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ABSTRACT 

The capabilities of a commercially available atomic force microscope system have 

been expanded to include sub-picoampere measurements of local surface conduc

tivity. This multiple mode analysis tool is capable of providing local I[V curves, 

current maps at a constant voltage, or voltage maps at a constant current, simulta

neously with the usual topographic data obtained for a given sample. The resulting 

electrical maps and local I/V curves from several samples are presented, and their 

interpretation discussed. Additionally, this system has been used for field-induced 

silicon oxide growth and, for the first time, silicon nitride growth. The mechanism 

for both SiOa and Si3N4 growth is explored, revealing the possibility of precisely 

controlling the uniformity of the lithographed features. 
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CHAPTER 1 

INTRODUCTION 

The invention of the microchip and the subsequent never-ending consumer demand 

for faster, more powerful, and cheaper computers and other electronic devices have 

propelled semiconductor materials manufacturing into a $4 billion/year industry as 

of 1993. To maintain its tremendous growth, the Semiconductor Industry Associa

tion has published a technology roadmap with a timeline for major manufacturing 

goals and critical obstacles that must be overcome to achieve those goals. 

The Semiconductor Technology Roadmap [I] calls for design sizes of 0.18 nm 

by the year 2001, 0.10 /xm by 2007, and 0.07 fim by 2010. The ability to fabricate 

devices of this size is restricted when using conventional optical meisking techniques, 

which are limited by the optical wavelength used and the depth of focus required to 

properly expose a photoresist. Using a fully optimized masking system with A = 19.3 

nm, currently the shortest accessible wavelength, results in features no smaller than 

0.18 /im, as required for the year 2001. 

The apparent inability of optical masking to adapt to the continuous reduc

tion of feature size has resulted in proposals for several new lithographic techniques 

which can reach beyond the high resolution requirements for the year 2001. Some of 
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the competing techniques include plasma-generated extreme UV lithographic mask

ing, X-ray lithography using synchrotron sources, electron beam lithography, ion 

beam lithography, interferometric lithography, and local-probe lithography. Each 

method hais its own drawbacks and its own particular strengths. Chapter 3 demon

strates many of the strengths and possibilities of local-probe lithography using a 

conducting-tip atomic force microscope (AFM). Although this technique may not 

be ideal for large volume processing, it has tremendous possibilities for locally re

pairing faulty mask patterns generated via other methods, or fabricating a limited 

number of exceptionally small devices in conjunction with other lithographic tech

niques. 

Regardless of which lithographic technique is ultimately accepted by man

ufacturers, metrology problems for these small devices remain to be solved. Local 

effects of isolated, nanometer- or atomic-sized contaminants in a Si02 layer or at the 

Si-SiOa interface still have not been studied. Even though electrical defect densities 

should reach 0.0025 defects/cm^ by the year 2010 [1], their effects on devices will 

likely be much more catastrophic when they do occur, especially with gate oxide 

thicknesses of only 3.4 nm [1]. Conventional analysis techniques were not designed 

for, and are not directly adaptable to probing such small structures. Consequently, 

considerable effort has been invested in developing new techniques to analyze semi

conductor material properties on a nanometer scale. 

The scanning tunneling microscope (STM), with its unprecedented sub

atomic resolution in real space [2], the atomic force microscope (AFM) [3], and 
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their many variations collectively called scanning probe microscopes, are natural 

starting places for high-resolution surface analysis. The AFM, in particular, has 

many advantages over other analysis techniques like scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). Atomic force microscopy re

quires very little, if any, sample preparation. In fact, currently available systems, like 

the Dimension 3000 [4], allow AFM imaging of 200 mm wafers, eliminating the need 

to dice the wafer before imaging. As production wafer size increases to 300 and 400 

mm, the cost advantage of keeping $10,000 wafers intact is clear. In addition, many 

advances have recently been made in adapting conventional analysis techniques to 

conducting-probe AFM. Chapter 2 demonstrates the ability of a simple, modified 

AFM to effectively characterize the local electrical structures of Si and Si02. 

1.1 Scanning Tunneling Microscopy 

In an STM, shown schematically in Fig. (1.1), an atomically sharp metal tip is used 

to probe a conducting or semiconducting sample. A voltage is applied between 

the tip and sample, and the tip-sample tunneling current is monitored eis the tip, 

attached tc a sensitive xyz piezc element, slowly approaches the saniple. When the 

tip-sample current reaches a given setpoint value, typically in the range of 10 pA 

to 5 nA, the tip approach stops, and a feedback system is initiated. In the most 

common mode, the feedback loop adjusts the tip-sample distance to maintain a 

constant tunneling current while the tip is raster scanned above the sample. 

The metal-insulator-metal tunneling current in vacuum can be written as 
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Figure 1.1: Functional schematic of a typical scanning tuiiiicliii<) luicioscope. 
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where the Fermi distribution function is f { E )  = {1 + exp [ { E  — E f ) l k B T \ } ~ ^ ,  with 

Ef representing the electrode Fermi level. The tunneling matrix element is given by 

In these equations, Eja and Eft are the sample and tip Fermi levels, respectively, 

V is the applied sample bias with respect to the tip, ps and pt are, respectively, 

the sample and tip density of states (DOS), 0 and x wavefunctions of the 

sample and tip electrodes, m is the maiss of an electron, and e is the unit charge. The 

surface integral in Eq. (1.2) is conducted over a separation surface located between 

the two electrodes. Bardeen has shown that the exact location of this surface does 

not appreciably affect the results [6]. 

From Eq. (1.1), it is clear that the density of states p of both the tip and 

sample contribute symmetrically to the tunneling current. If an atomically sharp 

metal tip with a constant DOS is used to scan a sample, the tip height eis a function 

of X and y will produce a two-dimensional map of the local electronic density of 

states of the surface, superimposed on the surface topography. 

(1.2) 
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The tunneling matrix element M  contains the quantum mechanical trans

mission coefficient, T, governing the transport of electrons through a classically 

forbidden potential barrier. For the case of tunneling through a thick square barrier 

between two materials with the same Fermi levels, the semiclassical WKB approxi

mation yields [5] 

2(^-^1) (1.3) 

Where the decay constant is given by 

k  

and the electron's wavevector outside the barrier is 

y j 2 m { U b - E )  
K = (1.4) 

V2mE 
q = — . (1.5) 

Here m  is the mass of the electron, U b  is the height of the potential barrier, E  

is the energy of the electron, and z is the thickness of the barrier. Although the 

assumptions of a square potential barrier and equal tip and sample Fermi levels are 

strictly not true, the exponential dependence of the transmission coefficient, and 

hence the tunneling current, on tip-sample distance is observed experimentally for 

the voltages, tips and samples used in STM experiments. 

The exponential dependence of the tunneling current on distance is the 

source of the high resolution obtainable with the STM, but it is also the greatest 
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source of instability for an STM operating in air. Single molecules of oxygen or 

nitrogen can be ionized by the large fields present at the tunneling junction, caus

ing unpredictable fluctuations in the tunneling current. Consequently, most high-

resolution STM work is performed under ultrahigh vacuum (UHV) conditions. A 

UHV environment also facilitates the imaging of many reactive surfaces, like silicon, 

which form insulating oxide layers in air. 

1.2 Atomic Force Microscopy 

In contact-mode atomic force microscopy, the surface topography is recorded by 

measuring the deflection of a sharp tip mounted on a cantilever as the surface is 

raster scanned underneath the tip as shown in Fig. (1.2). Usually the cantilever 

deflection is measured optically. A laser diode is focused onto the end of the can

tilever, and the light is reflected into a dual photodetector. A change of < 1 .4 in 

the vertical position of the tip results in sufficient cantilever deflection to change the 

relative light intensities incident on the two detector halves by a measurable amount 

[7]. Commercially available micromachined cantilevers have spring constants k as 

small as 0.01 N/m, resulting in an overall system sensitivity given by /" = A:Az = 10 

pN. Consequently, even though the tip is in contact with the sample, it does little 

or no damage to the hard surface of materials like Si or Si02. 

In most AFM systems, the sample is mounted on an x y z  piezoelectric tube. 

To operate in the repulsive mode, the sample is brought into contact with the tip, 

and continues to push the tip upward until a preset cantilever deflection is reached. 
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Figure 1.2: Schematic of a typical atomic force iiiicruscopi'. 
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At this point the feedback system takes over, and the z  position of the piezo is 

continually adjusted to maintain the constant setpoint deflection, and hence tip-

sample force, given approximately by ^ = kz. Recording the piezo position as a 

function of the x and y coordinates produces a true topographic map of the surface. 

The atomic force microscope is much more versatile than the STM because 

it can image any surface: insulating, conducting, or semiconducting. The optical 

deflection detection system and imaging feedback are also much less sensitive than 

those of the STM to ambient conditions, so that atomic force microscopy is regularly 

done in air. AFM tips are commercially available and do not have to be individually 

prepared like STM tips. As a result, the AFM is much more accessible and requires 

less tip and sample preparation than the STM. These characteristics have made 

the AFM the instrument of choice for basic surface analysis on the nanometer to 

micrometer scale. 

1.2.1 Conducting AFM 

A conducting AFM system is ideally suited to creating local electrically-induced 

changes on surfaces, as well cis measuring the local electrical properties of surfaces 

with both insulating and conducting regions. Conceptually, a conducting-tip AFM 

differs from a conventional atomic force microscope in only two ways. First, a con

ducting AFM tip and cantilever must be used, instead of the typical micromachined 

silicon or silicon nitride cantilevers. Second, external control electronics are required 

to allow for the application of an external tip-sample bias and the measurement of 
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tip-sample current [8]. 

Although current conducting AFM systems do not have the lateral electrical 

feature resolution obtainable with an STM, they offer at least three advantages for 

creating local electrical conductivity maps of diverse samples. First, by operating 

in contact mode, a constant tip-sample contact force and contact area are always 

maintained by the AFM feedback system. This provides an accurate measurement 

of the surface topography while the tip scans over a variety of conducting and non

conducting regions on a surface. In contrast, if an STM scans over an insulating 

region, its feedback will drive the tip into the sample until the setpoint current is 

reached. Not only can this result in a confusing picture of the surface topography, 

but it also damages the STM tip, making additional imaging unpredictable. Second, 

while imaging with a conducting AFM, the tip-sample bias can be removed, if 

desired, applied during a complete image scan, or applied only while the conducting 

AFM tip traces a specific path on the sample. This flexibility allows for precise 

control of the application of very intense tip-sample electric fields, which can be 

used in lithographic applications, for instance. Third, virtually any tip-sample bias 

can be used. We have, on occasion, applied up to 50 V between the tip and sample. 

The ability to apply large tip-sample voltages makes it possible to measure local 

Fowler-Nordheim field emission currents through silicon oxide films 20 nm thick 

or more. In contrast, proper STM operation requires that a tip-sample bias is 

always present. Furthermore, reliable feedback for STM imaging dictates that the 

tip-sample bia^ usually can be adjusted by at most ±3 V, depending on the sample. 
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Silicon, element 14 in the periodic table, is perhaps the most studied element in the 

world, in large part because of its importance to the semiconductor industry. In 

its bulk form, silicon maintains a diamond-like crystalline structure, with a nearest-

neighbor distance of 2.35 A, and a cubic unit cell having a lattice constant of 5.43 

A [9]. The properties of the silicon surface depend on the particular cleavage plane, 

and two of the most studied surfaces are those exposed by cleaving along the Si 

crystal's (111) and (100) planes. The silicon atoms at these surfaces have a high 

free energy due to the large number of unsatisfied dangling bonds caused by the 

abrupt termination of the crystalline structure. By heating the sample, sufficient 

thermal energy can be provided for the surface atoms to reconstruct, reducing the 

overall free energy by minimizing the number of dangling covalent bonds at the 

surface in exchange for a slight increase in the free energy from surface stress [10]. 

1.3,1 Silicon (111) 

The Si(lll)-7 x 7 reconstruction, whose formation requires heating the sample to 

:200°C, was the first surface imaged with atomic resolution by an ST^: %. An 

image of the reconstruction taken in our laboratory is presented in Fig. (1.3) [11]. 

The figure shows two UHV STM images depicting both the occupied and unoccu

pied density of states on the surface, taken by biasing the sample negatively and 

positively, respectively. Although the underlying physical structure in both images 
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is the same, the difference between the occupied and unoccupied density of states 

is striking. The grey scale image represents height in the usual fcishion, with bright 

areas being taller, or having a larger density of states, than dark arezis. 

The Si(lll) surface has 7.8 x 10^'' dangling bonds/cm^, many of which 

can link up with oxygen to form SiOj during oxidation. However, the remaining 

surface bonds are free to accumulate charge, which can drcistically affect the thresh

old voltages of MOS devices. Because of this concern, Si(lOO) surfaces, with only 

6.8 X 10^"^ bonds/cm^, are invariably used for MOS technology, the largest area of 

semiconductor processing [12]. 

1.3.2 Silicon (100) 

The top half of Fig. (1.4) shows an occupied state UHV STM image of the Si(IOO)-

2x1 reconstruction of a Si(lOO) surface taken in our laboratory [13]. The surface is 

characterized by dimer rows of silicon atoms with a row center to center separation of 

7.7 A, and a dimer-dimer separation of 3.8 A within a row [14]. This reconstruction 

is formed by heating the sample to 1100°C, providing enough energy for one of 

the two dangling bonds on each surface atom to form a a bond with its neighbor, 

depicted schematically in the lower half of Fig. (1.4). Most of the defects present 

on the Si(100)-2 x 1 surface, including missing dimers, C—type defects, and buckled 

dimers, can be seen in Fig. (1.4). 
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(a) (b) (c) 

Figure 1.4: Top: UHV STM image of the Si(100)-2 x 1 surface. It is characterized by 
dimer rows with a center-to-center separation of 7 A. The black to white contrcist 
corresponds to a height variation of 2.5 A. / = 1 nA, V, = —1.88 V. Bottom: 
Schematic depicting the formation of individual dimers. (a) Two single surface 
atoms (blaick), each have two dangling bonds, (b) A <t bond is formed between the 
atoms, creating a dimer. (c) If the dzmgling bond states are split, a buckled dimer 
is formed. 

ifA xtL. 
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1.3.3 Silicon Dioxide 

The importance of SiOs in the semiconductor industry is apparent when examining 

its many uses. It is used to passivate the highly reactive Si surface, it serves as an 

insulating layer in device fabrication, it is an effective sacrificial material for masking 

of dopant materials, it can be easily patterned and etched with optical lithographic 

techniques, and the thickness of highly uniform, thermally grown high-quality Si02 

is ecLsily controlled to within one angstrom tolerances. Figure (1.5) shows a 1 ^m^ 

AFM image of a 3 nm thick wet Si02 filni grown on a Si (100) surface. The rms 

surface roughness of this area was measured to be 0.83 A, close to the noise limit of 

commercial AFM systems. 

The structure of Si02 consists of a silicon atom at the center of a tetrahedron 

with oxygen atoms at its four corners having an 0—0 spacing of 2.27 A and a Si—0 

separation of 1.6 A. The nature of the oxygen bridge between adjacent tetrahedra 

determines the bulk Si02 structure: amorphous, or one of several crystalline forms. 

Thermal oxidation of silicon generally produces an amorphous film of SiOj vvhich 

hcLS a density of 2.21 g/cm^. Because it is less dense than Si (2.33 g/cm^), Si02 

growth causes material expansion. If a Si02 layer of thickness x is grown on a 

Si(lOO) surface, it consumes a layer of silicon about 0.45a: thick, and the layer will 

appear to be only 0.55x taller than the original silicon surface, as shown in Fig. (1.6) 

[15|. 

Impurities present curing 3i02 growth can adversely affect the e'ectrica' 

properties of the thin film. Metallic contaminants like copper, sodium, and iron are 
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Figure 1,5: 1 AFM image of a Si02 surface with aa rms roughness of 0.83 A. 



28 

0.55x 

.•.vXx-..'.:..':-^v. :. • - •• • -a •̂ v- .... : ; 

 ̂ Z' f •' r * > » « ' < ^ - .  * 3 t w » < y v *  

rPE) 

• 'M Vi .t "• •;•: 1  ̂ -7:: i o i:; (n;o • •.. I •! rc :l <o f: 

oni('^,'Oj 

Figure 1.6: Si02 growth and charge defects that may be incorporated in the film. 
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well known problems in oxide processing, and can serve as charge centers either in 

the Si02 film, or at the Si-SiOa interface, as depicted in Fig. (1.6). Additionally, 

some of these impurities can serve as nucleation centers for the formation of Si02 

crystallites, resulting in a polycrystalline oxide film with characteristics different 

from amorphous films [15]. Subsequent processing, if not done with care, can result 

in local oxide thinning or the introduction of additional contaminants, ruining what 

weis once a high quality oxide film. Conducting AFM can be used as an effective 

tool for determining the density and lateral extent of electrically weak areas in thin 

silicon oxide films caused by any of the above problems. 
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CHAPTER 2 

LOCAL ELECTRICAL 

CHARACTERIZATION 

2.1 Conducting-Tip AFM 

Interest in using conducting-tip scanning probe microscopy techniques to measure 

local electrical properties hcis been growing rapidly. This general technique hcis been 

extensively explored for capacitance measurements [16], especially their extension 

to measure quantitative local dopant profiles approaching 25 nm lateral resolution 

[17, 18, 19, 20]. Local conductance measurements of lateral dopant profiles[21] and 

biological samples [22] have been carried out with a conducting AFM, and measure

ments of local Fowler-Nordheim (FN) emission currents through silicon oxide layers 

have been reported [8, 23, 24, 25]. The scanning capacitance microscope likely will 

become a standard tool for high resolution two-dimensional dopant profiling by the 

year 2000, despite the experimental difficulties of stray capacitance when measur

ing capacitance changes of less than 10"-^ F. However, rapid determination of the 

local electrical properties of thin silicon oxide or other insulating films likely will be 

dominated by local Fowler-Nordheim measurement techniques, which place strict 
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requirements on tip conductivity. 

2.1.1 Conducting Tips 

A primary requirement for making reliable conductivity measurements with an AFM 

is a high quality conducting tip. A good conducting tip exhibits electrical properties 

similar to those shown in Fig. (2.1) obtained in our laboratory. The top plot shows 

a typical AFM force curve and the corresponding tip-sample conductivity measured 

by applying a 1 volt bias between a Pt/Ir wire tip and a sputtered gold sample. 

From point (a) to (b), the sample is moving upward, closer to the tip, but the tip is 

not in contact with the sample, so no tip displacement is observed and there is no 

tip-sample current. As the sample continues to move upward very close to point (b), 

the tip begins to feel van der Wzials and electrostatic attraction towards the sample, 

and bends down. Right at point (b), the tip snaps into contact with the substrate, 

and an ohmic tip-sample contact is obtained. From (b) to (c) tip and sample are 

in contact, and the tip cantilever is bent upwards. From (c) to (d) the sample is 

lowered, and a highly conductive tip-sample contact is maintained even while the 

cantilever is bent downward, until at point (d) the tip finally snaps off the surface 

and no conductivity is observed. The bottom plot in Fig. (2.1) shows the expected 

linear, ohmic //V relationship for the tip in contact with a gold sample, whose slope 

is given by the external current-limiting resistor. A good review discussing a variety 

of undesirable conducting-tip behaviors is given by O'Shea et. al. [26]. 
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Force Curve and Tip-Sample Conductivity 
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Figure 2.1: Top: A highly conducting Pt/Ir tip will show almost no resistance while 
the tip is in contact with a gold sample, regardless of the contact force. Bottom: 
A good tip-metal sample junction results in a linear, ohmic l/V curve. The //V 
curve was taken while the tip was in contact with the sample, between points "b" 
and "c" of the force curve. 
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Commercially available AFM tips and cantilevers are typically microma-

chined from Si or Si3N4, and have excellent imaging characteristics for several rea

sons. The tips are very hard and can be made very sharp with radii of curvature 

as small as 5 nm. Although the cantilevers are fairly short (< 400 /im), they are 

mechanically stable, and have spring constants as low cis 0.01 N/m. Unfortunately, 

these tips are very poor conductors. As a result, the AFM community has devoted 

a considerable amount of effort to the development of high quality conducting tips. 

Several recipes for making conducting tips which presumably behave as 

shown in Fig. (2.1) have been published and used for capacitance [18] and local con

ductivity measurements [23] as well as nanolithography (see Chapter 3). However, 

our measurements and the measurements of others [26] to determine tip conductiv

ity revealed that most published recipes result in unsatisfactory tip conductivity for 

Fowler-Nordheim field emission or other surface conductivity measurements. 

We worked with degeneratively doped silicon levers with and without a 

sputtered layer of platinum that should form a conducting silicide layer. Unfortu

n a t e l y ,  t h e i r  r e s i s t i v i t y  w a s  s t i l l  q u i t e  h i g h ,  a n d  t h e y  d i d  n o t  p r o d u c e  l i n e a r  [ / V  

curves. We have also tried several procedures for coating Si3N4 cantilevers with thin 

conducting layers, including sputtering and evaporating gold, titanium and chrome 

layers roughly 50 nm thick either individually, or with some combination of layers. 

This inevitably produces a tip with a larger radius of curvature than the initial tip. 

Although both titanium and chrome coatings work exceptionally well for nanolitho-

graphic processes, they are not suitable for conductivity measurements for several 
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reasons. First, all metallic coatings wear off eventually, resulting in a tip that either 

does not conduct at all, or only conducts around the edges under large tip-sample 

forces. Second, both chrome and titanium oxidize. Under normal ambient oxidiz

ing conditions, the tip coating would likely wear off before oxidizing effects became 

noticeable. However, it has been shown that both chrome and titanium oxides expe

rience field-enhanced growth with the fields commonly used to obtain field-emission 

maps of thin dielectric films [27, 28]. Consequently, it can be difficult to extract the 

true electronic properties of the sample from the raw data. 

Interest has also been growing in the use of AFM tips fabricated using 

electron-beam-induced deposition (EBD) in an SEM [29], especially with reports 

that the carbonaceous deposits which form the tips can be made conducting [30, 

31, 32]. We grew several EBD tips on both gold coated Si3N4 tips and Pt/Ir STM 

tips, to test their conducting and imaging properties. An SEM micrograph of a 

typical EBD tip can be seen in Fig. (2.2). This tip was grown using the spot mode 

of the SEM. Using a magnification of 27 k, an accelerating voltage of 30 kV, and 

a beam current of 100 [lA. the spot was first focused and centered at the end of 

the pyramidal gold coated Si3N4 tip. At this point, the spot mode was initiated, 

and the beam was concentrated at the end of the tip for three minutes. After 

that amount of time, the long protrusion sticking out of the pyramid, the EBD tip, 

was grown. The EBD growth rates are a very strong function of the accelerating 

voltage, beam current, and the residual contamination in the SEM chamber. In very 

clean chambers, we observed very little if any growth. The tip composition can be 

altered by changing the SEM environment during e-beam e.xposure. Evaporating 



Figure 2.2: SEM micrograph of a high aspect ratio EBD tip on a gold-coated Si3N4 
tip. 
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both tetramethylbenzene and dimolybdenum tetra-acetate during e-beam exposure 

did result in additional tip growth. Although none of the EBD tips we grew were 

sufficiently conducting, their high aspect ratio allows for improved AFM imaging of 

deep, narrow structures. Figure (2.3) illustrates how low aspect ratio tips can give 

incorrect information when imaging narrow, deep features, and the improvements 

in imaging possible with EBD tips. 

The difficulties involved with improving the conductivity of commercially 

available tips and cantilevers led to our exploration of making tips and cantilevers 

from thin wire. Initial experiments employed tungsten wire tips [8] because they 

are strong, wear well, and can be easily sharpened with an electrochemical etch [33]. 

However, tungsten also has two disadvantages. First, it oxidizes in air; and second, 

because tungsten is not ductile, it is difficult to produce a flat area on the cantilever 

for accurate deflection detection, which results in very poor imaging characteristics. 

We discovered that platinum/iridium (80/20) wire is a much better choice. It is 

more maLeable than tungsten, and can be readily pressed into a rectangular cross 

section of 100 x 45 ^m^ or smaller, allowing for much better deflection detection 

and imaging characteristics than tungsten wire tips. Platinum/iridium tips can be 

electrochemically etched with a 2 molar CaCl solution [34], and they wear better 

than soft gold tips. In addition, Pt/Ir wire tips can be solidly mounted by soldering 

them to a small copper substrate, which also serves as an excellent electrical contact 

to the tip. 

Figure (2.4) is an SEM micrograph of a Pt/Ir tip with a radius of curvature 
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Figure 2.3: Cross-sectional line scans of a 330 nm period grating. Top: When imaged 
with a regular Si3N4 tip, the grating appears to have a depth of 17 nm. Middle: A 
sharpened Si3N4 lever gives a grating depth of 38 nm. Bottom: The EBD tip shown 
in Fig. (2.2) yields a depth of 68 nm. 
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R « 300 nm which we fabricated. Although this tip is not eis sharp as micromachined 

ones, we have obtained a lateral resolution of 8 nm in both topography and electrical 

signal with hand crafted electrochemically etched wire tips [8]. One disadvantage 

of wire cantilevers is their relatively large spring constant. This can be readily 

calculated given the material properties and dimensions of the lever [7], and the 

dimensions can be experimentally optimized for spring constant and stability. The 

spring constant can be written eis 

' = ^ (2-1) 

where E is Young's modulus for the material, and the moment of inertia, I, for a 

rectangular lever is given by / = cPiy/12. For a typical Pt/Ir lever with w = 100 ^m 

wide, J = 45 /xm thick, and L = 3 mm long, the spring constant is /: = 20 N/m. 

Typical tip-sample forces of < 10"^ N during imaging bend the cantilever less than 

z = J- /k = 5 nm, and produce no observable damage to the hard surfaces of silicon, 

Si02 and Si3N4 usually investigated with our system. 

Another disadvantage of wire tips is an increase in imaging noise. The 

observed rms roughness limit for our metal tips is on the order of 3.4 A, compared 

with < 0.83 A for typical Si3N4 tips. There are two possible sources for this observed 

increase in noise. First, when using the deflection detection method as described in 

§1.2, thermal vibrations of the lever can increase the current noise at the output of 

the photodiode. This noise is given by [7] 
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Figure 2.4: SEM micrograph of an electrochemically sharpened Pt/Ir wire tip fab
ricated in our laboratory. The radius of curvature of this tip is approximately 300 
nm. 
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where 77 is the quantum efficiency of the detectors, P is the incident optical power. 

s is the distance between the end of the cantilever and the detectors, I is the length 

of the AFM cantilever, <P is the area of the optical beam incident on the photode-

tectors, Q is the quality factor of the lever, /o is the lever's resonance frequency, 

and k is its spring constant. The Q and resonance frequencj' of conventional Si3N4 

levers are comparable to those calculated and measured for fabricated wire levers. 

However, because the spring constant of the metal levers is on the order of 100 

times larger than that for Si3N4 levers, and the length of metal levers is an order of 

magnitude larger than Si3N4 levers, we find that the metal levers are expected to 

have much less thermal noise. 

The second, and most likely, source of imaging noise is increased lever tor

sion. Metal tips typically have shaft lengths between 100 /xm and 500 /xm. This 

relatively long shaft makes the tips and levers much more sensitive to lateral fric

tion forces, and causes unwanted buckling and torsion of the cantilever, which is 

translated into an apparent rms surface roughness. Very short tips and slow scan 

rates reduce the noise level but do not eliminate it. Table 2.1 lists some of the 

key parameters for both commercially available Cr-coated Si3N4 and Pt/Ir tips and 

cantilevers. 

2.1.2 Experimental App2iratus 

Figure (2.5) shows a conventional, deflection mode AFM (Digital Instruments Nanoscope 

III) [4] with a conducting tip used to measure the topography of a sample at constant 
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Tip Material Cr-coated Si3N4 Pt/Ir 
Conducting? No Yes 
Lever Length 120 — 200 ^m 3 mm 
Tip Shank Length 5 iim > 100 
Spring Constant 0.01-0.6 N/m «20 N/m 
Resonance Frequency 5-50 kHz »5 6 kHz 
Quality Factor Q w500 « 500 
Tip Radius of Curvature 5 — 50 nm 50 — 300 nm 
RMS imaging noise < 0.83 A » 3.4 A 

Table 2.1: A comparison of commercially available Cr-coated Si3N4 AFM cantilevers 
and conducting hand fabricated Pt/Ir cantilevers. 
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force with a computer-controlled feedback system. To perform electrical measure

ments on a sample, we developed a complete sub-picoampere mecisurement system 

that could be integrated into the commercial AFM system. A plexiglass tip holder 

was designed and fabricated to replace the regular stainless steel holder, providing 

for maximum electrical isolation of our Pt/Ir tip, and eliminating most of the ca

pacitance of the tip holder. The sample was isolated from the piezo tube via a glass 

slide epoxied to a standard sample puck. These measures resulted in sufficient iso

lation to eliminate any displacement current pickup from the scanning piezo tube, 

which can have voltage sweeps of lOOV/s or faster. A home-built transimpedance 

amplifier with < 500 fA sensitivity, a 1 kHz bandwidth, and a gain of 75 mV/pA 

was used to measure the tip-sample current. The amplifier was battery powered to 

reduce problems with power supply noise. Typically, a 10 GQ resistor placed in se

ries with the junction served as a current limiting safety device. Because of the low 

level currents used, the AFM scanner and head must be well shielded and grounded. 

The instrumentation is extremely sensitive to ground loops, power supply noise and 

external noise sources. Although a baseline noise level of better than ±2 pA can be 

obtained, the noise level varies from day to day, most likely a function of electrical 

interference generated throughout the building. In addition, the AFM is located 

inside a bell jar with electrical feedthroughs which allows us to operate the AFM in 

different environments, including N2, NH3 and moderate vacuum (< 1 mTorr). 

We developed computer software so that a second computer system can 

monitor and control the tip-sample current and/or voltage used for the electrical 
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Figure 2.5: Schematic diagram of the conducting AFM system. A deflection-mode 
AFM measures the sample topography while a second computer system simulta
neously controls the electrical measurements. The tip and sample are electrically 
isolated from the piezo tube and AFM head. 
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characterization via A/D and D/A boards [35]. Several modes of operation are pos

sible with the software, and more can easily be added, depending on the type of 

measurements desired. Standard IjV curves can be recorded at individual points 

on the sample at both positive and negative sample biases. A constant sample bias 

can be applied, and the tip-sample current monitored and recorded during a scan. 

Alternatively, in electrical feedback mode, the tip-sample current can be monitored 

and the sample bia^ adjusted to maintain a pre-defined setpoint current while scan

ning a sample. In this mode, a two-dimensional map of the applied voltage, which 

is proportional to the local resistivity of the sample, can be stored. The current or 

voltage is recorded by the Nanoscope system at the same time as the topography 

using one of the standard auxiliary inputs. Our system has been developed using a 

standard small-sample AFM, with a ma.ximum sample size of about 1 cm^. How

ever, our successes with, and customers' interest in this technique have stimulated 

the commercial implementation of a similar electrical characterization system on 

full wafer scanning systems systems [36]. 

2.2 Voltage Maps of Silicon Oxide Films 

Despite the importance of high quality thin SiOj layers to the semiconductor indus

try, very little is known about the localized mechanisms and effects of premature 

dielectric breakdown in devices. This has come about primarily because until re

cently the only method for testing dielectric breakdown has involved the use of 

relatively large area test capacitors. It has been shown, using capacitors with an 
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area of 2.3 x 10~® cm^, that 4 nm thick oxide films have a breakdown field as large 

as 30 MV/cm, while 30 nm thick films can sustain fields of only 12 MV/cm. In 

addition, time-dependent dielectric breakdown measurements at constant current 

density have shown that the time to breakdown increases from 30 seconds to more 

than 300 seconds as the capacitor area is reduced from 9.0 x 10~® cm^ to 1.6 x 10"'' 

cm^ [37]. These two complementary trends indicate that the local investigation of 

dielectric breakdown in thin Si02 films with conducting AFM could yield useful 

information about the true dielectric strength of defect-free silicon dioxide layers, as 

well as the lateral extent of electrical weaknesses when they do occur. 

2.2.1 Fowler-Nordheim Field Emission Theory 

Electron tunneling processes through the oxide layer in a metal-oxide-semiconductor 

(MOS) system can be simply divided into two regimes: direct, and Fowler-Nordheim 

tunneling, shown schematically in Fig. (2.6). Although tunneling can occur in either 

direction, the band diagrams are shown for electrons tunneling from the metal gate 

into the silicon. Direct tunneling occurs for low voltages when all the electrons 

tunnel through the entire thickness of the oxide into the empty states of the silicon 

surface. At larger voltages, as the potential difference between the gate and silicon 

surface becomes larger than the Si-Si02 barrier height, the emitted electrons can 

travel into the SiOj conduction band before reaching the silicon surface. This is the 

so-called Fowler-Nordheim (FN) tunneling regime. The pre-breakdown FN emission 
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Figure 2.6: Top: Band diagram for direct tunneling between a metal gate and the 
silicon substrate. Bottom: Band diagram for tunneling in the Fowler-Nordheim 
regime. 
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current in a plane parallel plate MOS capacitor is given (in MKS) by [38] 

-87rv/2meff0^/^' e3 
I = ^eff- , • exp 

STT Zhe 

= >lF2exp[-C/F]. (2.3) 

Here is the effective emission area, e is the positive unit charge, h is Planck's 

constant, <l)jn is the tip-SiOj barrier height, F is the field across the oxide layer, and 

meff is the effective electron mass in the oxide. In the WKB approximation used to 

derive Eq. (2.3), the constant C is an average electron wavevector given by 

2 
C  =  -  K { x ) d x ^  (2.4) 

e J o  

where the imaginary wavevector of the electron, /c, is given in the parabolic approx

imation 35 

/ A  \  \ / 2 m e f f ( ^ n ,  ^  
«(0m) = • (2.0) 

If desired, Eq. (2.3) can be refined by using different approximations for k. For 

example, the Franz relationship gives K as 

y2mefr<^m (1 4>m/Eg) 
K(<^m) = ^ (2.6) 

where Eg is the silicon oxide bandgap. 

In conducting AFM, however, Eq. (2.3) does not tell the whole story because 

the sharp tip is certainly not a flat electrode parallel to the silicon surface. The 
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physical tip-sample contact area can be calculated from the tip-sample force, the 

tip's radius of curvature, and material parameters [39]. The tip-sample contact 

radius is given by 

where T is the tip-sample applied force, /2tip is the tip's radius of curvature, and 

where Ei and i/,- are Young's moduli and Poisson's ratios of the tip and silicon oxide 

film, respectively. The contact area is then given by = 7rr^. A Pt/Ir tip with 

a 300 nm radius of curvature exerting a contact force of 100 nN on a silicon oxide 

film yields a contact radius of 7.06 nm, and a contact area of 156 nm^. For thin 

oxide films, or dull tips, such that the oxide thickness d < rc, the plane parallel plate 

model of Eq. (2.3) may work satisfactorily. However, the effective emission area will 

always differ from that calculated from because of local field curvature at the tip. 

A simple demonstration of the extremes of local field curvature experienced 

in conducting AFM is shown in Fig. (2.7). Here, the black horizontal line represents 

a metallic sample, the black partial circle represents the tip, the lightly shaded area 

is an insulating spacer separating the tip and sample, and the black lines show the 

field lines between the tip and sample. For this example, the insulating spacer was 

assumed to be a vacuum layer. The top figure illustrates the case for a tip with a 300 

nm radius of curvature separated from a conducting sheet by only 3 nm. There is 

very little field curvature near the area where the tip actually touches the insulating 

= (3/4)(fci -t- k2)J^Rtip, (2.7) 

k i  =  { l - u f y E i ,  (2.8) 
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film. The bottom figure shows what happens when a 50 nm radius tip is separated 

from the conducting sheet by a 20 nm thick layer. A clear increase in field curvature 

is evident. 

One method we have used to account for the field curvature induced by very 

sharp tips on thick insulating films is to incorporate it into the effective area. This 

may be accomplished by considering the spreading resistance of a point contact, 

/?, = pI^Tc [40], and equating this to the resistance of an equivalent wire of length 

d equal to the thickness of the oxide, R = pd/Af-a, to get an effective area through 

which current flows, resulting in 

/leff = 4r,J. (2.9) 

Clearly, this result will differ substantially from the area calculated above using only 

the contact radius when T c  < d. 

Although Fowler-Nordheim tunneling from the silicon substrate to the tip is 

possible, Eq. (2.3) should be used with care in this instance, even when considering 

s t r i c t l y  p l a n e  p a r a l l e l  p l a t e s .  T h i s  i s  d u e  i n  l a r g e  p a r t  t o  t h e  s h a p e  o f  t h e  T { E ) f ( i { E )  

product of the electron transmission coefficient and electron supply function for 

semiconductors. For emission from metals, this product is sharply peaked, whereas 

for semiconductors, the product is more uniform. An improved derivation for FN 

emission from semiconductors that re-evaluates all the WKB approximations used 

to derive Eq. (2.3) is available [41], but will not be discussed further here. 
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Figure 2.7: Local field curvature during FN tunneling can change the effective emis
sion area. 
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2.2.2 Experimental Fowler-Nordheim Curves 

Figure (2.8) presents typical experimental IIV curves for both 3 nm thick thermal 

silicon oxide films (dashed lines) and 20 nm thick LOCOS oxide films (solid line) 

taken with the same Pt/Ir tip and with the same contact force to eliminate any 

artifacts due to different tip shapes and contact areas. The curves, taken using 

the conducting AFM system described above, are plotted as a function of the field 

across the oxide, which can be written in terms of the applied sample bias, V, and 

oxide thickness, d, as 

F (*^5! - 0m) ^2.10) 
d 

for V in volts and the barrier heights ((> in eV. In the figure, positive fields and 

current are for the case of electrons tunneling from the tip into the sample, and 

negative fields and current indicate electron tunneling from the sample. 

Several observations can be made from Fig. (2.8). First, the breakdown 

field Fbd ^ 1 V/nm for 20 nm thick oxide films, but for thin films the breakdown 

field is much larger, Ffcj w 3 V/nm. These results are in agreement with earlier 

investigations using large 2.3 x 10~® cm^ area capacitors, [37], demonstrating that 

with careful oxide defect control, large area breakdown fields are comparable to local 

breakdown fields. Second, the current seems to have a slightly different dependence 

on field, depending on whether the field emission is from the metal tip or the silicon. 

The change in field dependence may be linked to the modifications discussed above 

that are required to properly describe FN emission from semiconductors, or the 
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Figure 2.8: Typical Fowler-Nordheim I j V  curves for both 3 nm (dashed) and 20 
nm (solid) silicon oxide films. 
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fact that the local electric field is enhanced near the tip. Third, the breakdown 

field Fbd appears to be somewhat larger when tunneling from the tip compared to 

from the sample. This slight difference may be attributed to a change in the local 

environments where the positive and negative IJV curves were taken, or the fact 

that the MOS system is not symmetric with respect to field emission from the metal 

tip and silicon substrate. The shape and breakdown voltages of the [jV curves 

shown in Fig. (2.8) are fairly reproducible over a large number of points on a given 

sample, and over different runs of similar samples. Areas where the oxide film has 

been damaged are easily identifiable by low breakdown fields, usually < 0.3 V/nm, 

and linearly shaped IfV curves. 

Experimental //V curves, like the one for a 3 nm thick oxide shown in 

Fig. (2.9), can also be used to calculate the effective metal-oxide energy barrier and 

emission area. A line fit to the so-called Fowler plot provides the constants A and 

C in Eq. (2.3), which lead to the effective emission area and work function. The 

curve shown has values of ^4 = 16.20 ± 0.49 and C = —109.4 ± 2.8, resulting in 

i4eff = 259 ±126 nm^ and 0caic = 4.08 ± 0.07 eV. Although this emission area is 

reasonable, (^caic is lower than the expected barrier height of 4.75 eV. This may 

be explained by some local contamination between the tip and sample, or a defect 

in the silicon oxide that caused a real reduction in the barrier height. The large 

uncertainty in both Aeff and (^caic can be traced in part to the small number of data 

points used in the fit. Because of the small emission area of the tip, and the limited 

current sensitivity, we cannot collect data over several decades of current as can be 

done with typical test capacitors. 
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Figure 2.9; Top: A conventional experimental Fowler plot fit to the straight line 
y = 16.2 — 109.3x. Bottom: The experimental IjV curve and the best fit curve. 
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2.2.3 Two Dimensional Voltage Maps 

Local voltage breakdown measurements can be made by performing I / V  curves 

using the tip as a gate electrode, and recording the voltage at which a pre-determined 

FN emission current is reached. Such an experiment was in fact carried out by a 

Cambridge group on a 12 nm thick oxide film [23]. At each data point the AFM 

feedback was turned off, and the voltage across the oxide was increzised until a FN 

emission current threshold of 50 pA was reached, and the maximum applied voltage 

at each point was recorded to produce a 20 nm resolution voltage map. 

Although very innovative, this study suffered from several shortcomings. 

First, titanium coated silicon tips were used which suffer from the problems de

scribed in §2.1.1. Second, because the AFM feedback was turned off during the 

IfV curve, the tip-sample force, and hence the emission area from the tip, was not 

constant during the voltage scan, which reached voltages up to 40.5 V, creating 

large electrostatic forces. This imaging technique is also very slow. Because of the 

large capacitances in their system, a single voltage scan took 600 ms, and after each 

voltage ramp, a longer wait is required for the displacement current to decay before 

the next measurement. Consequently, a 128 x 128 pixel scan could take more than 

45 minutes to complete. 

The above investigation stimulated our development of the experimental 

system described in §2.1.2 [8]. Introducing a second feedback system which ad

justs the voltage to maintain a constant emission current has several advantages 

over taking an //K curve at each data point. First, both the .A.FM and voltage 
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feedback systems operate simultaneously, so that a constant tip-sample force, and 

heace contact area, is maintained, regardless of the bias applied for the FN field 

emission. This is possible because the AFM feedback loop operates at 62.5 kHz, 

and the FN feedback loop operates at ss 1 kHz. Second, by maintaining a constant 

current throughout the scan, displacement currents are no longer a large problem, 

although if extremely large and rapid voltage fluctuations are required some dis

placement current may be present. This constant-current mode allows us to scan 

relatively uniform areas more than one order of magnitude faster than previous 

investigations. 

Figure (2.10) shows experimental results of the topography, a voltage map 

for an FN emission current of 10 pA, and a line scan through the voltage map of 

a 3 nm thick wet thermal oxide grown on a 5 fi-cm p—type Si(lOO) substrate [42], 

taken with a freshly etched tungsten wire tip and a positive sample bias in ambient 

conditions. An ohmic contact on the back of the sample was formed by a heated 

press contact of an indium coated silicon surface and an AFM sample puck. This 

215 X 215 nm^ image demonstrates the ability of the system to resolve electrical 

features as small as 8 nm pointed out by the arrows. The black-to-white contrast on 

the topographical and voltage images corresponds to 5 nm and 16 V, respectively. 

The range of observed voltages demonstrates that the feedback system is capable of 

preventing a catcistrophic breakdown during a scan, which is critical when probing 

the electrical properties of oxides in a nondestructive manner. 
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Figure 2.10: (a) The surface topography of a 215 x 215 rnn^ region of silicon oxide, 
eind (b) a map of the voltage required to maintain 10 pA of Fowler-Nordheim tun
neling current across the 3 nm oxide layer. The black to white contrast corresponds 
to a voltage range of 16 volts, (c) A voltage cross section taken along the black line 
in part (b). 
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2.2.4 Fowler-Nordheim Image Interpretation 

The white (dark) areas of the voltage map correspond to high (low) resistivity 

regions of the oxide. From Eqs. (2.3 & 2.10), changes in V at constant current must 

indicate a change in one of the remaining parameters Aeff, 0m, or d. Because 

Aeff is regulated by the AFM, the voltage map can be thought of as a measure of 

the local variation in the remaining three parameters. Local surface charging, which 

modifies the effective barrier height cis shown in Fig. (2.11a), will clearly affect 

the applied bias required to maintain 10 pA of FN tunneling current. 

Topographical features mayor may not correspond with changes in the oxide 

thickness d or features in the FN image. If the Si-Si02 interface is flat, a change 

in oxide thickness will be seen both in the topography and as a FN image feature 

[Fig. (2.11b)]. If the topography follows the interface roughness, as in Fig. (2.11c), 

no voltage feature should be observed. Finally, interface roughness may cause a 

change in the local oxide thickness that does not appear in the topography, but will 

appear in the FN image [Fig. (2.1 Id)]. Clearly, proper interpretation of the voltage 

maps is difficult without additional knowledge of the sample. 

However, if a control sample is compared to a sample with a known con

tamination, any additional voltage features on the contaminated sample could be 

attributed to the specific contaminant. We are currently investigating the effects 

of varying both the interface roughness and interfacial copper contamination on 

the voltage maps. Alternatively, if representative transmission electron microscopy 

(TEM) cross sections of a sample reveal certain characteristics of an oxide film. 
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Figure 2.11: (a) Local charge centers can change the shape of the tunneling barrier, 
resulting in features on the voltage map. (b) A change in topography corresponding 
t o  a  c h a n g e  i n  o x i d e  t h i c k n e s s  d .  ( c )  A  c h a n g e  i n  t o p o g r a p h y  w i t h  n o  c h a n g e  i n  d .  
(d) No change in topography, but a change in d is due the interface, and can be seen 
in the voltage map. 
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features in the voltage map could then be correlated with the expected changes in 

oxide thickness. 

A specific problem in which FN imaging ha^ been successfully applied and 

compared with TEM cross-sections is the local thinning of ill-processed local oxi

dation of silicon (LOCOS) gate oxides near the edges of test MOS capacitors [43]. 

Representative TEM cross-sections of these capacitors, one of which is shown in 

Fig. (2.12), have indicated that such thinning is the cause of premature breakdown 

in ill-processed capacitors. However, the time required to prepare TEM samples and 

subsequently image them is prohibitively long for repeated use in a failure analysis 

laboratory. In addition, TEM sample preparation requires wafer destruction, which 

is highly undesirable. A faster, non-destructive method to characterize local oxide 

thinning is needed. Using the conductive AFM system described above, we were 

able to locate the desired gate oxide and produce both a FN voltage map in feed

back mode and a current map in constant voltage mode within one hour. The time 

required for us to capture a complete 500 x 500 nm^ electrical image was comparable 

to the time previously required by others to obtain a single 500 nm line scan [36], 

demonstrating the overall speed of our characterization system. 

Figure (2.13) shows the Si02 topography and corresponding FN current map 

near the edge of a capacitor. The polysilicon gate Wcis removed from the capacitor 

with an electrochemical etch, exposing the bare gate and field oxides. A constant 

sample bias of -21 V resulted in a fairly small, but uniform 0.6 pA of current over 

most of the gate oxide region, and no current flow through the much thicker field 
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Figure 2.12: TEM micrograph showing oxide thinning near the edge of a capacitor 
[44]. 



Figure 2.13: Top: Topography of 20 nm gate oxide and the adjacent taller field 
oxide. Bottom: Current map taken with a -21 V sample bias and a Pt/Ir tip. The 
current range is 0 to 1.6 pA. 
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oxide. However, at the edge of the gate oxide there are several areas of enhanced 

ciirrent flow, up to 1.6 pA, attributable to either local oxide thinning or defects 

caused by the etching step, and easily detectable with the rms current noise in this 

image of only 93 fA. Further investigation of these oxide structures is continuing. 

Although the feedback mode is generally safer than constant current mode because 

of the built-in protection against dielectric breakdown, the feedback system is not 

optimized for the large changes in oxide thickness that occur in the transition from 

gate oxide to field oxide. As a result, constant voltage imaging was used near the 

edge of the capacitor. 

2.2.5 Me£isurement-induced Sample Changes 

Often when taking FN images in ambient conditions we have observed that the pro

cess of imaging produces topological changes on the surface. Figure (2.14) shows 

both a topography and an FN voltage map centered on a I area where an 

FN scan was just performed. Clearly the region previously imaged appears to have 

increased in height, and cross-sectional measurements indicate the average height 

change is about 7 A. The average sample voltage required to obtain 10 pA of tunnel

ing current on the previously imaged area is -9.0 V, compared to only -7.0 volts on 

the surrounding 3 nm thick oxide film. The change in topography is believed to be 

field-induced oxide growth due to the large, w 25 MV/cm, fields present during FN 

imaging (see Chapter 3), and is extremely stable over at least several days. It should 

be noted that the rms voltage noise, measured over a 1 area of the unmodified 
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Figure 2.14: Field-induced oxide growth diuring FN imaging. Top: Topography of 
previously imaged area. Bottom: FN voltage map of the same area taken with a 
Pt/Ir tip. 
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surface, is 0.36 V. 

We have observed little if any oxide growth during FN mecisurements of thick 

20 nm oxide films done in air. There are two reasons for this. First, when imaging 

thicker films, lower fields closer to 10 MV/cm are normally observed. Second, the 

thicker oxide film provides a much larger diffusion barrier to both silicon and oxygen, 

thereby reducing the potential for additional oxide growth. However, to reduce any 

possibility of additional oxide growth, all FN measurements should be done in a 

high-purity nitrogen environment. 

An inert environment, however, cannot prevent local charging as a result 

of FN imaging. We have observed that charging typically manifests itself in two 

different ways. After making a FN voltage map and turning off the sample bias, 

changes in topography very similar in appearance to field-induced oxide growth are 

evident. However, these topographical changes are not stable, usually changing 

with each scan, and eventually disappearing in as little as 10 minutes, or as long 

as several hours. As trapped charge is dissipated by the tip, the tip-sample forces 

are reduced, and the charge-related topographical features disappear. Figure (2.15) 

shows four consecutive scans of an area taken immediately after we made a 1 five:? FN 

voltage map. At first, most of a square similar to that seen in Fig. (2.14) is present, 

with a noticeable part of the square missing. In the following scans, however, the 

topography is seen to slowly disappear as the charge in the oxide is bled off. A 

larger area scan does not show any evidence of debris that had been pushed aside 

by the tip, further supporting the conclusion that these topographical features are 



Figure 2.15: Consecutive apparent changes in topography after doing an FN voltage 
scan. 
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really charge-induced. 

The second indication of local charging is a continued current flow after 

the FN voltage has been turned off. We have occasionally observed these bleed-off 

currents, which may occur with or without apparent topographical features. Such 

AFM-induced contact electrification of thin silicon oxide films has been previously 

investigated [45, 46]. After performing a FN voltage scan, we believe that successive 

maps of the bleed-off current with zero applied voltage could give information about 

the storage capacity and lifetimes of local charge traps. 

2.3 Current Oscillations 

When measuring Fowler-Nordheim IIV curves through thin silicon oxide layers, 

small current oscillations about the line of best fit shown in Fig. (2.9) can some

times be measured. These oscillations are due to the successive constructive and 

destructive electron-wave interference as the electron travels through the conduction 

band of the oxide layer. To see how this is possible, consider again the lower band 

diagram of Fig. (2.6). As an electron travels from the tip, its wavevector first decays 

through the oxide bandgap as given by k in Eq. (2.5). However, the oscillatory 

wave function with a wavevector ki returns when the electron crosses into the oxide 

conduction band. The discontinuity of e at the Si-Si02 interface results in a partial 

reflection of the wave function, and a lossy cavity of length x is created, producing a 

measurable interference pattern in the current as a function of oxide field [47]. Such 

oscillations wash out as the oxide thickness increases, due to the short coherence 
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length of electrons in the oxide film. 

These oscillations have been predicted assuming a purely trapezoidal barrier 

and ignoring image charge effects [48]. Despite these simplifications, experimental 

data of oscillations measured with large test capacitors was shown to fit the theory 

remarkably well [49]. The oscillations for a monoenergic electron can be written (in 

MKS) as 

Bo = Ai^ {-kix) + Ai'^ (-kix) (2.11) 

where 

h  

and 

J <Pm "i" rn A A\ x  =  d  — — (2.14) 

In these expressions, Ai and Ai' are the Airy function and its derivative, respectively. 

The wavevector for an electron in the conduction band of the silicon oxide is given 

b y  k i ,  t h e  w a v e v e c t o r  f o r  a n  e l e c t r o n  i n  t h e  s i l i c o n  c o n d u c t i o n  b a n d  i s  g i v e n  b y  k  

[49], and x is the distance an electron travels freely in the conduction band of the 

oxide, which can be calculated geometrically for a trapezoidal barrier [50]. En is 

that En is positive for electrons with energy below Efm- From Eqs. (2.11-2.14) it 
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can be seen that the oxide fields at which the oscillations go through local minima 

and maxima are very sensitive not only to oxide thickness d, but also the effective 

mass of the electron and the metal-oxide barrier height. 

However, electron tunneling is not restricted to electrons at the Fermi energy 

of the metal, so Eq. (2.11) must be integrated over all electron energies for which 

oscillations can occur. This weighted average is given by 

For experimental situations encountered with conducting probe AFM, however, the 

difference between Bq for monoenergetic electrons at the metal Fermi level and the 

integrated oscillations 5, is fairly small. In fact, the uncertainties in the local val

ues of d, (j)m and meff can easily swamp the differences between the integrated and 

monoenergetic current oscillations. For example, the top plot in Fig. (2.16) shows 

the oscillations for monoenergetic electrons, Bq^ at the tip's Fermi energy tunneling 

through a 3 nm thick silicon oxide film from a tungsten tip. It is clear that an 

effective mass for the electron of O.Gmg (dashed line) produces more widely spaced 

oscillations than an effective mass of 0.85me (solid line). Although we changed the 

effective mass in this case, changes in d and (j>m. will result in a similar modification 

of the current oscillations. The lower plot of Fig. (2.16) shows the integrated oscil

lations 5 for a 3 nm thick silicon oxide film, a tungsten tip, and an effective mass 

for the electron of 0.85me. .It is clear that the integration results in local extrema 

located between the extrema shown in the top plot. The oscillations modify the FN 

ZheF Jo 0 

8Try/2msf[(f>mEn ,p 
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Figure 2.16: Top: Theoretical current oscillations for monoenergetic electrons from 
a tungsten tip, d = 3 nm, and meff = 0.85me (solid) and rricft = 0.6me (dashed). 
Bottom: Integrated current oscillations for the same tip and oxide film, with 
meff = 0.85me. 
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tunneling current of Eq. (2.3) by a multiplicative prefactor such that 

I = BQAF^ eyip[—C[F\. (2.16) 

We have seen, for the first time, evidence of current oscillations in I f V  

curves obtained with an AFM while tunneling from tip to sample. Figure (2.17) 

shows the Fowler plot on which an oscillation of the data about the line of best fit 

is evident. The lower plot shows the experimental data superimposed on the third 

oscillation calculated from Eq. (2.11) using the parameters = 3.5 eV, d = 2.5 

nm, and meff = 0.42me. A good fit to the experimental data was not possible using 

reasonable values for and meff to fit the data to the first, second, or fourth 

theoretical oscillation. The first two oscillations cannot be observed experimentally 

because of the very low signal to noise ratio at lower fields, which may be overcome 

by measuring oscillations in thinner oxide films with larger tips. 

2.4 Summary 

We have modified a commercial AFM system for conducting-tip AFM measure

ments, which required the development of a method for producing high-quality 

conducting tips. Whea operated in constant voltage mode, the rms current noise 

has been determined to be < 93 fA, and in constant current mode, the rms voltage 

noise is < 360 mV, while the system can image electrical features with 8 nm lateral 

resolution. This system has been utilized to probe the local electrical properties of 
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Figure 2.17: Top: Fowler plot of experimental data taken with a freshly etched 
tungsten tip. Bottom: Experimentally measured current oscillation fit to the third 
oscillation predicted theoretically. 
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thin silicon oxide layers. Local breakdown fields on the order of 1 V/nm for thick 

(20 nm) films, and up to 3 V/nm for thin (3 nm) oxide films have been measured, 

in agreement with measurements from large scale capacitors [37]. The system has 

been used to analyze local oxide thirming near the edges of ill-processed LOCOS 

gate oxides, and is currently being employed to investigate the local electrical effects 

of interface roughness. Local Fowler-Nordheim current oscillations have also been 

observed for the first time with a conducting tip AFM. 
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CHAPTER 3 

NANOLITHOGRAPHY 

3.1 Introduction 

Interest hcis grown in the field of nanolithography since Dagata et al. [51] reported 

on the local growth of silicon oxide on hydrogen-terminated silicon surfaces stim

ulated by scanning tunneling microscopy in 1990. It was discovered in 1993 that 

a conducting tip AFM could also stimulate silicon oxide growth [52]. Conducting 

tip AFM has since become the method of choice for local probe nanolithography. 

Although most investigations have involved the Si-Si02 system [53, 54, 55] and de

vice fabrication [69, 57], many other systems have been studied. The local oxidation 

of both chrome [27] and titanium [28, 58] have been reported, and single electron 

transistors have been fabricated on titanium layers [59]. High resolution exposures 

of PMMA [60] and other resists [61] have been investigated. Generated patterns 

have served as growth and etch masks for both silicon [S2] and gallium arsenide 

[63, 64]. 

In local probe nanolithography, oxide growth is stimulated, or resist is ex

posed, by applying a bias between the tip and sample, usually with the sample at 
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a positive voltage with respect to the tip, and scanning the tip in the shape of the 

desired pattern while the voltage is applied. Using conducting tip AFM has one 

distinct advantage over using either the STM or SEM for growth or resist exposure. 

With AFM, the lithographed area can be examined with the applied voltage turned 

off, without worrying about how much growth or exposure will be caused by pre- or 

post-imaging of the lithographed area. 

3.2 Silicon Oxide Growth 

A simple set of silicon oxide lines written on a Si(lOO) surface in our laboratory 

with a chrome-coated Si3N4 tip are shown in the top of Fig. (3.1). A write speed 

of 100 nm/s and sample biases of 12, 11, 10, 9, and 8 V for each line, respectively, 

from left to right were used. The quality of the oxide lines clearly depend on the 

applied bias. Both the image and cross-section show that the 12 V line is taller, 

wider, and more uniform than the lines written with a lower sample bia^. The total 

thickness of the local oxide layer is roughly twice the observed line height, which can 

be determined by removing the grown oxide with a buffered hydroflouric acid etch. 

The lower half of Fig. (3.1) shows the same area after etching. It is clear from the 

images that silicon oxide growth penetrated the silicon surface, and by comparing 

the line profiles along the black lines before and after etching, one observes that the 

oxide growth proceeded 35 shown schematically in Fig. (1.6), with roughly half of 

the growth penetrating the silicon surface. 

The insulating nature of these lithographed lines can be demonstrated by 
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Figure 3.1: Top: Lithographed silicon oxide lines. Bottom: The same lines after 
a hydroflouric acid etch, demonstrating that roughly equal amounts of oxide grow 
above and below the surface. 



77 

making a Fowler-Nordheim voltage map at a constant current of 10 p A. The resulting 

images shown in Fig. (3.2) demonstrate the quality of the grown oxide measured by 

the relatively large maximum sample bias of —32.5 V required on the Si02 regions. 

We have also observed that additional field-induced oxide growth can occur 

on top of pre-existing silicon oxide layers. Figure (3.3) shows four lines written on 

a 3 nm silicon oxide layer with a Pt/Ir tip, using = 8 V and a write speed of 60 

nm/s, along with the resulting Fowler-Nordheim voltage map. The relatively large 

distance between the tip and silicon surface has resulted in much wider lithographic 

features that are not as clearly defined eis those in Fig. (3.1). 

3.3 Oxidation Chemistry 

Possible mechanisms for oxide growth stimulated by STM were postulated in the 

first nanolithography paper [51], where it was shown that the amount of growth 

was reduced as the partial pressure of oxygen was diminished. It was postulated 

that the high electric fields ionized or dissociated O2 molecules and then served to 

enhance oxygen diffusion into the silicon. Reference was also made to a study of 

the reaction of water with H-terminated silicon surfaces [65]. The steps leading to 

the formation of silicon oxide from water and H-Si(lOO) are briefly outlined here 

and shown schematically in Fig. (3.4), with the initial state shown in part (a). 

The localized system starts with one H-terminated surface silicon atom and two 

sub-surface silicon atoms, as well as some ambient and OH" ions and water 

molecules. The Si-H bonds at the surface undergo a nucleophilic attack by free 
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Figure 3.2: Top: The topography, and Bottom: the Fowler-Nordheim voltage map 
of silicon oxide lines grown with an AFM. The image was taken with a Pt/Ir tip, 
and the voltage contract in the lower image corresponds to K = 0 V (black) and 
—32.5 V (white). 



79 

1 um 

Figure 3.3: Top: Lithography on an oxidized surface with a Pt/Ir tip. The lines are 
1 nm tall. Bottom: The resulting voltage map at a constant current of 10 pA. 

The voltage range is 0.2 to 17 V. The average voltage on the flat 3 nm oxide area is 
9.2 V. 
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Figure 3.4: The stages of silicon oxide growth as outlined in the text. 
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OH ions in the water according to 

Si-H + OH" + H+ Si-OH + H2 (3.1) 

with a reaction rate proportional to the concentration of both OH" and Si-H bonds, 

leaving the system as shown in Fig. (3.4b). The strong electronegativity of the 0H~ 

groups induces a positive charge on the adjacent silicon atom, and a less positive 

charge on the next nearest neighbor silicon atoms as shown. The water molecule, 

with a relatively strong dipole moment of 6.17 x 10"^ C-m attacks the polarized 

Si'^'^-Si^^"'' bond such that 

resulting in the situation of Fig. (3.4c). The newly formed Si-H bond is attacked 

exactly as in Eq. (3.1), resulting in two adjacent Si atoms having Si-OH groups as 

in Fig. (3.4d). These groups then condense, forming an oxide bridge between the 

two silicon atoms as seen in Fig. (3.4e): 

The polarization of interior Si-Si bonds by OH groups, and the eventual creation of 

internal oxide bridges can continue until the water supply is constrained by diffusion. 

Although the 498 kJ/mol bond strength of both the 0-0 and H-OH bonds 

indicate that O2 and H2O are equally likely to provide oxygen by dissociation, the 

Si^+-Si«++ + H2O ^ Si-H + Si-OH, (3.2) 

Si-OH + Si-OH Si-O-Si + H2O. (3.3) 
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large ionization energy of Oj, and the polar nature of H2O favor water as the oxygen 

supplier in the form of 0H~ ions. This conclusion is reinforced by the oxide growth 

dependence on field bias. Silicon oxide growth occurs sporadically, if at all, with 

a negative sample bias which would repel 0H~ ions, but is extremely reliable with 

positive sample bias. Studies of the field-enhanced oxidation on titanium surfaces 

have also shown a strong dependence of the observed lithography on the ambient 

humidity [58]. 

We believe that in the Ccise of field-enhanced local oxidation the basic re

actions of Eqs. (3.1-3.3) still hold, with the following proposed modifications. The 

intense electric field will create more ionic pairs, increasing the reaction 

rate of Eq. (3.1). In addition, the ionic pairs will separate, with the congregat

ing at the negatively biased tip, and negative ions congregating near the sample, 

causing the reaction in Eq. (3.1) to become localized. At the sample, nucleophilic 

attack will still occur, but it will provide electrons which can be detected as current 

flow: 

2(Si-H) -I- 2(0H-) 2(Si-0H) + E2 + 2e- (3.4) 

These electrons will be provided by the tip, assisting in the reduction of hydrogen 

ions, thus preserving the overall charge neutrality of the system. 

2H+ + 2e- H2 (3.5) 

Using these considerations, it is clear that each nucleophilic replacement of Si-H with 

Si-OH will intrcducs one charge tc the current 5cw, and that two such replacements 
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are needed for the production of a single oxygen bridge, resulting in two charges of 

current flow for each oxygen atom incorporated into the lattice. 

3.4 Lithography and Current Flow 

We have shown that the formation of ions during the silicon oxide growth process 

is expected to produce ionic current flow. However, current measurements with a 

sensitivity of only 10 pA have demonstrated no clear correlation between current 

flow and oxide growth [24, 55]. The conducting AFM system described in §2.1.2, 

however, provided us with a unique opportunity to extend these measurements 

to sub-picoampere levels [25]. To increase the sensitivity of our conducting AFM 

system to < 100 fA, a slightly longer integration time Wcis used. Commercially 

available n—type Si and Cr-coated Si3N4 cantilevers [4] were used to write silicon 

oxide lines on 100 fl-cm, n—type Si(lOO) wafers etched in a standard buffered HP 

rinse to produce oxide-free H-terminated Si(lOO) surfaces. A write speed of 60 nm/s 

was used while biasing the tip at —12 V with respect to the sample. The test pattern 

consisted of four adjacent diagonal lines, separated by 1/xm, that were written from 

the upper-left to the lower-right of the images under ambient conditions. 

Figure (3-5) shows the measured current as a function of time while writing 

with the Si tip, together with the resulting lithography. Displacement current spikes 

occurred at the beginning of each line when the bias Wcis first applied. At the end of 

each line, the voltage was turned off, and the tip moved to the beginning of the next 

line, during which time no current flow was observed. There is a clear correlation 
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Figure 3.5: Top; The meeisured current while writing four lines with a silicon tip. 
Bottom: The resulting lines of silicon oxide. 
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between the steady-state current flow and the height and thickness of each written 

line. Figure (3.6) shows similar measiirements obtained with the Cr-coated Si3N4 

tips. The consistent current flow present while using these tips resulted in very 

uniform lines. One interesting feature of this figure is the glitch that occurred 

while writing line D. At t = 108 seconds, the observed current during lithography 

experienced a glitch not observed in the applied voltage. The AFM image shows 

that the current glitch resulted in a definite break of the oxide line. 

Careful examination of the silicon oxide line D in Fig. (3.5) reveals that 

it is 300 nm wide, 1.5 /im long, and a total of 3.2 nm thick, for a total volume 

of 1.4 X 10® nm^. Assuming that stoichiometrical Si02 was grown, this amounts 

to a total of 64 x 10® oxygen atoms which have been incorporated into the lattice. 

According to the arguments of the preceding section, this would amount to a total of 

roughly 130 x 10® charges flowing through the circuit during the lithography process. 

Integrating the current of 1 pA present while writing that line over the 23.6 seconds 

that current flowed, and ignoring the large displacement current spike, one arrives 

at a total charge of 150 x 10®^ , in agreement with the number of charges predicted 

by theory. A similar analysis of the taller but thinner line A in Fig. (3.6), which 

is 125 nm wide, 1.4 /xm long, and 4.3 nm thick, reveals a theoretical total charge 

of 80 x 10®9, and the same mceisured total charge of 150 x 10®^, which is also in 

fairly good agreement, given the uncertainty in determining the exact volume of the 

silicon oxide lines. 

Although the tip-sample current controls the amount of silicon oxide growth, 
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Figure 3.6: Top: The measured current while writing four lines with a Cr-coated 
Si3N4 tip. Bottom: The resulting lines of silicon oxide. Note the break in oxide line 
D caused by the current glitch. 



87 

the geometry of that growth is determined by other factors, including the geometry 

of the tip electrode. This can be seen by comparing line D in Fig. (3.5) written 

using a Si tip with the lines in Fig. (3.6) written with the Cr-coated silicon nitride 

tip. In all these cases, just over 1 pA of current flow wcis observed, and roughly the 

same amount of silicon oxide was grown. However, the line written with the silicon 

tip is much fatter, and not as tail, as the lines written with the Cr-coated Si3N4 

tip. Variations of line geometry are often observed, even between tips of the same 

type. However, we have observed that the Cr-coated Si3N4 tips typically produce 

narrower line features than the silicon tips. 

3.5 AFM Tips for Lithography 

The key difference between the systems used for electrical characterization and nano-

lithography is the type of tip used. For nanolithography, we propose that one does 

not want tips that produce linear, ohmic l/V curves as in Fig. (2.1), because it is 

the tip-sample field which induces the enhanced oxide growth, although eis demon

strated in the previous section, a small amount of ionic current is also required. As 

a result, the Pt/Ir tips which were ideal for electrical characterizatior^ work very 

poorly, if at all, for nanolithographic applications on non-insulating surfaces. In 

fact, metal coated Si3N4 tips are used almost exclusively in nanolithography sys

tems. The electrical differences between these tips is shown for the first time in 

Fig. (3.7). An IfV curve on an H-terminated Si(lOO) surface for a Pt/Ir tip and a 

chrome-coated Si3N4 tip used for lithography are shown. The tip-sample resistance 
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Figure 3.7: I / V  curve of both a Pt/Ir wire tip and a chrome coated Si3N4 tip on 
a Si(lOO) surface. The chrome tip, which works much better for lithography, hais a 
much larger tip-sample impedance. 
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for the Pt/Ir tip is approximately 150 Gfl, while the junction resistivity with the 

chrome-coated tip is almost 40 times greater, 5.2 Tfi, which allows for a much larger 

voltage drop across the junction, providing a greater tip-sample field than the Pt/lr 

tips. We believe that the larger junction impedance is a direct result of the chrome 

coating being worn off the very end of the tip. The only time lithography has been 

observed with Pt/Ir tips has been while the tip was separated from the sample by a 

3 nm oxide layer, as in Figs. (2.14 &c 3.3). The oxide thickness allows a tip-sample 

field to build up without the large current flow shown for Pt/Ir tips in Fig. (3.7). 

3.6 Silicon Nitride Growth 

It is interesting to note that within the large variety of scanned probe lithogra

phy research no one has reported extending this technique to the growth of other 

materials, particularly silicon and titanium nitrides. In this section, we present 

the first evidence of silicon nitride growth by scanning probe lithography under an 

environment of annhydrous ammonia [66]. 

H-terminated Si(lOO) wafers with a resistivity of 100 fi-cm were again used 

as substrates, with both Si and chrome-coated Si3N4 tips. The same test pattern 

was used, but the tip was biased at -10 V with respect to the sample, and write 

speeds ranging from 60 to 600 nm/s were employed. An initial set of silicon oxide 

lines was written under ambient conditions. The AFM chamber was then pumped 

down to 300 mTorr and purged with ultrahigh purity (UHP) N2 (99.999%) three 

times. The chamber was then evacuated to < 1 mTorr. At this point, NH3 was bled 
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into the chamber until the pressure reached 50 Torr, and a set of silicon nitride lines 

was written in this environment. Finally, the system was purged several times with 

UHP Nj and brought back to an ambient environment for imaging. The four lines 

in the upper left of Fig. (3.8) were written under ambient conditions, and the four 

lines in the lower-right were written in the NH3 environment. 

To distinguish the silicon oxide lines from the lines written under an NH3 

atmosphere, a concentrated (85%), 80°C phosphoric acid etch was chosen because 

of its highly selective etching of Si3N4 over both Si and SiOa- Figure (3.9) shows the 

same area as Fig. (3.8) after a 2 min. phosphoric acid etch. The lines written under 

the NH3 atmosphere have been completely etched away, producing shallow troughs 

where silicon nitride grew beneath the surface, while the silicon oxide lines have not 

been etched at all. Additional etching of the sample did not increase the depth of 

the troughs, so the true trough depth is shown in Fig. (3.9). The cross-sections in 

Figs. (3.8 (Si 3.9) show that the average height of a silicon nitride line is about 2.35 

nm above the surface, but that silicon nitride growth extends only 0.35 nm below 

the surface, indicating most of the silicon nitride growth occurred above the surface. 

This is in sharp contrast with silicon oxide growth discussed in §3.2, which produces 

roughly equal amounts of silicon oxide above and below the surface. 

There are two basic pathways through which Si3N4 growth can occur in our 

system, either 

3Si + 2N2-> Si3N4 (3.6) 
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Figure 3.8: AFM image of silicon oxide (upper-left) and silicon nitride (lower-right) 
lines written on a Si substrate with a Si tip. The tip was biased at -10 V with 
respect to the saimple and a write speed of 60 nm/s was used. The line scan along 
the black line of the topography image shows the height of the silicon nitride lines. 
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Figure 3.9: After etching in phosphoric acid, the silicon nitride lines are completely 
etched away. The line scan shows that most of the silicon nitride growth occurs 
above the substrate. 
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or 

3Si + 4NH3 -)• Si3N4 + 6H2. (3.7) 

To determine which of these mechanisms dominated silicon nitride growth, we also 

attempted lithography while the system was at a pressure below 1 mTorr, and in an 

UHP N2 environment, and saw no evidence of material growth under these condi

tions, as expected. The lack of lithography under the above conditions demonstrates 

the necessity of NH3 to write the lines in the lower-right of Fig. (3.8), indicating 

that only the reaction of Eq. (3.7) is significantly enhanced by the localized electric 

field of the AFM tip. 

The greater reactivity of NH3 is expected because of its large dipole moment 

of 4.3 X 10^° C-m, and fairly low 460 kJ/mol dissociation energy of the H-NH2 

bond, compared to 945 kJ/mol for the N2 triple bond. The presence of a pure 

NH3 atmosphere during growth, coupled with the fact that the lines are readily 

etched by phosphoric acid, strongly supports the presence of silicon nitride growth 

under these conditions. We propose that silicon nitride growth is regulated by a 

mechanism similar to that outlined for silicon oxide in §3.3. By replacing the 0H~ 

groups in the oxide reactions with NH^, the relevant reactions are: 

2(Si-H)-F 2(NH2 ) 2(Si-NH2) + H2-j-2e- (3.8) 

2H+-(-2e- H2 (3.9) 

Si^+_Si^+++ NH3 -> Si-H + Si-NHa (3.10) 

2(Si-NH2) + 2(Si-NH2) -)• 2(Si-N-Si)-t-2(NH3) + H2 (3.11) 



94 

Attempts to induce silicon nitride growth with a negatively biased sample produced 

sporadic, irregular results, similar to observations made during oxide growth, indi

cating that the direction of the local electric field is also important for silicon nitride 

growth. 

3.7 Summary 

Accurate current measurements during scanning probe lithography field-induced 

oxide growth have been performed for the first time and attributed to the ionic 

current flow required for oxidation. A direct correlation between the current and 

amount of oxide growth has been shown. These results indicate we should be able 

to improve the control of oxide growth using conducting-tip AFM nanolithography. 

Scanning probe lithography has also been used to grow silicon nitride nano-

structures on silicon substrates. The lithography was performed by placing the 

AFM in an evacuated chamber with a partial pressure of NH3. By changing the 

environment from ambient to NH3 conditions, both silicon oxide and silicon ni

tride structures can be written during the same session for subsequent processing. 

Expanding the nanolithography process to include silicon nitride growth greatly in

creases its utility. The ability of silicon nitride to mask dopants like Ga, Zn, O2, 

and In, as well as its higher dielectric constant, paves the way for more advanced 

device fabrication than previously possible using only silicon oxide nanolithographic 

techniques. 
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CHAPTER 4 

CONCLUSION 

The semiconductor industry has issued a series of manufacturing and metrology 

goals in its Semiconductor Technology Roadmap. Contemporary conventional man

ufacturing techniques and metrology methods are not designed for the 70 nm struc

tures called for by the year 2010. To meet these goals, considerable effort is being 

expended to find ways of extending the current technology to smaller dimensions 

and designing completely new technologies. We have shown how some conventional 

techniques can be adapted for use in an atomic force microscope, increasing the 

resolution of electrical characterization of thin insulating films to 8 nm. In addition, 

investigations of scanning probe lithography have demonstrated the possibility of 

improved lithographic control, and the patterning of different materials. 

The development of a sub-picoampere conducting-tip AFM system has been 

shown to be useful for the characterization of local electronic features in silicon 

oxide films using Fowler-Nordheim field emission. Vu studies using electrochemically 

sharpened Pt/Ir tips have demonstrated that the locally measured breakdown fields 

are roughly the same as those fields measured using much larger 2.3 x 10~® cm^ 

area capacitors. The system can provide voltage maps at constant current with an 

rms voltage noise of < 360 mV, and current maps at constant voltage with an rms 
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current noise of < 93 fA, producing two-dimensional maps of electrical features as 

small as 8 nm on a variety of Si02 films. In particular, information about the local 

thinning of ill-processed LOCOS gate oxides has been obtained much more quickly 

and easily than possible with other techniques like cross-sectional TEM. 

In addition to the continued use of this system to examine other device 

structures like EEPROMs, for example, it can also be used for fundamental studies 

on local breakdown causes and effects. Currently, we are investigating the affect of 

different interface roughnesses on the local FN voltage maps. It has also been shown 

that copper can be deposited on silicon wafers during an HF etch and cleaning stage 

[67]. Fowler-Nordheim maps of silicon oxide films grown on copper contaminated 

samples can be compared to maps on samples with no contamination. In this 

way, the local effects of small copper clusters on oxide integrity can be examined 

and compared with the integrated effects measured by large capacitor structures. 

Oxide charging, and the residual current flow discussed in §2.2.5 present a unique 

opportunity to measure the local distribution and relative lifetimes of charge centers 

in a Si-SiOj system. 

It has also recently been shown that exposing silicon oxide to a deuterium 

bath, instead of a hydrogen bath, to terminate any unsatisfied dangling bonds during 

processing greatly increases device lifetimes [68]. Fowler-Nordheim mapping could 

be applied to this system to learn more about the localized electrical effects of the 

deuterium. In addition there are undoubtedly many other materia! systems in which 

nanometer scale measurements of electrical properties can provide new insights. 
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Conducting AFM systems have been used for the last three years to perform 

lithography on many substrates. The investigation presented here, which for the first 

time definitively links current flow to the amount of silicon oxide growth, shows the 

possibility for precisely controlling the uniformity of silicon oxide, and likely silicon 

nitride growth, cis well. Regulation of oxide growth using integrated current flow 

can eliminate drastic nonuniformities like those shown in Fig. (3.6), which prevent 

the reliable fabrication of intricate device structures. We are currently working on 

a system capable of this kind of regulation. 

The demonstration of silicon nitride growth under an NH3 environment 

presents the opportunity for the fabrication of more complex devices than previously 

possible with nanofabrication techniques. Multiple stage processing is now possible, 

and relatively easy, using both nitride and oxide processing steps. It is expected that 

silicon nitride growth is also governed by current flow, providing a reliable means 

for regulating both the silicon oxide and silicon nitride growth. The ability to grow 

silicon oxide on pre-existing oxide layers also raises the question of whether or not 

silicon nitride features can be grown on, or into, pre-existing silicon oxide layers. In 

addition, the possibility of titanium nitride growth under an NH3 environment is 

also being explored. 

Although many of the fundamental abilities of conducting tip atomic force 

microscopy measurements and lithography have been demonstrated, work still re

mains to develop these methods into mature technologies that can be regularly and 

reliably used both in failure analysis labs and for device fabrication. In particular, 
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quantitative electrical measurements on thin insulating films requires much better 

knowledge of the tip-sample contact area than is currently possible. In addition, 

we are tinaware of an accessible theory that can describe the electron field emission 

between two electrodes, one a planar semiconductor, and the other a metal with a 

radius of curvature on the order of the separation of the two electrodes, with two 

distinct dielectric media separating them. A system to precisely control silicon ox

ide and silicon nitride growth during nanolithography is in the development stage. 

However, widespread use of nanolithographic techniques also requires the ability to 

write many devices simultaneously, which may be possible with the invention of a 

parallel AFM in which four AFM levers operate independently [69] . 
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