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Surface chemistry and nanoparticle growth relevant for flash memory applications 

has been investigated with a number of surface science techniques and imaging methods. 

Germanium chemistry on SiO2 surfaces is investigated and a series of temperature 

dependant sequential reactions are identified explaining how Ge reactively etches SiO2 at 

low temperatures.  These reactions hinder the accumulation of Ge adatoms on SiO2 

surfaces during chemical vapor deposition (CVD).  Germanium is seen to form an 

unusually stable contacting oxide on HfO2 surfaces and nanoparticles may be grown on 

HfO2 during CVD. The surface chemistry of Si is also examined on both SiO2 and HfO2 

surfaces and Si is seen to be relatively stable on both surfaces, with only slight difference 

in desorption kinetics.  A kinetically-driven patterning scheme was developed to direct 

the self assembly of nanoparticles within top-down defined regions on the surface by 

exploiting the reaction kinetics of Si and Ge.  Using this method, adatoms are corralled 

into top-down defined regions where they bottom-up self assemble to form nanoparticles 

and no nanoparticles form elsewhere.  The effect of feature size on the self assembly of 
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nanoparticles is studied and reactive pathways for adatoms in confined spaces are 

examined. 
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Chapter 1: An Introduction to Nanocrystal Growth on Dielectric 
Surfaces 

1.1 NANOCRYSTALS – PROPERTIES AND APPLICATIONS 

Nanomaterials are compositions of matter with properties intermediate between 

that of the atomic constituents and the bulk material, or entirely set apart from either bulk 

or atomic properties.  These new properties arise due to quantum confinement effects 

when at least one physical dimension of the material is on the order of 100-102 nm if the 

electronic energy level separation is greater than the thermal energy (kT = 26 meV at 

room temperature) [1].  For semiconductors, quantum confinement effects are observable 

at room temperature because the band edges fill out from the band center as the particle 

size is increased.  Properties that depend on bandgap (e.g. optical emission, excitation 

spectra, conductance, and coulomb blockade) are dominated by band edge effects in 

nanomaterials and these properties are tunable with particle size [2].  An illustration of 

these reduced dimensional systems and the corresponding quantization effects on the 

density of states are shown in Figure 1.1 [3].  Additionally, the coulomb blockade effect, 

where a quantized number of electrons are stored in a nanomaterial, also depends on the 

particle size.  Coulomb blockade is particularly useful in constructing and demonstrating 

single electron and flash memory devices, and tunable optical properties have use in 

numerous optoelectronic applications.  In addition to the new approaches and novel 

devices that have been demonstrated using nanomaterials, the scaling down in size of 

existing electronic devices takes them into the nanomaterials domain.  Two devices will 

be discussed here, nanocrystal-based flash memory and single electron memory.  These 

devices are related in that they share the same device architecture; the only difference is 

that they operate on different scales. 
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Figure 1.1 Illustration of the general shape for the density of states, N(E), for (a) 3D 
semiconductor bulk, (b) 2D quantum confined film, (c) 1D nanowire 
structure, and (d) 0D nanocrystal. 

  Nanocrystals have many applications in electronics, especially in non-volatile 

memory.  By far, the most widely used non-volatile memory is flash memory.  Flash 

memory is the largest and fastest growing memory market in history [4].  Flash has 

replaced other portable memory storage devices and is increasingly being used in 

consumer electronics, industrial electronics, and other markets.  Some market analysts 

predict that flash memory will replace hard drives that still operate mechanically to store 

and retrieve data [5].  The power of non-volatile memory is that once a memory state is 

written, no power is required to maintain it leading to lower power consumption in a 

smaller and lighter memory.  This is because charge is stored in a floating gate layer that 

is encased by an insulator (tunnel oxide on the bottom and gate oxide on the top) as 

shown in Figure 1.2(a).  The flash memory cell operates similar to a metal oxide 

semiconductor (MOS) transistor with the channel in saturation, but contains a floating  
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Figure 1.2 Schematic of (a) current technology used in a flash memory and (b) a 
nanocrystal-based flash memory cell. 

gate layer that stores charge and holds a memory state [6].  To write to the memory, 

electrons enter the floating gate through hot electron scattering across and tunneling 

through the tunnel oxide from the channel.  Charge stored in the floating gate raises the 

threshold voltage of the device and the device is considered to be programmed with a 

digital “1”.  The cell is erased by Fowler-Nordheim tunneling of the stored charge 

through the tunnel oxide layer to the source region.  This returns the threshold voltage to 

a lower value and the cell is said to be erased or a digital “0”.  The memory state of the 

device is determined by applying a read voltage between the high and low limits of 

threshold voltage and sensing for current. 

To demonstrate the efficacy of nanocrystals to store charge, test capacitor 

structures (essentially the same a Fig. 1.2(b) but without the source and drain regions) are 

built and high frequency capacitance-voltage (CV) curves taken.  High frequency CV 

measurements are typically taken at ~1 MHz with gate voltage swept from approximately 

-10V to 10V and back to -10V.  When no nanocrystals or other charge traps are present, 

no charge storage occurs, and ideally no hysteresis is observed in the CV curve from the  
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Figure 1.3. Illustration demonstrating high frequency CV scans for the case of (a) no 
charge storage and (b) charge storage in the nanocrystals. 

forward to reverse sweep as in Fig. 1.3(a).  When nanocrystals or other charge traps are 

present, hysteresis is observable in the CV scans resulting in a flatband voltage shift as in 

Fig. 1.3(b).  The flatband shift occurs when electrons are injected into the nanocrystals 

from the substrate during the large negative gate bias, and then removed during large 

positive gate bias.  Larger scan windows give rise to more charge injection and a larger 

flatband voltage shift [7]. 

  As is the trend in the microelectronics industry, the elementary devices such as 

the flash cell shown in Figure 1.2(a) are continually shrunken to smaller scales so that 

these devices become smaller, more efficient, and faster.  The gate length is shortened 

and all related device parameters (such as capacitance, allowable leakage, etc.) must be 

scaled by the appropriate amount as well for the device to operate properly at the new, 

smaller scale.  Many problems are encountered because of the multiple parameters that 

must be appropriately scaled and over the years many unique solutions have been 

proposed.  Flash memory is not without these scaling problems and two current issues are 

(1) charge leakage across tunnel oxide layer and (2) scaling of capacitance across the 



 5

tunnel oxide layer.  The scaling of capacitance across the tunnel oxide layer is addressed 

using high-k dielectric materials such as HfO2, and will be discussed in Chapter 3 and 4.  

The problem of charge leakage can be addressed by replacing the continuous floating 

gate layer with an array of discreet charge storing elements as shown in Figure 1.2(b) [8].  

Because the traditional floating gate layer has been Si, Si nanoparticles were first used 

and later Ge and other materials such as metals followed as charge storage elements 

[9,10].  The nanocrystal-based flash memories show many benefits including improved 

charge retention, less degradation of the tunnel oxide, and faster write times than a 

continuous floating gate memory.  These device improvements are largely due to 

nanocrystals serving as discrete charge storage elements to combat defects in the tunnel 

oxide layer, i.e., a defect in the tunnel oxide would only discharge a single nanocrystal 

rather than the entire floating gate and largely not affect the memory state.  Currently, 

large arrays of nanoparticles are used to demonstrate a nanocrystal-based memory.  As 

devices become smaller, the quantum confinement effects from individual nanoparticles 

will come into play. 

According to “The International Technology Roadmap for Semiconductors” the 

size of flash devices will continue to decrease into the foreseeable future.  Taking the gate 

lengths (80, 45, 28, 14 nm) and cell sizes (64000, 21263, 8624, 2548 nm2) for flash 

memory from the Roadmap, one can calculate the maximum number of 5 nm diameter 

nanoparticles (at 5 nm spacing) present in the device from geometrical considerations as 

shown in the plot of Figure 1.4.  The inter-particle spacing is chosen to minimize charge 

tunneling between nanoparticles.  Extrapolating this trend, the nanocrystal-based memory 

will eventually approach the limit of a single electron memory.  Single electron memories 

operating at room temperature have been demonstrated in the literature for Si 

nanocrystals [11-19]. 
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Figure 1.4. The number of 5 nm nanocrystals per device for a flash memory at indicated 
gate lengths. 

This research is focused on understanding the surface chemistry of nucleation and 

growth of Si and Ge nanoparticles on tunnel oxide materials.  In this work, nanoparticles 

are fabricated on a surface through chemical vapor deposition (CVD).  The next section 

contains an overview of the basic steps in the CVD process. 

   

1.2 SURFACE PROCESSES IN CHEMICAL VAPOR DEPOSITION 

Chemical vapor deposition is the process of growing a material (metal or 

semiconductor) on a heated surface using a gas phase precursor.  The basic steps in CVD 

are precursor adsorption and dissociation, ligand elimination, and adatom diffusion and 

self assembly.  For CVD of Si, a typical mass action statement leading to silicon 

deposition is shown in Reaction (1) where S* is an active surface site: 
SiSi

2 6 2Si H  + 2S*   S + S  + 3H→        (1) 

Other hydride precursors (such as SiH4 and GeH4) react in a similar manner.  The 

general mass action statement in Reaction 1 simply provides that the hydride gas 
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(disilane) reacts with an adsorption site on the surface to eliminate ligands (in this case 

hydrogen) and deposit silicon, but explains little about the actual surface site or the 

decomposition mechanism.  The following sections will elaborate on the surface sites and 

adatom interactions.  Discussion of the surface chemistry involved is left to subsequent 

chapters.   

1.2.1. Adsorption sites on amorphous surfaces 

Thermal CVD begins with adsorption and dissociation of a molecular gas phase 

precursor on a surface.  The number of adsorption sites and their chemical nature govern 

the supply of adatoms to the surface.  The number of surface sites intrinsically present is 

defined by the physical geometry of the surface, e.g., the atomic surface density, 

topography, roughness, and crystalline orientation if any.  The fraction of sites that are 

active depends on the chemical properties of the surface such as surface termination, 

oxidation state, and surface strain.  Once the adsorption sites are identified, they can be 

investigated in order to determine how to activate or deactivate them toward the gas 

phase CVD precursor and tune the gas-surface reaction. 

Adsorption onto crystalline surfaces has been thoroughly characterized and 

numerous reviews have been written on the topic.  Single crystal Si and Ge surface 

chemistry has been thoroughly reviewed [20-23].  Oxide surfaces, such as crystalline 

TiO2, have also been thoroughly investigated [24].  Adsorption onto crystalline surfaces 

will not be reviewed here.  In this section, adsorption on the less characterized amorphous 

surface is explained and reviewed. 

Amorphous surfaces are less accessible for study because many techniques used 

to study surfaces are designed for well-defined single crystal surfaces.  Scanning 

tunneling microscopy and electron diffraction techniques are useless for understanding 

relative atomic placements of amorphous surfaces.  Other techniques such as scanning 
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electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) are complicated 

when analyzing insulating surfaces.  Simulation may offer some insight as recent results 

are promising for determining structure and dynamics of amorphous surfaces [25-28].  In 

spite of these issues, a great number of technologies require CVD onto amorphous oxide 

surfaces and consequently, an understanding of amorphous surfaces.  Thin films such as 

high melting refractory metals or low dielectric constant BxCyNz films are deposited onto 

amorphous oxides as barrier films for Cu diffusion into underlying low k oxides [29-32].  

Semiconducting films and nanoparticles are deposited onto amorphous insulators by 

CVD in producing transistors and flash memory cells discussed in the previous section 

[33-35]. 

To begin the discussion of adsorption sites on amorphous surfaces, SiO2 is used as 

a model.  Silica has been thoroughly characterized for use in high surface area 

applications, as a support material in catalysis, and in numerous microelectronic materials 

applications and we can use this understanding of SiO2 surfaces and surface chemistry to 

describe and understand other oxide surfaces.  Where possible, comparisons to other 

amorphous oxides, such as HfO2, will be drawn.  For amorphous SiO2, surface sites can 

be grouped into three classes [36,37] that will be discussed in turn (i) ≡Si-OH sites 

known as silanols or hydroxyl groups, (ii) Si—O—Si siloxane bridges, and (iii) Si— 

defect sites as shown in Figure 1.5. 

Hydroxyl groups (≡Si-OH) on the SiO2 surface are highly reactive to a number of 

treatments, allowing chemical grafting of a variety of molecules and self assembled 

monolayer (SAM) formation [37,38].  Hydroxyl groups confer a hydrophilic nature to the 

surface; consequently, multilayers of water are usually present on the surface.  Water 

adsorption and the hydroxyl group concentration have been studied as a function of  
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Figure 1.5. Three major classes of surface sites existing on silica surfaces (a) the 
hydroxyl group, (b) the siloxane bridge, and (c) the defect site, or silicon 
dangling bond. 

temperature by numerous authors on silica, alumina, titania, and mixed oxide surfaces 

[36,38-42].  The number of hydroxyl groups is decreased through annealing where water 

is eliminated, creating siloxane bridges.  Annealing at 120 oC in air or installation into a 

vacuum system will remove physisorbed water from the surface, leaving densely packed 

hydroxyls.  These densely packed silanols are called geminal hydroxyls and occupy the 

same Si atom where there may be two or three geminal hydroxyls present per Si atom.  

Annealing the surface to 170 oC initiates geminal hydroxyl loss and by 400 oC the surface 

density of silanols is reduced leaving mostly vicinal hydroxyls.  Vicinal hydroxyl groups 

are located on separate Si atoms but located close enough to each other to enable 

hydrogen bonding.  When the surface is heated above 450 oC, “irreversible” loss of 

vicinal hydroxyls occurs, leaving isolated hydroxyls on the surface.  When the surface 

temperature is maintained below 450 oC, the fully hydroxylated state of the surface may 

be easily recovered by exposure to water.  Once vicinal hydroxyls are eliminated to 

produce isolated hydroxyls, more energetic chemical methods must be used to regenerate 

hydroxyl groups on the surface, such as exposure to water plasma, strong oxidizers, or by 

Si

OH

Si
O

Si

Si
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etching in dilute HF or in NH4F buffered oxide etches [43-45].  Isolated hydroxyls are 

spaced far enough apart so that no hydrogen bonding occurs between isolated groups.  

Silanol concentration is further reduced as annealing temperature is increased from 450 to 

1100 oC leaving fewer and fewer isolated silanols until no hydroxyl groups are detectable 

after annealing at 1200 oC.  Estimates of the hydroxyl concentration, surface state, and 

annealing temperature are summarized in Table 1.1.   

A higher concentration of hydroxyl groups is known to promote nucleation of 

silicon nanoparticles in CVD.  The density of Si nuclei formed on a SiO2 surface in CVD 

increases from 4�1011 cm-2 to 1�1012 cm-2 as the silanols density is increased from 0.6 

nm-2 (6�1013 cm-2) to 1.4 nm-2 (1.4�1014 cm-2) [46].  Additionally, when a SiO2 surface 

is patterned with alternating regions containing reactive hydroxyl groups and stable 

siloxane bridges; Si nanoparticles preferentially form where hydroxyls are present [47].  

Silane adsorption onto a silica surface occurs at the hydroxyl group through Reaction (2) 

 
Temperature 

(oC) 
Concentration 

(OH/nm2) 
Surface State Ref. 

25-120 ~5.0 All physisorbed water removed [36,48]

150-170 5.0 Onset of geminal hydroxyl loss [36,48]

400-450 2.5-1.4 Mostly vicinal hydroxyls (reversible limit) [36,48]

700 1.2 Vicinal and isolated hydroxyl groups only [48] 

800 0.9 Isolated hydroxyls only [48] 

900 0.65 Isolated hydroxyls only [48] 

1000 0.4 Isolated hydroxyls only [48] 

1200 0.0 Fully dehydroxylated [36] 

Table 1.1. Hydroxyl concentration and classification for a silica surface as a function 
of annealing temperature in vacuum. 
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3SiH
OOH

4 2Si       +  SiH        Si       +     H→

      (2) 

where the chemisorbed silane further reacts with neighboring hydroxyls to further 

eliminate hydrogen forming Si adatoms.  Disilane reacts in a similar manner as evidenced 

by temperature programmed desorption (TPD) studies [49] and disilane reacts faster than 

silane with hydroxyl groups, which is explained by the presence of the Si-Si bond in 

disilane compared to only Si-H bonds in silane that may lead to greater polarizability of 

Si2H6 and its increased affinity for the surface [50,51].  Yasuda has studied hydroxyl 

group reactivity by forming silicon chloride monolayers by reacting SiH4-xClx with 

hydroxyl groups on silica surfaces near 500 K [52,53].  For dichlorosilane with x = 2, the 

surface is activated toward Si2H6 adsorption because of the formation of Si-H groups 

after elimination of HCl upon adsorption and desorption of HCl when the surface is 

heated to CVD temperature (850 K).  For the higher chlorides (trichloride and 

tetrachloride with x = 3,4), the hydroxyl groups remain chlorine terminated Si-Clx-2 and 

are inert toward Si2H6 adsorption and subsequent nucleation of Si in CVD.  Subsequent 

electron-beam writing on the passivated surface stimulates desorption of chlorine, 

activating the site and enabling patterned growth of nanoparticles.  Diborane (a common 

doping gas) reacts with hydroxyl groups leading to boron termination resulting in lower 

activity of the surface toward Si deposition in CVD [54].   

Other oxide surfaces with hydroxyl groups behave similarly.  For example, 

hydroxyl groups have been thoroughly characterized on alumina [39,41,55,56].  Alumina 

surfaces have higher concentration of hydroxyls than silica surfaces, and alumina is more 

reactive toward SiH4 adsorption and nanoparticle growth in CVD when compared to 

silica [57].  The higher reactivity of alumina may also be related to more reactive 
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hydroxyls on alumina.  Imai suggests that decreasing electronegativity of the Al surface 

atoms leads to more basic hydroxyls that are more reactive towards silane [58] (the 

electronegativity differences between the O atom and the Si, Al, and Mg atoms are 1.54, 

1.83, and 2.13, respectively).  The activity of magnesium dioxide toward silane 

adsorption is claimed to be even greater than alumina although no results are shown by 

Imai for magnesium dioxide.  A reaction scheme is proposed for silane adsorption onto 

alumina, which is analogous to Reaction (2) above.  For nitride insulators, amine groups 

(-N-Hx) in addition to silanols, defects, and in the case of silicon oxynitrides bridging 

siloxanes [59,60] are present.  However, for silicon nitride, the outermost surface layer is 

primarily Si atoms [61].  This evidence all points to the hydroxyl group as the primary 

adsorption site for hydride and chloride CVD precursors.  It is important to note that the 

hydroxyl is implicated as the adsorption site, but not the nucleation site, an issue often 

confused in the literature. 

Less is known about the HfO2 surface, but the method of preparation seems to 

strongly affect the surface sites.  A study of physical vapor deposition (PVD) HfO2 

stability during exposure to ambient shows that HfO2 readily adsorbs carbon (i.e. CO2) 

but not H2O, suggesting few hydroxyl sites [62].  HfO2 prepared by sol-gel synthesis is 

shown to be quite hydrophobic, again suggesting very few hydroxyl groups [63].  

However, in separate reports on atomic layer deposition (ALD) of HfO2, the Hf-OH 

group is obviously present and easily observed in IR spectra [64,65].  The presence of 

Hf-OH groups is also suggested for HfO2-ZrO2 mixtures [66]. ZrO2, which should be 

similar to HfO2 because Hf and Zr are both Group IVB elements, also possesses hydroxyl 

groups that are well documented [67]. 

The second type of site on amorphous silica surfaces is the siloxane bridge (≡Si-

O-Si≡).  Normally, siloxanes are responsible for the chemical inertness of oxide surfaces; 
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however, they can be reactive when highly strained.  Strained siloxane bridges, prepared 

with appropriate oxide film growth conditions, are seen to be reactive as shown in 

experiment and in simulations [47,68-70].  Deposition of silicon nanoparticles can be 

somewhat organized along areas of highly strained siloxane bridges, but the other more 

reactive groups (i.e. the hydroxyl groups) present prevent high selectivity [70].  Many 

mechanisms have been proposed for various reactions with the strained siloxane bridge 

[27] that lead to production of hydroxyls, hydrogen termination, or grafting of different 

functional groups.  As with the hydroxyl group, the bridging surface group (generically 

known as the M—O—M or metal-oxide-metal bridge) is common to many 

semiconducting oxide and transition metal oxide surfaces [71].  The M—O—M bridge 

has not been studied for the HfO2 surface, but for the similar ZrO2 and TiO2 surfaces the 

bridge is observed using IR and Raman. 

All other sites on the oxide surface that are not hydroxyls or siloxanes can be 

grouped as defect sites.  In all cases, defects (i.e. Si dangling bonds) are seen to increase 

the reactivity of the substrate towards adsorption. Typically defects originate from a 

disturbance of the coordination and bonding of the surface atoms by non-stoichiometric 

film growth [72], from ion bombardment and radiation damage [36,73], or intentional 

deposition of excess silicon on the surface [34].  Intentional introduction of a 

submonolayer amount of defects through first seeding the surface with silicon atoms and 

subsequent CVD is one route toward tuning the density of nanoparticles over several 

orders of magnitude ~109-1012 cm-2 [34,74].  I note that as a limit, a highly defective 

surface is simply a rough, amorphous Si film.  HfO2 surfaces are known to have oxygen 

vacancy defects [75] and oxygen is known to diffuse readily through HfO2 [76,77] but 

more detailed studies have not been conducted. 
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After precursor adsorption at one of these three surface sites, the unwanted 

portions of the precursor molecule (i.e. the ligands) are thermally eliminated, ideally 

leaving only the desired adatoms on the surface.  Adatoms may then further chemically 

react with the surface and/or will begin to diffuse on the surface and self assemble into a 

film or nanostructure, depending on the adatom-adatom and adatom-surface interactions.  

The chemistry of Si and Ge adatoms will be discussed in latter chapters.  In the next 

section, the diffusion and self assembly of nanocrystals is discussed. 

 

1.2.2. Adatom diffusion and nanocrystal self assembly 

In this section, the different reactive pathways for an adatom on a surface during 

CVD are discussed.  Diffusive events, nanoparticle self assembly (i.e. nucleation), and 

the different regimes of nanostructure nucleation and growth are explained. 

Adatoms populate the surface by hydride reaction with active sites to eliminate 

ligands leaving mobile adatoms, shown in Figure 1.6(a).  The process of adatom addition 

to the surface is continual, at least during the early stages of CVD as long as active 

surface sites are present for precursor adsorption.    Adatoms may be lost to a desorption 

event of the adatom, or through reaction with the surface to form a volatile product (Fig 

1.6(b)).  Adatoms diffuse on the surface and interact with both the surface and with other 

adatoms present.  Adatoms may join together (cluster) as in Fig. 1.6(c) until a “critical 

cluster” is formed that will energetically favor stable nanoparticle formation over 

dissolution into adatoms.  Clusters may be formed from adatom-adatom reactions as in 

Fig 1.6(c), by addition of any combination of other adatoms or subcritical clusters, or by 

addition of atoms from the gas phase.  Direct gas phase addition to an adatom is shown in 

Fig. 1.6(d).  Once a cluster becomes a critical cluster, the nucleation phase for that cluster 

is considered over and the cluster enters the growth phase as a nanoparticle.  Finally,  
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Figure 1.6. Adatom pathways responsible for particle nucleation in CVD include (a) 
formation of adatoms from decomposition of gas-phase precursor, (b) loss 
of adatoms through a desorption event, (c) adatoms forming clusters, (d) 
direct addition to adatoms from decomposition of gas-phase precursor, and 
(e) adatom incorporation into a growing nanoparticle.  

adatoms are consumed from the surface by diffusing to a growing nanoparticle and 

becoming incorporated into the growing particle as in Fig. 1.6(e).  All of these factors 

(diffusion, rate of adatom arrival, critical cluster size, rate of desorption, etc.) influence 

the self assembly of nanoparticles, their size, and the size distribution. 

Importantly for these small (<100 atoms) cluster sizes, concepts such as surface 

tension and contact angle are not appropriate, although they are sometimes used in the 

literature.  Contact angle is a parameter from heterogeneous nucleation theory.  To 

analyze nanoparticle nucleation at these scales, atomistic nucleation theory is required 

[78].  No simple approaches currently exist for modeling the multiple time and length 

scales involved in the CVD process, but some multiscale modeling efforts have been 

made combining mean field rate equations, kinetic Monte Carlo, and level set simulations 

[79].   

Due to the simultaneous occurrence of the processes in Fig. 1.6, the CVD process 

intrinsically produces nanoparticles randomly on the surface with a wide distribution of 

(a) 

(d)

(e) (c)

(b)
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sizes, e.g. 5 nm to 200 nm before the onset of coalescence.  For the flash memory 

applications discussed above, it is desirable to have a high density of nanoparticles with a 

very tight size distribution.  For 8 nm nanocrystals, the size distribution should be less 

than 7% [80].  Additionally, the arrangement of nanoparticles with respect to each other 

and even their crystallographic orientation will affect device characteristics [81,82].  We 

have developed an approach to produce high densities (~1012 cm-2) of 5 nm nanoparticles 

to address the high density and tight size distribution issues [34].  What remains is to 

control the self assembly process to fine tune the position of nanoparticles within the gate 

area of the device.  This is accomplished in this work by obtaining an understanding of 

the surface chemistry involved in the desorption step (Fig. 1.6(b)) to control the adatom 

population and subsequent self assembly of nanoparticles on surfaces. 

 

1.3 OVERVIEW OF DISSERTATION 

Chapter 2 describes surface science studies of Ge on SiO2.  It is found that Ge 

etches SiO2 surface by stripping oxygen from SiO2 and follows a quite surprising set of 

oxidation and reduction reactions depending on the temperature.  Chapter 3 examines Si 

and Ge nanoparticle growth on HfO2 surfaces and explores the surface chemistry 

involved.  Chapter 4 ties together the surface science studies by presenting and 

demonstrating a kinetically-driven patterning scheme based on the work from previous 

chapters.  Patterned self assembly of Si and Ge nanocrystals is demonstrated as a proof of 

concept for large features.  Further, Ge nanocrystal self assembly is patterned in small 

~103 nm features to study the effect of feature size on self assembly.  Future directions 

for this work are discussed in Chapter 5, which concludes this work. 

Large portions of this work have previously appeared in print.  Much of the 

material concerning CVD background in this chapter is taken from an invited review in 
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progress [83].  The work in Chapter 2 has appeared in conference proceedings [84] and as 

a full paper [85].  Chapter 3 has been published in conference proceedings [86], a paper 

[33], and a letter [35].  Much of Chapter 4 first appeared in conference proceedings [87], 

a journal paper [33], and as a letter [35].  Some of the ongoing work in Chapter 5 has 

already been submitted for publication in conference proceedings and papers [88-91]. 
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Chapter 2: Germanium Chemistry and Ge Nanoparticles on Silica 
Surfaces 

2.1 INTRODUCTION 

Semiconductor nanocrystals are the focus of many studies because of the novel 

properties exhibited by these materials. Uses abound for nanocrystals in the field of 

electronic and optoelectronic materials; specifically, germanium nanocrystals on insulator 

substrates, which have higher carrier mobility and lower band edge than Si nanocrystals, 

are now being extensively studied as the charge storage elements in flash memory 

devices [1-4].  Further, Ge doped silica has applications in optical waveguides [5,6]. The 

Ge/SiO2 material system is, however, not well understood and questions remain 

concerning the failure of chemical vapor deposition (CVD) to produce Ge nanocrystals 

on SiO2. 

CVD is a robust, efficient, and industry-compatible method to deposit clean 

semiconductor films and nanocrystals. The successful CVD of silicon nanocrystals on 

oxide substrates is well known in the literature. Additionally, CVD of Ge onto Si surfaces 

has been studied thoroughly. However, CVD of pure Ge nanocrystals on clean SiO2 

surfaces has not yet been demonstrated in the literature and other fabrication methods 

have been used, such as, agglomeration of Ge containing films [7-9], Ge ion implantation 

in silica [10-12], molecular beam epitaxy (MBE) [13], and annealing of Ge doped SiO2 

films [14,15]. Other recent approaches towards CVD of Ge onto SiO2 involve first 

creating Si nuclei [16,17], or a Si rich surface layer [18] and subsequently depositing Ge 

onto the Si nuclei but not directly depositing Ge onto the SiO2 surface. The primary aim 

of this chapter is to elucidate why Ge nanoparticle growth through CVD is unsuccessful 

on oxide substrates.  This work has been published [19,20]. 
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2.2 EXPERIMENTAL SYSTEM AND METHODS 

The work described in this dissertation was all conducted in a multi-chamber 

ultra-high-vacuum (UHV) CVD system described previously [21,22]  This system allows 

easy exchange of 1.6 cm square samples from air into a loadlock (at low vacuum) and 

then transfer into a sample transfer chamber at high vacuum.  The transfer chamber is 

connected to the growth and analysis chambers, both of which are UHV chambers with 

base pressures typically reaching ~10-10 Torr.  In both chambers the sample is heated 

from the backside using a 300 W halogen bulb (with a hole cut in the glass to expose the 

tungsten filament) and is controlled through a Eurotherm controller allowing surface 

temperatures from 300-1100 K.  Surface temperature is monitored through a calibrated 

reference thermocouple installed near the sample surface.  The growth chamber is 

equipped for CVD and physical vapor deposition (PVD) using the precursors GeH4, SiH4, 

and Si2H6 (all 4% diluted in He obtained from Voltaix Inc.) and C2H4 (20% in Ar) at total 

pressures up to 1�10-4 Torr.  For PVD, a calibrated [22] dose of 0.7-15 ML (1 ML=6.3 × 

1014 atoms/cm2) Ge is deposited onto samples by thermally cracking 1.2×10-7 Torr GeH4 

on a second hot tungsten filament positioned 3 cm from the sample surface.  The analysis 

chamber is isolated from the growth chamber to prevent contamination and is equipped 

with an X-ray photoelectron spectroscopy (XPS) system with a dual anode, allowing both 

Al and Mg Kα radiation (Al Kα is used in this work, unless otherwise noted) and a 

ThermoVG CLAM2 hemispherical analyzer.  Temperature programmed desorption 

(TPD) experiments are conducted in the analysis chamber by heating samples positioned 

~3 cm away from a differentially pumped mass spectrometer. 

For experiments in this chapter, samples with 9 nm thermal SiO2 on Si(100) 

provided by Motorola, Inc. are used.  Samples are first cleaned by rinsing in acetone, 
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ethanol and deionized (DI) water followed by a 10 min piranha (6:2:1 H2SO4:H2O:H2O2) 

bath. Samples were then etched for 5 sec in a 2% HF bath, rinsed in DI water, and finally 

blown dry with He.  Samples are then loaded into the UHV CVD system and degassed at 

1100 K for 30 min producing a clean 7 nm SiO2 sample that is carbon-free as verified by 

XPS. 

In this chapter, XPS is employed to study the bonding changes in Ge on SiO2 

surfaces as a function of temperature. All XPS data are corrected for charging by 

referencing the Si 2p substrate peak to 99.0 eV.  TPD runs are executed by heating 

samples at a rate of ~1 K/s from 300 K to 1000 K while the mass to charge ratios (m/e) of 

2 (H2
+), 16 (O+), 32 (O2

+), 44 (SiO+), 74 (Ge+), 75 (GeH+), 90 (GeO+), and 103 (GeO2
+) 

are monitored by mass spectroscopy. Baseline scans were recorded during an initial ramp 

and after samples had cooled to <350K, 0.7 ML of Ge is deposited and TPD scans 

repeated. Signals for m/e 2, 16, 32, and 44 are not discernable above baseline scans.  The 

m/e 103 signal is flat at all temperatures indicating no GeO2 desorption for all runs (not 

shown), therefore, we follow the signals for m/e 74, 75, and 90.  Surfaces and 

nanocrystals are imaged ex situ with a Hitachi S-4500 field emission scanning electron 

microscope (SEM).  Samples imaged with SEM were coated with a thin layer of AuPd to 

reduce charging.  AuPd deposited on clean samples did not produce nanoparticles or 

change the surface morphology. 

 

2.3 RESULTS 

Starting with a clean 7 nm SiO2 sample held at 300 K, 1.0 ML Ge is deposited 

producing a large, broad Ge 2p3/2 XPS feature at 1218.1 eV (top trace of Figure 2.1). It is 

important to note that we observe no significant shift in the Ge 3d peak at 29.4 eV during  
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Figure 2.1.  XPS of Ge 2p3/2 taken with Al Kα after annealing to 300 K (+), 600 K (□), 
800 K (○), and 1000 K (∇). GeO2 formation at 1221.1 eV is clear at surface 
temperatures above 600 K. 

annealing sets; therefore, the Ge 2p3/2 peak is monitored for greater surface sensitivity. 

This 2p3/2 peak at 1218.1 eV indicates a mixture of Ge species, likely from GeHx 

fragments produced through cracking of the GeH4 precursor. The surface layer is 

illustrated in Figure 2.2(a). 

The sample is then ramped at 1K/s to 600 K and held for 10 min.  After the 600 K 

anneal, the Ge 2p3/2 peak shifts down in binding energy and a peak can be fit to Ge0 at 

1217.1 eV.  Peaks are fit to the data after baseline subtraction using PeakfitTM.  Peaks fit 

to the data are shown in Figure 2.1 for each trace annealed above 300 K and the binding 

energy values for Ge0 (1217.1 eV) and Ge4+ (1221.1 eV) are indicated by solid vertical  
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Figure 2.2.  Ge interactions after (a) cracking GeH4 to deposit Ge and GeHx at 300 K, 
(b) GeH4 desorption, GeOx and GeO2 formation, and GeO desorption at 550 
K, and (c) germanium oxide decomposition and Ge desorption above 800 K. 

lines in Figure 2.1. A third peak must be fit in between the Ge0 and Ge4+ peaks and 

represents substoichiometric oxide, which is also present after the 600 K anneal. 

We attribute the chemical shift to GeHx hydrogenation by surface hydrogen to 

volatile GeH4  

GeHx (s) + GeHx (s) → GeH4 (g) + Ge (s) .     (1) 

GeHx hydrogenation is further evidenced by a rise and fall in both the m/e 75 (GeH+) and 

74 (Ge+) signals seen in Figure 2.3 as the temperature is ramped from 450-550 K in TPD. 

In addition to the Ge 2p3/2 peak shift after the 600 K anneal, a shoulder appears centered 

at 1221.1 eV corresponding to GeO2 formation. 

GeO desorption begins around 500 K observable as a rise in the m/e 90 signal in 

Figure 2.3, and it is clear from scans conducted at different ramp rates that GeO 

desorption is complete by 700 K. The mass action taking place is summarized by: 

Ge (s) + SiO2 (s) → GeO2 (s) + SiOx (s)     (2)  

Ge (s) + SiO2 (s) → GeO (s) + SiOx (s)     (3) 

GeO (s) → GeO (g)        (4) 
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Figure 2.3.  TPD signals for Ge+ (74) GeHx
+ (75) and GeO+ (90). 

and is illustrated in Figure 2.2(b). Reactions (2) and (3) indicate Ge atoms etching the 

substrate to strip oxygen atoms from SiO2 to form GeO and GeO2 (see below). Reaction 

(4) represents the volatility of GeO.   

After annealing to 800 K for 10 min, the total area under the peaks in Figure 2.1 

decreases further, indicating depletion in the total amount of Ge species present.  While 

the total amount of Ge species is decreasing, the relative amount of GeO2 present, 

compared to the substoichiometric oxides, increases with increasing anneal temperature 

in agreement with oxidation studies of Ge single crystal surfaces [23,24]. 

Annealing to 1000 K for 10 min shows additional Ge0 loss to the extent that the 

Ge4+ peak becomes larger than the Ge0 peak. TPD data in Figure 2.3 show Ge desorbing 

from the surface as Ge (m/e 74 signal only) at temperatures above 750 K, corroborating 

the Ge loss seen in the XPS data of Figure 2.1. Ge does not diffuse into oxide layers 

under these conditions [25], and no GeO is desorbing, which means the GeO2 present 

must undergo rapid decomposition reactions. Because there is no spike in the m/e 90 
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signal above 700 K in Figure 3, the GeO2 and GeOx species still present at 800 K must be 

reduced, ultimately producing Ge which desorbs. The mass action taking place is: 

GeO2 (s) + Ge (s) → 2GeO (s)      (5) 

GeOx (s) + SiOx (s) → Ge (g) + SiO2 (s) .     (6) 

Reaction (5) occurs above 690 K for oxidized Ge(100) surfaces [26] and is proposed in 

selective growth studies [27] while Reaction (6) is known to proceed at 630 K for a thin 

GeO layer on Si [28] and occurs above 970 K for germano-silicate glass layers [29]. The 

high temperature GeO2 decomposition to GeO in Reaction (5) allows the lower 

temperature decomposition pathway of Reaction (6) to occur rapidly before a detectable 

amount of GeO desorbs. The requisite SiOx in Reaction (6) that serves to reduce the 

oxidized Ge is produced by the lower temperature Reactions (2) and (3) that are seen to 

occur below 600 K (Figures 2.1 and 2.3). Figure 2.2(c) illustrates the high temperature 

interactions discussed above.  All of the reactions discussed and the appropriate 

temperature ranges are summarized in Table 2.1. 

 

Table 2.1.  Summary of temperature dependant reaction pathways for Ge species on 
SiO2 surfaces. 

GeHx (s) + GeHx (s) → GeH4 (g) + Ge (s)  450-500 K (1) 

Ge (s) + SiO2 (s) → GeO2 (s) + SiOx (s) 400-1000 K (2) 

Ge (s) + SiO2 (s) → GeO (s) + SiOx (s) 400-700 K  (3) 

GeO (s) → GeO (g)  500-700 K  (4) 

GeO2 (s) + Ge (s) → 2GeO (s)  > 690 K (5) 

GeOx (s) + SiOx (s) → Ge (g) + SiO2 (s) > 630 K  (6) 
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Figure 2.4.  XPS data show etching of a 2 nm SiO2 layer by a flux of Ge atoms. 

A SiO2 etching process using GeH4 as the etchant has been reported in the 

literature [30] and demonstrated in separate experiments shown in Figure 2.4 by exposing 

a 2 nm thin SiO2 layer at high substrate temperatures (973 K) to a flux of Ge atoms 

equivalent to Ge deposition of 1.8 ML.  The ratio of Si 2p oxide to metal peaks before 

and after exposure was monitored and etching at 973 K is clear as the SiO2 2p peak at 

103.3 eV vanished while the Si peak at 99.0 eV became more intense.  This can only 

occur if the overlying oxide layer is being removed.  Depositing 15 ML Ge at 300 K 

attenuates both the Si 2p and the SiO2 signals indicating no etching of the oxide at room 

temperature. 

 

2.4 DISCUSSION 

These data show that a sub-monolayer coverage of Ge atoms, deposited at 300 K, 

strip oxygen from a SiO2 surface forming GeO at temperatures as low as 500 K (Figure 

2.3) and GeO2 as low as 600 K (Figure 2.1). The GeO2 formed does not desorb, but GeO 

desorption begins at 500 K. Above 750 K, residual non-oxidized Ge combines with GeO2  
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Figure 2.5.  Ge nanoparticles on SiO2 surface produced by heating 15 ML Ge to 1000 K. 

forming GeO that actually does not desorb but is further reduced by SiOx in a high 

temperature pathway to form volatile Ge, which desorbs as seen in Figure 2.3. 

Ge supplied to the silica surface above 500 K is converted to volatile GeO upon 

arrival hindering both accumulation of Ge adatoms and subsequent self-assembly of 

nanocrystals. This could set an upper temperature limit on the conventional CVD process 

window. The lowest temperature required for thermal decomposition of GeH4 on SiO2 

surfaces to produce Ge adatoms in uncertain. In selective growth studies with GeH4, no 

Ge is deposited on SiO2 for substrate temperatures up to 680 K [31] but it is unknown if 

GeH4 is decomposing and etching the oxide at lower temperatures. 

Depositing a 10 nm amorphous Ge film on SiO2 and heating to 550-600 K is 

known to produce nanocrystals through an agglomeration process [7], suggesting that 

accumulation of a critical amount of Ge on the SiO2 surface will permit nanocrystal 

formation. Additionally, we have observed by SEM that starting with an initial coverage 

of 15 ML Ge and ramping to 1000 K does produce nanocrystals (shown in Figure 2.5); 

Ge particles are observable by SEM even with initial film coverage as low as 2.5 ML. 

This suggests that direct nanocrystal formation on SiO2 by CVD could be possible 

provided the Ge atom flux is sufficiently high to counteract the various Ge loss processes 

revealed in this chapter. 
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2.5 CONCLUSIONS 

This study reveals the Ge loss pathways from SiO2 surfaces that complicate 

attempts to grow Ge nanocrystals on SiO2 in CVD.  Surface Ge and GeHx, deposited by 

thermally cracking GeH4, undergo hydrogenation to GeH4 and oxidation to GeO and 

GeO2 upon heating. Temperature dependant reactions were revealed in TPD and 

annealing studies showing GeO desorption and rapid GeO and GeO2 reduction back to 

Ge which desorbs above 800 K.  In the next chapter, the chemistry of Ge and Si on HfO2 

surfaces is explored and large differences are seen for Ge chemistry on the two oxide 

surfaces. 
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Chapter 3: Silicon and Germanium Chemistry on Hafnia Surfaces and 
Nanoparticle Growth 

3.1. INTRODUCTION 

An understanding of Si and Ge interactions with HfO2 is important to advance 

electronics applications, such as increasingly smaller nonvolatile memory devices and 

new memory device architectures.  Nanocrystal-based flash memory is a popular 

architecture where the continuous poly Si floating gate is replaced by an array of discrete 

charge storing Si nanocrystal elements to prevent discharge of the entire floating gate 

through defects in the tunnel oxide layer.  Using Si nanocrystals leads to longer retention 

times, lower leakage currents, and enables faster write times [1].  In fact, devices using 

other types of nanocrystals such as Ge [2] or even metal nanocrystals of Au, Ag, or Pt [3] 

have been reported.  The non-silicon material systems have added advantages in that both 

Ge and metal nanocrystals show enhanced performance over Si nanocrystals [4,5] as 

charge storage elements. 

As the SiO2 tunnel oxide thickness approaches 2 nm, leakage currents through the 

tunnel oxide become unacceptably high.  This excessive leakage through thinning layers 

presents a difficulty in meeting the requisite capacitance as C, the capacitance, is 

inversely related to the thickness by C=εoκ/d where εo is the permittivity of free space, κ 

is the relative dielectric constant of the layer, and d is the thickness of the layer.  For 

thinning tunnel oxide layers, a physically thicker high-κ dielectric may be substituted 

with a 2 nm equivalent oxide thickness, which prevents leakage and improves charge 

retention due to the increased physical thickness of the film [6].  Additionally, by 

replacing the SiO2 control oxide with HfO2, gate voltage coupling with the tunnel oxide 

is enhanced and lower programming voltage is possible.  Kim et al. have demonstrated 
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improvements in SiGe nanocrystal devices when using HfO2 in place of SiO2 [7] and Ge 

nanocrystal-based memories with HfO2 tunnel oxides have been demonstrated by others 

[8,9]. 

Understanding Si and Ge interactions with HfO2 is also important in metal-oxide-

semiconductor (MOS) devices where HfO2 is deposited onto Ge or SiGe surfaces.  

Germanium is becoming integrated in MOS devices due to the superior carrier mobility 

over Si and HfO2 is used to combat unacceptably high leakage currents through thinning 

SiO2 gate dielectrics [10].  Many questions remain concerning Ge interactions with HfO2.  

In studies of HfO2 deposition on Ge substrates, Ge diffusion into the HfO2 layer is 

suggested by some authors [11-13] but this seems contradicted by cross sectional 

transmission electron microscope (TEM) results showing sharp interfaces [14-18].  The 

interfacial layer between HfO2 deposited and annealed on SiGe and SiGeC substrates has 

been shown to consist of a HfSixOy silicate [14-16] or a GeOx layer that transforms to a 

silicate interfacial layer upon heating [17].  Additionally, it may be noteworthy that 

HfGeO4 compounds may not form below 1200 K [19,20] suggesting poor intermixing 

and alloying in Ge and Hf systems.  

This chapter characterizes interactions of Si and Ge with HfO2 surfaces.  

Chemical vapor deposition (CVD) of Si or Ge on HfO2 is demonstrated and physical 

vapor deposition (PVD) is used to study the initial reaction of Si or Ge on HfO2.  

Reactions of semiconductor on HfO2 are compared to reactions on SiO2.  This work is 

now in print [21,22]. 

 

3.2. EXPERIMENTAL METHODS 

Three different preparations of HfO2 were used in this study.  Samples referred to 

as ALD HfO2 are taken from a 10 nm HfO2 on Si(100) wafer prepared using a carbonless 
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precursor in an atomic layer deposition (ALD) process provided by Freescale 

Semiconductor, Inc.  Samples of PVD HfO2 were prepared by Ar sputtering a Hf target 

and post deposition annealing in an atmospheric pressure furnace with nitrogen flowing 

to produce ~10 nm HfO2; the process has been described previously [7,23].  Finally, 

samples referred to as CVD HfO2 were a 6 nm remote plasma enhanced CVD HfO2 film 

on Si(100) prepared in house [24].  Additionally, SiO2 surfaces (9 nm tunnel quality SiO2 

on Si(100) supplied by Freescale Semiconductor) were cleaned and used to study Si 

depositions.  

All HfO2 samples are loaded as provided into an ultra-high-vacuum (UHV) CVD 

system, described in Chapter 2.  In situ X-ray photoelectron spectroscopy (XPS) is used 

to analyze Ge deposition on surfaces with Al Kα radiation and a ThermoVG CLAM2 

hemispherical analyzer.  XPS indicates presence of Hf, O, and C on the samples after 

degassing to 1100 K for 20 min.  All HfO2 films analyzed contained contaminant C and 

XPS spectra were corrected for charging by referencing the C 1s peak to 285.4 eV.  

Baseline subtraction and peak fitting for XPS data are accomplished using PeakFitTM.  

Silicon and Ge are deposited on samples through CVD or physical vapor deposition 

(PVD) using 4% Si2H6 in helium or 4% GeH4 in helium as source gasses, obtained from 

Voltaix Inc.  PVD enables a calibrated [25] dose of sub-monolayer to multilayer (where 

one Si monolayer (ML) equals 6.8×1014 atoms/cm2 and one Ge ML equals 6.3×1014 

atoms/cm2) deposition onto samples by thermally cracking either 4.0×10-8 Torr Si2H6 or 

1.2×10-7 Torr GeH4 on a hot tungsten filament positioned 3 cm from the sample surface. 

 Temperature programmed desorption (TPD) with a differentially pumped mass 

spectrometer is used to examine products from the surface reactions of Ge or Si and 

HfO2.  TPD runs for Ge are executed by heating samples at a rate of ~1 K/s from 400 K 

to 1100 K while the mass to charge ratios (m/e) of 2 (H2
+), 16 (O+), 32 (O2

+), 74 (Ge+), 75 
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(GeH+), 90 (GeO+), 106 (GeO2
+), 180 (Hf+), 196 (HfO+), and 212 (HfO2

+) are monitored.  

After samples are degassed, baseline scans are recorded and after samples cool to <350K, 

0.7 or 1.0 ML Ge is deposited and TPD repeated.  Distinguishable peaks appear for m/e 

74, 75, and 90 for Ge+, GeH+, and GeO+, respectively, and are reported in this study.  For 

Si TPD, samples are first heated at ~1 K/s to 1100 K, held for 15 min, and then cooled.  

Subsequently, a baseline TPD is run at 3 K/s while monitoring the mass to charge ratio 

(m/e) 44 (SiO+) by mass spectrometry. After the sample is cooled to <350 K, 1 ML Si is 

deposited and TPD is repeated to monitor products from the surface reactions. 

Nanocrystals are imaged ex situ with a Hitachi S-4500 field emission scanning 

electron microscope (SEM) and a Digital Instruments Dimension 3100 atomic force 

microscope (AFM).  Samples imaged with SEM were coated with a thin layer of AuPd to 

reduce charging.  AuPd deposited on clean samples did not produce nanoparticles or 

change the surface morphology. 

 

3.3 RESULTS AND DISCUSSION 

 3.3A Ge surface chemistry on HfO2  

CVD is a robust, efficient, and industry-compatible method to deposit clean 

semiconductor films and nanocrystals. However, growing Ge nanocrystals on oxide 

surfaces by CVD can be problematic as seen in Chapter 2.  For nanocrystals to self 

assemble on a surface in CVD, a sufficient amount of adatoms must accumulate on the 

surface [26].  On oxide surfaces, formation of volatile GeO is an issue and in the case of 

Ge CVD onto SiO2, etching and decomposition reactions hinder the accumulation of 

adatoms, limiting Ge nanocrystal growth [27,28]. 
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Figure 3.1.   SEM image of Ge nanoparticles grown on an ALD HfO2 surface by CVD at 
870 K. 

Ge is, however, deposited on ALD HfO2 after 30 min of CVD at 870 K with 1�10-4 Torr 

GeH4 forming nanocrystals at a density of 2�1010 cm-2 as seen in the SEM image of Fig. 

3.1.  The chemical state of the Ge deposited is tracked throughout the CVD process using 

in situ XPS of the Ge 2p3/2 region after CVD for 10, 20, and 30 min shown in Fig. 3.2.  

Interestingly, a peak appears at 1219.6 eV after 10 min of CVD indicating that the initial 

deposit is in an oxidized form, likely a mixture of Ge2+, Ge3+, and Ge4+ bonding states.  A 

small peak is also fit for the shoulder at 1217.1 eV for metallic Ge0.  No Ge nanoparticles 

are observable by SEM after the 10 or even 20 min deposition but this may be due to the 

~5 nm resolution limit of the SEM.  After 20 min of CVD, the peak at 1217.1 eV 

becomes comparable with the oxide peak indicating increased presence of metallic Ge0.  

With 30 min of CVD both the Ge oxide and metal peaks grow and nanoparticles are 

visible as shown in Fig. 3.1.  As expected, a slight but increasing amount of attenuation is 

observed in the Hf 4f substrate signal as increasing amounts of Ge are deposited (not 

shown). 
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Figure 3.2.   XPS of the Ge 2p3/2 region after CVD at 870 K for 10, 20, and 30 min.  
GeOx is initially deposited followed by deposition of metallic Ge. 

Our results compare favorably with reports of Ge deposition on HfO2 surfaces.  

Wang et al. see that co-sputtering HfO2, Al2O3, and Ge at 300 K produces a film of 

Al2O3, HfO2, and GeO2 with small amounts of Ge and Hf [29].  Although a metallic Ge 

target is sputtered with Ar in their report, the Ge atoms apparently strip oxygen from the 

HfO2 during co-deposition at 300 K resulting in a GeO2 and HfO2 containing film that is 

stable up to 770 K.  Other reports of Ge [30] or SiGe [31] nanoparticles grown on HfO2 

by CVD show the presence of GeOx, which the authors attribute to oxidation caused by 

exposure to the ambient for ex situ XPS measurement; we see the same GeOx formation 

with in situ XPS.  We observe similar behavior in Ge CVD on PVD HfO2.  These results 

suggest that the CVD of metallic Ge nanocrystals at 870 K is enabled by an initial 

contacting GeOx layer.  Next, we determine how the first few monolayers of the Ge 

deposit interact with a HfO2 surface using controlled PVD. 
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Figure 3.3.   XPS of the Ge 2p3/2 region after PVD at 300 K of 0.7, 2.0, 4.0, and 9.0 ML 
Ge showing initial GeOx formation followed by semiconducting Ge0 
deposition.  Ramping the 9.0 ML Ge layer to 1060 K produces a primarily 
semiconducting Ge0 signal. 

PVD cracking of GeH4 is used to deposit increasing amounts of Ge onto a PVD 

HfO2 sample at 300 K.  An initial XPS scan of the Ge 2p3/2 region in Fig. 3.3 is 

featureless.  Depositing 0.7 ML Ge by PVD results in an initial deposit of GeOx as seen 

by the peak centered at 1219.6 eV.  This broad Ge 2p3/2 peak indicates the presence of 

substoichiometric germanium oxides on the surface similar to the CVD results in Fig. 3.2.  

With increasing deposition of 2 ML Ge, a peak centered at 1218.1 eV appears indicating 

a semiconducting Ge0 component in the deposition.  The fraction of semiconducting Ge0 

increases with increasing Ge deposition up to 9 ML where the Ge 2p3/2 peak has shifted 

to 1217.8 eV.  This suggests that the rapid oxidation of Ge occurs only at the HfO2 
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surface and is followed by deposition of semiconducting Ge0 and GeHx.  The GeHx is 

deposited along with Ge during the cracking of GeH4 as discussed below.  It should be 

stressed that the Ge atoms oxidize upon contact with the HfO2 surface in an UHV 

environment; i.e., the HfO2 surface is stripped of oxygen to form GeOx at 300 K.  This 

rapid oxidation of Ge at the surface is not observed on SiO2 surfaces at 300 K, where Ge0 

and GeHx are deposited by cracking [27,28].  SiO2 surfaces do react with Ge through 

various pathways, but only at higher temperatures.  Ramping the PVD HfO2 sample with 

9 ML Ge at 1 K/s to 1060 K results in a loss of Ge 2p3/2 peak area and a shift down to 

1217.2 eV as shown by the top solid trace in Fig. 3.3.  No oxide peak is present after 

annealing, leaving primarily Ge0 on the surface. 

The data in Figs. 3.2 and 3.3 show that the initial Ge deposit on HfO2 is rapidly 

oxidized to form a stable GeOx contacting layer.  However, upon heating the GeOx is 

transformed to semiconducting Ge0.  Annealing sets are performed to follow the bonding 

of the GeOx as the surface is heated.  First, 0.7 ML Ge is deposited by cracking GeH4 

onto a PVD HfO2 surface at 300 K producing the Ge 2p3/2 feature at 1219.7 eV seen in 

Fig 3.4.  The sample is then ramped at ~1 K/s to 600 K and held for 10 min.  There is no 

significant change in the peak area or position, but a faint shoulder appears at 1217.2 eV.  

Similar heating to 800 K produces no additional change in the Ge 2p3/2 feature.  After 

heating to 1000 K, no Ge is detectable by XPS.  The same results are obtained for ALD 

HfO2 surfaces.  The data in Fig. 3.4 indicate that the GeOx formed from 0.7 ML Ge on 

PVD HfO2 is quite stable and remains on the surface in essentially the same bonding state 

even after annealing up to 800 K.  Annealing at 1000 K removes the 0.7 ML GeOx 

contacting layer.  If a significant amount (~9 ML) of Ge is deposited to the extent that 

Ge0 is present, annealing above 1000 K removes the GeOx layer leaving only the Ge0 as 

seen in Fig. 3.3. 
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Figure 3.4.   XPS of the Ge 2p3/2 region for 0.7 ML Ge on HfO2 as deposited at 300 K 
and after heating to 600, 800, and 1000 K for 10 min.  The GeOx layer is 
stable up to 800 K. 

TPD is used to examine the surface reactions that lead to Ge desorption from 

HfO2 above 800 K.  0.7 ML Ge is deposited onto a clean ALD HfO2 surface and TPD 

signals (with baselines subtracted) are shown in Fig. 3.5.  Peaks centered near 540 K for 

the m/e 74 (Ge+) and 75 (GeH+) signals indicate recombination of surface GeHx species 

that desorb as GeH4.  These GeHx surface species are produced in the cracking process 

used for PVD and are also observed in PVD cracking of GeH4 onto SiO2 surfaces [27].  

When a clean PVD HfO2 sample was exposed to a 14 Langmuir GeH4 dose at 300 K (the 

same exposure used during cracking 1 ML Ge) only weak m/e 74 and 75 peaks were seen 

in a TPD (shown in Fig. 3.6) and no measurable Ge 2p3/2 peak was seen in XPS 

indicating negligible adsorption of GeH4. 
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Figure 3.5.   TPD data for 0.7 ML Ge from a HfO2 surface.  The pertinent signals for m/e 
74 (Ge+), 75 (GeH+), and 90 (GeO+) are shown. 

 

 

Figure 3.6.   TPD showing the weak m/e 74 (Ge+) signal after a 14 Langmuir exposure of 
GeH4 at 300 K. 
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The m/e 90 (GeO+) signal in Fig. 3.5 is flat until a broad peak appears at 900 K, 

which is mirrored by a broad peak in the m/e 74 signal.  The 900 K peak in the m/e 74 

signal is partially obscured by the baseline subtraction process, but is clearly present in a 

separate TPD of 1.0 ML Ge from ALD HfO2 shown in the next chapter.  Based on the 

TPD data of Fig. 3.5, we can state that the stable contacting GeOx layer observed in Figs. 

3.3 and 3.4 forms volatile GeO that desorbs above 800 K. 

 

 3.3B Si surface chemistry on HfO2 

Germanium reactions with SiO2 were examined in Chapter 2 and Ge on HfO2 is 

examined in Section 3.3A above.  Now, Si reactions are studied on HfO2 and compared 

to Si on SiO2 surfaces. 

TPD is used to examine adatom retention and surface reactions between ~1.0 ML 

Si adatoms and a SiO2 or CVD HfO2 surface. TPD data from each surface with baseline 

subtraction are shown in Figure 3.7.  On the SiO2 surface, Si adatoms are primarily lost 

through formation of volatile SiO at 945 K in Reaction (1): 

)(2)()( 2 gSiOsSiOsSi →+ .       (1) 

This silicon adatom assisted SiO2 decomposition reaction has been studied previously in 

our system and by other authors [32,33].  Repeating the TPD experiment on a CVD HfO2 

surface produces a peak in the SiO signal near 970 K.  This SiO TPD feature 

demonstrates that an analogous reaction is occurring where Si adatoms are reducing the 

HfO2 surface to form volatile SiO: 

xHfOgSiOsHfOsSi +→+ )()()( 2       (2) 

  Formation of volatile SiO is suggested in other studies of thermal stability of HfO2 films 

on Si substrates [34,35].  The kinetics of the Si etching in Reaction (1) and (2) are 

different as SiO formation occurs at 945 K on SiO2 as compared to almost 970 K on  
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Figure 3.7. TPD of 1.0 ML Si from SiO2 and HfO2 surfaces showing the SiO etching 
product. 

HfO2.  Figure 3.7 shows that HfO2 retains Si adatoms on the surface to a higher 

temperature than SiO2, but the difference in retention is not very pronounced. 

 

3.4 CONCLUSIONS 

Ge readily forms a stable GeOx contacting oxide on HfO2 surfaces that permits 

subsequent deposition of Ge0.  This initial GeOx layer forms regardless of the Ge 

deposition method (CVD or PVD) and forms on both ALD HfO2 and PVD HfO2 

surfaces.  Subsequent deposition of Ge onto this contacting layer forms semiconducting 

Ge0.  Above 800 K, the stable contacting GeOx layer desorbs as GeO etching the HfO2 

surface.  The formation of this stable GeOx contacting layer is thought to be a 

contributing factor allowing the CVD of Ge nanoparticles on HfO2.  Silicon also reacts 

with HfO2 to etch the surface, but at much higher temperatures.  Silicon on HfO2 is more 

thermally stable than Si on SiO2.  Similarly, Ge on HfO2 is more thermally stable than Ge 

on SiO2.  The relative thermal stability of Si and Ge on these two surfaces is exploited to 

pattern nanoparticle self assembly as shown in the next chapter. 
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Chapter 4: Directed Self Assembly of Nanoparticles 

4.1 INTRODUCTION 

Nanomaterials possess great potential to contribute to the electronics industry; 

however, a major obstacle for applications lies in the difficulty of creating ordered arrays 

of nanomaterials for use in devices.  Flash memory, for example, is well suited for 

nanomaterials integration.  The continuous charge-storing layer in a flash memory device 

can be replaced by an array of nanocrystals that serve as discrete charge-storage elements 

[1].  It is well documented in the literature that using nanocrystals in place of a 

continuous layer results in improved device characteristics for large nanocrystal arrays.  

For this nanocrystal-based memory to become industrially viable and scalable, we must 

address the issue of how to reliably arrange the nanocrystals into realistic sized arrays for 

each device.  The nanoparticle array size can be inferred from the international 

semiconductor roadmap predictions.  Using simple geometric considerations (flash 

memory device with gate length of 45 nm and 5 nm diameter particles at one diameter 

spacing in the gate area) one can calculate that by the year 2010 there will be ~200 

particles per device cell.  In the year 2020, the number of nanoparticles per device 

approaches ~20 for gate lengths of 14 nm as shown earlier in Figure 1.4.  When dealing 

with such small numbers of nanoparticles per device, precise positioning of the 

nanoparticles is mandatory for reliable device performance. 

The materials systems for this directed self-assembly study are defined by the 

requirements for a flash memory device.  Silicon and Ge nanoparticles are most easily 

integrated and Ge shows enhanced performance over Si [2].  Additionally, other scaling 

problems arise in creating smaller devices (namely capacitance and leakage of the tunnel 

oxide layer) that necessitate growth of Ge nanoparticles on HfO2 surfaces [3].  What 
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remains to be studied is the arrangement of particles approaching device dimensions, i.e. 

how ~100 nanoparticles self-assemble in a box with dimensions ~100 nm.  Published 

reports on spatially confined nucleation largely deal with strain induced growth (e.g. Ge 

on Si) to arrange nanoparticles within a feature [4-8], with few studies addressing 

chemical vapor deposition (CVD) within features on amorphous oxide surfaces [9].   

This chapter describes the self assembly of Si and Ge nanoparticles within HfO2 

regions using a kinetically-driven patterning scheme.  The kinetically-driven patterning 

scheme (based on the surface chemistries described in Chapters 2 and 3) is demonstrated 

wherein Ge or Si adatoms accumulate on HfO2 regions and etch SiO2 regions.  

Kinetically-driven patterning is demonstrated over a range of scales to direct self 

assembly of ~10 nm Ge nanoparticles in regions from 100 µm down to 100 nm.  The 

details of this kinetically-driven patterning work have been published for Ge [10] and Si 

[11] nanoparticles in large features and for Ge nanoparticles in smaller features [12]. 

It is interesting to note that a bulk thermodynamics analysis would predict that the 

etching reactions exploited here for the patterning are thermodynamically unfavorable.  

The bulk thermodynamics values are shown in Table 4.1 for different etching scenarios.  

Reaction (1) in Table 4.1 is the well-known [13-16] Si adatom assisted thermal 

decomposition of SiO2 which occurs in vacuum at elevated temperatures but appears very 

unfavorable when considering a bulk thermodynamics analysis.  The apparent 

discrepancy lies in the basis for thermodynamic calculations.  The values listed in Table  

 

Reaction 
∆∆∆∆Hrxn

298 
(kJ/mol)    

∆∆∆∆Grxn
298 

(kJ/mol)    
∆∆∆∆S       

(J/mol K)    
∆∆∆∆Gf

1100 K 
(kJ/mol)    

Si(s) + SiO2(s) � 2SiO(g)                  (1) 711.5 603.5 362.9 312.31 
Ge(s) + SiO2(s) � GeO2(s) + Si(s)   (2)  330.7 334.9 -14.1 346.21 

2Ge(s) + SiO2(s) � 2GeO(s) + Si(s)   (3) 386.9 381.9 15.1 370.29 

Table 4.1. Bulk thermodynamics values for etching reactions. 
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4.1 are only applicable for bulk exchange of atoms from one material to the other.  For 

example, breaking all of the bonds in a SiO2 crystal and inserting Ge in place of Si (as in 

Reaction (2)) is energetically unfavorable.  However, this is not the physical process we 

are interested in; rather, we are interested in Ge reacting with some surface group on the 

SiO2 surface, such as a hydroxyl group or strained siloxane bridge.  The thermodynamics 

for this reaction are not known.  Simulation efforts may lead to a fuller understanding of 

the energetics of the reactions involved, but a bulk thermodynamics analysis is not 

applicable or appropriate for these surface reactions.   

 

4.2 EXPERIMENTAL METHODS 

All experiments were performed in a multi-chamber ultra high vacuum (UHV) 

chemical vapor deposition (CVD) system, which has been described previously [16].  

Silicon and Ge are deposited on samples through CVD or physical vapor deposition 

(PVD) using 4% Si2H6 in helium or 4% GeH4 in helium as source gasses, obtained from 

Voltaix Inc. Physical vapor deposition enables a calibrated [17] sub-monolayer to 

multilayer (where one Si monolayer (ML) equals 6.8×1014 atoms/cm2 and one Ge ML 

equals 6.3×1014 atoms/cm2) deposition onto samples by thermally cracking either 4.0× 

10-8 Torr Si2H6 or 1.2×10-7 Torr GeH4 on a hot tungsten filament positioned 3 cm from 

the sample surface. High density nanoparticle arrays are grown using a two-step process 

[18] where nucleation is first seeded by depositing ~1.0 ML Ge or Si followed by CVD 

growth.  Multiple cycles of seeding and CVD are used to maximize Ge nanoparticle 

density where each cycle is ~1 ML seeding followed by 30 min CVD and annealing at 

1000 K for 10 min.  In situ X-ray photoelectron spectroscopy (XPS) is used to analyze 

depositions using Al Kα radiation and a ThermoVG CLAM2 hemispherical analyzer with 

50 eV pass energy.  Peaks are fit to the XPS data using the software PeakFit.  A 
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differentially-pumped quadrupole mass spectrometer is used for temperature programmed 

desorption (TPD) experiments.  Nanocrystals are imaged ex situ with a Hitachi S-4500 

field emission scanning electron microscope (SEM) and a Digital Instruments Dimension 

3100 atomic force microscope (AFM). 

To exploit the kinetic differences between surface reactions on SiO2 and HfO2, 

stack samples with SiO2 covering a HfO2 layer were patterned with windows opened 

down to the buried HfO2 layer using standard lithography techniques. The sample starts 

as a stack structure with 12.5 nm CVD SiO2 covering a 10 nm thick ALD HfO2 layer on a 

Si(100) substrate provided by Sematech.  The stack samples were then patterned using 

one of two techniques.  Standard optical lithography was used to produce ~100 µm sized 

features.  Photoresist was spun on, patterned and developed, and samples were etched in 

2% HF to open windows in the SiO2 down to the buried HfO2.  The resist was stripped by 

20 min sonication in acetone followed by triple rinses in acetone, then in methanol, and 

then in de-ionized (DI) water.  Samples were put in a piranha bath (6:2:1 

H2SO4:H2O2:H2O) for 20 min, followed by DI rinse, and blown dry with He.  Electron 

beam lithography (EBL) was used to create features ranging from 100 µm to 500 nm.  

Positive polymethyl methacrylate resist was used with a Raith-50 EBL system followed 

by development (1:3 methyl isobutyl ketone (MIBK) diluted in isopropyl alcohol), 

ethanol and DI rinses, and a final bake at 90°C for 3 min.  Pattern transfer into the SiO2 is 

accomplished with 2% HF and resist is stripped in toluene.  Finally, samples are cleaned 

in pirhana for 10 min, rinsed in DI, and blown dry using either N2 or He. 

 

4.3 RESULTS AND DISCUSSION 

In CVD, an oxide surface is heated in an environment of GeH4 or Si2H6 causing 

dissociation of the hydride gas at active sites on the surface. The oxide surface is 
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populated with Ge (or Si) adatoms through this gas/surface reaction. Adatoms then 

diffuse on the surface to form critical clusters and grow into larger, stable nanocrystals. 

By controlling adatom population and retention on a surface, one can control the self 

assembly of nanocrystals. The various active surface sites on a SiO2 surface may be 

engineered through a variety of treatments to activate or deactivate the surface towards 

the gas/surface reaction in CVD [18-23].  By extension, different preparations of HfO2 

surely influence the number and nature of surface sites. Several different HfO2 and SiO2 

films were used in these studies and although the surface sites of SiO2 and HfO2 change 

from sample to sample due to different preparation methods and treatments, the results 

for adatom retention shown below seem to be similar across different preparations of 

SiO2 and HfO2. 

In the preceding two chapters, TPD was used to study the adatom retention and 

surface reactions between the initial Si or Ge adatom population and different SiO2 and 

HfO2 surfaces.  It was shown that HfO2 surfaces retain Si and Ge adatoms to a higher 

temperature than SiO2 surfaces and the surface reactions for Si and Ge loss on each 

surface were explained.  Now a kinetically driven patterning scheme based on the 

differences in adatom retention and surface chemistry between SiO2 and HfO2 is 

demonstrated. 

 

4.3A  Patterned Ge nanoparticle growth 

Ge deposited on HfO2 is quite stable when compared with Ge on SiO2 and this 

fact may be exploited to pattern Ge nanoparticle growth.  Figure 4.1 shows a close up of 

the signals for m/e 74 and 90 (solid symbols) from a TPD of 1.0 ML Ge from an ALD 

HfO2 surface, similar to results presented earlier in Fig. 3.5.  TPD data from SiO2 

surfaces (open symbols) are taken from published results [24] (included earlier as Fig. 
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2.3) of 0.7 ML Ge on SiO2 and added for comparison.  Figure 4.1(b) shows the GeO (m/e 

90) signals from each surface indicating the primary loss pathway for Ge from HfO2 is 

GeO desorption at 880 K as compared to the SiO2 where volatile GeO desorption begins 

around 500 K.  The peak for Ge (m/e 74) desorption from HfO2 in Fig. 4.1(a) is centered 

at 880 K, compared to the onset of Ge desorption from SiO2 surfaces at 770 K.  From 

750-900 K the SiO2 surface looses Ge through decomposition and etching reactions [24] 

in contrast to the HfO2 surface upon which Ge is not reacting or decomposing until the 

onset of GeO desorption at 850K.  This implies that CVD of Ge at temperatures near 850 

K will produce nanoparticles on HfO2 but not on SiO2 due to the slow etching of HfO2 

and rapid etching of SiO2.  Patterned stack structures are prepared as discussed above and 

images are shown in Figure 4.2.  The etch breakthrough is verified by XPS and HfO2 

serves as an etch stop layer for removal of the SiO2 overlayer.  A kinetically-driven 

patterning process using these patterned samples and based on the surface chemistry 

above is illustrated in Figure 4.3.  First the sacrificial SiO2 mask is defined on top of a 

HfO2 layer as in Fig. 4.3(a), i.e., the patterned stack HfO2 samples in Figure 4.2.  A 

sacrificial SiO2 mask is used so that Ge adatoms etch the SiO2 and do not accumulate 

while adatoms do accumulate on HfO2 regions to form nanoparticles.  Second, adatoms 

are seeded over the entire surface in Fig. 4.3(b) to enhance nucleation of nanocrystals.  

This is accomplished using a two step process developed in our laboratory [18] where 

high density arrays of nanoparticles can be realized by seeding ~1.0 ML adatoms onto the 

surface followed by CVD growth.  Third, the sample is heated to a sufficient temperature 

to cause etching and desorption on the sacrificial SiO2 layer while retaining adatoms on 

the HfO2 layer (Fig. 4.3(c)).  Finally, CVD shown in Fig. 4.3(d) should produce high 

density Ge nanocrystals in the seeded HfO2 region while no deposition occurs on the 

SiO2 regions. 
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Figure 4.1. TPD data for 1.0 ML Ge on HfO2 and 0.7 ML Ge on SiO2 for (a) the m/e 74 
signal indicating Ge species desorption and (b) the m/e 90 signal indicating 
volatile GeO desorption 
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Figure 4.2. The patterned stack samples after etching.  The features are visible to the 
unaided eye in (a) where a 1.6 cm square sample is shown.  SEM images 
after resist removal provide more detail of the features in (b) and the SiO2 
and HfO2 regions are indicated in (c). 

The patterning scheme in Fig. 4.3 has been verified experimentally.  To 

demonstrate patterned Ge deposition, 35 nm of low-temperature SiO2 was deposited in-

house on HfO2 (10 nm ALD HfO2 provided by Freescale Semiconductor) and that stack 

was patterned as described above. Baseline XPS are shown as open circles in Figure 4.4.  

Subsequently 0.4 ML Ge is deposited at 900 K followed by CVD with 1.0×10-4 Torr 

GeH4 at 900 K for 15 min. As seen above in Figure 4.1, at 900 K Ge should fully etch 

SiO2 but only etch HfO2 to a very minor extent. In the XPS data of Figure 4.4 the SiO2 

peak shows no attenuation while the HfO2 peak is strongly attenuated. Additionally, the 

Ge 2p3/2 peak appears after deposition.  Figure 4.5 shows that Ge can be selectively 

accumulated on HfO2 regions by exploiting the etching reactions.  AFM height images 

show appearance of particles at a density of 2�1010 cm-2 within the HfO2 windows (Fig. 

4.5(a)) whereas no particles self assemble on SiO2 regions (Fig. 4.5(b)).  Particles are 

approximately 10 nm in height by AFM height scans. 
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Figure 4.3. Illustration of the kinetically-driven patterning scheme where (a) the 
sacrificial SiO2 mask is formed (b) Ge atoms are seeded on the surface (c) 
Ge atoms etch the SiO2 and desorb while Ge is retained on HfO2 regions and 
(d) CVD resulting in Ge nanoparticles on HfO2 regions only. 

The selectivity in this kinetically-driven etching scheme is good, but higher 

particle densities are required.  I found that by cycling depositions, where each cycle was 

~1 ML Ge seeding at 900 K and CVD at 900 K followed by annealing at 1000 K for 10 

min,   higher densities can be attained.  Figure 4.6(a) shows a SEM of the HfO2 region 

only for a two cycle deposition onto a patterned stack sample where density is increased  
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Figure 4.4. XPS before (open symbols) and after Ge deposition (solid lines) of Ge onto 
HfO2 regions of a patterned sample. 

to 3�1010 cm-2.  Figure 4.6(b) shows the edge of a feature from a four cycle deposition 

where SiO2 is the region on the left and HfO2 is the region on the right that is covered in 

very dense (~1011 cm-2) nanocrystals.  The texture seen on the SiO2 region of Fig. 4.6(b) 

is intrinsic for any SiO2 surface observed with SEM and appears identical to a SiO2 

sample with no deposition.  Furthermore, AFM was used to verify that no Ge 

nanoparticles are present on the SiO2 mask.  For Fig. 4.6(a), the first cycle was 1.6 ML 

Ge seeding followed by 30 min CVD and post anneal, then 1.2 ML seeding and 30 min 

CVD.  The four cycle sample of Fig. 4.6(b) was prepared by first 1.2 ML seeding and 12 

min CVD and anneal, then 0.8 ML seeding and 20 min CVD and anneal, 0.8 ML seeding 

and 20 min CVD and anneal, and finally 1.2 ML seeding and 30 min CVD.  Higher 

densities attained during cycled growth may be due to shrinking of larger particles from 

etching during the anneal step allowing additional nucleation in the next growth step.  

Further optimization of the growth conditions is possible to attain even higher 

nanocrystal densities.  This cycling approach came out of multiple deposition attempts on 

the same sample, where XPS after each deposition attempt (or cycle) showed only small  
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Figure 4.5. AFM height image showing (a) Ge nanoparticles on HfO2 region of a 
patterned sample and (b) no Ge deposition on SiO2 sacrificial mask region.  
The height scale is 0 (black) to 15 nm (white). 
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Figure 4.6. SEM images of (a) HfO2 region of a two cycle deposition and (b) sample 
with 4 cycles deposition.  SiO2 is the domain on the left.  The area on the 
right covered in Ge nanoparticles is the HfO2 region. 
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Figure 4.7. XPS before (open symbols) and after deposition (solid lines) of Si onto 
HfO2 regions of a patterned sample. 

amounts of deposition.  The cycling approach simply serves to increase the total 

precursor flux to the surface.  Increasing the precursor flux is possible through other 

routes as well, such as by hot-wire CVD or deposition at higher pressures not attainable 

in our system. 

 

4.3B  Patterned Si nanoparticle growth 

Silicon nanoparticles may also be patterned using this approach however, the 

surface chemistry of Si on SiO2 and HfO2 surfaces is not as rich as the Ge surface 

chemistry discussed above.  Si adatoms etch blanket SiO2 surfaces forming volatile SiO 

at 945 K compared to Si etching of blanket HfO2 surfaces at almost 970 K as shown 

previously in TPD data of Figure 3.7.  To exploit the kinetic differences between this 

surface reaction on SiO2 and HfO2, stack samples were loaded into the vacuum, and 

heated 0.5 K/s to 1000 K for 15 min. Baseline XPS of the Si 2p and Hf 4f regions appear 

as open squares in Figure 4.7 showing the SiO2 peak at 103.4 eV and the HfO2 doublet at 

16.8 eV. Next, 0.5 ML Si is deposited by PVD at room temperature followed by CVD 

with 1.0×10-4 Torr Si2H6 at 900K for 20 min, a temperature from Figure 3.7 where Si  
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Figure 4.8. SEM of lithographically patterned samples with Si nanocrystals 
predominately self assembled in HfO2 regions in right domain of image with 
some Si nanoparticle growth on the SiO2 mask. 

adatoms just begin to etch SiO2 but not HfO2.  XPS after seeded CVD [18] (solid lines in 

Figure 4.7) on the patterned sample shows appearance of the Si0 peak at 98.0 eV 

indicating Si deposition while the SiO2 feature maintains the same area. The HfO2 

doublet at 16.8 eV is strongly attenuated suggesting that Si deposition is primarily on the 

HfO2 regions. 

The patterned growth of Si nanoparticles is shown in Figure 4.8. Silicon 

nanocrystals are grown on the sample analyzed in Figure 4.7 where the region to the left 

is SiO2 and the area to the right is inside the HfO2 window. Silicon particle density on 

HfO2 is difficult to determine due to the densely packed particles. Additionally, there is 

some Si particle growth on the SiO2 region, suggesting a change in deposition conditions 

is warranted. Improvements may be limited though as the process window for kinetically-

driven patterning with Si is small as shown in Figure 3.7. 
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Figure 4.9. Optical micrograph (top) and illustration of the cross section (bottom; not to 
scale) of the EBL patterned samples where L is the patterned feature 
dimension.  Ge adatoms accumulate on HfO2 regions to form nanoparticles 
while Ge etches and decomposes the SiO2 sacrificial mask.   

4.3C  Patterning Ge nanoparticles in macroscopic to nanoscopic regions 

The kinetically-driven patterning approach is demonstrated above for 

macroscopic (L ~ 100 µm) features where L is the characteristic length of the patterned  

HfO2 region.  In the limit for large values of L, the nanoparticles self assemble on HfO2 

with sizes and density similar to what is observed on extended surfaces, i.e., when the 

feature is large enough, the finite feature size does not affect nanoparticle self assembly.  

However, patterning smaller features allows investigation of problems at the interface of 

top-down (lithography) and bottom-up (CVD) assembly as the feature size L is varied.   

To study the effects of L on adatom diffusion and particle nucleation, samples 

were patterned with features in the range of L=100 µm to 500nm using EBL as shown in 

the optical micrograph and schematic of Figure 4.9.  The EBL-patterned samples were  
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Figure 4.10. Particle densities decrease with decreasing feature size from (a) 1�1010 cm-

2 for L=5 µm (120 dots per box)  to (b) 4�109 cm-2 for L=1 µm (44 dots per 
box) and finally (c) 3�109 cm-2 for the smallest EBL feature L=500 nm (10 
dots per box). 

exposed to three cycles of Ge deposition and examined with SEM; representative images 

appear in Figure 4.10.  A plot of the resulting Ge particle density versus feature 

dimension L is shown in Figure 4.11 for all feature sizes.  Particle density remains 

constant at 1.6�1010 cm-2 for L ≥ 5 µm however, as the feature size drops below 5 µm, 

particle density and particle size decrease sharply at these deposition conditions. 

All adatoms within a patterned region face one of three outcomes: (1) diffusion to 

the edge of a feature and desorption, (2) seeding or becoming a critical cluster to begin 

nanoparticle growth (i.e. nucleating), or (3) capture and addition to an existing 

nanoparticle.  As the feature size becomes smaller, the first pathway (desorption at 

feature edges) will become more dominant over the other two, leading to depletion of 

adatoms within the feature.  Fewer adatoms within the feature should result in growth of 

smaller and less dense nanoparticles, which is observed in features below 5 µm.  Particles 

may be grown in these features at higher densities if the precursor flux and adatom 

supply are large enough to overwhelm the loss processes. 

To investigate feature sizes below 500 nm, diblock copolymer self assembly [25] 

is being used in our laboratory to pattern features with L ~ 20 nm [26].  Deposition for  
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Figure 4.11. Nanoparticle density remains constant at ~1�1010 cm-2 for large (L > 10 
µm) features as indicated by the solid line.  For L < 5 µm, the particle 
density markedly decreases with decreasing feature size shown as the dotted 
line. 

features at this scale is by HWCVD, which has much higher deposition rates than CVD 

or the cycled CVD approach; this work is ongoing and briefly discussed in the next 

chapter. 

 

4.4 CONCLUSIONS 

This chapter ties together the enabling surface chemistry for selective growth of 

nanocrystals and demonstrates a kinetically-driven patterning scheme to control self 

assembly of nanoparticle arrays. By using SiO2 as a sacrificial mask that prevents 

adatoms from accumulating on SiO2, Ge or Si nanocrystals may be selectively grown on 

HfO2 through judicious choice of growth temperature. This is possible by exploiting the 

surface reactions revealed through TPD studies and verified using XPS, SEM, and AFM.   

These results define a robust patterning scheme using technologically relevant materials 

and allow patterned growth of nanoparticles at CVD conditions, not possible using soft 



 71

templates alone.  Furthermore, many basic and fundamental studies are underway to 

study nucleation and diffusion in confined regions and to extend this patterning to smaller 

dimensions. 
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Chapter 5: Summary and Future Work 

The surface chemistry relevant to nanoparticle growth for flash memory 

applications has been investigated for technologically relevant materials systems and a 

patterning scheme demonstrated.  First, the Ge loss pathways from SiO2 surfaces that 

complicate attempts to grow Ge nanocrystals on SiO2 in CVD were explained.  Surface 

Ge and GeHx, deposited by thermally cracking GeH4, undergo hydrogenation to GeH4 

and oxidation to GeO and GeO2 upon heating. Temperature dependant reactions were 

revealed in TPD and annealing studies showing GeO desorption and rapid GeO and GeO2 

reduction back to Ge which desorbs above 800 K. 

The chemistry of Ge and Si on HfO2 surfaces is then explored and large 

differences are seen for Ge chemistry on the two oxide surfaces.  Ge readily forms a 

stable GeOx contacting oxide on HfO2 surfaces that permits subsequent deposition of Ge0.  

This initial GeOx layer forms regardless of the Ge deposition method (CVD or PVD) and 

forms on both ALD HfO2 and PVD HfO2 surfaces.  Subsequent deposition of Ge onto 

this contacting layer forms semiconducting Ge0.  Above 800 K, the stable contacting 

GeOx layer desorbs as GeO etching the HfO2 surface.  The formation of this stable GeOx 

contacting layer is thought to be a contributing factor allowing the CVD of Ge 

nanoparticles on HfO2.  Silicon also reacts with HfO2 to etch the surface, but at much 

higher temperatures.  Silicon on HfO2 is more thermally stable than Si on SiO2.  

Similarly, Ge on HfO2 is more thermally stable than Ge on SiO2. 

Finally, the relative thermal stability of Si and Ge on these two surfaces is 

exploited to pattern nanoparticle self assembly.  The enabling surface chemistry for 

selective growth of nanocrystals is used to demonstrate a kinetically-driven patterning 

scheme to control self assembly of nanoparticle arrays. By using SiO2 as a sacrificial 
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mask that prevents adatoms from accumulating on SiO2, Ge or Si nanocrystals may be 

selectively grown on HfO2 through judicious choice of growth temperature. This is 

possible by exploiting the surface reactions revealed through TPD studies and verified 

using XPS, SEM, and AFM.  These results define a robust patterning scheme using 

technologically relevant materials and allow patterned growth of nanoparticles at CVD 

conditions, not possible using soft templates alone.  Furthermore, many basic and 

fundamental studies are possible to study nucleation and diffusion in confined regions 

and to extend this patterning to smaller dimensions.  There are many other lines of 

research that may be taken from this work that I list here. 

 

GATE LEVEL PATTERNING 

Beyond the demonstration of directed self assembly in regions defined by optical 

lithography or EBL, patterning on smaller scales is of interest.  Diblock copolymer self 

assembly is one method to pattern features at smaller scales [1].  Currently, the use of 

diblock copolymer templates is underway in association with this work to template 

assembly of nanoparticles within features ~ 20 nm in size [2].  The self assembly of 

nanoparticles is strongly affected within features this small and studies are in progress to 

more fully understand the kinetics involved at these scales.  Additionally, difficult to 

measure parameters such as adatom diffusion lengths and time scales on amorphous 

surfaces may be revealed from scaling analysis and experiments on EBL samples with a 

range of feature sizes.  Further, the effects of feature shape (aspect ratio, asymmetric 

shapes, concentric features, etc.) are being studied with the intention of engineering the 

diffusion field for adatoms to direct the self assembly of nanoparticles in new ways.  

Comparisons with theoretical predictions based on Monte Carlo or other methods would 

aid understanding fundamentals of the surface diffusive and self assembly processes. 
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HAFNIA SURFACE CHEMISTRY 

The work on HfO2 surface chemistry and the interaction of Ge with HfO2 may be 

extended.  In industry, there are known processing issues with HfO2 adsorbing CO, CO2, 

and H2O from the air but the effects on the HfO2 surface chemistry and electrical 

performance are less certain; there is room for additional studies along these lines.  A 

rigorous understanding of why Ge is instantly oxidized by the HfO2 surface and why this 

occurs uniquely for the oxide of hafnium (but not for SiO2 or TiO2) is an open question.  

Experiments aimed at determining the effect of surface stoichiometry of the HfO2 film on 

its chemistry would also be useful.  New characterization techniques available at national 

labs such as soft X-ray adsorption and emission spectroscopy have proven useful in 

similar systems and may offer new insights [3].  First principles theory and simulations 

would help as well.  Simulation could provide an understanding of what particular 

surface sites are reacting with adatoms and provide rigor to the experimental analysis. 

 

INTERFACE ENGINEERING AND DEVICES 

Recent work in creating core-shell nanoparticles is yielding promising results [4].  

Germanium nanoparticles may be covered with a thin Si or C shell to reduce oxidation 

and improve their thermal stability.  As a practical matter, depositing a shell layer on Ge 

nanoparticles helps to prevent Ge loss during air exposure and subsequent processing 

steps.  Further, preliminary electrical data seem to be more robust when core-shell 

nanoparticles are used in place of Ge nanoparticles alone.  Core-shell particles could also 

exhibit interesting device physics and could find use in novel devices, such as multiple-

well memory devices. 
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To aid in creating devices and obtaining reliable electrical data, one approach 

would be to transfer the high density nanoparticle growth technologies from the limited 

surface science chambers to an electrical-quality full-wafer system in the cleanroom 

facilities at Pickle research campus.  This would allow for a wealth of device data to be 

generated more reliably based on the processes that are tested and developed outside the 

cleanroom in separate surface science chambers.  Currently, small square samples are 

prepared and shuttled out to Pickle for further processing. 

In related work, core-shell particles are under investigation for their unique 

optical properties.  Light emission from porous silicon and Si nanoparticles is well 

documented in the literature but the relative importance of surface states versus quantum 

confinement in the core of the particle is not fully understood.  Even less is known about 

Ge nanoparticles, which have more recently attracted attention.  Investigation of Si, Ge, 

and core-shell nanoparticles is underway currently and may help to understand the 

relationships between particle core size, interface chemistry and defects, specific surface 

sites, strain, and efficient light emission. 

 

IN SITU REAL-TIME MONITORING 

Second harmonic generation (SHG) has previously been used as a non-contact, in 

situ probe to track surface processes and growth of semiconductor films [5-8] and to 

detect Si nanoparticles implanted in SiO2 films [9].  More recently, SHG has been used to 

measure charging effects in growth of insulating thin films [10].  There is ongoing work 

to track the growth of nanoparticles on oxide surfaces using SHG.  Potential exists to 

track nanoparticle growth and detect size distributions in real time during CVD using 

SHG monitoring techniques. 
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Interestingly, it was found that by simply collecting thermally emitted light from 

the surface (pyrometer mode) we can track decomposition of gas phase precursor, 

nanoparticle nucleation, growth, and coalescence in real time.  However, the changes 

observed in surface emissivity measured in “pyrometer mode” operation are not new 

results.  Older articles in the literature point out that pyrometers should not be used to 

measure surface temperature during film growth because of these periodic oscillations in 

emissivity. Surprisingly, limited theory exists and only two groups use these oscillations 

to monitor deposited film thickness in the post nucleation phase of film growth [11,12].  

This simple optical technique has not yet been exploited to follow surface processes in 

the early stage of precursor adsorption, dissociation, and nucleation.  More theoretical 

work is needed to correlate changes in the pyrometer signal to kinetics of the various 

surface processes, but pyrometry may also be a suitable probe of surface reactions and 

nanoparticle growth. 
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