by several groups who use it for the 

characterization of thin silicon oxide and nitride films, local dielectric strength, and 

carbon contamination of oxides on silicon [22-31]. 

3.1 Principles 

3.1.1 Semiconductor Materials 

MOSFETs are typically constructed on doped silicon that is then thermally oxidized to 

produce a few nanometers of silicon dioxide. To control the generation of a conducting 

channel in the silicon beneath the oxide, a metal or polysilicon gate is placed above the 

insulator. As an example, the energy band diagrams of bulk aluminum, silicon dioxide, 

and a p-type silicon are shown in Figure 3-1. In this diagram values for the Fermi energy 

of aluminum, q<t)Ai, the electron affinity, qxsi, and energy gap, Eg,si, of silicon, and the 

electron affinity, qXox. and an approximate energy gap. Eg,ox, of silicon dioxide are given. 

Aluminum Silicon Dioxide Silicon 

i 
qXo» = 0-95eV 

q*Ai = 4.1 eV qXsi = 4.05eV 

Egtox = 8eV 

Figure 3-1: Energy band diagram of bulk Al, SiO:, and Si 
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When these materials are placed in contact as in an MOS structure, the Fermi levels of 

the materials align. This creates a build-in voltage drop across the oxide and band 

bending in the silicon as shown in Figure 3-2. 

Aluminum Silicon Dioxide Silicon 

Figure 3-2: MOS Band Diagram 

3.1.2 Electron Tunneling 

If a large enough bias is placed across a thin barrier layer, such as the dielectric in the 

MOS structure, quantum mechanical tunneling of electrons occurs through the layer. This 

process has been studied extensively [32-39]. The total tunneling current through the 

dielectric is determined by integrating over all electrons with the probability of any 

electron tunneling through the barrier determined by the WKB approximation [40]. The 

result is given by the equation [41] 

I = A. 
iTdiAd' 

<^exp 
Snr 

h' 
f-Ad^ )exp -

Here, Acfr is the effective tunnel area, e is the electron charge, is the average barrier 

height, Vox is the bias across the oxide which is dependent on the flat-band voltage and 
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thus the substrate doping, Ad is the distance through which the electron must tunnel, mefr 

is the effective mass of the electron in the dielectric, and h is Planck's constant. Although 

this expression is derived for parallel-plate metal electrodes and is being applied to a case 

where one electrode is a semiconductor and the other is a curved tip surface, it is still 

accurate enough for this simple treatment. 

It is possible to simplify this equation by analyzing two separate regimes and in each 

case specifying the meaning of ^and Ad. Consider the MOS structure introduced 

previously. In the first regime, a small bias, Vapp, is applied between the silicon and the 

aluminum such that the bands are adjusted as shown in Figure 3-3 and the voltage drop 

across the oxide is small (Vq^ < it)b, where (t)b is the metal-oxide barrier height). In this 

case, the "conduction" band of the dielectric does not drop below the energy of the most 

energetic electrons, those with the Fermi energy. The average barrier height, 'P, is 

determined by averaging the height of the shaded trapezoid = <l)b - Vox/2) and the 

tunnel distance is the full thickness of the dielectric (Ad = d, where d is the thickness of 

the oxide). Inserting these values into the general equation, expanding, and simplifying 

gives the equation [42] 

This form of tunneling is called indirect- or direct-turmeling depending on presence or 

absence ofphonon interactions [43]. 

\ / 
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Aluminum Silicon Dioxide Silicon 

ft/Wlft)- V,, app 

Figure 3-3; Direct Tunneling Band Diagram 

In the second regime, a large bias is applied such that the bands are adjusted as shown 

in Figure 3-4 and the voltage drop across the oxide is large (Vo* > (j)b)- In this case, the 

"conduction" band of the dielectric drops below the energy of the tunneling electrons and 

they are able to enter the band. Therefore, the tunneling distance is reduced from the full 

thickness of the dielectric (Ad = d <j)bA'^ox), and the average barrier height is determined 

by averaging the height of the new shaded triangle (^ = (t)b/2) 
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Aluminum Silicon Dioxide Silicon 

ox 

app 

Figure 3-4: Fowler-Nordheim Band Diagram 

The tunneling current through the oxide in this regime is given by [44] 

expf A—. 

In this regime, the tunneling is called Fowler-Nordheim (FN) tunneling. The TAPM can 

operate in both regimes as the oxide thickness varies. Modifications to these two 

equations are required to take into account image charge, depletion effects, and 

inhomogeneity of the field associated with the geometry of the tip. A more thorough 

discussion of tunneling in metal-insulator-metal and metal-insulator-semiconductor 

structures, useful for a quantitative study of samples, is given in Ref. 42. 

Typical values for the constant in these equations have been determined through 

various experiments including tunneling experiments. For example, when the electron 

emission is fi^om a Pt tip, one finds that ^ = ({ipt -Xox = 4.2 V [45]. There is some debate 
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about the choice for niefr, and reported values range from 0.3 me to 0.6 nu. The values of 

A«ir and d can be estimated by fitting these equations to I-V curves obtained on large-

scale MOS capacitors, using appropriate values for (j)b and nicff. The value for Aeff is 

dependent on the tip and ambient conditions, and is often on the order of 10-100 nm^ for 

commercial microfabricated tips. Note also that in the case of a flat sample this analysis 

translates into an effective tip-tunneling diameter (and lateral image resolution) of about 

10 nm. However, for samples with features sharper than the tip radius, this resolution will 

be reduced by electrical tip convolution discussed later. The tunneling current is only 

weakly dependent on Aeff, therefore fitting often produces unreliable values for the 

electrical contact area. 

3.1.3 Image Interpretation 

The TAFM uses a conducting probe scanned over a dielectric of interest to produce 

images containing features that are interpreted as variations in one or more of these 

parameters. In most cases these variations are assumed to be changes in the oxide 

thickness, d. 

Silicon Oxide 

Figure 3-5: TAFM Image Interpretation 
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Figure 3-5 illustrates how features observed in TAFM images can be interpreted in terms 

of dielectric features. Figure 3-5(a) shows a case where the silicon-oxide interface is flat 

yet the oxide has a bulge. The thickened oxide reduces the current flow at a constant 

applied bias, therefore, this feature can be detected by both tumieling and topography 

maps. A defect on the surface that is buried, such as that shown in Figure 3-5(b), 

increases the current flow at a constant applied bias and so will be seen by the tunneling 

system but not by the AFM. Finally, the feature in Figure 3-5(c) depicts a localized 

lowering of the conduction band, possibly due to an impurity, effectively decreasing the 

tunnel length and therefore the tunneling resistivity. This local effect may again not be 

observed as a topographic feature. To distinguish between these three cases, one needs to 

analyze both AFM and TAFM maps. 

3.1.4 Current Feedback 

Although a constant applied bias allows some imaging to be performed, it is easy to 

conceive of cases where this mode is not desirable. Since the tunneling equations are 

exponentially dependent on the ratio of the applied field to the oxide thickness, a sample 

containing both thin dielectrics and thick dielectrics can cause the current to rapidly 

swing from below the noise level to above the range of the current detector, producing 

only a small range of sensitivity. On the other hand, maintaining a constant tunneling 

current requires only approximately a linear adjustment of the applied bias to coincide 

with variations in the oxide thickness. Note however that this approximation breaks down 

at extremely thin oxides. The added benefit of this linear effect is that image 

interpretation in terms of oxide thickness is trivial once the system is calibrated. In 
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addition, the forcing of a current through the dielectric can create charge-trapping centers 

that slightly adjust the tunneling current. Constant current imaging makes this effect 

uniform over the surface of the sample, and avoiding the large currents associated with 

constant voltage imaging of thin oxides reduces this effect in general. Care must be taken 

in controlling the current density during imaging while maintaining a reasonable scan 

speed. The TAFM system discussed in this research operates in a constant (fA,-range) 

current mode where a second feedback system controls the applied tip-sample bias. 

3.1.5 Experimental System 

Laser 

Recorder / Dctecior 

Elcctroractcr 
Op-amp 

 ̂ TAFM 
Feedback / AFM 

Feedback 

Prearap 

D Dielectric 

I Silicon 

Current 
Image 

Voltage 

Image 
Topography 

Image 

Figure 3-6: Schematic of the TAFM System 
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Figure 3-6 is a schcmatic diagram of the TAFM system. The system uses a 

conventional AFM [46] system to scan the surface of tiie dielectric for topography with 

areas as large as 100x100 ^m". For obtaining TAFM maps, the standard silicon or 

silicon-nitride tip is replaced with a conducting tip and the area is scanned while applying 

a bias. A second, independent, computcr-controllcd fccdback system [47] simultaneously 

monitors the tip-sample tunneling current through the dielectric and adjusts the applied 

positive sample bias to maintain a constant lOO-fA set point current. This currcnt is 

detected by a prc-amplifier that is capable of sensing currents as small as 10 fA with a 

band-width of I kHz. This amplifier is based on the Burr Brown OPAI28LM 

electrometer op-amp. As the tip or sample is raster scanned, the bias required to maintain 

a constant current is recorded and displayed as a local resistivity map of the oxide with a 

resolution of about the thickness of the film. Imaging is usually performed by injecting 

electrons from the silicon-dielcctric intcrfacc rather than the lip, providing a reasonably 

uniform barrier height. The effective electron mass and contact area arc also assumed to 

be constant. Thus, features observed in TAFM images can be attributed to changes in the 

oxide thickness and the substrate doping. 

The system is also capable of producing I-V curves at a chosen location by using the 

AFM to position the tip at a particular location, ramping the applied bias, and recording 

the currcnt. The bias is ramped back to 0 V once a preset current is reached. The AFM 

feedback maintains a constant Acit by maintaining a constant force on the tip; 

simultaneously, it produces a conventional AFM image. The entire system in enclosed 
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within a bell jar for environmental control and a Faraday cage for electrical noise 

reduction. 

3.1.6 TAFM Tip Convolution 

In the same manner as AFM imaging, TAFM imaging can suffer from tip convolution. 

However, where AFM convolution is a relatively simple addition of the radii of the 

feature and the tip in any given direction, the TAFM convolution is more complex. 

Figure 3-7 illustrates how this is so. When the tip is in direct contact with the flat surface 

surrounding a feature, the current flows in a continuum of paths directly down through 

the dielectric as shown on the left of Figure 3-7. Upon contacting the feature, the tip lifts 

off the flat surface as shown on the right of Figure 3-7. At this point, one might imagine 

that if the tip has raised 1.5 nm above a 5 nm thick dielectric, than the resulting current 

would be that for a 6.5 nm thick sample. There are two complications that prevent this 

from being the case. One is the addition of a vacuum barrier in the original path and the 

other is the addition of a second continuum of paths contributing to the total current. 

These two groups of paths are labeled in Figure 3-7 as Path 1 and Path 2. 
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Figure 3-7: TAFM tip convolution 

The deviation of the current from values expected from a simple increase in the 

dielectric thickness to 6.5 nm is a complex balance between the added vacuum barrier 

shown as Path 1 and the added path length shown as Path 2. A complete solution to this 

problem would require a self-consistent accounting of these two sets of paths including 

consideration of oxide charging. Nevertheless it is reasonable to assume that as the tip 

rises from the surface, there is a shift from Path 1 to Path 2 until Path 2 is the viable path 

at the top of the feature. Further analysis of this problem, however, is beyond the scope of 

this work. 

3.1.7 Example 

We have been able to produce TAFM images of a wide variety of oxide structures. As 

one example, a representative from Siemens in Munich provided a sample of a gate oxide 

with a thinning defect as shown in Figure 3-8(a). Obtaining the TEM image requires 

sectioning the sample, thereby destroying it. The resistivity map of the oxide. Figure 

3-9(b), shows this defect as a peak, indicating lowered resistivity were the oxide narrows. 

Unlike TEM, the TAFM image was produced without damage to the device. 
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polysilicon 

oxide 

silicon 

SO nm 

Figure 3-8: A TEM image of an oxide defect 

Figure 3-9: AfM (left) and TAFM (right) images of a defective oxide 

3.2 V-Shaped Metallic-Wire Cantilevers 

An important factor in making the TAFM technique a viable commercial tool is that 

tips withstand the intense electric and mechanical stresses required, even after a large 

number of line scans, and so maintain their sharpness and conductivity. These stresses 

originate from operating in the FN field-emission regime where detectable currents 

require that fields greater than 10 MV/cm be applied between tip and conducting 

substrate. Fields of such strength are capable of evaporating metallic coatings commonly 
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used on tips intended for capacitance and magnetic measurements as well as creating 

forces strong enough to cause tip breakage. 

Commercially available conducting tip cantilevers are fabricated by coating either 

silicon or silicon nitride cantilevers with thin metal films or by doping silicon cantilevers. 

Using coated tips necessitates methods with slow scan rates across hard surfaces such as 

Si02 to minimize wear, and spurious voltage or current spikes may lead to their 

catastrophic failure. Highly doped cantilevers with a high aspect ratio, although yielding 

superior AFM images, induce highly non-uniform electric fields that are undesirable for 

TAFM imaging, are prone to rapid oxidation, and are expensive. Figure 3-10 is a 

scanning electron microscope (SEM) micrograph of a Pt/Ir-coated silicon tip. It can be 

seen how the tip apex has been worn down and the coating near the apex is peeling away. 

30.0kv X100k'''aeja'nm -

Figure 3-10: SEM micrograph of a worn metal-coated silicon tip 
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An attractive alternative to these cantilevers is made possible by using solid-metal 

cantilevers for which wear, evaporation, oxidation, and restructuring have a small effect 

on shape and conductivity. These novel cantilevers have been found to be more robust 

then conventional ones used for scanning capacitance and magnetic force microscopy as 

their conductivity is maintained even after a large number of surface scans. However, 

single-beam solid metal cantilevers, as depicted in Figure 3-11(a), suffer from rotation 

about the jc-axis that gives rise to noisy and distorted images. On the other hand, using V-

shaped solid-metal cantilevers, fabricated from a flattened Pt/Ir wire. Figure 3-11(b), 

alleviates this problem. The use of a V-shaped geometry improves on earlier single-beam 

geometries by reducing rms imaging noise. This section describes the mechanical and 

electrical characterization of such cantilevers and on their use for AFM and TAFM 

imaging. 

Figure 3-11: Line art diagram of cantilevers and definition of axes 

3.2.1 Tip Fabrication 

To fabricate a V-shaped cantilever, an 80%/20% platinum-iridium wire, commonly 

used in STM, flattened to 100 ^m x 50 ^m by the supplier can be used. Further flattening 

of the wire is accomplished by pressing it between a stainless-steel rod and plate. The 
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flatteninij is necessary in order to lower the spring constant and to produce a thin, wide 

working surface that can be cut easily. Using a magnifier and a sharp razor blade, the 

wire is split length-wise for a distance of two mm and the two beams separated to form a 

V-shaped structure. Further flattening helps to smooth out burrs and make the beams 

more uniform, while careful trimming improves the uniformity of the cross section. Note 

that the single-beam cantilevers fabricated for this study are produced by the same 

method with the exception of the beam-cutting step. These beams are then soldered to a 

small piece of copper about the size of a conventional cantilever substrate, to provide a 

stable mount for the cantilever as well as an excellent electrical contact. The cantilever is 

then clipped fi-om the remaining wire about one mm from the point of the "V". The 

cantilever substrate is next clamped to a micrometer and lowered into a solution of 2M 

CaCl2. First, the top side z direction) of the cantilever is etched by bringing the wire into 

contact with the solution and then retracting it slightly, using surface tension to limit the 

reaction location to the top, and then applying 10 V ac for about 1-2 minutes. This step 

both thins and narrows the wire with a subsequent reduction of the spring constant. It also 

rounds and polishes the back of the cantilever which not only provides a good reflecting 

surface but also spreads the AFM laser beam into a line, reducing the effect of cantilever 

rotations. To form the tip, the cantilever is placed on the edge of an aluminum block and 

the overhang bent with the swipe of a razor blade. The apex of the tip is formed by 

placing it in the CaCh solution and etching it at 30 V ac until the reaction ceases. 

Figure 3-12 shows four SEM micrographs of a completed V-shaped cantilever. Figure 

3-12(a) is a top view of the cantilever and a portion of the copper substrate, where the tip 
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apex is on the right, pointing out of the page. Figure 3-l2(b) is a side view of the 

cantilever and substrate with the apex of the tip on the left, pointing up. Figure 3-12(c) is 

a close-up image of the tip's apex taken from the side before FN imaging, while Figure 

3-12(d) is a similar view of the cantilever taken from the front after FN imaging. 

Figure 3-12: Scanning electron micrographs of a metallic V-shaped cantilever 

3.2.2 AFM Characterization 

Several parameters have to be considered in the characterization of a cantilever: The 

spring constant, k, that must be small enough so as not to damage the sample during a 

scan, the resonance frequency, yi), that must be high enough to enable reasonably fast scan 

rates, and the tip radius of curvature, R, that should be small to minimize convolution 

effects. This last property is particularly important when scanning tall or deep features 
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and less so when scanning nearly flat surfaces. However, during FN imaging, an 

extremely small R produces intense, non-uniform electric fields at the tip apex that may 

damage the tip and sample. A larger R, on the other hand, offers a larger effective 

tunneling area and produces a more uniform field. Closely related to R is the tip cone 

angle, 0, which is the angle of the tip shank as it leaves the tip apex and approaches the 

cantilever. A sharp angle is important when reaching into surface depressions and in 

maintaining a reasonable curvature as tlie tip wears off. Finally, in order to obtain clear 

AFM images, the rms imaging noise must be low. 

The spring constants of the fabricated V-shaped cantilevers were obtained by 

comparing force curves on a hard surface and on a surface with a known spring constant. 

The hard surface was used to calibrate cantilever deflection during the force curves. A 9 

mm long, Pt/Ir wire with a 100 |im x 50|im cross-section was then attached to a sample 

puck and the tip was engaged onto the end of this wire. Using a Mathematica model [48] 

it was found that such a wire has a spring constant of ^ = 1 N/m. 

From a force curve performed on this wire the spring constants for two cantilevers 

were found to be it = (9 +/- 2) N/m and /c = (3 +/- 0.5) N/m. Using a similar technique on 

a single-beam cantilever fabricated firom the same wire we found k = (2.3 +/- 0.5) N/m. 

A second Mathematica model [48], using the geometries of Figure 3-12, yielded 

resonance firequencies of 4.1 kHz and 2.1 kHz for the two V-shaped cantilevers. In order 

to measure the actual resonance fi*equency, the cantilever was engaged onto a sample of 

HOPG and then withdrawn 10 [im. An ac voltage of 0.5 V was applied between the tip 

and sample, causing the cantilever to oscillate, and the signal firom the AFM photo-
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detector was routed to a spectrum analyzer. The resonance frequencies for the two V-

shaped cantilevers were found to be 4.95 +/- O.OlkHz and 2.10 +/- 0.01 kHz, and 3.85 +/-

0.01 kHz for the single-beam cantilever. 

The radius of cur\'ature of the tip in both the x and y directions was determined by 

scanning a grating at 0° and 90°. Assuming that the tip is a sphere and the edge of the 

grating is perfectly vertical, one can estimate the radius of curvature using 

R = (/j^ + v^)/2 V. 

Here h is the horizontal distance from the edge of the grating where the tip begins to fall 

off to the point where it settles to the bottom of the grating, and v is the vertical distance 

with the same criteria. With this method, the radius of curvature of one tip was 

determined to be I ^m [im in the x direction and 3 |am the in the y direction, while the 

other tip had radii of 3 |im and 10^m, respectively. The cone angles in the .r and y 

directions, using SEM images, yielded 0 = 20° and 35° respectively for one tip, and 0x,i = 

45° and 45° respectively for the other. 

The primary advantage of using a V-shaped cantilever is the increased torsional spring 

constant compared to a single-beam cantilever. A low spring constant for rotations about 

the .r-axis allows the tip apex to travel along the sample surface perpendicular to the scan 

direction, causing loss of definition of surface features. Rotations also direct the AFM 

laser beam away from the detector, increasing rms imaging noise. As a test of the quality 

of AFM images produced by V-shaped metallic-wire cantilevers, we used one to scan a 

grating with a step height of 9.3 nm and a pitch of 0.91 ^m. Figure 3-13(a) is an AFM 

image of the grating produced by the new cantilever. For comparison. Figure 3-13 (b) is 
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an image of the grating produced with a single-beam cantilever. Clearly the single-beam 

cantilever image lacks definition while the edges of the V-shaped cantilever image are 

sharp. To measure the rms imaging noise we scanned on samples of HOPG, and for the 

two V-shaped cantilevers found values of 2.8 A and 2.5 A as compared to 10 A for the 

single-beam cantilever. 

AFM Image AFM Image 

-Witt?:]? 

3.00 im 0 3.00 UH 

Figure 3-13: AFM using V-shaped (left) and single-beam (right) cantilevers 

3.2.3 Electrical Characterization 

Several methods were employed to study the electrical characteristics of the metallic-

wire cantilever. To test the electrical contact at the apex, the tip was placed in contact 

with a HOPG sample and I-V curves were performed. In most cases the measured curves 

were highly linear over the +500- to -500-pA range with a slope corresponding to a 10 

GQ resistor that was placed in series with the sample. Occasionally, curves displayed 

slight tunneling behavior, i.e., an exponential rise in current that approaches the 

previously mentioned linear region. Such curves were likely to be due to the formation of 
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thin insulating layers on the apex of the tip during scanning, but after a few ramps to +/- 4 

V, the layer was removed and the curves returned to essentially linear curves. 

To determine the force required for obtaining a solid contact, a constant bias was 

applied between the tip and sample during force curve measurements to find the current 

as a function of force as shown in Figure 3-14. One observes that as the sample 

approaches the tip (black), the electric and capillary forces cause the tip to snap into 

contact. The closing of the tip-sample contact is initially accompanied by a current spike, 

likely due to the charging of parasitic capacitances that decay to a constant current 

corresponding to the 10 GQ resistor. The formation of a conducting path between the tip 

and sample clearly shorts out the electric field. As the sample retracts (grey), the capillary 

force maintains the tip-sample contact until a critical negative force is reached. Just 

before the tip snaps-off the sample, there is a decrease in the observed current as the 

contact area is reduced. Finally, the tip snaps off, the current returns to zero, and the 

electric field is re-established. Therefore, with metallic tips, good electrical contact is 

easily maintained. 

0 50 100 150 200 250 300 350 
Sample Position (nm) 

Figiure 3-14: Current (top) and force (bottom) as a function of sample translation 

Current! 

-40 -320 
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An important parameter in the quality of TAFM imaging is the resolution of the 

image. This parameter is closely related to the effective electrical contact area, A^fr; 

described earlier and is determined primarily by the shape of the tip. On thin oxides, 

where lateral turmeling is less likely, Aeff can be measured directly as the horizontal 

TAFM resolution. To measure the resolution, the TAFM system was used to locally 

stress the oxide by applying a constant 2 pA current while scanning a 100 nm x 100 nm 

uniform 4 nm oxide. To prevent sample oxidation, the experiment was performed in dry 

nitrogen. Figure 3-15 consists of a 1 |im x 1 |im AFM image (left) of the oxide after 

stressing, showing that the oxide remains flat, and a simultaneous, constant 0.5 pA 

current FN image of the oxide. The smallest feature demonstrates a resolution of 

approximately 20 nm suggesting that Aeir > 300 nm^. Figure 3-15 also demonstrates the 

ability of the V-shaped metallic-wire cantilevers to obtain FN images without loss of tip 

conductivity due to wear, evaporation, oxidation, and restructuring while simultaneously 

capturing the AFM image. 
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Figure 3-15: AFM (left) and TAFM (right) images of an oxide 

3.2.4 Discussion 

Table 3-1 is a table summarizing the properties of the two V-shaped metallic-wire 

cantilevers examined in this study as well as the properties of single-beam metallic-wire 

cantilevers and ranges of values for commercial cantilevers. Although the APM imaging 

quality of the hand-made metallic-wire cantilevers are inferior to commercial coated 

silicon and silicon-nitride ones, they are expected to perform more reliably at high 

electric fields, maintain better electrical contact with the sample after repeated scans, and 

should recover from a catastrophic tip failure. Comparing the properties of the single-

beam and V-shaped metallic-wire cantilevers indicate that values for k,fo, R, 0, and A^rr 

are similar due to the similarity in the method of their production. For the second V-

shaped cantilever, the experimental value of fo agreed with the value obtained from the 

model to within the estimated experimental error. The first cantilever did not, however, 

probably due to an underestimation of the non-uniformity of the cantilever dimensions. 
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Some control over A: and yb is possible by varying cantilever length and backside etch 

time. The values of R, 0, and A^ff are determined by both the apex etching process and tip 

wear and are more difficult to control. Though not examined in this work, careful 

trimming of the tip shank with a razor blade before etching may improve these values. 

The advantage of using a V-shaped cantilever over a single-beam cantilever is the 

improvement in AFM image quality as seen in Figure 3-13, and the reduction in rms 

imaging noise as can be seen in Table 3-1. Further improvements in signal to noise ratio 

may be gained by shortening the cantilever length. Halving this length, for example. 

doubles the cantilever deflection angle while scanning a feature, resulting in doubling the 

signal. However, halving the cantilever length increases ^ by a factor of eight unless a 

longer etching time is used to remove a corresponding amount of material. 

V-Shaped no 1 V-Shaped no 2 Single-beam Commercial 

9 ± 2  3 ± 0 . 5  2 . 3 ± 0 . 5  5 - 5 0  
/o,meory (kHz) 4 2.1 N/A N/A 
'o.exp(kHz) 4.95 ±0.01 2.10 ±0.01 3.85 ±0.01 5-50 kHz 

(pm) 1,3 3,10 Similar 5-50 nm 
Gbp 20°, 35° 45°, 45° Similar 20° 
RMS noise (A) 2.8 2.5 10 aO.5 
Aa (nm^) N/A 1000 Similar N/A 

Table 3-1: Properties comparisons of various cantilevers 
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3.3 The Effects of Ambient Moisture 

Although several research groups have developed TAFM systems, their images have 

largely been obtained in an environment where water vapor was allowed to adsorb onto 

the oxide. The presence of a surface water layer due to a humid environment provides 

several advantages for TAFM characterization, (a) The surface water forms a meniscus 

between the tip and sample [49], and since this layer is conducting [50], a good electrical 

contact is formed, (b) Since the water layer acts to extend the electrical contact out 

beyond the tip-sample region, the effective tunneling area is increased, providing greater 

tunneling current at a given field, (c) Since the diameter of the tunneling area defined by 

the meniscus is much greater than the thickness of the oxide, the field is more uniform 

and less likely to cause oxide breakdown. The uniformity of the field is also useful for 

comparisons with TAFM theory and with standard gate oxide integrity measurements, 

where the geometry is assumed to be that of a parallel-plate capacitor. 

However, it is well known that ambient water vapor, if allowed to contact a fireshly 

oxidized silicon surface, will not only adsorb onto the surface but will also diffuse into 

the Si02 [51]. Thus despite the previous advantages, TAFM characterization in a humid 

environment is not acceptable for the following reasons; (a) Irregular surface coverage by 

moisture, by increasing the turuieling area in some locations, degrades the resolution of 

the TAFM map. (b) The high fields required for obtaining measurable tunneling currents 

across a moisture-containing oxide, especially for a negatively-biased tip, will cause local 

field-induced oxidation (FIO) of the sample [52]. (c) The presence of significant moisture 

causes silicon dioxide to weaken and become soft. 



The following experiments [53] explore the effects attributed to a wet environment 

and show that operation on baked samples in a dry environment eliminates these adverse 

effects, albeit at the expense of having to use higher fields. 

3.3.1 Experiment 

In these experiments, Pt/Ir cantilevers [54] as described in the previous section and 

similar cantilevers constructed from nickel foil were used. The samples consisted of p-

type, 7 Qcm (100) silicon wafers that were cleaned with SCI-last, forming a thin 

chemical oxide. The wafers were then thermally oxidized to a thickness of approximately 

4.5 nm, as measured by ellipsometery. 

The environment of the system was controlled by operating the TAFM inside a bell 

jar. Wet-environment experiments were performed by humidifying the bell jar with a 

petri dish containing deionized water. The system was allowed to reach a desired relative 

humidity (RH), after which the dish was removed [55]. Force curves were performed to 

verify the presence of a thin layer of water on the oxide, which attracts the AFM 

cantilever [49]. Dry-environment experiments were performed after baking the sample at 

300° for 30 minutes in a tube furnace with a flow of dry nitrogen to remove water in the 

oxide. After installing the sample in the system, the bell jar was flushed with ultra-high-

purity nitrogen. Force curves were performed to confirm the lack of a surface water layer. 

The experiments consisted primarily of obtaining successive I-V curves at a given 

location on the samples to determine the bias required to reach a desired current and the 

behavior of the oxide as the data was obtained. The I-V curves were obtained in the 

following manner: The tip was positioned near the upper left-hand comer of a 10x10 |im" 



scan area and ten successive I-V curves were taken, 20 seconds apart. The tip was then 

moved to the upper right-hand comer and ten more curves were taken. This procedure 

was repeated for the lower left- and right-hand comers. The sample was illuminated 

while the curves were obtained to minimize any voltage drop in the silicon due to the 

formation of a depletion layer. In order to interpret the variations in the I-V curves in 

subsequent experiments, several sets of I-V curves were obtained, each at least 10 ^irn 

apart, in both bias directions and in both wet and dry environments to determine the form 

of a typical curve under each condition. The tip was cleaned [54] prior to each 

experiment to remove contaminants that may have accumulated during operation of the 

system, particularly when breakdown of the oxide occurred. 

Figure 3-16 displays two sets of typical curves obtained in a wet enviroiunent with a 

Pt/Ir tip for positive (Set A) and negative (Set B) tip biases. Within each set, the curves 

are seen to shift towards a higher applied bias, eventually converging to a single curve. 

According to Dumin, et. al. [56], this shift is characteristic of electron trapping in the 

oxide. Although not derivable from this work, Dumin concludes that this trapping occurs 

uniformly through the oxide. Ideally, the initial curves are a good representation of the 

oxide properties. However, for the large current densities required in this experiment, 

significant charge is trapped while the curve is taken, thus causing the curve to distort. 

The trapping, however, eventually saturates and later curves taken in the same location 

overlap reproducibly with the only substantial difference from the initial curve being a 

shift in voltage. Since only the later curves were stable, reproducible, and differ only in a 
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shift in voltage, the initial curves have been removed from subsequent plots for the sake 

of clarity. 
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Figure 3-16: Typical I-V curves in a wet environment 

In the wet environment, positive tip bias curves required approximately 4.3-4.7 V to 

reach a given tunneling current of 3 pA, while negative tip bias curves required 

approximately 6.1-7.2 V to reach the same current. The observed voltage difference was 

the reverse of what would be expected due to the formation of a depletion layer in p-type 

silicon under a positive tip bias. This difference in voltage is explained by the difference 

in barrier heights for electron emission into the oxide (3.1 eV for positive tip bias and 4.6 

eV and 4.2 eV for negative tip bias with a 90%/10% Pt/Ir and Ni tip respectively [45]). 

Occasional deviations from these bias ranges can be attributed to the presence of an 

insulating material between the tip and sample as a resuh of either surface contamination 

or imperfect tip cleaning techniques. The ranges in the biases from one location to 

another are attributed to variations in charge trapping and oxide thickness. It was found 
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that despite a 0.4 eV difference in the work functions, curves obtained with a Ni tip were 

indistinguishable from those obtained with a Pt/Ir tip. This may be a result of hole 

tunneling which supplements the electron tunneling when the barrier to electron injection 

is greater than about 4 eV [57]. 

Figure 3-17 shows the results of the same experiment now performed in a dry 

environment on a baked sample with a Ni tip. Here again the curves obtained with a Pt/Ir 

tip were indistinguishable from those obtained with the Ni tip. It was observed that I-V 

curves performed with a positively biased tip (Set A) required approximately 4.8-5.3 V to 

reach the tunneling current of 3 pA. However, I-V curves performed with a negatively 

biased tip (Set B) could not be reliably obtained due to the presence of spikes in the 

curve. A dirty tip as the cause was ruled out by subsequently performing a set of positive 

tip bias I-V curves, thus confirming a good contact. The possibility of air breakdown near 

the tip as a cause of spiking was ruled out due to the small pressure-gap distance product 

(pd = 7.6 10-5 cm-Torr « 10-3) [58]. Because negative tip bias curves could not be 

obtained, the experiments used positive tip biases unless otherwise noted. It was observed 

that the positive tip bias curve in the dry environment displayed the same shift towards 

requiring higher voltages in subsequent scans at the same location as both curves in the 

wet environment. 
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Figure 3-17: Typical I-V curves in a dry environment 

It is believed that the spiking indicates oxide breakdown due to a combination of the 

higher biases required to tunnel from the metal and the lack of a water meniscus at the 

tip-sample contact. Figure 3-18 is theoretical plot of the electric field intensity between 

the tip and sample (a) with and (b) without the presence of a water meniscus, hi this 

model, the oxide was chosen to be 5 nm thick, the adsorbed water layer was treated as a 

dielectric and was 2 nm thick, and the meniscus had a Kelvin radius of 2 nm [49]. A bias 

of 7.5 V was applied between tip and sample and no band-bending effects were included. 

The fields were calculated numerically by solving Poisson's equation assuming no 

currents. More intense fields are shown with a darker shading where black indicates a 

field of 20 MV/cm. It can be observed from this figure that in the presence of the water 

meniscus, the upper contact consists of the tip plus the meniscus such that the tip-sample 

system closely resembles a parallel-plate capacitor and the electric field is fairly 

uniformly distributed through the depth of the oxide. In the case where there is no 
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meniscus, only the curved tip acts as the upper plate and the fields are strongly non

uniform. To inject a measurable current (greater than 0.1 pA) through the metal-oxide 

barrier (4.2 eV for Ni-Si02) with such a small contact area, the required fields are 

enough to break down the oxide. In a wet environment, where the meniscus exists, the 

fields between the tip and sample behave much like a parallel-plate capacitor and are 

consequently quite uniform. When the meniscus is not present, the fields become highly 

non-uniform and intense enough near the tip to cause breakdown of the oxide that 

subsequently heals [59]. When the current is injected fi-om the silicon, the barrier is only 

3.1 eV, and lower fields are therefore required for a measurable tunneling current. Under 

these conditions, oxide breakdown and current spiking does not occur even without the 

water meniscus. 
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Figure 3-18: Plots of the electric field intensity in and around a 5 nm tliick oxide 

Comparing the positive-tip-bias curves of the wet and dry samples indicates a shift of 

approximately 0.5 V. However, to effectively demonstrate the dependence of the 

timneling current on the size of the meniscus, it was necessary to design an experiment 

where the oxide thickness was constant as the meniscus was varied. Comparing baked 

and unbaked samples was not possible, as this would require placing the tip in a different 

location that may have a different oxide thickness. However, varying the meniscus could 
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be accomplished by obtaining a set of I-V curves on a baked sample placed in a wet 

environment (60% RH). In this experiment, the tip and sample were initially dry, with no 

meniscus present. The high humidity, however, caused the formation of a water meniscus 

over a period of several minutes. The presence of the meniscus allowed negatively biased 

tip curves to be taken. 

Figure 3-19 shows the resulting curves. Due to the formation of a meniscus, only very 

minor spiking was visible on the curves. It was found that the initial curve in the set 

required a higher bias while subsequent curves shifted to the left, the reverse of what is 

expected for charging, as seen in Figure 3-16. This is interpreted as an increase in contact 

area due to the formation of a water meniscus. Since the observed current is directly 

proportional to the contact area, a simple scaling of the initial and final curves suggested 

a three-fold increase in tunneling area. 
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Figure 3-19: Curves obtained on a baked sample in near 100% relative humidity 
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The experiments so far have shown that the presence of the water meniscus lowers the 

required bias by increasing the effective area of the tip. As stated previously, irregular 

moisture layers could thus cause unknown variations in the tunneling current and 

reduction in imaging resolution. It also allows further oxidation of the sample. To 

demonstrate field-induced oxidation of the sample surface while obtaining TAFM images 

in a wet environment (55% RH), a TAFM map of a 1x1 (^m^ area was taken while 

maintaining a 2 pA tunneling current with the bias applied such that the current was 

injected from the Ni tip (negative tip bias). A negative tip bias enhances oxidation 

because the field direction promotes the difflision of OH", the oxidizing species, towards 

the sample. The sample was then imaged at 10x10 |am^ using a conventional AFM to 

determine the effects of the previous scan. The experiment was repeated with a fireshly 

cleaned tip and by injecting current fi-om the silicon sample (positive tip bias). Finally, 

the experiment was repeated with both biases on a baked sample in a dry environment. 

As a result of the initial 1x1 |im" scan, field-induced oxidation in a wet environment is 

observed in the 10x10 |am^ image. Figure 3-20(a). An area that was oxidized to a height 

of 1.8 nm above the surrounding surface is plainly visible, in accordance with earlier 

research regarding FIO [52]. The 10x10 |jm^ image taken after the 2 pA positive tip bias 

scan. Figure 3-20 (b), also shows an area of oxidation, with a smaller height of 0.8 nm 

above the surrounding surface. Respective cross-sections are shown in (c) and (d). The 

same experiment performed in the dry environment (positive tip bias only) displayed no 

such oxidation. Note that operation in a dry environment but without baking the sample 
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displayed a small coniact area due to the lack of a surface water layer while still allowing 

oxidation due to absorbed water inside the oxide. 

( c )  ( d )  

Figure 3-20: Contact-mode AFM image of oxidized silicon 

In the final experiment, a set of ten I-V curves were obtained after the oxide was 

exposed to moisture overnight, Figure 3-21. Here, the shift is towards lower rather than 

higher voltages and hence is not due to oxidation. It is possible that the lower quality 

chemical oxide was weakened by the significantly longer exposure to water, allowing the 

tip to burrow into it so as to reduce the tunneling distance. Figure 3-22 is an AFM image 

of a similar moisture-saturated oxide. The feature at the center is the location where 
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several 1x1 scans where performed that have cut a depression nearly 1 nm deep 

without the presence of an applied bias. 
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Figure 3-21: Ten I-V curves showing gouging 
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Figure 3-22: AFM image of a damaged oxide 

3.3.2 Discussion 

The results of the reported experiments clearly indicate that TAFM characterization 

requires baked samples and a dry environment. This need arises because of the adverse 
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effects encountered while operating in a humid environment: variation in the measured 

tuimeling current, field-induced oxidation of the sample, and weakening of the oxide. 

To make TAFM characterization a useful tool, it is necessary that it produce results 

that are strictly a function of controlled experimental parameters. It was observed in the 

experiments that during the formation of a water meniscus the I-V curves shifted. This 

shift in voltage was attributed to the increase in effective contact area with the presence 

of a tip-sample water meniscus. It is therefore reasonable to assume that while operating 

in a humid environment on a sample covered by a non-uniform water layer, spatial 

variations in voltage may be observed that are not a result of oxide features. It is also 

likely that the increased contact area will reduce lateral resolution. Operation in a dry 

environment is therefore critical. 

Field-induced oxidation of the silicon substrate using a TAFM has been discussed and 

various models have been proposed [60-62]. These models assume the presence of a 

negative tip bias to enhance the transport of hydroxide ions toward the silicon substrate 

where oxidation occurs, and are thus in agreement with these experimental results under 

wet conditions with a negative tip bias. The models suggest that the enhanced transport of 

ions is linearly proportional to the field strength in contrast to the exponential dependence 

for Fowler-Nordheim tunneling. Thus, FIO tends to occur over large areas surrounding 

the tip, while the tunneling is limited to a small area under the tip apex, allowing high-

resolution images to be obtained. The oblong outline of the feature in Figure 3-20, which 

is much larger than the Ixl |im^ scan, is therefore believed to be due to the large-scale tip 

shape, which is known to be asymmetric. Note that the models of FIO fail to explain the 
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oxidation observed with a positive tip bias; however, they do explain the asymmetry in 

oxide thickness between positive and negative tip biases and that the lack of water 

prevents oxidation of the sample as observed in this experiment. Note, however, that on 

samples where the oxide layer is thinner than about 3 nm, no FIO is observed at the 

voltage required for a detectable tunneling current. This is in agreement with these 

models that predict a threshold voltage for the onset of FIO. Note that at these fields, the 

current is in the direct tunneling regime rather than in the FN regime. 

Operation in a dry environment on baked oxides is clearly the required mode of 

operation. The experiments performed on the wet oxides were repeated on the dry oxides 

with the following results: (a) no oxidation was observed after scanning the surface with 

a 10 pA tuimeling current, (b) no depression was cut by scanning, and (c) repeated I-V 

curves performed with the correct bias choice were highly repeatable, with the exception 

of breakdown events. 

3.4 System Calibration 

A rudimentary calibration of the TAFM system for a given tip and the dielectric 

silicon dioxide was performed using a specially prepared sample. The sample was created 

by thermally oxidizing silicon to S nm in thickness and then using a focused ion beam 

(FIB) to cut trenches of varying depth. Simultaneous AFM and TAFM images were 

obtained of these trenches as shown in Figure 3-23. 
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Figure 3-23; AFM and TAFM images of TAFM calibration sample 

Figure 3-24 is a scatter plot of oxide thickness verses TAFM voltage created by 

correlating the oxide thickness with the applied bias at each pixel. The height at any point 

is noted as a distance from the oxide surface. Figure 3-24 contains a degree of scatter in 

both the oxide thickness and applied bias directions. In the APM image, this is a result of 

very low frequency features on the original oxide surface. In other words the surface was 

not perfectly flat as is assumed for the calibration. This problem could be solved by 

fabricating a set of trenches that span a smaller area such that the sample is flat locally. 

Scatter in the TAFM image is a more difficult problem and we are as yet unsure of all its 

sources. Certainly noise at the 100 fA level is significant and this is a large contributor. 

Additionally, it is believed that charging of the oxide may play an issue. A slow shift of 

the sensitivity of the TAFM has often been observed during a single image as charge 

collects in the oxide, reducing the current for a given bias. Construction of plots like 

Figure 3-24 from subsets of Figure 3-23 shows a shift toward a higher bias for sections 

imaged later. Both these issues can be addressed by scanning slower as the noise would 

be averaged out and since the charge accumulation tends to saturate. 
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Figure 3-24: Experiment scatter plot used to calibrate the TAPM system 

Figure 3-25 is a theoretical curve similar to the experimental data shown in Figure 

3-24 for a chrome-coated tip with an Acrr of 100 nm^ in contact with silicon dioxide 

plotted as a function of oxide thickness. The large discrepancy in applied bias between 

the two figures is believed also to be due to the shift towards higher biases during 

charging of the oxide. 
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Figure 3-25: Theoretical calibration curve 

3.5 A Comparison of AFM, SCM, and TAFM 

One of the competing techniques for electrical characterization of device dielectrics is 

scanning capacitance microscopy (SCM). This technique obtains the tip-sample 

capacitance at a given voltage at every point in the scan. Since the dielectric thickness 

contributes to this capacitance, SCM provides an alternative method for investigating the 

dielectric from AFM and TAFM. In this section, it is demonstrated in simulations and 

experiments that these three techniques provide separate, yet complimentary information 

about the sample, specifically its surface topography, oxide thickness, and doping level. 

3.5.1 Theory of Scanning Capacitance Microscopy 

The total capacitance of a MOS system. Cm, is given as the series capacitance of the 

oxide, Cox, and the depletion region, Co- A standard C-V curve is obtained by applying a 

slowly sweeping DC bias to adjust the depletion depth and a small AC bias to measure 

the capacitance. In the high frequency AC limit, where the charge carriers do not have 
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time to collect under inversion, Co can be approximated in terms of the depletion depth, 

Cd =esilxu, where the depletion depth, .ra, is given by [42] 

Here y/s is the potential drop between the silicon bulk and the silicon/oxide surface and 

Hp/pp is the ratio of minority to majority carriers in the substrate. In the low frequency AC 

limit, where minority carriers collect in the inversion region, Cd is given by [42] 

where in addition, is the Debye length and P=q/kT. In both cases, the surface potential, 

is given in terms of the applied DC bias. Early exepriments in SCM imaging were 

performed at a fixed DC bias in the high frequency limit, providing a measure of Qov In 

modern systems, a second medium frequency bias is added to measure dCtot /dV to 

provide a greater signal to noise ratio by measuring the signal at a frequency above most 

noise. 

Mathematica simulations of sample imaging with the TAFM feedback system and an 

SCM system were performed to demonstrate the relative effects of oxide thickness and 

doping levels. The calculations were performed by solving the tunneling and capacitance 

equations for a typical probe and sample. Note that the high-frequency equation provides 

only part of the desired C-V curve. The entire curve is estimated using the high-

frequency equation in the depletion region and the low frequency curve in the 

C g.. 
° VILo -1)+ -1) 
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accumulation region. Figure 3-26 depicts a simulation of a sample with a constant p-type 

doping of lO'® atoms/cm^ where the oxide thickness varies sinusoidally between 1 and 5 

nm. The simulation shows that the TAFM voltage is much more responsive to the oxide 

thickness than the SCM system. 
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Figure 3-26: A Mathematica simulation where the oxide thickness varies 

In Figure 3-27, the oxide thickness is held fixed at 3 nm, while the doping level is 

swept fi-om n-type doping (left) to p-type doping (right). The simulation shows that the 

TAFM system responds only slightly to the doping variations while the SCM system 

responds strongly to it. Thus, although the two systems are sensitive to both oxide 

thickness and doping level, each is more sensitive to a different case. The two systems, 

therefore, provide complimentary information. 
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Figure 3-27: A Mathematica simulation where the substrate doping varies. 

3.5.2 Experiment 

A p-type (100) silicon wafer was ion implanted to form areas of n-type silicon, 

producing alternately doped bands with a periodicity of 8 um. The wafer was then 

allowed to natively oxidize, the rate of which is known to be affected by the doping level. 

TAFM experiments on this sample were conducted inside a bell jar flushed with ultra-

high-purity nitrogen, with samples baked at 300°C for 30 minutes in a tube furnace with a 

flow of dry nitrogen to remove water in the oxide. Force curves were taken before and 

after the baking to ensure the dryness of tlie oxide [49]. Nickel foil cantilevers [54] were 

used for imaging. SCM imaging was performed by Elke Brazel at Digital Instruments-

Veeco using their Dimension 3000 system. 

Figure 3-28(a) is an AFM image obtained by using the Ni foil TAFM cantilever, and 

similar results were obtained using conventional Si or Cr-coated Si cantilevers. These 

images were obtained simultaneously with the SCM or TAFM images also discussed 

here. All AFM images depict a smooth topography of the sample surface with the doped 
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bands delineated by equally spaced ridges. Since it was expected that one band would 

have a thicker oxide than the other, the uniformity of the final surface was interpreted to 

be due to an initial height difference between the bands. This was approximately 

compensated for by the oxidation. Figure 3-28(b) is an SCM image obtained by 

measuring dC/dV. Here, the white strips appear slightly narrower and were identified as 

the n-type doped regions where as the wider dark regions were identified as the p-doped 

regions. The maximum contrast was obtained at a DC bias of-1 V. 

Figure 3-28: Images of a periodically doped, natively oxidized silicon sample 

Figure 3-28(c) and (d) show TAFM images obtained by plotting the magnitude of the 

voltage required to maintain a constant 0.1 pA tunnel current at a negative and positive 
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sample bias, respectively. The images were obtained on a baked sample under dry 

nitrogen conditions and were subject to AFM laser illumination. The illumination reduces 

band bending when the sample is reverse biased making this measurement only weakly 

sensitive to doping variation as confirmed by imaging in both bias directions. 

3.5.3 Discussion 

Although the contrast is expected to vary between the images due to the differing 

tunnel barriers, the contrast should not reverse as one might expect due to doping 

variations. These tunneling images reflect, therefore, the local thickness of the native 

oxide growth on the different stripes. In these images, it is found that the white strips are 

wider than the dark ones. From the SCM images it is found that the wide and narrow 

stripes are associated with the p- and n-doped areas, respectively. The preferential native 

oxide growth yielded approximately twice as much oxide on the n-doped area as on the 

p-doped area. 

Employing the three techniques, AFM, SCM and TAFM, made it possible to identify 

the structure of the periodically doped, oxidized silicon sample, opening the door to more 

extensive investigation of the oxide dielectric strength, charge trapping phenomena, and 

preferential oxide growth. 

3.6 TAFM Characterization: Copper Contaminated Oxides 

The TAFM system was used to examine several samples of contaminated gate oxide 

on silicon. Sample preparation started with n-type silicon (100) wafers that was 

subsequently cleaned in 5:1:1 HS04:H202:H20, rinsed in water, dipped in a copper-

contaminated HF solution, and again rinsed in water. After exposure to the HF the wafers 



contained lO' to lO'^ atoms of copper per cm^ depending on the contamination conditions 

as measured by total reflection X-ray fluorescence (TXRF). The samples were then 

thermally oxidized to 4-20 nm in thickness. All imaging with the TAFM was performed 

under dry conditions. 

3.6.1 TAFM Images ofa 20 nm Oxide 

A sample with a 20 nm thick oxide having several large islands of copper extending 

above the surface was imaged during the early stages of the TAFM development. Several 

I-V curves of areas of the oxide away from the copper islands were taken, using a 

chrome-coated Si3N4 tip. These curves were used to both determine the quality of the tip 

and the approximate voltage range required for the experiment. A copper island was then 

located and an I-V curve taken on top of it. It was found that the voltage required to reach 

the set point value of 5 pA was higher on the island than on the oxide, suggesting tliat 

either the copper had been partially oxidized or that an enhanced silicon oxidation had 

occurred at the site of the copper. A work by Cabrera et al. [63] on thin copper films 

shows that exposed copper will oxidize to a thickness of 10 nm in I hour. It is therefore 

likely that if the islands were large areas of copper precipitated after oxidation that this 

copper was at least partially oxidized prior to imaging. 

With the SisNa tip, an AFM image of oxide surface was obtained as shown on the left 

in Figure 3-29. This image shows that there are many island-like features above the 

oxide. Then the Si3N4 tip was replaced with a Pt/Ir tip and several TAFM images were 

produced at varying biases. At this stage, AFM images obtained simultaneously with the 

TAFM imaging were very poor. A TAFM image (right), produced by applying a constant 
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-34 V to the sample, depicts the copper islands as dark features, confirming the drop in 

tunneling current through the features observed in the I-V curves. This again suggests 

oxidation of the copper islands. 

Figure 3-29: AFM and TAFM images of a copper contaminated surface 

3.6.2 TAFM hnages of a 6.5 nm Oxide 

Figure 3-30 is an AFM image of the topography of a 6.5 nm thick oxide sample. At 

the time this image was taken, the level of contamination on the samples received was 

high enough to produce a large number of defects visible on the surface of the oxide. 

Figure 3-31 are simultaneous AFM and TAFM images of the oxide. Note that the 

simultaneous AFM image quality is still poor at this point. Due to the high density of 

defects, it is difficult to interpret the TAFM image; however, some things can be noted. 

The highly prevalent small black dots indicate regions of high conductivity. It is likely 

that these are a result of the increased surface roughness discussed in Section 2.2 as it 

was shown in that section that this increased roughness caused early failure of the oxide. 

Q 7.5 2.S 5.0 7.5 10.0 
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It also appears that there are regions of lower conductivity indicated by the small white 

dots. These are possibly larger copper contaminants similar to that in the previous sample 

and are slightly visible in AFM image as well. 

Figure 3-30: AFM image of a copper-contaminated oxide 
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\ 

Figure 3-31: AFM and TAFM images of a copper-contaminated oxide 
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3.6.3 TAFM Images of a 4 mn Oxide 

Figure 3-32 is a set of simultaneous AFM and TAFM images taken of the sample after 

oxidation to a thickness of 4 nm. To produce the TAFM images, the bias required to 

maintain 5 pA of current through the sample was recorded. The AFM image shows 

islands 10 nm tall. Once again the simultaneous TAFM image shows that an additional 

0.2 V over the constant background voltage of approximately 10 V was required to 

maintain the set point current. 

Figure 3-32: AFM and TAFM images of a contaminated oxide 

The investigation proceeded by performing I-V curves on islands and on the oxide 

next to them, a set of which is shown in Figure 3-33. Three curves on a clean 4 nm thick 

oxide film are shown to "turn up" at about 14 V, while the curve performed on a 4 nm tall 

island "turns up" at about 15 V. 

Again it was found that the islands required a higher bias before the onset of tunneling 

and therefore would not contribute to oxide breakdown. While AFM images of the 

oxidized samples showed that the islands protruded approximately 4 nm above the 

surface of the abready 4 nm thick oxide, it was noted that the bias required to tunnel 
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through the islands suggested that the oxide thickness was only approximately 6 nm. This 

is illustrated in Figure 3-34 as a cross-section of an island after oxidation. A possible 

silicon surface before oxidation is shown as a dashed line. In fact, the thicker dielectric 

will affect a MOSFET's threshold voltage when the size of the device is comparable to 

that of the defect [64]. 
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Figure 3-33:1-V curves performed on and off of a copper island 
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Figure 3-34: A cross-section of such an island after oxidation 



3.7 Conclusion 

The TAFM system has been developed as a system to locate and characterize defects 

in thin dielectrics. Its ability to do so has been demonstrated on both a manufacturing 

defect, in this case on a MOS capacitor, and on contaminated samples, in this case with 

copper contamination. Although cun-ently useful as a tool for qualitative analysis, 

continued development would help to improve quantitative analysis. In particular, the 

issue of sample charging needs to be addressed further as this is a significant effect on the 

imaging process. For example, it might be possible to determine under which conditions 

charging could be reduced or eliminated. Alternately, it may be possible to account for 

the effect rather than eliminating it. Solving the problem of charging should dramatically 

improve the TAFM calibration and make the tool even more useful. 



4 AFM LITHOGRAPH'/AND TAFM CHARACTERIZATION 

The importance of silicon oxide and silicon nitride to the semiconductor industry is 

demonstrated by the continuous research in the production and patterning of these two 

materials. Both materials have unique, beneficial properties as dielectrics and masks that 

have made silicon-based semiconductors so prevalent. 

Methods for production of these materials have generally focused on the patterning of 

a resist followed by an etching step. Dagata, et al. [65], however, discovered a local 

growth of silicon oxide during scanning tunneling microscopy. It was also demonstrated 

that patterned oxide structures could be grown using atomic force microscopy with a 

conducting tip [66-68]. It was later shown that this technique is not limited to the growth 

of oxide, but could also be used to grow pattemed silicon-nitride structures [69-70]. 

The fabrication of these structures also requires the ability to characterize them with 

nanometer-scale resolution and preferably in situ. The solution to this problem is again 

offered by the TAFM system. This system can be used to perform lithography by simply 

applying a constant bias while directing the tip through a programmed pattern of motions. 

As before, TAFM imaging was performed in a dry environment. 

4.1 Experiment 

The lithographic experiments reported in this paper were performed on 100 Qcm n-

type Si(lOO) wafers. The wafers were diced and etched in a 10:1 buffered HF solution for 

30 seconds to remove the surface oxide and terminate the exposed silicon surface with 

hydrogen. The lithographed lines are written using the TAFM system with commercially 

available Si tips biased at -10 V with respect to the sample. A negative tip-sample bias 
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was applied to cause electrolysis of ainbient water vapor and subsequent oxidation of the 

silicon surface [63]. The tip was then stepped through a set of programmed motions 

across the sample to produce lines. A negative bias was used as it was found that a 

positive bias promoted oxidation of the tip and produced uneven oxidation of the sample. 

Factors affecting line quality included the writing speed and the magnitude of the applied 

bias. A larger bias produced a thicker line, as did a slower writing speed. Write speeds of 

60 to 600 nm/s are used. The SiOi lines are written under ambient conditions. To produce 

lines of silicon nitride, we replaced the ambient water vapor with ammonia in the bell jar 

holding the TAFM. The chamber was evacuated to 300 mTorr and purged with ultra-high 

purity (UHP) N2 (99.999%) three times. It was then evacuated to less than 1 mTorr and 

NH3 was bled in until the pressure reached 50 mTorr. The tip of the CT-AFM was then 

biased at -10 V with respect to the sample and the lines were again written at 60 nm/s. 

Following fabrication, the chamber was evacuated and purged with UHP N2 several times 

to remove all traces of ammonia. The four lines on the left of Figure 4-2 were written 

under ambient conditions, and the four lines on the right were written in the NH3 

environment. The approximate chemistries of the lines were determined by selective 

etching as shown in Figure 4-2 
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Figure 4-1: Silicon-oxide (left) and silicon-nitride (right) lines before etching 

Figure 4-2: Silicon-oxide (left) and silicon-nitride (right) lines after etching 

Figure 4-3 shows AFM (left) and TAFM (right) images of three lines of silicon oxide 

written by applying -12 V to a chrome-coated SisNa tip while the tip translated at a speed 

of 60 nm/s in an ambient environment. The TAFM image was produced using a Pt/Lr tip 

from the voltage required to keep a constant 10 pA tunneling current. A bias of -32.5 V 

was required at the location of the lines. The image size is 3 x 3 |jm^ and the line height is 

approximately 2 nm. We have been able to consistently produce 100 nm wide lines of 

SiOz on silicon substrates. Although the chrome wore off the apex of the tip, it could still 

be used to fabricate the oxide and nitride structures. The reason is that ambient water 

vapor involved in the oxidation process forms a meniscus between the tip and sample, 
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creating a conduction path. Only catastrophic tip restructuring such as that due to current 

spikes will completely destroy the tip. 

Figure 4-3: AFM and TAFM images of silicon-oxide lines 

It was also discovered that a finite current, of the order of 100 fA, will accompany the 

electrochemical growth of the oxide and nitride. The TAFM current preamp is ideally 

suited to measure this ionic current. 

These results show that a TAFM can be used to fabricate not only oxide but also 

nitride nanostructures on silicon wafers, and that the fabrication is accompanied by a 

tunneling current. Additionally, the TAFM makes it possible to locally characterize the 

fabricated structures in situ. The ability of the TAFM to fabricate narrow lines of silicon 

dioxide and silicon nitride as well as the ability to immediately characterize this material 

suggests that the TAFM system may be a versatile tool for the fabrication of complex 

novel devices. 

4.2 TAFM Fabrication of Single Electron Transistors 

AFM lithography is a common technique for fabricating nanostructures. The most 

recent techniques of AFM oxidation have produced oxidized line and dot widths of 



around 10 iim. The Umiting factor to this resolution stems from the fact that it is difficult 

to concentrate the tip-sample electric fields to areas smaller than, say, 10 nm. However, 

the construction of coulomb-blockade devices such as single electron transistors, for 

example, requires the creation of features on the order of only one nm in size. In this 

section is suggested a technique for creating one nm size structures using 10 nm size 

oxidation features. In this work, the metallic structures were created in thin layers of Ti 

deposited on SiOa by oxidizing the conducting Ti layers to create insulting TiOx 

boundaries. 

4.2.1 Fabrication of Coulomb Blockade Structures from Four Oxide Dots 

Figure 4-4 (a) shows four 10 nm diameter non-conducting oxidized dots, shown in 

red. The background consists of the conducting Ti film, shown in yellow. The fabricated 

four dots will give rise to tunnel junctions and a quantum dot, all of which comprise a 

coulomb blockade device. Note that the proximity of the dots, in three-dimensional 

space, creates either tunneling junctions or high resistance conductance channels. The 

next step in the fabrication process consists of oxidizing two large areas, also shown in 

red, each bounding two out of the four dots, as shown in Figure 4-4 (b). The fabrication 

of these areas is accomplished by raster scanning the oxidizing tip. The operation of the 

Coulomb blockade device is well known and will not be dealt with here. Figure 4-4 (c) 

and (d) show a similar technique using three dots to create a single-electron transistor. 
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Figure 4-4: Schematic of the Coulomb blockade device using oxidation patterns 

4.2.2 AFM Nanofabrication Results 

Several characteristics are important when attempting to create a device in a thin Ti 

layer. First, the layer must be thin enough, yet still continuous on a large scale and 

uniform with a low roughness on a small scale. If the layer is not continuous, then 

isolated patches of metal may be electrically disconnected and therefore not oxidizable. 

Second, uniformity is required to obtain reproducible structures using a set of fixed 

operating parameters. 

A second important issue in the production of these devices was the fabrication of 

highly controlled thin lines. Initial attempts were made using contact AFM and chrome-

cobalt coated silicon tips. It was found that a brand new tip would write fairly controlled 

lines with a width of 30-40 nm at a low bias voltage (about 4 V) in a single experiment. 

Soon, however, the tip would become unreliable and require an increased bias voltage to 
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produce lines that also became increasingly wider. It is believed that the metal coating of 

the tip was wearing off. Two examples of such a behavior are shown in Figure 4-5 and 

Figure 4-6. The initial attempts at patterning were scaled up by a factor of four over the 

final product to test the line widths and this is shown in Figure 4-5. Here, the contact 

AFM technique produced line widths that were larger then what was hoped for. At the 

center one observes a small orange area that would be the quantum dot of the device, 

with the yellow barriers on the top and bottom of the figure. 

m 

Figure 4-5: Contact AFM image of the oxidation pattern at a larger scale 

Figure 4-6 shows an attempt at oxidizing a smaller scale pattern with a new tip. Here, 

the individual lines making the structure can be distinguished indicating that the line 

widths had improved, but the four dots that make up the barrier did not appear. 

The crucial part of the SET structure consists of the four 10 rmi size oxidized, adjacent 

dots, which require that their centers be separated by approximately 10 nanometers. The 

best that could be achieved with the contact AFM were 40 nm size dots, as shown in 

Figure 4-7 where the center separation was chosen to be 60 nm. 



nS.O tm ICT 
•500 

12.5 I 

-250 
^0.0 IW 

. - 0  2S0 500 750 

95 

Figure 4-6: Contact AFM image of the oxidation pattern at a smaller scale 
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Figure 4-7; AFM image of four 40 nm diameter TiO dots 

It was therefore decided to switch to a tapping mode AFM with diamond-coated 

cantilevers. The tapping mode of operation is considerably less damaging to the tip as 

they spend less time contacting the sample and they do not drag across the sample while 
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raster scanning. Diamond-coated cantilevers are commonly used in experiments where 

wear is a problem. In this mode of operation, the tip was oscillated under noncontact 

conditions with a peak-to-peak amplitude of 10-15 nm. During oxidation, a feedback 

system was used to reduce the amplitude to 7-10 nm by pressing the tip further into the 

sample. A 50 ms long pulse with a 10-12 V magnitude was then applied to oxidize the Ti. 

Using these techniques it was found that one could produce much finer structures. Figure 

4-8 is a tapping mode AFM image of four dots created in such a way. The dots in this 

image have the desired diameter of less than 10 nm and a height of 3.5 nm above the 

surrounding Ti surface. It should be noted, however, that the dots had a center separation 

of 20 nm rather than the final 10 nm. This was done in order to distinguish each dot and 

determine its size. It is also interesting to observe a pattern surrounding the dots. Around 

the dots there is what appears to be a lower ring of material with a charuiel in between. 
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Figure 4-8: AFM image of four 10 nm diameter TiO dots 

The formation of TiO* from Ti metal causes the Ti to be consumed. It was assumed 

that half of the volume of the final TiOx is Ti. Figure 4-9 was constructed by combining a 
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cross-section through the upper two dots in Figure 4-8 with an inverted duplicate of this 

cross-section. This pattern was then projected onto a diagram of the substrate used in this 

experiment. With a 20 nm center separation, a small charuiel of Ti about 10 nm wide and 

one nm tall is left on the SiOi interface between any two adjacent dots, with an area of 

about 15 nm in diameter at the center of the dots. 

Figure 4-9: Actual cross-section through two dots projected on a substrate diagram 

The tapping mode of operation made it possible to produce the desired size of the 

dots. However, as the resolution of the structures was increased, one could still observe 

some wear of the tip. 

4.3 Conclusion 

The feasibility of fabrication 10 nm size oxide dots on a thin Ti fihn has been 

established experimentally using a tapping mode atomic force microscope. Further work 

in this area would be concentrated on improved reliability and bringing these dots closer 

together to form two tunneling junctions and a quantmn dot. These structures can form a 

single electron transistor that can be switched and stabilized by two high resistance 

chaimels. Other configurations, such as three dot structures, can also be used for 
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Coulomb blockade applications. The suggested oxidation pattern and the demonstrated 

oxidation of a very thin Ti layer on silicon dioxide are significant steps in the 

development of coulomb blockade devices constructed with AFM lithography. 
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