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The surface chemistry of GeHx with dielectric surfaces is relevant to the 

application of germanium (Ge) nanocrystals for nanocrystal flash memory devices. GeHx 

surface chemistry was first explored for thermally-grown SiO2 revealing that GeHx 

undergoes two temperature dependent reactions that remove Ge from the SiO2 surface as 

GeH4 and Ge, respectively. Ge only accumulates due to reactions between GeHx species 

that form stable Ge clusters on the SiO2 surface. Next, a Si-etched SiO2 surface is probed 

by GeHx revealing that the Si-etching defect activates the surface toward Ge deposition. 

The activation involves two separate reactions involving, first, the capture of GeHx by the 

defect and second, a reaction between the captured Ge and remaining GeHx species 

leading to the formation of Ge clusters. Reacting the defect with diborane, deactivates it 

toward GeHx and also deactivates intrinsic hydroxyl groups toward GeHx adsorption. A 

structure is proposed for the Si-etching defect. The surface chemistry of GeHx with HfO2 

is studied showing that the hafnium germinate that forms beneath the Ge nanocrystals 

exists as islands and not a continuous film. Annealing the hafnium germinate under a 
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silane atmosphere will reduce it to Ge while leading to the deposition of hafnium silicate 

(HfSiOx) and silicon (Si). Treating the HfO2 with silane prior to Ge nanocrystal growth 

yields a surface with hafnium silicate islands on which Si also deposits. Ge deposition on 

this surface leads to the suppression of hafnium germinate formation. Electrical testing of 

capacitors made from Ge nanocrystals and HfO2 shows that Ge nanocrystals encapsulated 

in Si/HfSiOx layers have greatly improved retention characteristics. 
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Chapter 1: Towards the Directed, Selective Growth of Nanocrystals 

1.1 BACKGROUND AND RESEARCH OBJECTIVES 

Nanostructures have garnered great attention due their novel properties. 

Nanocrystals (NCs) in particular have been proposed as possible discrete storage 

elements in non-volatile memories such as flash memory [1-6]. A discussion of 

nanostructure properties and uses of nanocrystals in flash memory will appear later in 

sections 1.3 and 1.2, respectively.  

First, a discussion of how this project fits in with earlier work and its scientific 

goals will be undertaken. The growth of Si nanocrystals on surfaces such as silicon 

dioxide (SiO2), silicon nitride (Si3N4), alumina and silicon oxynitride was achieved using 

low pressure chemical vapor deposition (CVD) [7-9]. The Si nanocrystals assembled on 

the surface as Si adatoms were generated by the decomposition of silane (SiH4) to Si 

adatoms through the loss of H ligands [9]. Zhu et al. showed that higher densities of Si 

NCs could be achieve on SiO2 and Si3N4 by using hot-wire CVD (HWCVD) [10]. 

HWCVD is a process in which a gas is decomposed by a hot filament and will be 

discussed in greater detail in Section 1.4.1. Leach et al. showed that the density of Si NCs 

grown by thermal CVD of disilane (Si2H6) could be increased dramatically by seeding the 

surface with Si adatoms generated by HWCVD [11]. Leach et al. also showed that 

volatile SiO was generated due to reactions between the SiO2 and Si adatoms hindered Si 

adatom accumulation and limited Si NC density on SiO2 [12]. Baron et al. also showed 

the Ge NCs could be grown on SiO2 by first seeding the surface with Si nuclei [13].  

Ge NCs have advantages over Si NCs in that the Ge band gap is smaller than the 

Si band gap, thus, providing better carrier confinement for uses such as flash memory [5]. 

However, due to the difficulty of growing Ge NCs on SiO2 using CVD there is very little 

in the literature concerning Ge NC formation on SiO2. Most work centers on the 

formation of Ge NCs inside SiO2 by ion implantation and/or agglomeration from 

germanosilicates or embedded Ge thin films [14-16]. In order to understand why Ge NCs 

were unable to assemble on SiO2, Stanley et al. conducted surface chemistry studies using 
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temperature programmed desorption (TPD) and X-ray photoelectron spectroscopy (XPS) 

to study the Ge/SiO2 system. Stanley et al. found that Ge, generated by HWCVD of 

germane (GeH4), was removed from the surface by a recombination reaction between 

GeHx and H from 500-700 K. Furthermore, Stanley et al. proposed that Ge etched SiO2 

through the formation of GeO. Support for the etching reaction was a m/e 90 TPD signal 

associated with 74GeO and the appearance of oxidized Ge in XPS [17]. Publications by 

Yun et al. [18] and Li et al. [19] put the conclusion of Ge-etching of SiO2 by the 

formation of volatile GeO in question. Both Yun and Li et al. used solid sourced Ge and 

not Ge generated by HWCVD leaving open the possibility the HWCVD Ge could 

interact differently due to the H present on the surface. Thus, I undertook a new study 

looking at Ge’s interaction with SiO2 was conducted looking for GeO and SiO. The SiO 

should be produced if Ge adatoms or GeHx species are etching the SiO2 similar to the 

etching reaction seen for Si adatoms on SiO2. The results of that study are presented in 

Chapter 2 of this dissertation.  

 In parallel, Stanley et al. also found that Ge NCs could be grown by HWCVD on 

hafnia (HfO2) and the Ge NCs formed a contacting oxide with the HfO2 [20, 21]. HfO2 is 

a high-κ  dielectric that may eventually replace SiO dielectric that may eventually replace SiO2 as the tunnel oxide when SiO2 reaches 

its scaling limits. Stanley et al. were able to exploit Ge’s inertness toward SiO2 to 

selectively grow Ge NCs on HfO2 providing an avenue to the selective growth of Ge NCs 

[20, 21]. Devices constructed using Ge NCs and HfO2 by Stanley and Y. Liu revealed 

poor charge retention for the Ge NC/HfO2 system. An optimized process chemistry for 

devices was not developed before their subsequent graduations so I was tasked with 

finishing the process development work and determining the role the contacting oxide 

played in Ge NC growth. This work appears in Chapters 4 and 5 of this dissertation. 

Complementary to the work associated with determining the role oxidized 

germanium plays in Ge NC growth, Coffee and Ekerdt found that Ge NC nucleation on 

HfO2 was a defect-controlled process [22]. It is likely this defect plays a role in the 

oxidation of the Ge adatoms as the oxide seen by Stanley et al. is self-limiting and 

appears before semiconducting Ge is deposited [20]. A defect is also suspected for Si 

NCs on SiO2 [23]. 
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Finally, the structure and reactivity of the Si-etching defect was probed. Si 

adatoms have been shown to etch SiO2 above 875 K forming volatile SiO [12, 24]. The 

nature and reactively of the resulting surface has not been studied extensively. Kuo and 

Hwang proposed a possible structure for an oxygen vacancy on an amorphous SiO2 

surface consisting of a divalent Si group and a silanone group [25]. Chapter 3 of this 

dissertation covers the possible fate of the defect structure proposed by Kuo and Hwang 

and proposes a new defect that activates the SiO2 surface toward GeHx species produced 

by HWCVD [26]. 

Thus, the scientific objectives of this work centered on understanding the surface 

chemistry of GeHx species with thermally-grown SiO2, HfO2 and Si-etched SiO2. 

Understanding the surface chemistry of GeHx with thermally-grown SiO2 and HfO2 

allows for better control over the selective patterning scheme developed by Stanley et al. 

[20, 21] and coupled with a patterning scheme discussed further in Section 1.7 offers a 

possible avenue to extending Ge NCs to non-volatile memories. The interaction of GeHx 

with Si-etched SiO2 demonstrates a novel scheme to activate the SiO2 surface toward 

GeHx [26] and opens the possibility of directing the growth of Ge NCs on SiO2 using Si-

etching defects, which will be discussed further in Chapter 6. 

 

1.2 NON-VOLATILE MEMORY STRUCTURES 

The advent of non-volatile memory has advanced portable electronic devices 

greatly. Cell phones and their ever increasing functions are a good example of the impact 

non-volatile memory has had on portable electronics. By providing a memory that does 

not require constant refreshing, non-volatile memory has increased the battery life of 

portable electronics significantly. However, as memory devices are scaled smaller and 

smaller, the current structures used for non-volatile memory are reaching their limits. 

Thus, other technologies such as silicon-oxide-nitride-oxide-silicon (SONOS) and NC 

non-volatile memories are being investigated as replacements for the current technology.  

Non-volatile memory, and more specifically flash memory, operates in a similar 

manner to a metal-oxide-semiconductor (MOS) transistor with the channel operating in 
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saturation. The main difference being there is a floating gate, in effect a layer of charge 

trapping material, between the tunnel oxide and the control oxide that stores a memory 

state [27]. The memory state is written by the scattering of hot electrons into the floating 

gate or direct tunneling of electrons across the tunnel oxide (Figure 1.1). The 

accumulation of charge carriers in the floating gate causes a shift in the threshold voltage, 

which can be sensed as either a 0 or 1, based on changes in the subthreshold current. The 

memory state is erased by reversing the polarity of the voltage pulse used in writing, 

causing electrons to tunnel out of the floating gate and into the channel region of the 

device [1].  

Current flash memory technology employs a conductive material as the floating 

gate, usually a conductive polysilicon layer. However, as these traditional devices are 

scaled down, the flash memory cells become vulnerable to pin-hole defects which can 

drain the entire cell [28]. One proposed technology is the replacement of the polysilicon 

with a dielectric layer to trap charge. Silicon-oxide-nitride-oxide-silicon (SONOS) flash 

memory replaces the polysilicon layer with a silicon nitride layer. Because the floating 

gate is now a dielectric, the flash device is less susceptible to pin-hole defects. However, 

SONOS is not without its own problems such as “back-tunneling” which limits electrical 

performance especially during an erase cycle. Furthermore, because the floating gate is a 

dielectric, the tunnel oxide must be made thinner in order to achieve the proper electric 

fields [28]. Hence, the ability to grow a high quality, thin tunnel oxide takes on greater 

importance in SONOS flash memory. 

Another alternative to the conductive, polysilicon floating gate is to replace it 

with nanocrystals that would serve as discrete charge storage elements. Figure 1.1a shows 

a typical flash memory cell employing a continuous layer as the floating gate. 
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Figure 1.1:  a) Typical flash memory structure. b) Nanocrystal flash memory structure. 

 
Figure 1.1b is a flash memory cell in which the continuous floating gate has been 

replaced by nanocrystals (NCs). These NCs can be semiconducting materials such as Si, 

Ge, SiGe or metals [1-5]. The NCs provide advantages over continuous floating gates as 

the discrete nature of the NC provides robustness to the device. Since charge is stored in 

each individual NC as opposed to the continuous floating gate, a single electrical defect 

in the tunnel oxide does not cause loss of the memory state. Rather with a NC based 

floating gate, electrical defects will only cause a local loss of charge, which will likely 

not result in loss of the memory state [2]. This robustness can be exploited to yield lower 

power consumption in the write and erase steps by allowing a thinner tunnel oxide. 

Another advantage of NC flash memory is the memory state has a longer lifetime after 

being written. This lifetime is know as the retention time of the flash memory cell and it 

is advantageous to have a long retention time in order to minimize the refreshing of 

written memory states, thus increasing battery life and lowering power consumption. 

Silicon NC flash memories have been shown to possess deep trapping centers, which 

allow for long retention times [29]. Cobalt (Co) NCs have been shown to have longer 

retention times than Si NCs due to the deeper potential energy well created by the larger 

work function of Co (4.41 eV) compared to Si (4.05 eV) [2]. Thus, NCs memories that 

employ either semiconducting materials such as Si or metals such as Co offer 

improvements such as lower power consumption and longer retention times over current 

flash memory technologies making them a promising technology. 
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In order to employ NCs in a commercial flash memory device certain 

requirements must be met to produce a high yield of reliable memory cells. First, a 

reproducible number of NCs must be placed over the MOS channel in order to have 

enough NCs in the floating gate to provide a sufficient threshold voltage shift. Tiwari et 

al. estimated for Si NCs 5 nm in diameter, spaced 5 nm apart and each NC storing one 

electron, a threshold voltage shift of 0.36 V could be achieved yielding a five order of 

magnitude change in the subthreshold current. A change that can be easily current-sensed 

[1]. Secondly, the NCs must have a narrow size distribution such that their electrical 

properties do not vary due to differences in carrier confinement. Finally, NCs spacing 

should be relatively uniform such that NCs are not too close to one another and the 

channel area is used efficiently. One scheme for achieving these goals is to pattern an 

ordered array of holes over the device channel into which NCs could be deposited. The 

following sections will provide background on nanostructures, NC self-assembly, oxide 

surface chemistry, and a possible patterning scheme to place NCs over the device 

channel. 

 

1.3 PROPERTIES OF NANOSTRUCTURES 

As materials are scaled to dimensions below 100 nm, they begin to exhibit 

properties that are intermediate between the bulk and atomic scales. These properties 

arise due to quantum confinement as one or more dimensions is scaled below 100 nm as 

long as the energy level spacing is greater than the ambient thermal energy (kT = 26 meV 

at 300 K) [30]. The degree of dimensional confinement also affects the distribution of the 

density of states of charge carriers in the nanomaterial. As more dimensions are reduced 

below 100 nm, the quantum confinement begins to alter the density of states of the 

material. Figure 1.2 shows how the density of states changes with the dimensionality of 

confinement [31]. 
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Figure 1.2:  Illustration of the density of states for a) 3D bulk semiconductor, b) 2D 
quantum confined film, c) 1D nanowire and d) 0D nanocrystal. 

 

The nanocrystal is a 0D system, hence, it possesses discrete energy levels as 

opposed to energy bands that are present in higher dimension nanomaterials. These 

discrete energy levels can be used to store electrons for applications. For semiconducting 

nanocrystals below 4 nm, coulomb blockade effects begin to limit the amount of 

electrons that can be stored. The coulomb blockade effect is a phenomenon of charge 

confinement, in which the energy required to add electrons to a semiconductor 

nanocrystal increases as more electrons are stored in the nanocrystal. Thus, the amount of 

charge a semiconductor nanocrystal can store is limited when its size is 4 nm or less [32]. 

Therefore, if one is interested in using semiconductor nanocrystals for an application 

such as non-volatile memory, the semiconductor nanocrystal size must be greater than 4 

nm to allow the maximum amount of charge storage. 

 

1.4 SURFACE CHEMISTRY ON AMORPHOUS SURFACES 

A key aspect to implementation of a NC non-volatile memory using CVD growth 

techniques is the control of NC self-assembly on the tunnel oxide surface. NC growth is 
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controlled by the surface chemistry between the adatoms and the tunnel oxide. By 

understanding how adatoms and surface sites on the tunnel oxide interact and how those 

interactions affect NC self-assembly, one is better able to control NC assembly in order 

to achieve a high density of NCs with a narrow size distribution. The following sections 

will discuss how HWCVD generates active species, the types of surface sites that are 

present on oxide surfaces and nanocrystal assembly. 

 

1.4.1 Hot-wire chemical vapor deposition 

Hot-wire chemical vapor deposition involves the decomposition of precursors on 

a heated tungsten (W) filament (~1800 K). The HWCVD process generates active 

radicals that become adatoms on the surface [10]. In our case, hydride radicals are 

produced from the decomposition of GeH4 and disilane (Si2H6). These hydride radicals 

can become adatoms by adsorbing at surface sites on the oxide surface and eliminating H 

ligands. Reaction (1) shows a hypothetical mass action statement for a hydride radical 

(MHx) adsorbing at a surface site (S) and eliminating its H ligands leading to the 

generation of Si or Ge adatoms. 

  

  

 

Reaction (1) does not outline the type of site S may be or how the H is eliminated 

only that for adatom generation to occur the hydride radical must adsorb at a surface site 

that allows for the elimination of H ligands. Once this process has occurred the adatom is 

free to diffuse on the surface and assemble into NCs. A key experimental advantage 

HWCVD has over thermal CVD is that the flux of radicals to the surface can be 

controlled by varying, d, the distance between the W filament and the sample surface, as 

flux (F) ~1/d2. Thus, a controlled amount of hydride radicals can be dosed to the surface 

allowing control over the initial coverage of GeHx and SiHx species on that surface and 
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consequentially a control over the adatom density once these hydride radicals have 

eliminated their H ligands. Fluxes for HWCVD tend to vary from 0.1 to 0.5 ML/min.  

 

1.4.2 Surface Sites on Oxide Surfaces 

The hydride radicals generated by HWCVD adsorb on both SiO2 and HfO2 

surfaces. The SiO2 surface has been extensively studied because of its prevalent use as a 

catalyst support and many microelectronic applications. The SiO2 surface can possess 

four different types of surface sites, which are pictured below in Figure 1.3 [25, 33-35]. 

 

 

 

Figure 1.3:  Three types of surface sites on an amorphous SiO2 surface: a) a defect site or 
Si-dangling bond, b) the siloxane group, c) the hydroxyl group and d) 
divalent Si/silanone defect proposed by Kuo and Hwang [25]. 

 

These surface sites are all possible adsorption sites for hydride radicals produced 

by HWCVD. Hydroxyl groups on SiO2 have been shown to be reactive towards organic 

silanes and allow grafting of organic molecules to the SiO2 surface [36, 37] and have 

been shown to be adsorption sites for disilane in CVD [38, 39]. Hydroxyl concentration 

decreases with increasing annealing temperature allowing control over the hydroxyl 

group density on the SiO2 surface [34]. Variation in the hydroxyl group density has been 
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shown to affect Si NC density indicating an active role of the hydroxyl group in Si 

adatom generation [40]. The siloxane group is typically inert but when strained can 

become reactive. When SiO2 is dehydroxylated by thermal annealing, some of the 

siloxane groups formed are strained and can be rehydroxylated by exposure to water or 

reacted with other chemicals such as alcohols yielding alkoxy groups grafted to the SiO2 

[41]. The divalent Si group has been shown to be an intrinsic defect in a class of SiO2 

known as reactive silica and has been shown to be reactive toward organic molecules 

such as methanol and acetylene [42, 43]. The Si-dangling bond has been introduced to a 

thermal oxide surface by seeding the surface with Si adatoms using HWCVD of Si2H6 

and has been shown to increase the nucleation density of Si NCs on SiO2 [11]. Kuo and 

Hwang proposed a defect structure for an oxygen vacancy that was a combination of a 

silanone defect and a divalent Si group. Chapter 3 of this dissertation discusses the 

reactivity of a product of this defect toward GeHx radicals. 

The hafnia surface is far less studied. HfO2 films will crystallize into a monoclinic 

phase at approximately 875 K [44, 45]. Hence, depending on growth conditions, the 

surface could be amorphous, polycrystalline or a combination of the two phases. The 

surface of hafnia has been shown to be active toward organosilanes allowing for the 

formation of self-assembled monolayers (SAM) through a proposed catalytic oxidation of 

the organosilanes and the formation of a cross-linked SiO2 network on which the SAM 

forms [46]. This is much different from the reaction of organosilanes with silica where 

the organosilanes react with individual hydroxyl groups and do not cross-link [36, 37]. 

Even though the surface of hafnia has not been studied significantly, zirconia, a related 

metal oxide, has been studied thoroughly. Monoclinic zirconia possesses two types of 

hydroxyl groups. The first type is exactly the same as the hydroxyl group on SiO2 and 

consists of an OH group attached to a single Zr atom, while the second type of hydroxyl 

group consists of an OH group bonded to two or more Zr atoms [47, 48]. It is likely that 

the hafnia surface also possesses these two types of hydroxyl groups. The hafnia surface 

may also possess a defect similar to the Si-dangling bond. Studies of hafnia and zirconia 

nanoparticles using spectroscopic techniques have provided evidence for the existence of 

oxygen vacancies on the surface of these particles [49]. The existence of an oxygen 
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vacancy on a hafnia surface creates the opportunity for Hf-dangling bonds, which would 

be analogous to the Si-dangling bonds on the SiO2 surface. Figure 1.4 presents the 

possible surface sites that may exist on the hafnia surface. 

 

Figure 1.4:  Possible surface sites on HfO2 surface: a) Hf-dangling bond from O-
vacancy, b) Bridging oxygen, c) Terminal hydroxyl group and d) Bridging 
hydroxyl group. 

 

The interaction of hydride radicals with the surface sites on SiO2 and HfO2 is 

important in determining the rate at which adatoms are generated and plays an important 

role in controlling the growth of NCs for use in NC non-volatile memories. 

 

1.4.3 Nanocrystal Assembly 

Once adatoms have been generated by the adsorption and decomposition of 

hydride radicals these adatoms must self-assemble into NCs. The self-assembly of 

nanocrystals on surfaces is a complex process involving many independent steps that 

happen over varying time scales. The processes involved in the growth of nanocrystals on 

oxide surfaces include the following: a) adatom formation, b) adatom desorption, c) 

adatom clustering (nucleation), d) direct addition of adatoms to clusters from the gas 

phase, e) capture of diffusing adatoms by growing nanocrystals, f) direct addition of 
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adatoms from the gas phase to growing nanocrystals and g) capture of diffusing adatoms 

by forming clusters (Figure 1.5).  

 

 

Figure 1.5:  a) Adatom formation, b) adatom desorption, c) cluster formation 
(nucleation), d) adatom addition to cluster from gas phase, e) diffusion of 
adatom to growing NC, f) adatom addition to NC from gas phase, and g) 
diffusion of adatom to cluster. 

 

All of these processes influence the size and density of nanocrystals on the 

surface and lead to the random formation of nanocrystals of varying sizes over the 

surface of the oxide. The control and understanding of this assembly process is 

paramount to growing NCs of a narrow size distribution for non-volatile memory 

applications.  

The analysis of clustering, nucleation, can only be handled by atomic nucleation 

theory at these length scales [50]. The nucleation step in NC growth is important because 

once nucleation has occurred the NC enters its growth phase. Hence, its position on the 

oxide surface is now fixed and it will grow as fast as it can capture adatoms from the 

surface and gas phase. If nucleation occurs throughout the growth, the NC size 

distribution will be broad; however, if nucleation occurs quickly at the initial stages of 

growth then the size distribution should be narrow as long as the supply of adatoms to 
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these nucleated NCs is uniform over the surface. Thus, controlling the rate of nucleation 

is important in obtaining narrow size distributions important for NC non-volatile 

memories. 

For oxide surfaces it has been shown that nucleation of NCs is a defect-controlled 

process. Li et al. showed that the stable cluster size for Ge on SiO2 was zero implying that 

a single Ge adatom was a stable cluster on the SiO2 surface, which is indicative of a 

defect-controlled nucleation process [19]. Coffee and Ekerdt showed that Ge NCs grown 

by HWCVD on HfO2 also had a stable cluster size approaching zero indicating a defect-

controlled nucleation process for the Ge/HfO2 system [22]. Hence, the identification and 

manipulation of these defect sites is vital to controlling the growth of NCs on oxide 

surfaces. 

The following sections will give background on the selective growth of Ge 

structures on both Si and oxide surfaces. Also, it will provide information on a possible 

patterning scheme to place ordered arrays of NCs above the device channel.  

 

1.5 SELECTIVE EPITAXIAL GROWTH ON SI (100) THROUGH SIO
2
 WINDOWS  

The ability to selectively grow materials on lithographically patterned substrates 

is a tool the microelectronics industry uses to grow silicon (Si), germanium (Ge) and 

silicon-germanium (SiGe) epitaxial films for use in advanced bipolar and complimentary 

metal-oxide-semiconductor (CMOS) devices. Selective growth of these films is 

accomplished by opening windows through a high quality silicon dioxide mask to the Si 

substrate below. The Si, Ge or SiGe epitaxial film is then grown using chemical vapor 

deposition (CVD) after several pre-deposition processing steps to remove the native 

oxide at the bottom of the windows [51-56]. The main advantage of the selective 

epitaxial growth of these films is the ability to form sharp doping profiles that improve 

device performance [55].  

Two of the gases used to perform Si, Ge and SiGe selective epitaxial growth are 

SiH4 and GeH4. Small amounts of germane were added to silane to improve plasma 

enhanced silicon epitaxial films. It was postulated that Ge adatoms etched the native 
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oxide at the bottom of the windows allowing for higher quality Si films to be grown. 

Reactions (2-4) were proposed for the etching [52]. 

 

                                                     GeH4  Ge + 2H2                                                                          (2) 

        Ge + SiO2  GeO2 + Si                                            (3) 

                                                        GeO2 + Ge  2GeO (g)                                           (4) 

 

The idea that Ge adatoms alone etched SiO2 remained until Yun et al. showed 

using solid source molecular beams of Si and Ge that the etching reaction occurred only 

when both Si and Ge adatoms were in contact with the SiO2 surface by Reaction (5) [18]. 

 

                                Ge + Si + 2SiO2    GeO (g) + 3SiO (g)                                   (5) 

 

Li et al. further showed that Ge adatoms required Si in order to etch SiO2 and that 

the quality and thickness of SiO2 played a key role. For low quality chemical oxides, Ge 

could diffuse to the Si/SiO2 interface and react to produce volatile GeO and SiO by 

Reaction (5). For high quality thermal oxides, Ge adatoms did not etch SiO2 and the 

weakly interacting Ge adatoms were removed by desorption above 650 K. Li et al. found 

that the key to selective growth of Ge (100) on Si (100) from a solid source was the 

balance between arrival and removal of the Ge adatoms. As long as the Ge adatoms were 

removed from the SiO2 at a higher rate than their arrival rate selective growth was 

achieved  [19]. Thus, the selective growth of Ge (100) on Si (100) using SiO2 masks is a 

kinetically controlled process and etching only occurs if both Si and Ge adatoms are in 

contact with the SiO2. 

 

1.6 GROWTH OF GERMANIUM NANOCRYSTALS ON DIELECTRIC 

SURFACES 

Germanium’s apparent inertness to SiO2 can be exploited to grow Ge 

nanocrystals, selectively, instead of Ge films. Using HWCVD, Stanley et al. showed that 

Ge NCs could be selectively grown on hafnia (HfO2) by opening windows through a SiO2 
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mask. Ge was able to form a self-limiting, contacting oxide with the HfO2 that preceded 

the deposition of semiconducting Ge on the contacting oxide [20]. The contacting oxide 

was found to exist not as a continuous film but as islands of hafnium germanate (HfGeOx) 

onto which the Ge NCs grew [57]. Coffee et al., found that the formation of Ge NCs was 

a defect driven process as one Ge adatom was a stable nuclei according to mean field 

theory [22].  By employing a diblock copolymer of polymethylmethacrylate and 

polystyrene and reactive ion etching, Coffee et al. was able to pattern an ordered array of 

20 nm holes through a SiO2 film exposing small windows of HfO2. HWCVD of Ge to the 

exposed HfO2 yielded ordered arrays of Ge NPs [58]. The ability to direct the growth of 

Ge NCs on dielectric surfaces using the diblock copolymer patterning scheme 

demonstrates a possible technology that could be used to place Ge NCs over the device 

channel. The following section will provide further background on how the diblock 

copolymer self-assembly occurs and how lithographically patterned features can cause 

the self-assembly to occur in specific regions showing how this system could be used to 

place Ge NCs over the device channel. 

 

1.7 GRAPHOEPITAXY OF DIBLOCK COPOLYMERS – TOWARDS 

POSITIONING NCS 

An avenue to accomplish the positioning of nanocrystals over the device channel 

for NC flash memory is to use the self-assembly of diblock copolymers to define 

features. Diblock copolymer systems are composed of two different monomers organized 

into alternating blocks. If M represents one monomer and S represents the other monomer 

in the diblock, the diblock copolymer chain would look like the diagram: M-M-M-M-M-

S-S-S-M-M-M-M-M. The block composed of M-type monomers would be considered 

the majority block of the diblock copolymer while the block composed of S-type 

monomers would be the minority block. Generally, for a system to self-assemble, the 

minority and majority blocks must be immiscible in one another and chains must be 

mobile. Mobility of the chains can be induced by raising the temperature of a diblock 

copolymer film above the glass transition temperatures of both types of blocks, which is 

370 K and 380 K for PS and PMMA, respectively [59, 60]. By raising the temperature of 



 16 

the film above the glass transition temperatures of its constituent blocks, the two 

immiscible blocks are able to phase separate. The morphology of the self-assembled 

phase is dependent on the relative amounts of each block present in the diblock 

copolymer ranging from a lamellar structure (50/50%), to cylinders embedded in a matrix 

(70/30%) and finally spheres embedded in a matrix (80/20%). In the case of the 

cylindrical and spherical morphologies, the matrix is composed of the majority block, 

while the minority block makes up the embedded geometric shape. Figure 1.6 shows the 

different morphologies of the self-assembled diblock copolymer system. 

 

 

Figure 1.6:   Morphologies of the self-assembled diblock copolymer system (• – majority, 
• – minority). 

  

One scheme employing the diblock copolymer system for lithography involves 

treating the substrate such that the cylindrical phase is perpendicular to the substrate 

rather than parallel. The orientation of the cylindrical phase perpendicular to the substrate 

has been done with a diblock copolymer system consisting of 70% polystyrene (PS) and 

30% poly(methyl methacrylate) (PMMA) by coating the surface with a random 

copolymer consisting of PS/PMMA, which makes the surface neutral toward polystyrene 

or poly(methyl methacrylate). The diblock copolymer then self-assembles on this random 

copolymer layer yielding cylinders perpendicular to the substrate [61, 62]. This diblock 

copolymer system has been used to pattern different substrates by removing the PMMA 
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cylinders with acetic acid and employing reactive ion etching to transfer the pattern into 

the substrate [58, 62, 63]. 

Extending the self-assembly of diblock copolymer films to position NCs over the 

device channel requires the assembly to takes place over the device channel of the 

transitor. Graphoepitaxy, topographically-induced ordering, is a possible avenue towards 

channel level assembly of the diblock copolymer [64]. The assembly of perpendicular 

cylinders, inside trenches and parallelograms, has been shown for the PS/PMMA diblock 

copolymer system discussed above revealing the promise of employing this system for 

positioning NCs over the device channel using the selective growth process Stanley et al. 

developed for Ge NCs on HfO2 (Figure 1.7) [20, 21, 65]. 

 

Figure 1.7:   a) Image of lithographically patterned lines (top) and pores (bottom) inside 
trenches [65] and b) Transfer of assembly into SiO2 film inside a 
lithographically patterned parallelogram. 
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1.8 WORK NOT APPEARING IN DISSERTATION 

Because this work does not fit fully with the theme of this dissertation, it will not 

be included in the following chapters. One project involved the construction of a 

horizontal quartz tube furnace in an attempt to grow SiO2 films containing ruthenium 

(Ru). The purpose of these Ru-doped SiO2 films was to obtain Ru NCs embedded in a 

SiO2 film for use in vertical flash memory structures. It was hypothesized at the 

beginning of this work that the Ru would precipitate out of the SiO2 leading to the 

formation of NCs. By using tetraethoxysilane (TEOS), molecular oxygen (O2), and 

(dimethylpentadienyl)(cyclopentadienyl)ruthenium (DER) concurrently, a conformal 

SiO2 film containing Ru atoms that would lead to the precipitation of  Ru NCs was 

sought. TEOS/O2 chemistry has been shown to yield conformal SiO2 films [66], while 

annealing of SiO2 films containing Ru and Ir has been shown to yield Ru and Ir NCs [67]. 

Thus, this chemical system was investigated in order to achieve a conformal Ru-doped 

SiO2 film that would yield Ru NCs that could be deposited on 3D topographies. Initial 

studies with this system did yield Ru NCs (Figure 1.8). 

 

Figure 1.8:  Ru NPs in SiO2 on Silicon Nitride TEM grid. 

 

The Ru NCs were ~3-5 nm in size with a density of <1011 NCs/cm2. However, 

further investigation revealed that the NCs were not precipitating out of the SiO2, but 
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forming by a mechanism known as chemical vapor condensation. Chemical vapor 

condensation is a process used to make fine powders and involves the pyrolysis of metal 

containing precursors similar to DER yielding a gas of metal atoms that condense into 

nanocrystals [68-70]. The growth temperatures used for the Ru-doped SiO2 were 925-975 

K, well above the pyrolysis temperature of DER. Regardless of the formation 

mechanism, flash memory structures on flat, HfO2 tunnel oxide were constructed from 

the Ru NC/SiO2 system. Figure 1.9 shows a typical memory window for one of these 

structures.  
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Figure 1.9:  Memory window for Ru NP/SiO2 system on HfO2 tunnel oxide. 

 

The work on the Ru NC/SiO2 system was eventually abandoned due to an 

inability to increase the density of Ru NCs to a level to give satisfactory write speeds. 

Some on going work by Hai Liu and me is continuing in an attempt to agglomerate Ir 

films into high density NCs and compare these Ir NCs to the Ru NC/SiO2 system. 

Another project that is not include in this dissertation involved the investigation of 

the surface chemistry of tetra(trimethylphosphine)ruthenium (TTPR) on polycrystalline 

TaxOy. TTPR was a ruthenium precursor investigated by the Ekerdt group for use as a 

copper diffusion barrier. Shin et al. found that TTPR formed amorphous Ru films 
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containing phosphorous impurities and that P was responsible for the amorphous nature 

of the film. My contribution to this work involved elucidating the decomposition 

chemistry of the TTPR. It was found that TTPR only partially decomposed through the 

loss of trimethylphosphine ligands and this partial decomposition led to the incorporation 

of the P in the Ru films.  This work appeared in publication in Thin Solid Films [71]. 

 

1. 9 OVERVIEW OF DISSERTATION 

Chapter 2 of this dissertation involves the investigation of GeHx with thermally-

grown SiO2. It was found that GeHx does not interact strongly with the SiO2 and is 

removed by a recombination reaction from 550-700 K and decomposition of GeHx to Ge 

and H from 800-900 K. Ge only accumulates on the thermally-grown oxide when the 

GeHx coverage is high enough to yield reactions between GeHx species resulting in the 

formation of Ge clusters. Chapter 3 investigates how GeHx interacts with Si-etched SiO2 

and proposes a possible structure for the defect created on the SiO2 surface due to Si-

etching. Chapter 4 reveals that HfGeOx islands form between Ge NCs and HfO2. The 

HfGeOx can be reduced to Ge by exposing the Ge NCs to silane gas at 800 K. 

Pretreatment of the HfO2 with silane gas at 800 K leads to hafnium silicate formation and 

the suppression of HfGeOx. Chapter 5 shows how the process developed in Chapter 4 

improves the device characteristics of capacitors made from Ge NCs and HfO2. Chapter 6 

will summarize the work in this dissertation and discuss future work. 

Most of this work has or will appear in publication. Chapters 2 and 3 have been 

submitted for publication [26, 72]. Chapter 4 is currently in press [73]. Chapter 5 has 

been submitted for publication [5]. 

 

1.10 REFERENCES 

[1] S. Tiwari, F. Rana, H. Hanafi, A. Hartstein, E.F. Crabbe, and K. Chan, "A Silicon 
Nanocyrstals Based Memory" Appl. Phys. Lett. 68 1377 (1996). 

 



 21 

[2] M. Takata, S. Kondoh, T. Sakaguchi, H. Choi, J.-C. Shim, H. Kurino, and M. 
Koyanagi, "New Non-Volatile Memory with Extremely High Density Metal 
Nano-Dots" IEDM 553 (2003). 

 
[3] D.-W. Kim, Kim, Taehoon; Banerjee, Sanjay K., "Memory Characterization of 

SiGe Quantum Dot Flash Memories With HfO2 and SiO2 Tunneling Dielectrics" 
IEEE Trans. Electron Devices 50 1823 (2003). 

 
[4] J.J. Lee, Dim-Lee Kwong, "Metal Nanocrystal Memory With High-κ Tunneling 

Barrier for Improved Data Retention" IEEE Trans. Electron Devices 52 507 
(2005). 

 
[5] H. Lui, W.A. Winkenwerder, Y. Lui, D. Shahrierdi, S.K. Stanley, J.G. Ekerdt, and 

S.K. Banerjee, "Core-shell Germanium-Silicon Nanocrystal Floating Gate for 
Nonvolatile Memory Applications" IEEE Electron Device Lett. (submitted) 
(2008). 

 
[6] J.J. Welser, S. Tiwari, S. Rishton, K.Y. Lee, and Y. Lee, "Room Temperature 

Operation of a Quantum-Dot Flash Memory" IEEE Electron Device Lett. 18 278 
(1997). 

 
[7] T. Baron, F. Martin, P. Mur, C. Wyon, and M. Dupuy, "Silicon quantum dot 

nucleation on Si3N4, SiO2 and SiOxNy substrates for nanoelectronic devices" J. 

Cryst. Growth 209 1004 (2000). 
 
[8] T. Baron, A. Fernandes, J.F. Damlencourt, B. De Salvo, F. Martin, F. Mazen, and 

S. Haukka, "Growth of Si nanocrystals on alumina and integration in memory 
devices" Appl. Phys. Lett. 82 4151 (2003). 

 
[9] A. Nakajima, Y. Sugita, K. Kawamura, H. Tomita, and N. Yokoyama, "Si 

quantum dot formation with low-pressure chemical vapor deposition" Jpn. J. 

Appl. Phys., Part 2-Lett. 35 L189 (1996). 
 
[10] J.H. Zhu, W.T. Leach, S.K. Stanley, J.G. Ekerdt, and X.M. Yan, "Growth of high-

density Si nanoparticles on Si3N4 and SiO2 thin films by hot-wire chemical vapor 
deposition" J. Appl, Phys. 92 4695 (2002). 

 
[11] W.T. Leach, J.H. Zhu, and J.G. Ekerdt, "Cracking assisted nucleation in chemical 

vapor deposition of silicon nanoparticles on silicon dioxide" J. Cryst. Growth 240 
415 (2002). 

 
[12] W.T. Leach, J.H. Zhu, and J.G. Ekerdt, "Thermal desorption effects in chemical 

vapor deposition of silicon nanoparticles" J. Cryst. Growth 243 30 (2002). 
 



 22 

[13] T. Baron, B. Pelissier, L. Perniola, F. Mazen, J.M. Hartmann, and G. Rolland, 
"Chemical vapor deposition of Ge nanocrystals on SiO2" Appl. Phys. Lett. 83 
1444 (2003). 

 
[14] S. Agan, A. Celik-Aktas, J.M. Zuo, A. Dana, and A. Aydinli, "Synthesis and size 

differentiation of Ge nanocrystals in amorphous SiO2" Appl. Phys. A 83 107 
(2006). 

 
[15] T. Durkop, E. Bugiel, I. Costina, A. Ott, R. Peibst, and K.R. Hofmann, "PE-CVD 

fabrication of germanium nanoclusters for memory applications" Mat. Sci. Eng. 

B-Solid 147 213 (2008). 
 
[16] K. Gacem, A. El Hdiy, M. Troyon, I. Berbezier, P.D. Szkutnik, A. Karmous, and 

A. Ronda, "Memory and Coulomb blockade effects in germanium nanocrystals 
embedded in amorphous silicon on silicon dioxide" J. Appl. Phys. 102 (2007). 

 
[17] S.K. Stanley, S.S. Coffee, and J.G. Ekerdt, "Interactions of germanium atoms 

with silica surfaces" Appl. Surf. Sci. 252 878 (2005). 
 
[18] S.J. Yun, S.C. Lee, B.W. Kim, and S.W. Kang, "Study of Interaction between 

Incident Silicon and Germanium Fluxes and Sio2 Layer Using Solid-Source 
Molecular-Beam Epitaxy" J. Vac. Sci. Technol. B 12 1167 (1994). 

 
[19] Q.M. Li, J.L. Krauss, S. Hersee, and S.M. Han, "Probing interactions of Ge with 

chemical and thermal SiO2 to understand selective growth of Ge on Si during 
molecular beam epitaxy" J. Phys. Chem. C 111 779 (2007). 

 
[20] S.K. Stanley, S.V. Joshi, S.K. Banerjee, and J.G. Ekerdt, "Ge interactions on 

HfO2 surfaces and kinetically driven patterning of Ge nanocrystals on HfO2" J. 

Vac. Sci. Technol. A 24 78 (2006). 
 
[21] S.K. Stanley, S.V. Joshi, S.K. Banerjee, and J.G. Ekerdt, "Surface reactions and 

kinetically-driven patterning scheme for selective deposition of Si and Ge 
nanoparticle arrays on HfO2" Surf. Sci. 600 L54 (2006). 

 
[22] S.S. Coffee and J.G. Ekerdt, "Investigation of Volmer-Weber growth mode 

kinetics for germanium nanoparticles on hafnia" J. Appl. Phys. 102 (2007). 
 
[23] M.S. Mason, J.K. Holt, and H.A. Atwater, "Quantitative modelling of nucleation 

kinetics in experiments for poly-Si growth on SiO2 by hot wire chemical vapor 
deposition" Thin Solid Films 458 67 (2004). 

 
[24] D.C. Streit and F.G. Allen, "Thermal and Si-Beam Assisted Desorption of Sio2 

from Silicon in Ultrahigh-Vacuum" J. Appl. Phys. 61 2894 (1987). 



 23 

 
[25] C.L. Kuo and G.S. Hwang, "Structure and interconversion of oxygen-vacancy-

related defects on amorphous silica" Phys. Rev. Lett. 97 (2006). 
 
[26] W.A. Winkenwerder and J.G. Ekerdt, "Germanium Interactions with Si-etched 

Silicon Dioxide" Surf. Sci. (submitted on 6/2/2008) (2008). 
 
[27] B.G. Streetman and S.K. Banerjee, Solid State Electronic Devices. 5th ed. 2000, 

Upper Saddle River, NJ: Prentice Hall. 
 
[28] J.H. Han, J.H. Kim, S.H. Lee, and C. Kim, "Fully compatible novel SNONOS 

structure for improved electrical performance in NAND Flash memories" Solid-

State Electron. 49 1857 (2005). 
 
[29] Y. Shi, K. Saito, H. Ishikuro, and T. Hiramoto, "Effects of Traps on Charge 

Storage Characteristics in Metal-oxide-semiconductor Memory Structures Based 
on Silicon Nanocrystals" J. Appl. Phys. 84 2358 (1998). 

 
[30] A.P. Alivisatos, "Semiconductor clusters, nanocrystals, and quantum dots" 

Science 271 933 (1996). 
 
[31] A.D. Yoffe, "Low-Dimensional Systems - Quantum-Size Effects and Electronic-

Properties of Semiconductor Microcrystallites (Zero-Dimensional Systems) and 
Some Quasi-2-Dimensional Systems" Adv. Phys. 42 173 (1993). 

 
[32] R.F. Steimle, R. Muralidhar, R. Rao, M. Sadd, C.T. Swift, J. Yater, B. Hradsky, 

S. Straub, H. Gasquet, L. Vishnubhotla, E.J. Prinz, T. Merchant, B. Acred, K. 
Chang, and B.E. White, "Silicon nanocrystal non-volatile memory for embedded 
memory scaling" Microelectron. Reliab. 47 585 (2007). 

 
[33] E.F. Vansant, P.V.D. Voort, and K.C. Vrancken, Characterization and Chemical 

Modification of the Silica Surface. Vol. 93. 1995, Amsterdam: Elsevier. 
 
[34] L.T. Zhuravlev, "Concentration of Hydroxyl-Groups on the Surface of 

Amorphous Silicas" Langmuir 3 316 (1987). 
 
[35] E. Papirer, ed. Adsorption on Silica Surfaces. Vol. 90. 2000, Marcel Dekker Inc: 

New York. 
 
[36] S. Shioji, M. Hanada, Y. Hayashi, K. Tokami, and H. Yamamoto, "Kinetic study 

of alkoxylation and rehydroxylation reactions on silica surfaces" Adv. Powder 

Technol. 18 467 (2007). 
 



 24 

[37] M.C. Capel-Sanchez, L. Barrio, J.M. Campos-Martin, and J.L.G. Fierro, 
"Silylation and surface properties of chemically grafted hydrophobic silica" J. 

Colloid Interface Sci. 277 146 (2004). 
 
[38] T. Yasuda, M. Nishizawa, and S. Yamasaki, "Chemical vapor deposition of Si on 

chlorosilane-treated SiO2 surfaces. I. Suppression and enhancement of Si 
nucleation" J. Appl. Phys. 90 3879 (2001). 

 
[39] T. Yasuda, M. Nishizawa, S. Yamasaki, and K. Tanaka, "Controlled bond 

formation between chemical vapor deposition Si and ultrathin SiO2 layers" J. 

Vac. Sci. Technol. B 18 1752 (2000). 
 
[40] F. Mazen, T. Baron, G. Bremond, N. Buffet, N. Rochat, P. Mur, and M.N. 

Semeria, "Influence of the chemical properties of the substrate on silicon quantum 
dot nucleation" J. Electrochem. Soc. 150 G203 (2003). 

 
[41] V.I. Lygin, "IR-spectroscopic study of changes in silica surface structure on 

thermal dehydroxylation and rehydroxylation in water vapors" Russ. J. Gen. 

Chem. 71 1368 (2001). 
 
[42] V.A. Radzig, "Reactive Silica - a New Concept of the Structure of Active-Sites" 

Colloids Surf. A, 74 91 (1993). 
 
[43] V.A. Radzig, "Point defects in disordered solids: Differences in structure and 

reactivity of the ( Si-O)(2)Si: groups on silica surface" J. Non-Cryst. Solids 239 
49 (1998). 

 
[44] P.S. Lysaght, J.C. Woicik, M.A. Sahiner, B.H. Lee, and R. Jammy, 

"Characterizing crystalline polymorph transitions in HfO2 by extended x-ray 
absorption fine-structure spectroscopy" Appl. Phys. Lett. 91 (2007). 

 
[45] S.V. Ushakov, A. Navrotsky, Y. Yang, S. Stemmer, K. Kukli, M. Ritala, M.A. 

Leskela, P. Fejes, A. Demkov, C. Wang, B.Y. Nguyen, D. Triyoso, and P. Tobin, 
"Crystallization in hafnia- and zirconia-based systems" Phys. Status Solidi B 241 
2268 (2004). 

 
[46] A.Y. Fadeev, R. Helmy, and S. Marcinko, "Self-assembled monolayers of 

organosilicon hydrides supported on titanium, zirconium, and hafnium dioxides" 
Langmuir 18 7521 (2002). 

 
[47] G. Cerrato, S. Bordiga, S. Barbera, and C. Morterra, "A surface study of 

monoclinic zirconia (m-ZrO2)" Surf. Sci. 377 50 (1997). 
 



 25 

[48] G. Cerrato, S. Bordiga, S. Barbera, and C. Morterra, "Surface characterization of 
monoclinic ZrO2 .1. Morphology, FTIR spectral features, and computer 
modelling" Appl. Surf. Sci. 115 53 (1997). 

 
[49] M. Forker, P. de la Presa, W. Hoffbauer, S. Schlabach, M. Bruns, and D.V. 

Szabo, "Structure, phase transformations, and defects of HfO2 and ZrO2 
nanoparticles studied by Ta-181 and Cd-111 perturbed angular correlations, H-1 
magic-angle spinning NMR, XPS, and x-ray and electron diffraction" Phys. Rev. 

B: Condens. Matter 77 (2008). 
 
[50] H. Brune, "Microscopic view of epitaxial metal growth: nucleation and 

aggregation" Surf. Sci. Rep. 31 121 (1998). 
 
[51] T.F. Kuech, M. Maenpaa, and S.S. Lau, "Epitaxial-Growth of Ge on Less-Than-

100 Greater-Than Si by a Simple Chemical Vapor-Deposition Technique" Appl. 

Phys. Lett. 39 245 (1981). 
 
[52] G.R. Srinivasan, "Recent Advances in Silicon Epitaxy and Its Application to 

High-Performance Integrated-Circuits" J. Cryst. Growth 70 201 (1984). 
 
[53] H. Ishii, Y. Takahashi, and J. Murota, "Selective Ge Deposition on Si Using 

Thermal-Decomposition of Geh4" Appl. Phys. Lett. 47 863 (1985). 
 
[54] M.C. Ozturk, D.T. Grider, J.J. Wortman, M.A. Littlejohn, Y. Zhong, D. 

Batchelor, and P. Russell, "Rapid Thermal Chemical Vapor-Deposition of 
Germanium on Silicon and Silicon Dioxide and New Applications of Ge in Ulsi 
Technologies" J. Electron. Mater. 19 1129 (1990). 

 
[55] M.R. Goulding, "The Selective Epitaxial-Growth of Silicon" Mat. Sci. Eng. B-

Solid 17 47 (1993). 
 
[56] C.L. Wang, S. Unnikrishnan, B.Y. Kim, D.L. Kwong, and A.F. Tasch, "The 

viability of GeH4-based in situ clean for low temperature silicon epitaxial 
growth" J. Electrochem. Soc. 143 2387 (1996). 

 
[57] W.A. Winkenwerder and J.G. Ekerdt, "The Role of Oxidized Germanium in the 

Growth of Germanium Nanoparticles on Hafnia" J. Cryst. Growth (completed 

review - 04/29/2008) (2008). 
 
[58] S.S. Coffee, S.K. Stanley, and J.G. Ekerdt, "Directed nucleation of ordered 

nanoparticle arrays on amorphous surfaces" J. Vac. Sci. Technol. B 24 1913 
(2006). 

 



 26 

[59] C. Harrison, M. Park, P.M. Chaikin, R.A. Register, and D.H. Adamson, 
"Lithography with a mask of block copolymer microstructures" J. Vac. Sci. 

Technol. B 16 544 (1998). 
 
[60] P. Mansky, C.K. Harrison, P.M. Chaikin, R.A. Register, and N. Yao, 

"Nanolithographic templates from diblock copolymer thin films" Appl. Phys. Lett. 
68 2586 (1996). 

 
[61] K.W. Guarini, C.T. Black, and S.H.I. Yeuing, "Optimization of diblock 

copolymer thin film self assembly" Adv. Mater. 14 1290 (2002). 
 
[62] K.W. Guarini, C.T. Black, Y. Zhang, H. Kim, E.M. Sikorski, and I.V. Babich, 

"Process integration of self-assembled polymer templates into silicon 
nanofabrication" J. Vac. Sci. Technol. B 20 2788 (2002). 

 
[63] S.S. Coffee, D. Shahrjerdi, S.K. Banerjee, and J.G. Ekerdt, "Selective silicon 

nanoparticle growth on high-density arrays of silicon nitride" J. Cryst. Growth 
308 269 (2007). 

 
[64] C.T. Black, R. Ruiz, G. Breyta, J.Y. Cheng, M.E. Colburn, K.W. Guarini, H.C. 

Kim, and Y. Zhang, "Polymer self assembly in semiconductor microelectronics" 
IBM J. Res. Develop. 51 605 (2007). 

 
[65] C.T. Black and O. Bezencenet, "Nanometer-scale pattern registration and 

alignment by directed diblock copolymer self-assembly" IEEE Trans. 

Nanotechnol. 3 412 (2004). 
 
[66] S. Rojas, A. Modelli, W. S. Wu, A. Borghesi, B. Pivac, "Properties of silicon 

dioxide films prepared by low-pressure chemical vapor deposition from 
tetraethylorthosilicate" J. Vac. Sci. Technol. B 8 1177 (1990). 

 
[67] P.H. Giauque, M.-A. Nicolet, "Annealing of amorphous Ru-Si-O and Ir-Si-O 

films in vaccum or dry oxygen" J. Appl. Phys. 93 4576 (2003). 
 
[68] D.W. Lee, J.H. Yu, B.K. Kim, and T.S. Jang, "Fabrication of ferromagnetic iron 

carbide nanoparticles by a chemical vapor condensation process" J. Alloys 

Compd. 449 60 (2008). 
 
[69] X.L. Dong, C.J. Choi, and B.K. Kim, "Chemical synthesis of Co nanoparticles by 

chemical vapor condensation" Scr. Mater. 47 857 (2002). 
 
[70] J.C. Kim, J.W. Lee, B.Y. Park, and C.J. Choi, “Synthesis and magnetic properties 

of Fe/SiO2 nanocomposite powders by the chemical vapor condensation process” 
Eco-Mater. Process. Design VII 2006. p. 762. 



 27 

 
[71] J.H. Shin, A. Waheed, W.A. Winkenwerder, H.W. Kim, K. Agapiou, R.A. Jones, 

G.S. Hwang, and J.G. Ekerdt, "Chemical vapor deposition of amorphous 
ruthenium-phosphorus alloy films" Thin Solid Films 515 5298 (2007). 

 
[72] W.A. Winkenwerder and J.G. Ekerdt, "Interaction of Germanium with Silicon 

Dioxide" Surf. Sci. (submitted on 05/09/2008) (2008). 
 
[73] W.A. Winkenwerder and J.G. Ekerdt, "The Role of Oxidized Germanium in the 

Growth of Germanium Nanoparticles on Hafnia" J. Cryst. Growth (in press) 
(2008). 

 



 28 

 

Chapter 2: Interaction of Germanium with Silicon Dioxide 

2.1 CHAPTER OVERVIEW 

 The work presented in Chapter 2 concerns reconciling the etching reaction 

between Ge and SiO2 reported by Stanley et al. [1] with the solid source Ge studies 

conducted by Yun and Li et al. [2, 3]. It presents an explanation for the m/e 90 signal 

seen by Stanley et al. [1] and clarifies the surface chemistry of GeHx on SiO2, revealing 

that the GeHx system behaves similarly to solid source Ge on SiO2. 

2.2 INTRODUCTION 

The interaction of Ge adatoms with amorphous SiO2 (silica) is important in the 

selective, heteroepitaxial growth of Ge(100) on Si(100) and the selective growth of 

germanium nanoparticles on HfO2 surfaces created by etching pores through thin silica 

films [4-7].  In both processes any Ge adatoms that form on silica do not reside long 

enough on the silica to lead to Ge film or Ge nanoparticle growth.  Heteroepitaxial 

growth of Ge(100) employs an atomic flux of Ge, and the Ge adatoms either desorb with 

a binding energy of 0.42 eV or diffuse through a low quality silica film and etch the SiO2 

at the Si(100) – SiO2 interface, thereby opening windows to the Si(100) for heteroepitaxy 

[2].  This etching reaction involves a lattice Si atom.  If the silica is a higher quality 

thermal oxide, no etching is observed and the Ge adatoms desorb [2].   

In previous studies from our laboratory, GeH4 was thermally cracked using a 

tungsten filament to deposit different initial coverages of GeHx on the surface followed 

by temperature programmed desorption (TPD) [1].  Mass/charge (m/e) ratios of 74, 75 

and 90 were employed in TPD to track species evolving from the surface.  The adsorbed 

GeHx underwent a recombinative desorption process with a peak temperature near 550 K 

and at a slightly higher temperature the m/e-90 signal produced a broad peak.  This m/e 

signal was assigned to GeO desorption and was argued to have formed in an etching 

reaction between adsorbed Ge and the SiO2 surface.  Etching of a 2 nm-thick silica layer 
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by hot wire chemical vapor deposition (HWCVD) with GeH4 provided further evidence 

for etching.  Others have also observed silica etching by GeH4 [8]. 

The studies reported herein were undertaken to examine the question of etching of 

silica by Ge from a hydride source and reconcile the reported absence of etching when an 

atomic source is used.  Silicon adatoms are known to etch silica and each Si adatom 

reacts with the SiO2 to produce two SiO fragments that desorb above 900 K in TPD [9, 

10]. To balance the stoichiometry of the reaction with Ge, one expects that if GeO is an 

etching product, the SiO product should also form.   

 

2.3 EXPERIMENTAL METHODS 

The experiments were performed in a multichamber ultra high vacuum (UHV) 

system that has been described previously [10].  HWCVD exposures were done in the 

growth chamber with a base pressure of 3×10-9 torr and transferred in situ to a separate 

chamber for analytical analysis by TPD using a differentially pumped Thermo Electron 

Smart IQ+ mass spectrometer covered by a nose cone with a ~0.5 cm opening. Mass 

alignment of the mass spectrometer was done using He (m/e 4), Ar (m/e 40) and Xe (m/e 

129) gases.   The samples were placed ~0.3 to 1 cm from the nose cone opening during 

temperature ramp and signal collection. The sample holder was made from a 

molybdenum (Mo) rod (Grade 3N8) purchased from ESPI Metal, Inc. The impurities in 

the Mo rod are: K (40 ppm), Cr (<32 ppm), Cu (<16 ppm), Fe (52 ppm), and Ni (25 

ppm). Mo foil, 0.002 in. thick, was also purchased from ESPI Metal, Inc. in the same 

grade as the rod. The Mo rod was machined into a 1 cm thick ring with an outside 

diameter of 2.6 cm and an inside diameter of 1.6 cm. Two equally spaced, parallel 

grooves were machined along the ring’s circumference to facilitate sample movement. A 

2 cm × 2 cm piece of Mo foil was spot welded along two parallel edges to the Mo ring 

and a hole was cut in its center. The two free edges were folded up to make flaps used to 

hold down samples for Ge dosing, TPD and X-ray photoelectron spectroscopy (XPS).   

Si(100) wafers with 10 nm of thermal oxide were supplied by Freescale, Inc.  

Samples 1.6 cm × 1.6 cm were cut from the wafers and were cleaned by soaking for 15 
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min in a piranha solution (6:2:1 – H2SO4:H2O2:H2O) at room temperature followed by the 

removal of ~1 nm of the thermal oxide by etching in 2% HF acid for 4 sec.  Various 

surfaces were prepared for the studies. 

The cleaned wafer samples were annealed in the growth chamber for 15 min at 

975 K. The samples were allowed to cool to ~365 K and baseline TPD spectra were taken 

for various m/e signals.  After baseline collection the samples were cooled to ~425 K and 

transferred through a transfer chamber (base pressure ~10-8 torr) to the growth chamber. 

A calibrated [10] dose of 0.2-1.0 ML of Ge was delivered to the sample by cracking 4% 

germane in helium (supplied by Voltaix, Inc.) at a total pressure of 3.0×10-6 torr (partial 

pressure of germane is  1.2×10-7 torr) over a ~1800 K tungsten filament located 

approximately 3 cm from the SiO2 surface. 

Table 1:   Signals monitored in the TPD studies and the species that are most likely 
related to the individual masses.  

 
m/e 
 

Species 

2 
 

H2

+ 

44 
 

SiO+ 

74 
 

70GeH4

+, 72GeHx

+, 74Ge+ 

75 
 

72GeH3

+, 74GeH+ 

88 
 

70GeOH2

+, 72GeO+ 

89 
 

70GeOH3

+, 72GeOH+ 

90 
 

70GeOH4

+, 72GeOH+, 74GeO+ 

91 
 

72GeOH3

+, 74GeOH+ 

92 
 

72GeOH4

+, 74GeOH2

+ 

93 
 

74GeOH3

+ 
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The samples were then transferred back to the analytical chamber and TPD was 

preformed by heating the sample at 1 K/s or 3 K/s from 365 – 975 K.  Germanium has 

three dominant isotopes, 70Ge, 72Ge and 74Ge.  Table 1 lists the m/e signals monitored and 

the species these molecules or fragments that are possibly associated with these signals. 

Control experiments were conducted using molybdenum foil to examine hydrogen 

desorption off of this material. The Mo foil was used as is and was annealed in the same 

manner as the SiO2 samples. 

Hydrogen or deuterium adsorption was done by cracking either gas at a pressure of 

3.0×10-6 torr for 4 min over the hot-tungsten filament used to dose Ge. All H2 or D2 TPD 

spectra were done using a 3 K/s heating ramp and all samples were annealed in the 

previously described manner.  

 

2.4 RESULTS AND DISCUSSION 

2.4.1 Origin of m/e 90 TPD Signal 

Li et al., have shown silica thinning by Ge depends on the quality of the oxide and 

that a dense, thermal oxide is not etched by Ge adatoms [2].  To determine if GeHx 

fragments from HWCVD etch a thermal oxide, a thermal oxide sample was cleaned and 

annealed at 975 K for 15 min and then allowed to cool to below 375 K. A Si 2p XP 

spectrum was taken after annealing to determine the Si0/Si4+ ratio of the sample before 

exposure to a Ge flux. The sample was then transferred to the growth chamber and heated 

to 975 K and exposed to a 0.5 ML/min Ge flux for 30 min. The thermal oxide sample was 

allowed to cool to <475 K and transferred back to the analytical chamber to collect the Si 

2p spectrum. Consistent with reports employing atomic Ge fluxes [2], the thermal oxide 

does not appear to etch as the Si0/Si4+ ratio is unchanged and there is no observable 

attenuation (spectra not shown).    

A series of experiments was performed to determine if SiO evolved from the 

silica surface during TPD.  If the m/e-90 signal reported by Stanley et al. [1] is 74GeO+ 

that forms in an etching reaction between Ge and SiO2, a corresponding m/e-44 SiO+ 

signal should be detected near 900 K during TPD.  Silica surfaces were exposed to 0.2 to 
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1.0 ML of Ge by cracking GeH4.  In subsequent TPD experiments the m/e-90 signal was 

observed and no SiO+ was observed (Figure 2.1).  This led us to examine a large set of 

masses near m/e-90 as shown in Table 1.    

 

 

Figure 2.1:  Mass intensities during TPD following a 0.8 ML Ge dose onto SiO2 for a 
heating rate of 3 K/s. 

 

Germanium has three predominant isotopes 70Ge (relative abundance [rel. ab.] of 

20.4%), 72Ge (rel. ab. of 27.3%), and 74Ge (rel. ab. of 36.7%) [11]. Mass signals were 

monitored for m/e 2, 70, 72, 74, 75, 88, 89, 90, 91, 92 and 93 in TPD experiments. Since 
72Ge and 74Ge have the highest relative abundances, if GeO is desorbing, m/e signals 

should appear with reasonably comparable intensities at m/e 88 and m/e 90.  However, 

the m/e-88 signal was not seen in TPD (Figure 2.2).  
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Figure 2.2:  Mass intensities during TPD following a 0.2 ML Ge dose onto SiO2 for a 
heating rate of 3 K/s. 

 

Examination of the masses around m/e 90 and m/e 91 reveals they cannot 

originate from a Ge containing species. The three predominant Ge isotopes are each 

separated by 2 amu and are similar in relative abundance, and one should observe signals 

from m/e 88-93 if m/e 90 and 91 contained Ge. Because no peaks appear 2 amu above or 

below m/e 90 and 91, these signals cannot contain a Ge atom.  

H is generated by HWCVD of germane and may be interacting with impurities in 

Mo to give rise to the m/e 90 and 91 signals. Experiments were conducted using a disk of 

Mo foil spot welded to the Mo holder to test for possible H interactions with the holder 

material. The foil was annealed at 975 K for 15 min and then XP spectra were taken for 

the two predominant impurities in the Mo, iron (Fe) and nickel (Ni) followed by baseline 

TPD. The Mo foil was dosed with H by cracking H2 over the tungsten filament at a 

pressure of 3.0×10-6 torr for 4 min in the growth chamber. The sample was moved to the 

analysis chamber and TPD was performed monitoring m/e 90 and 91.  

The results in Figure 2.3a clearly show a broad m/e 90 (m/e 91 not shown) signal 

from 400-900 K. Based on to the Fe 2p peak position at ~711 eV (Figure 2.3b), the iron 

impurity is FeO2H, which would correspond to m/e 89 if it desorbed [12].  
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Figure 2.3:  a) m/e 90 signal intensity recorded during TPD corresponding to: i) the 
baseline before exposure to H and ii) after cracking H2 on the Mo foil for a 
heating rate of 3 K/s. b) XPS of the Fe 2p feature: i) before and ii) after 
exposure to H and performing the TPD experiment. 

 

Thus, it appears this FeO2H becomes hydrogenated to FeO2H2 (m/e 90) and 

FeO2H3 (m/e 91). FeO2H2 forms as a passivating layer on the surface of Fe electrodes in 

cyclic voltometry studies [13, 14] so its formation is not unprecedented. This 

hydrogenated iron oxide appears to be volatile and the origin of m/e 90 and 91 signals 

seen in TPD experiments performed following GeHx or H dosing. Examination of the Fe 

2p XP spectrum (Figure 2.3b) pre-and post-H TPD reveals the intensity is unchanged 

within an uncertainty of ±7 % Fe 2p. This uncertainty is associated with reproducible 

positioning of the sample for XP spectra collection.  

In order to eliminate the iron oxide contributions to the Ge TPD, a 2.6 × 2.6 cm 

piece of Mo foil was coated on both sides with 100-200 nm of gold from a 99.99% gold 
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target from Ted Pella, Inc. using a DC magnetron sputter coater. The gold-coated, Mo 

foil was then spot welded to a Mo ring and each corner was folded up to make four 

holding flaps. Figure 2.4 shows the TPD following 1 ML of Ge exposure on SiO2 that is 

heated at 1 K/s using the gold-coated, Mo foil holding flaps to hold the SiO2 samples. No 

m/e 90 or 88 is seen in the TPD (Figure 2.4).  

 

 

Figure 2.4:  Mass intensities during TPD following a 1 ML Ge dose onto a SiO2 sample 
held in place with gold-coated Mo foil for a heating rate of 1 K/s. 

 

Furthermore, m/e 74 and 75 appear at similar temperatures to Stanley et al. [1]. 

The gold film successfully eliminated m/e 90 from the TPD spectra revealing that m/e 90 

did not originate from an interaction between Ge and SiO2 but from interactions between 

H or H2 and iron oxide impurities in the Mo holder. This explains why SiO was not 

detected in Ge TPD (Figure 2.1) and is consistent with no etching when a thermal oxide 

was exposed to a 0.5 ML/min Ge flux for 30 min at 975 K. The result with GeHx is also 

consistent with the inability of atomic-sourced Ge to etch SiO2 [2]. 

 

2.4.2 GeH
x
 Interactions with SiO

2
 

Figure 2.4, which is representative of TPD following 1 ML Ge dose heated at 1 

K/s, shows two m/e 74 peaks, one at 550-700 K and a second much weaker peak at 800-

900 K. The m/e 75 signal has only one peak at 550-700 K. The first peak in the m/e 74 
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and 75 signals is due to a recombination reaction, identified by Stanley et al. [1], between 

GeHx species and adsorbed H, which forms GeH4 by Reaction (1) removing most of the 

GeHx.    

 

GeHx (ad) + H (ad)  GeH4 (g)                                       (1) 

 

The second peak in the m/e 74 signal (Figure 2.4) is likely from the 

decomposition of GeHx species not removed by reaction (1). According to Li et al., 

atomic Ge desorbs above 650 K [2] so the second peak in the m/e 74 cannot be from the 

sublimation of Ge adatoms formed at a lower temperature. Rather, we suggest GeHx 

decomposes to Ge and H in the 800-900 K temperature window and the Ge and H 

subsequently desorb. 

To determine the temperature at which H2 begins to desorb from SiO2, D was 

dosed by cracking D2 at a pressure of 3.0×10-6 torr for 4 min to a SiO2 sample held by 

gold-covered, Mo flaps and a gold foil. (Deuterium was employed to permit better 

resolution of the signal from the background signal.) TPD spectra for the gold foil and 

SiO2 were conducted (Figure 2.5).  

 

 

Figure 2.5:  Deuterium TPD off of gold foil (•) and SiO) and SiO2 held by gold-coated, Mo foil 
flaps (•).). 
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Figure 2.5 shows that deuterium desorbs off gold at ~620 K while it desorbs off 

SiO2 at 820 K. H2 desorption should be analogous to D2 desorption, hence, any H2 formed 

by Reaction (2) should begin to desorb around 650 K.  

 

2H (ad)  H2 (g)           (2) 

 

This helps explain the source of adsorbed H needed in Reaction (1) that has an 

onset temperature of 450-500 K in TPD experiments (Figure 2.1 and 2.4).The remaining 

GeHx give rise to the m/e 74 signal seen from 800-900 K. Examination of the H2 signal 

for increasing Ge doses reveals three peaks when the baseline H2 is subtracted from the 

TPD signal (Figure 2.6).  

 

Figure 2.6:  H2 signal for increasing initial Ge doses of 0.2 ML, 0.6 ML and 1.0 ML for 
SiO2 held by gold-coated Mo foil. 

 

The third peak in the H2 signal results from decomposition of GeHx species by 

Reaction (3) and is correspondent to the high temperature m/e 74 peak.   

 

GeHx (ad)  Ge (g) + (1/2x)H2 (g)                 (3) 

 

Examination of the three most abundant Ge isotopes for TPD of a 0.2 ML dose 

desorbed at 3 K/s (Figure 2.7) reveals signals for m/e 70, 72 and 74 from 800-900 K. The 



 38 

m/e 70 signal intensity is affected by a baseline contribution but the m/e 72 and 74 

signals have clean baselines.  

 

 

Figure 2.7:  Mass intensities during TPD (•) following a 0.2 ML dose onto a SiO) following a 0.2 ML dose onto a SiO2 sample 
held in place with gold-coated Mo foil for a heating rate of 3 K/s. The dotted 
lines correspond to background signals recorded during a temperature ramp 
of a bare SiO2 surface. 

 

Calculation of the ratio of m/e 72/74 from 800-900 K gives a ratio of 0.81, 

whereas the isotopic ratio of 72Ge/74Ge is 0.74. While not exactly equal to the isotopic 

ratio, the m/e 72/74 ratio is within 9% and likely within the uncertainty of the TPD 

signals. The m/e 70, 72 and 74 signals are most likely the result of atomic germanium 

generated by Reaction (3). The decomposition of the GeHx to Ge and H is the final 

removal mechanism of Ge from the SiO2 surface as it occurs well above the 650 K 

adsorption threshold Li et al. found for Ge adatoms on SiO2 [2]. 

The first peak in Figure 2.6 corresponds to H2 desorbing from the gold-coated, Mo 

foil, while the second peak trends to lower temperature with increasing dose. The second 

peak is attributed to H2 generated by Reaction (4) which involves the reaction of adsorbed 

GeHx and leads to Ge deposition on the SiO2 (Figure 2.8).  

 

yGeHx (ad)  Ge clusters + H2 (g)          (4) 
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The second peak trends to lower temperature with increasing dose because more 

GeHx species are left on the surface so the possibility of interaction between two GeHx 

species is higher. As the dose increases, more GeHx species are not eliminated by 

Reaction (1) as evidenced by the increasing amount of Ge left after TPD (Figure 2.8). 

Hence, hydrogen generated by Reaction (4) is produced earlier because of the higher 

surface concentration of GeHx species that appear to react to form Ge clusters that are 

stable on the SiO2. 

 

 

 

 

Figure 2.8: Ge 2p XP spectra recorded after adsorption of different amounts of Ge and 
TPD experiments with a heating rate of 3 K/s for SiO2 held by gold-coated 
Mo foil flaps. 

 

Stanley et al., saw oxidized germanium via XPS on the SiO2 surface following a 

1.0 ML Ge dose at 300 K and annealing to 1000 K [1]. This same oxide is seen when Ge 

2p XP spectra are taken after TPD of 0.6 and 1.0 ML Ge doses to a maximum 

temperature of 975 K. However, little to no germanium oxide is detected after TPD of a 

0.2 ML Ge dose (Figure 2.8). There is a small amount of Ge remaining after TPD of the 

0.2 ML dose and the Ge is present in a zero valent state. As the dose increases, a shoulder 

appears at ~1220 eV after TPD of a 0.6 ML dose and finally a peak appears at ~1221 eV 

after TPD of a 1.0 ML dose. The Ge0 peak at 1218 eV also increases with the amount of 
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Ge dosed. The oxide appears to transition from a less oxidized form with a peak position 

of ~1220 eV to a fully oxidized form at ~1221 eV as the Ge dose increases. To form 

oxidized Ge, GeHx or Ge clusters must react with oxygen containing species either on the 

surface or in the background of the vacuum chamber. The two surface species that 

contain oxygen are hydroxyl groups and siloxanes, while water and oxygen are the most 

likely background gases.    

The fact that the lowest dose of GeHx is not oxidized but is present in a zero 

valent state rules out reactions with the siloxane groups as these groups are in excess 

when compared to the remaining GeHx species. It is likely the remaining GeHx species 

are reacting with hydroxyl groups to form a portion of the GeOx seen via XPS, but 

oxidation of Ge clusters by background oxidants such as water or oxygen cannot be ruled 

out. As the amount of Ge on the surface increases, the possibility of reactions between 

the Ge clusters and background oxidants becomes more likely. At low Ge cluster 

coverage, the likelihood that an oxidant could adsorb and react is low because the 

fraction of the surface that contains Ge clusters is low. As the amount of Ge clusters 

increases, the fraction of the surface covered by Ge clusters increases, thus, increasing the 

probability that oxidation reactions will occur with hydroxyl groups or background 

residual gases. 

 

2.5 CONCLUSIONS 

Absorbed GeHx species produced by HWCVD of GeH4 do not etch SiO2. The m/e 

90 signal observed by Stanley et al. appears to be from an unknown interaction between 

iron oxide impurities in the Mo holder and H or H2. By covering the Mo with gold, m/e 

90 can be eliminated from TPD spectra. Examination of the H2 signal versus initial Ge 

dose reveals that the second peak in the m/e 74 signal at 800-900 K is likely due to 

decomposition of GeHx species that were not lost through the recombination reaction 

(Reaction (1)) that occurs from 500-750 K or the cluster forming reaction (Reaction (4)) 

that occurs from 700 to 800 K. These GeHx species are stable on the SiO2 up to a surface 

temperature of   800 K until they begin to lose H. Once all the H has been eliminated 
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from the GeHx species, Ge is lost from the surface by sublimation. Therefore, the only 

mechanism for Ge adatom accumulation by HWCVD is to reach a surface concentration 

of GeHx species high enough to yield reactions between GeHx species producing Ge 

clusters that are stable on the SiO2. The GeOx seen by Stanley et al. [[1]] and in this work 

appears to result from reactions between GeHx and hydroxyl groups, and/or oxidation of 

Ge clusters by background oxidants. 
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Chapter 3: Germanium Interactions with Si-etched Silicon Dioxide 

3.1 CHAPTER SUMMARY 

 Chapter 3 of this dissertation explores the reactivity and structure of the Si-

etching defect using GeHx as a probe molecule. GeHx was shown to be inert toward the 

SiO2 surface in Chapter 2, thus, it is a good choice to test for activation of the SiO2 

surface. The study reveals that the Si-etched SiO2 surface is activated toward GeHx and a 

defect structure is proposed for this active site. 

3.2 INTRODUCTION 

 Surface defects play a key role in the nucleation and growth of thin films and 

nanostructures. Defects can trap single adatoms (monomers) on the surface allowing 

growth of films or nanostructures. The stability of these monomers on surfaces is 

indicative of defect driven nucleation and is exhibited in Fe epitaxy on Cu(100) and Ga 

deposition on GaAs(001) [1].  The surface defects do not have to be induced but can be 

inherent on the surface. Germanium nanoparticle (NP) nucleation on hafnia (HfO2) is 

controlled by inherent defects as Ge monomers are stable on HfO2 [2]. The Ge monomers 

captured by these inherent defects are oxidized, leading to the formation of a hafnium 

germanate on which Ge NPs form [3].  

The Ge/SiO2 system is different from the Ge/HfO2 system. Solid source molecular 

beam epitaxy (SSMBE) of Ge to a thermal oxide surface reveals a weak interaction 

between Ge adatoms and SiO2 as Ge desorbs from the surface above 650 K [3]. Li et al. 

found that Ge monomers formed stable nuclei on the SiO2 and kinetics of Ge arrival and 

surface diffusion controlled Ge accumulation on SiO2. As long as the Ge desorption flux 

exceeds the Ge impingement flux, Ge will not accumulate on SiO2. Hence, Ge clusters 

that persist on the SiO2 surface consist of two or more adatoms [4]. GeHx species 

produced by hot-wire chemical vapor deposition (HWCVD) of germane (GeH4) behave 

similarly to Ge adatoms by SSMBE in that GeHx interacts weakly with SiO2. GeHx is 

removed from the surface by two different pathways; one pathway consists of a 

recombination reaction between GeHx and H leading to the formation of GeH4, while the 
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second, higher temperature pathway, involves the decomposition of GeHx to Ge and H 

[5]. The Ge created by decomposition of GeHx desorbs in the same manner as Ge in 

SSMBE. Reactions between GeHx species lead to stable Ge clusters similar to clustering 

of Ge adatoms in the SSMBE system [4]. The Ge clusters formed by either SSMBE or 

HWCVD are the sole route to Ge accumulation on the thermally-grown SiO2 surface.  

Instead of relying on inherent defects, one can create active defects on the surface. 

Physical damage of the surface by ion or electron bombardment can affect nucleation 

density, growth mode, and growth rate [6-9]. The induction of Si vacancies on Si(111) by 

thermal evaporation of Si from the Si(111) surface causes the size of stable Si clusters to 

decrease from dimers to monomers due to trapping of Si adatoms at Si vacancies [1]. 

Chemical routes can be used as alternatives to physical damage and thermal damage. Si 

adatoms dosed to a SiO2 surface by HWCVD can be used to seed nucleation of Si NPs 

grown by thermal CVD from disilane. These Si adatoms act as nucleation sites for 

arriving adatoms creating adsorption sites not inherent on the SiO2 surface  [10]. 

Additionally, adsorption of SiH2Cl2 on hydroxyl groups leads to adsorbed SiH2, which is 

also effective at increasing the reactivity of SiO2 toward nanoparticle growth during CVD 

[11, 12]. 

Etching reactions provide another pathway for creating surface defects. Si 

adatoms have been shown to etch SiO2 by forming two volatile SiO molecules for every 

Si adatom involved in the  etching reaction [13, 14]. The Si-etched SiO2 surface likely 

possesses defects not inherent on thermally-grown SiO2. Kuo and Hwang, proposed a 

structure for an oxygen vacancy on SiO2 that consists of divalent Si and a silanone group 

and hypothesized that the decomposition of the divalent Si leads to volatile SiO inferred 

in the patterning of SiO2 by electron-irradiation [15]. The etching reaction between Si 

adatoms and SiO2 is likely to yield oxygen vacancies as Si adatoms extract bridging 

oxygens from the SiO2 surface to form the first SiO molecule. Decomposition of the 

divalent Si to volatile SiO would yield the second SiO molecule produced in the etching 

reaction and likely leave an oxygen dangling bond on the surface. Thus, the resulting Si-

etching defect would be an oxygen dangling bond and a silanone group as illustrated in 

Reaction (1) in Figure 3.1. 



 45 

 

Figure 3.1:  Decomposition of divalent Si leading to formation of an oxygen dangling 
bond (Reaction (1)). 

 

 It is possible that this Si-etching defect would be active toward GeHx. Therefore, 

the interaction between GeHx and Si-etched SiO2 was investigated to determine the 

activity and structure of the Si-etching defect. 

 

3.3 EXPERIMENTAL 

 The studies were conducted in an ultra high vacuum system described previously 

[10, 13]. HWCVD of Si and GeHx was done by cracking either disilane or germane over 

a hot tungsten filament at ~1800 K in a growth chamber with a base pressure of 5.0 × 10-9 

torr, while temperature programmed desorption (TPD) and X-ray photoelectron 

spectroscopy (XPS) were conducted in a separate analytical chamber at a pressure of 2.0 

× 10-9 torr. Samples were transported in situ thorough a transfer chamber at a pressure of 

~10-8 torr. TPD spectra were collected by a differentially-pumped, ThermoElectron Smart 

IQ+ quadrapole mass spectrometer covered by a nose cone with an opening ~0.5 cm in 

diameter. Samples were placed 0.3-0.5 cm from the nose cone orifice and heated at 3 K/s 

when collecting TPD spectra. Control experiments employing H2, GeHx, and the holder 

material reveal minimal holder contributions to the TPD signals discussed in this paper. 

XP spectra were collected using a VG Microtech 8025 XPS system with a CLAM2 

cylindrical analyzer employing Al Kα  radiation and a pass energy of 100 eV.  

Si (100) wafer samples, 1.6 × 1.6 cm in size, with ~ 10 nm of thermally grown 

oxide were cut from a 12 in wafer supplied by Freescale, Inc. The wafer samples were 
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cleaned by soaking in a room temperature, piranha solution (H2SO4:H2O2:H2O•6:2:1) for 6:2:1) for 

15 min followed by a  4 s dip in a 2% hydrofluoric acid solution, resulting in the removal 

of ~1 nm of the thermal oxide. The samples were then loaded into the analytical chamber 

where they were annealed at 975 K for 15 min. After annealing, baseline XP and TPD 

spectra were collected and the sample was allowed to cool to below 375 K before transfer 

to the growth chamber for dosing. A calibrated 0.2 ML GeHx dose was used for all 

experiments, while a calibrated Si dose was varied from 0.2•1.0 ML. A 0.2 ML GeH1.0 ML. A 0.2 ML GeHx 

dose was used to minimized the Ge deposited on the thermally-grown SiO2 and enhance 

the difference between Ge deposited on thermally-grown SiO2 versus Si-etched SiO2. 

Calibration was done by dosing either Si or Ge to a cleaned and annealed, SiO2 sample 

located ~3-4 cm from the hot tungsten filament for 30 min at room temperature to 

produce a smooth, continuous film. The film thickness was then determined by 

calculating the attenuation in the Si 2p signal located at a binding energy of ~103 eV. 

From this thickness, Ge and Si fluxes were calculated.   

Three types of experiments were conducted with the SiO2 samples. The first type 

of experiment consisted of GeHx TPD spectra collected for a 0.2 ML GeHx dose to a 

thermally-grown SiO2 surface, while signals for m/e 2 (H2), m/e 72, 74, and 75 (GeHx) 

were monitored. The second type of experiment consisted of TPD of 0.2•1.0 ML of Si 1.0 ML of Si 

dosed onto thermally-grown SiO2, at a heating rate of 3 K/s, while monitoring m/e 2 (H2) 

and m/e 44 (SiO). After Si desorption as SiO, XP spectra were collected and the etched 

sample was transferred to the growth chamber to be dosed with 0.2 ML of GeHx. After 

dosing the GeHx, the sample was moved back to the analytical chamber to collect TPD 

spectra, while monitoring the same masses used for GeHx TPD spectra off thermally-

grown SiO2. XP spectra were then collected after desorption of the GeHx off the Si-etched 

SiO2. Finally, an experiment was done to attempt to block the defects created by Si-

etching. Both a 0.4 and 0.6 ML Si dose were desorbed from SiO2. After Si desorption, the 

sample was annealed at 575 K for 10 min under a diborane partial pressure of 5.0 × 10-6 

torr (total pressure 5.0 × 10-4 torr). The diborane was supplied by Voltaix, Inc. at a 

concentration of 1% by volume diborane in He. After annealing under the diborane 

atmosphere, the sample was ramped at 3 K/s to desorb chemisorbed diborane. XP spectra 
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were collected to look for any B deposited. The sample was then dosed with 0.2 ML 

GeHx and TPD and XP spectra were collected. 

 

3.4 RESULTS 

Figure 3.2 is representative of the SiO signal seen for TPD of 0.4 ML Si off SiO2. 

The production of defects by desorption of Si will be referred to as Si-etching defects for 

the remainder of this paper.  

 

 

Figure 3.2:  SiO signal from the TPD of a 0.4 ML Si dose. 

 

The SiO produced by the etching reaction desorbs at ~900 K, which is the same 

temperature reported by Leach et al. [13]. Hence, Si-etching defects are being created on 

the SiO2 surface. Examination of the Si0/Si4+ ratio for Si doses from 0.2•1.0 ML (Figure 1.0 ML (Figure 

3.3), reveals little to no Si accumulation on the SiO2, which is evidenced by ratios that are 

unchanged within the uncertainty of the measurement up to 0.6 ML.  
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Figure 3.3:  Si0/Si4+ ratio for the SiO2 surface pre-Si (•) and post) and post-Si (•) desorption for ) desorption for 
varying Si doses. 

 

The uncertainty in the Si0/Si4+ ratio is associated with variations in the sample 

position for XP spectra due to movement of the sample for dosing and data collection. 

The Si0/Si4+ ratios pre- and post-Si desorption begin to diverge for the 1.0 ML Si dose, 

which is most likely due to the accumulation of some Si as the Si0/Si4+ ratio increases 

after TPD of 1.0 ML of Si. Further, Figure 3.4a shows the signal intensity for SiO TPD 

increases between 0.2 and 0.6 ML and appears to asymptotically approach a constant 

value for the 1.0 ML Si dose.   
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Figure 3.4: a) SiO mass intensity versus Si dose; b) Ge 2p XP signal area versus Si dose 
after desorption of GeHx. 

 

Therefore, any activation of the SiO2 surface to GeHx can be attributed primarily 

to etching defects and not deposited Si for silicon doses below 0.6 ML. Examination of 

the Ge 2p XP spectra after the desorption of GeHx off SiO2 with varying amounts of 

etching shows that the SiO2 has become active toward the GeHx species (Figure 3.5). In 

fact, the amount of Ge deposited increases when plotted versus the amount of Si dosed 

(Figure 3.4b), which should be proportional to the amount of Si-etching defects, and this 

is expected if the Si-etching defects are reacting with GeHx species. 
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Figure 3.5:  Ge 2p XP signal after desorption of GeHx from SiO2 surfaces with 
increasing amounts of Si-etching defects. 

 

Examination of the H2 signal during GeHx desorption, reveals the emergence of 

two H2 peaks when the H2 baseline is subtracted from the H2 TPD signal for GeHx 

desorption off SiO2 with varying amounts of etching (Figure 3.6). The first peak appears 

around 475-675 K, while the second peak appears at 750-900 K. This is much different 

from the H2 signal for GeHx desorption off thermally-grown SiO2, which has two peaks at 

700-800 K and 800-850 K. The peak from 700-800 K is attributed to reactions between 

GeHx, which form stable Ge clusters, while the peak from 800-850 K is attributed to 

decomposition of GeHx to Ge and H [5]. 
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Figure 3.6:  H2 signal for TPD of a 0.2 ML GeHx dose off SiO2 surfaces with increasing 
amounts of Si-etching defects. 

 

Blocking of the Si-etching defect was examined using diborane. After annealing 

under a diborane atmosphere, the Ge 2p signal from deposited Ge is significantly reduced 

for SiO2 samples having the same concentration of Si-etching defects, indicating diborane 

was successful in blocking the defects created by Si-etching (Figure 3.7).  

 

 

Figure 3.7:  Ge 2p XP signal for desorption of a 0.2 ML GeHx dose from a) Si-etched 
SiO2 (0.6 ML Si) exposed to 3000 L diborane at 575 K and b) Si-etched 
SiO2 (0.6 ML Si). 
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However, no B was detected in XPS after annealing under the diborane 

atmosphere (spectra not shown) and this is most likely due to boron’s low atomic 

sensitivity factor of 0.159 [16]. The blocking can also be seen in TPD spectra (Figure 

3.8). 

 

 

Figure 3.8:  H2 signal for the TPD of 0.2 ML GeHx off  Si-etched SiO2 exposed to 3000 
L diborane at 575 K (•) and Si) and Si-etched SiO2 (+). 

 

 Figure 3.8 clearly shows the suppression hydrogen signals seen in GeHx TPD off 

SiO2 etched by desorption of 0.4 and 0.6 ML Si doses. The spectra for B-blocked defects 

((•) in Figure 3) in Figure 3.8) show the elimination of the two H2 peaks from 475-675 K and 750-900 

K ((+) in Figure 3.8). The GeHx signal (m/e 74) from 800-900 K is also affected, both by 

the presence of Si-etching defects and B-blocked defects (Figure 3.9).  
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Figure 3.9:  GeHx (m/e 74) signal for TPD of 0.2 ML of GeHx off a) and b) Si-etched 
SiO2 (0.4 and 0.6 ML Si, respectively) exposed to 3000 L diborane at 575 K, 
c) and d) Si-etched SiO2 (0.4 and 0.6 ML Si, respectively), and e) thermally-
grown SiO2. 

 

Spectrum 9c and 9d reveal the peak from 800-900 K is reduced when GeHx is 

desorbed from a Si-etched surface. Furthermore, the peak at 800-900 K, attributed to 

decomposition of GeHx to Ge and H, [5] does not appear after blocking Si-etching defects 

with diborane (Spectrum 9a and 9b). However, the peak from 500-750 K associated with 

the recombination reaction between GeHx and H is unaffected by etching or B-blocking 

as the m/e 74 signal intensity is unaffected. 

 

3.5 DISCUSSION 

Etching SiO2 with Si likely created an oxygen dangling bond paired with a 

silanone group as illustrated in Figure 3.1. This defect, either directly or after subsequent 

reaction with background water, was shown to increase the amount of GeHx trapped on 

the surface (Figure 3.6) and the amount of Ge that ultimately accumulates after 

temperature-programmed heating a GeHx-dosed surface (Figure 3.5). Experiments to 

block the defects that react with GeHx through the use of diborane reveal the character of 

the defect site and the more general role of hydroxyl groups in the reactions of GeHx with 
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silica. Below we offer possible reactions that account for these observations. Further 

experimentation and modeling are needed to validate the reactions. 

Kuo and Hwang, suggested an oxygen vacancy on the surface of SiO2 could 

arrange into the divalent Si/silanone structure seen in Reaction (1) in Figure 3.1. The 

decomposition of the divalent Si was hypothesized to yield the second SiO molecule 

formed in Reaction (1) [15]. The resulting, Si-etching defect is likely an oxygen dangling 

bond and a silanone group (Figure 3.1). This defect most likely reacts with water in the 

background residual gas yielding vicinal and geminal hydroxyl groups separated by a Si 

vacancy (the hydrated defect) (Figure 3.10) as it takes ~20 min between creation of the 

defect and adsorption of the GeHx.  
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Figure 3.10:  Schematic of Reaction (2) – Hydration of defect created in Reaction (1); 
Reaction (3) – Capture of GeHx by hydrated defect; Schematic of Reaction 
(4) – GeHx reaction with captured Ge from Reaction (3); Schematic of 
Reaction (5) – BHx reaction with hydrated defect. 

 

The geminal hydroxyl group can form from the reaction of the silanone group 

with a water molecule [17, 18], while the vicinal hydroxyl group likely forms after the 

oxygen dangling bond extracts a H atom from a second water molecule (Figure 3.10 - 

Reaction (2)).  

This hydrated defect is proposed to react with GeHx species and yields the first H2 

peak seen in Figure 3.6 from 475-675 K (Figure 3.10 – Reaction (3)). The second H2 peak 

in Figure 3.6 from 750-900 K is the result of reactions between GeHx and Ge that was 

captured in Reaction (3) as illustrated in Reaction (4) (Figure 3.10). The consumption of 

GeHx in Reaction (4) (Figure 3.10) is the reason the m/e 74 peak from 800-900 K is less 

intense for TPD of 0.2 ML of GeHx off a Si-etched SiO2 versus a thermally-grown SiO2 

(Spectra 9c and 9d).  GeHx species that would have decomposed to Ge and H were 

instead converted to Ge clusters by Reaction (4), while any remaining GeHx species were 

removed by the recombination reaction at 550 to 700 K. 

Blocking of the hydrated defect by diborane likely results by Reaction (5) in 

Figure 3.10 during annealing under diborane atmosphere as no H2 is seen in TPD after 

diborane exposure at 575 K (spectra not shown). This captured B appears to be inert to 

GeHx as the amount of Ge deposited on the surface is much less when compared to a Si-

etched SiO2 that has not seen diborane (Figure 3.7). The diborane exposure seems to do 

more than just block the hydrated defects as the m/e 74 peak from 800-900 K is 

eliminated (Spectra 9a and 9b) from the GeHx TPD spectra. Diborane is likely to react 

with any hydroxyl groups on the surface not just those formed by the hydration of the Si-

etching defect [19-22]. Thus, it is likely that the diborane has also reacted the hydroxyl 

groups present after the 15 min anneal at 975 K [23]. The reaction of these intrinsic 

hydroxyl groups with diborane seems to suppress the formation of GeHx species that 

yield the m/e 74 peak from 800-900 K and suggests these hydroxyl groups serve as an 

adsorption site allowing  GeHx species to persist up to 800 K before decomposition to Ge 
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and H [5]. Annealing under diborane atmosphere does not seem to effect the 

recombination reaction between GeHx and H, indicating the recombination reaction is 

likely occurring at bridging oxygen sites on the SiO2 surface. The blocking of etching 

defects by B reveals more than just the possible structure and chemical nature of the 

defect. B-blocking also reveals fundamental aspects about the adsorption of GeHx on 

thermally-grown SiO2 revealing that the hydroxyl group on the SiO2 surface serves as an 

adsorption site, stabilizing GeHx species up to 800 K. 

3.5 CONCLUSIONS 

 The creation of defects on the SiO2 surface by Si-etching activates the SiO2 

surface to GeHx produced by HWCVD of GeH4. The defect structure formed in etching is 

based on a structure proposed by Kuo and Hwang [15], and is likely hydrated to form a 

defect consisting of vicinal and geminal hydroxyl groups flanking a Si vacancy that 

reacts with GeHx. GeHx is captured by the hydrated product of the Si-etching defect and 

this captured Ge is active toward GeHx species resulting in Ge deposition on the SiO2. 

Diborane deactivates the hydrated Si-etching defect toward GeHx, while also reacting 

with intrinsic hydroxyl groups. The reaction of the intrinsic hydroxyl groups with 

diborane seems to eliminate the m/e 74 signal at 800-900 K seen for GeHx desorption off 

thermally-grown and Si-etched SiO2, indicating that the intrinsic hydroxyl groups on the 

SiO2 play a role in the stabilization of GeHx species on the SiO2 up to 800 K.  
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Chapter 4: The Role of Oxidized Germanium in the Growth of 

Germanium Nanoparticles on Hafnia 

4.1 CHAPTER SUMMARY  

 The following chapter discusses the role hafnium germinate plays in the growth of 

Ge NCs on HfO2 and shows that the hafnium germinate exists as isolated islands. The 

hafnium germinate can be reduced by annealing under silane atmosphere. The 

combination of silane treatment of hafnia prior to and after Ge NC growth leads to 

improved electrical performance from capacitors made from Ge NCs and HfO2. 

4.2 INTRODUCTION  

The interface between germanium (Ge) and high-k dielectrics such as hafnia 

(HfO2) is of great interest to the microelectronics community as device scaling becomes 

more challenging and current materials begin to reach their physical limits. Germanium 

provides higher electron mobility than silicon, thereby, improving device performance. 

However, Ge forms an electrically defective and chemically unstable stoichiometric 

oxide [1-3]. Furthermore, for hafnia films grown on Ge wafers, Ge and HfO2 can form a 

hafnium germanate (HfGeOx) at 825 K [3]. The interface states resulting from HfGeOx 

have been shown to affect the capacitance-voltage characteristics of these planar devices 

[1-3]. Therefore, one must be able to sufficiently suppress or chemically reduce the GeO2 

and HfGeOx that can form at the interface of these two materials. Deposition of silicon 

(Si) at the interface between Ge wafers and hafnia films has been shown to prevent the 

formation of these interfacial compounds [1-3]. 

It has also been found that interface states can pose problems in the application of 

nanostructures for non-volatile memories. In a separate study on Si nanoparticles (NCs) 

encapsulated in silicon dioxide, Shi et al. showed that interface states provide pathways 

by which electrons escape, causing the loss of the threshold voltage shift responsible for 

memory storage [4]. Flash memory structures employing Ge NCs encapsulated in hafnia 

could experience the same charge leakage due to the poor electrical properties of the 

HfGeOx formed at the interface of the two materials. Hence, one must passivate the entire 
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nanoparticle surface to prevent the formation these interfacial compounds. The 

passivation of Ge wafers by annealing in silane is a good starting point for achieving Ge 

NC passivation for use in non-volatile memory applications [1-3]. 

Germanium NCs can be grown on hafnia by hot-wire chemical vapor deposition 

(HWCVD). During NC growth on the hafnia substrate, oxidized germanium is formed 

prior to the deposition of metallic Ge NCs [5-7]. The origin of this oxide is important to 

understanding its role in Ge NC growth and in dealing with the potential interface states 

it creates.  In nucleation, adatoms diffuse on a surface forming stable clusters, which then 

grow into NCs [8]. Both crystalline and amorphous substrates have surface defects that 

can serve as nucleation sites for nanoparticle growth.  A recent kinetic study showed Ge 

nucleation, was likely occurring at defects sites on hafnia with a critical cluster size of 

zero [9].  Herein we report the formation of oxidized Ge before the emergence of metallic 

Ge NCs is caused by an oxidation reaction with adsorbed oxidant(s) consuming Ge 

adatoms and forming hafnium germinate and delaying nanoparticle nucleation, on the 

hafnium germinate, until the oxidation reaction subsides.  

 

4.3 EXPERIMENTAL METHODS 

 Ge nanoparticles were grown on 25 nm HfO2 films by HWCVD in an ultra high 

vacuum chamber with a base pressure of 3×10-9 torr and transferred in situ to a separate 

chamber for analytical analysis by X-ray photoelectron spectroscopy (XPS) using a VG 

Microtech 8025 XPS system with CLAM2 cylindrical analyzer employing Al Kα 

radiation and a pass energy of 100 eV. All XP spectra were corrected for charging by 

shifting the C 1s signal to 285.0 eV. The samples are mounted on a molybdenum puck 

that enables transfer between the growth and analysis chambers; this prevents precise 

sample repositioning for XPS analysis and the absolute value of the peak areas change by 

± 8% as a consequence of sample mounting and transfer methods.  In HWCVD germane 

flows over a hot ~1800 K tungsten filament, which causes the gas to fragment into 

radicals that are more reactive toward the surface. We used 4% by volume germane 

(GeH4) in helium supplied by Voltaix. The 25 nm HfO2 films were grown by atomic layer 
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deposition using tetrakis(dimethylamino)hafnium and water at the University of Texas. 

25 nm HfO2 was chosen for these growth studies because the silicon substrate is 

completely attenuated at this thickness. 

 The Ge flux was determined by cracking germane at a partial pressure of 1.2×10-7 

torr for 30 min onto a silicon wafer covered with 10 nm of thermal oxide. The total 

system pressure was 3.0×10-6 torr during Ge deposition. The flux study was done at room 

temperature to deposit a smooth continuous Ge film. XPS was taken prior to and after Ge 

film deposition and attenuation of the Si 2p signal was used to calculate the thickness of 

the Ge deposited, and a flux in monolayer (ML)/min was determined. The Ge flux was 

determined to be 0.2 ML/min.  

To examine the initial stages of growth, 0.4 ML doses were conducted at 800 K 

after the sample was annealed for 15 min at 800 K. When grow Ge NCs for device 

studies a much larger Ge dose (2 ML) is required, leading to 7-10 nm NCs. The germane 

partial pressure was 1.2×10-7 torr during growth. The chemical state of the deposited Ge 

and the hafnia substrate were determined by XPS. The sample was then returned to the 

growth chamber and annealed under a silane partial pressure of 1.9×10-5 torr for 45 min at 

800 K. The silane was supplied by Voltaix at a concentration of 4% by volume in helium 

carrier gas. The total system pressure during growth was 4.8×10-4 torr. After the silane 

anneal, the sample was allowed to cool below 373 K and XPS was performed to examine 

silane’s effect on the Ge NCs and the hafnia substrate. A separate hafnia sample was 

annealed for 15 min at 800 K under the same partial pressure of silane prior to Ge 

HWCVD.  

 

4.4 RESULTS  

Figure 4.1 shows the XP spectra of Ge NCs deposited on hafnia before and 

following the silane annealing step.  
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Figure 4.2:  Ge 2p XP spectra for Ge NCs (0.4 ML dose) prior to (dashed) and after 
(solid) silane treatment at 800 K. 

 

Two chemical states of Ge are present and these are best resolved through peak 

deconvolution using PeakfitTM as illustrated in Figure 4.2.  

 

Figure 4.2:  Deconvolution of the Ge 2p spectra shown in Figure 4.1 a) Ge states after 
HWCVD (0.4 ML), b) Ge states after silane treatment. 

 

Zero valent Ge0 with a 2p feature near 1218 eV, is from the Ge NCs [5]. The 

shoulder feature near 1220 eV is from oxidized Ge. The chemical shift for Ge2+ is 1.8 eV, 

while it is 3.2 eV for Ge4+ in GeO and GeO2, respectively [10]. The chemical shift seen in 

Figure 4.2 is 2.4 eV supporting the idea that the oxidized germanium is likely in the form 

of hafnium germanate. Since the oxidation state is between 2+ and 4+, we will refer to it 

as Ge+ to denote it as an oxidized form of Ge. After annealing the Ge NCs in silane, the 
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Ge0 and Ge+ features shift to slightly lower binding energies and the Ge+ feature intensity 

decreases 89 ± 2%. The Ge0 feature actually increases by 43 ± 20% indicating the silane 

anneal has reduced the hafnium germinate.  

Figure 4.3 presents the Si 2p XP spectra prior to and following the silane 

annealing step. The Si 2p feature at 99 eV indicates Si0 has formed on the hafnia surface 

and/or the Ge nanoparticles.  

 

 

Figure 4.3:  Si 2p XP spectra prior to (dashed) and after (solid) silane treatment. 

 

A hafnium silicate (HfxSiyOz) also forms and gives rise to the 2p feature at ~102 

eV [11, 12]. The Hf 4f7/2 feature (not shown) attenuates by 0.96 ± 0.13 following the 

silane annealing step. Given the uncertainty in the Hf 4f7/2 value, which is associated with 

sample positioning reproducibility, it is possible the Hf 4f7/2 signal was unchanged.  It 

appears that hafnia silicate formed at the expense of hafnium germinate consumption.   

The reduction of the Ge+ peak intensity relative to Ge0 (Figure 4.1) could indicate 

that Ge has been lost from the substrate during the silane annealing step possibly by 

forming volatile GeO. Surnev showed that GeO desorbed from a Ge covered Si (100) 

substrate at 680-740 K when the Ge was exposed to oxygen at 300 K [12]. However, 

Surnev also showed that oxygen could transfer from GeOx to Si when the surface was 

annealed between 370-850 K with complete reduction of the oxidized Ge to Ge0 at 850 K 

[13]. The silane annealing temperature of 800 K is well above the temperature at which 

GeO desorption occurs and is also in the temperature range for GeOx reduction by Si.  



 64 

Because the Ge0 increased by 43 ± 20%, it appears that the reduction of the hafnium 

germinate by Si adatoms is the dominant mechanism at our silane treatment conditions. 

The loss of Ge by GeO desorption cannot be determined as the Ge0 signal is 80 ± 11% it 

original intensity, which could be caused by the loss of Ge through GeO desorption or by 

deposition of ~0.2 nm of Si on the Ge NCs. Regardless, the reduction of the hafnium 

germinate by the silane treatment is shown to be the dominant mechanism at our 

treatment conditions.  

 Even though the bulk of the Ge+ signal decreased after the silane treatment some 

Ge+ remains.  In an attempt to suppress GeOx formation, the hafnia was annealed at 800 K 

for 15 min under a silane partial pressure of 1.9×10-5 torr prior to Ge NC growth. A 15 

min silane treatment was chosen because the silicate signal saturates after 15 min. Figure 

4.4 shows that as the silane treatment time increases, the Si 2p feature at ~102 eV, 

attributed to hafnium silicate, saturates while the metallic Si feature at ~99 eV increases 

with treatment time.  

 

Figure 4.4:  Si 2p XP spectra for silane-treated hafnia for a) 15 min, b) 30 min, and c) 45 
min anneals. 

 

Ge NCs were then grown to examine if oxide formation was suppressed. The 

results are presented in Figure 4.5.   
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Figure 4.5:  Ge 2p spectra following Ge NC growth using a 0.4 ML dose on silane-
treated (solid) and untreated (dashed) hafnia. 

 

In relation to NC growth on hafnia, the amount of oxidized Ge relative to Ge0 has 

been reduced while the amount of Ge0 increased by 101 ± 28 %.  Peak deconvolution of 

the solid curve in Figure 4.5 reveals the relative amount of Ge+ to Ge0 is 0.15 ± 0.02 

(Figure 4.6), which is comparable to the value of 0.11 ± 0.01 after silane treatment of Ge 

NCs grown on hafnia.  When Ge NCs are grown directly on hafnia, the Ge+ to Ge0 ratio is 

0.91 ± 0.13 (Figure 4.2). 

 

Figure 4.6:  Deconvolution of the solid curve shown in Figure 4.5 following Ge NC 
growth using a 0.4 ML dose grown on silane-treated hafnia. 
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Figure 4.7 shows the Si 2p XP spectra after a 15 min silane treatment followed by 

dosing 2 ML of Ge to the silane-treated surface at 800 K. A weak metallic Si feature can 

be seen at ~99 eV and a silicate feature is present at ~102 eV after the 15 min silane 

treatment. After Ge NC growth the metallic Si feature at 99 eV is no longer present and 

the silicate feature attenuates by 0.63 ± 0.09 while the Hf 4f7/2 feature (not shown) 

attenuates by 0.94 ± 0.13 after suggesting the Ge NCs grow on the hafnium silicate. 

 

 

Figure 4.7:  Si 2p spectrum after silane treatment (dashed).  After Ge NC growth (2.0 
ML dose) on the silane-treated surface (solid). 

 

4.5 DISCUSSION 

In both the case of Ge HWCVD directly on hafnia using germane or CVD 

exposure of hafnia to silane, an oxide forms between Ge or Si and hafnia followed by the 

accumulation of metallic Ge or Si on these hafnium oxides.  The hafnium germinate and 

the hafnium silicate are likely forming islands rather than a continuous film through a 

reaction of the incident Ge and GeHx, or SiH4 and adsorbed oxygen or water that 

continues until arriving Ge adatoms are separated from the bulk hafnia by the germinate 

islands.  Silane treatment of the Ge NCs grown directly on hafnia leads to the formation 

of hafnium silicate islands, most likely through the reduction of the exposed hafnium 

germinate islands.   
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The differences in peak attenuation for the Si 2p silicate peak (0.63 ± 0.09) and 

the Hf 4f7/2 peak (0.94 ± 0.13) after Ge NC growth on silane-treated hafnia indicates that 

the silicate is not a continuous layer.  If the silicate were a continuous layer on top of the 

hafnia substrate, the area covered by Ge NCs would be equal for both the hafnium silicate 

and underlying hafnia and the peak attenuations would be similar in magnitude as the 

kinetic energy for Hf 4f7/2 and Si 2p photoelectrons are 1473 eV and 1388 eV, 

respectively, for Al Kα X-rays.  The discontinuous nature of the silicate is not due to the 

short anneal time.  Figure 4.4 clearly shows the Si 2p peak for hafnium silicate saturating. 

For anneal times greater than 15 min, the silicate peak intensity remains constant while 

the metallic Si peak increases indicating a limited amount of silicate forms on the hafnia. 

Si is then free to deposit on the hafnium silicate or the hafnia surface during silane 

pretreatment.  Because the metallic Si feature is completely attenuated after Ge NC 

growth, and the feature at ~102 eV in Figure 4.7 attenuates more than the Hf 4f7/2 peak 

(not shown), it appears the metallic Si is deposited on the silicate islands and not on the 

hafnia.  Similar hafnium germinate islanding is proposed at the outset of Ge NC growth 

on hafnia.   

The reactions and reaction sites leading to hafnium silicate and germinate 

formation were not revealed in this study.  The reaction likely involves oxidation of the 

precursor (SiH4 or GeHx) or Si and Ge adatoms with adsorbed oxygen containing species 

such as water or oxygen.  Preisler et al. found that very small amounts of dissolved 

oxygen present in tungsten films could diffuse through hafnia layers and react with the 

underlying Si increasing the interfacial layer between the silicon and the hafnia film. We 

do not have a tungsten film in contact with hafnia but our sample holder is made of 

molybdenum, which has a similar oxygen solubility to tungsten [14].  The sample and the 

sample holder are exposed to ambient each time a new sample is loaded into the system. 

Therefore, an unavoidable amount of oxygen and water are adsorbed on the hafnia 

surface and the sample holder prior to sample heating.  Any oxidant that evolves from the 

sample holder could subsequently contaminate the growth chamber during sample 

preheating.  During sample heating and pre-growth annealing the total system pressure 

rises to ~10-7 torr for several min before decreasing back to ~10-9 torr, after which the 
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sample was held at 800 K for 15 min at ~10-9 torr prior to Ge HWCVD growth or silane 

annealing. It is quite possible that oxidants introduced into the background during the 

preanneal step are responsible for germinate and silicate island formation in the initial 

stages of growth.  Our base pressure during preannealing is ~7×10-9 torr before germane 

is introduced into the growth chamber. If water makes up 10% of that base pressure, the 

flux of water molecules to the surface is 3.4×1011 H2O/cm2·s. The Ge flux is 1.5×1012 Ge 

atoms/cm2·s so the Ge flux is only 4.6 times greater than the flux of water from the 

background. Therefore, it is quite plausible that background water is the oxidant in our 

system. If the oxidation of the Ge is only dictated by the supply of oxidant from the 

background, we should not see a self-limiting amount of hafnium germinate or hafnium 

silicate form. The oxidation should proceed as long as GeHx is incident on the surface. 

Therefore, the hafnia must be playing a role in assisting the oxidation of the arriving Ge 

adatoms by the background water. Once a sufficient amount of hafnium germinate has 

formed the Ge adatoms have been separated from the hafnia surface and oxidation ceases 

leading to the deposition of metallic Ge on the hafnium germinate islands. In the case of 

hafnium silicate, the silicate acts to separate the Ge from the hafnia surface while the 

metallic Si acts as a nucleation site for Ge NC growth.    

The Ge+/Ge0 ratio reveals a clear difference between Ge NCs grown on untreated 

hafnia and the Ge NCs grown on silane treated hafnia, with Ge+/Ge0 ratios being 0.91 ± 

0.13 and 0.15 ± 0.02, respectively.  More Ge is converted to Ge+ during Ge HWCVD 

onto an untreated hafnia surface than HWCVD onto a silane-treated hafnia surface 

because the silane lead to the deposition of hafnium silicate, which separates the Ge 

adatoms from the hafnia surface and provides metallic Si nucleation sites. In effect, more 

of the GeHx can be converted directly into Ge0.  The silane treatment prior to Ge 

HWCVD seems to have increased the amount of Ge0 by nearly a factor of two.  The 

presence of metallic Si0 (Figure 4.7) following silane pretreatment could also facilitate the 

nucleation and growth of Ge NCs.  The metallic Si0 feature is no longer seen after Ge NC 

growth in Figure 4.7, which is likely due to Ge deposition on the metallic Si causing the 

signal to attenuate below the noise level of the XPS system. The size of Ge NCs grown at 

these conditions is 7-10 nm, according to scanning electron micrographs (not shown), 
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which would attenuate a Si 2p feature to less than 4% of its original intensity. The silicate 

feature in Figure 4.7 at ~102 eV remains but is attenuated by 0.63 ± 0.09, while the Hf 

4f7/2 (spectrum not shown) only attenuates by 0.94 ± 0.13 indicating deposition of Ge 

primarily on areas containing Si.   

Silane treatment of Ge NCs grown directly on the hafnia surface, reduced the 

Ge+/Ge0 ratio from 0.91 ± 0.04 to 0.11 ± 0.01 (Figure 4.2), led to a Ge0 2p binding energy 

shift from 1217.7 to 1217.1 eV (Figure 4.2), and led to the formation of hafnium silicate 

(Figure 4.3).  The silicate formation most likely occurs through a reaction of the exposed 

hafnium germinate islands with silane.  Some of the Ge+ may also have been lost through 

GeO desorption but we cannot determine this from the data.  The Ge+ remaining after 

silane treatment is likely associated with the Ge NCs, both beneath the particles and in 

the near perimeter region on the basis of separate electrical measurements (see below).  

Reiche et al. have shown the binding energy position of photoemission peaks for NCs 

can vary due to the electronic and/or chemical interactions of the NC with the substrate or 

host matrix [15].  Further the binding energy shifts can be larger than those expected for 

the different oxidation states of the cation in different bulk compounds [15]. The binding 

energy changes in Figure 4.2 are likely due to changes in the electronic and/or chemical 

interactions that are associated with the loss of the hafnia germanate and the formation of 

hafnium silicate.   

Ge NCs grown on silane-treated hafnia versus silane-treated Ge NCs grown on 

hafnia display a slightly different XPS Ge 2p signature and are electrically different (see 

below).  In a separate paper we describe the electrical properties of metal-oxide-

semiconductor (MOS) capacitor devices fabricated out of Ge NCs and hafnia [16]. Three 

different devices were made: Ge NCs grown on hafnia (Device I), silane-treated Ge NCs 

grown on hafnia (Device II), and Ge NCs grown on silane-treated hafnia followed by a 

second silane treatment (Device III).  To complete the devices, 15 nm of HfO2 was 

deposited by physical vapor deposition (PVD) followed by 200 nm of PVD TaN for the 

electrode material.  As expected [4], silane treatment of the Ge NCs dramatically 

improved the retention times of the MOS capacitor devices. Device I lost its entire 

threshold voltage shift after 24 hr of continuous operation while Devices II and III 
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showed much better charge retention over the same operation time.  Device III lost only 

25% of its threshold voltage shift after 24 hr while Device II lost 65% of its threshold 

voltage shift after 24 hr [16]. The silane pretreatment of the hafnia seems to have 

eliminated more interface states than silane annealing alone, thus, improving the retention 

characteristics of the device.  

The likely difference between Devices II and III is hafnium germanate that 

remains between the Ge NC and the hafnia for Device II.  The Si deposited during the 

silane treatment of Device II most likely did not penetrate completely beneath the Ge 

NCs leaving hafnium germinate that caused charge leakage.  The pretreatment of the 

hafnia in Device III formed a layer of hafnium silicate beneath the Ge NCs.  Therefore, 

Ge adatoms did not form the electrically defective germinate and the retention 

characteristics were much improved. 

 

4.6 CONCLUSIONS 

 The role of the oxidized Ge in Ge NC growth has been determined to be that of an 

interfacial germinate localized beneath the Ge NCs. The interfacial layer is formed when 

Ge adatoms are in contact with bulk hafnia and are oxidized by background oxidants such 

as water. Once the Ge adatoms are separated from the hafnia oxidation subsides and 

metallic Ge is deposited on the hafnium germinate that has formed. Ge nanoparticle 

growth then proceeds by Ge on GeOx rather than Ge on hafnia. NCs are not deposited on 

the bulk hafnia but only on the germinate islands formed early in growth. Therefore, Ge 

NC growth on hafnia proceeds by the growth of oxide islands that form, when Ge 

adatoms are in contact with the hafnia surface. Only when a sufficient oxide layer is 

formed can Ge NCs grow. Performing a silane treatment prior to Ge NC growth, 

eliminates the interfacial hafnium germinate and instead produces hafnium silicate and 

metallic Si onto which the Ge NCs grow. The silane pretreatment of the hafnia greatly 

improves the retention times of MOS capacitors made from Ge NCs and hafnia. 
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Chapter 5: Core-shell Germanium-Silicon Nanocrystal Floating Gate 

for Nonvolatile Memory Applications 

5.1 PREFACE 

 The work presented in this chapter is the combined work of many. All electrical 

results were obtained by Hai Liu. My contribution to this work is in the Ge NC growth 

fabrication and materials characterization of the Ge NC/HfO2 interface. Characterization 

was done using scanning electron microscopy and X-ray photoelectron spectroscopy. I 

was not involved in any of the electrical testing. This chapter presents how the electrical 

properties of capacitors made from Ge NCs and HfO2 are improved by encapsulating the 

Ge in Si/HfSiOx layers. 

5.2 INTRODUCTION 

Since first described by Tiwari in 1995, flash memories with nanocrystal floating 

gates have attracted considerable attention to improve performance [1], as have novel 

programming schemes [2]. Nanocrystal floating gates are considered to be a promising 

way to improve memory device performance in terms of faster write/erase speed, better 

endurance, longer retention time and further scaling capability. Much work has been done 

to improve the device performance. By using chemical vapor deposition of Si and Ge 

nanocrystals [3] and high-κ materials, such as HfO2 and ZrO2, in the memory structure, 

better retention characteristics and lower programming/erase voltage can be achieved due 

to a physically thicker tunnel oxide for a same equivalent oxide thickness (EOT) and the 

lower band offset for high-κ materials compared to silicon dioxide [4]. Of course 

quantization effects can impact the EOT [5]. Work has also focused on materials such as 

Si and Ni or Au metal nanocrystals for charge storage nodes in the floating gate [6,7]. 
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Figure 5.1:  Samples structure and fabrication process. I) bare Ge NCs;   II) Ge NCs with 
a Si capping layer; III) Ge NCs encapsulated in an ultrathin Si layer. 

 

Germanium nanocrystals are an attractive material for flash memory applications. 

Germanium provides enhanced carrier confinement compared to Si because of its smaller 

bandgap [8,9,10]. Furthermore, Ge is compatible with complementary metal-oxide-

semiconductor (CMOS) technology. However, Ge NCs are not thermally stable and a 

low-quality, trap-filled Ge oxide is easily formed on the nanocrystal surface even with a 

short exposure to ambient or other oxidizing environments. This oxide decreases the Ge 

dielectric interface quality and degrades the device performance. [11,12]  In this paper, 

we present a Ge-Si core-shell nanoNC structure, where the Ge nanocrystals are 

encapsulated in an ultra thin Si layer to improve electrical properties of the nanocrystal-

high κ dielectric interface. 

 

5.3 DEVICE FABRICATION 

 
As shown in Figure 5.1, three kind MOS capacitor devices were fabricated using 

different nanoNCs: I) bare Ge NCs, II) Ge NCs with a Si capping layer and III) Ge NCs 

encapsulated in an ultrathin Si layer. A tunnel oxide about 40Å hafnia (HfO2) was first 

grown by atomic layer deposition (ALD) on a p-type silicon substrate. Ge nanocrystals 

were then grown by hot wire chemical vapor deposition (HWCVD) on the HfO2 tunnel 

oxide (Sample I and II) [12-14]. These nanocrystals have an average size about 8nm and 
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density around 3×1011 cm-2 shown in Figure 5.2. 

 

 

Figure 5.2:  SEM images of Ge nanocrystals on HfO2 surface. 

 

Sample II was then annealed under a silane partial pressure of 1.9×10-5 torr for 45 

min at 875 K leading to the deposition of ~20 Ǻ of Si on the Ge NCs. This thickness was 

determined by the attenuation of the Ge 2p X-ray photoelectron signal for metallic Ge as 

seen in Figure 5.3.  

 

Figure 5.3:  Ge 2p XP spectra of a) Sample I and b) Sample II. 

 

 

Minimal deposition was observed on the HfO2 according to Hf 4f attenuation 

(spectra not shown). Sample III was prepared in a different manner than Samples I and II: 
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The hafnia tunnel oxide was first annealed at 800 K under a silane partial pressure of 

1.9×10-5 torr for 30 min. Ge NCs were then grown by HWCVD and finally the Ge NCs 

were capped in Si using the same conditions as Sample II. HfO2 control oxide (~150 Å) 

grown by reactive DC  sputtering in an Ar/O2 ambient, and 2000 Å TaN electrode 

deposited by reactive DC sputtering were used to complete the MOS stack structure. A 

control Sample without nanocrystals using just two layers of HfO2 was also fabricated. 

5.4 RESULTS AND DISCUSSION 

Cross-section transmission electron microscopy (TEM) was used to check the 

selective formation of the ultra-thin Si capping layer over Ge NCs. Figure 5.4 shows a Ge 

nanocrystal well encapsulated in an ultra-thin Si layer. 

 

Figure 5.4:  Cross-section TEM image of encapsulated Ge nanocrystal in Si shell layer.  

 

X-ray photoelectron spectroscopy (XPS) was used to examine the chemical state 

of the deposited Ge and Si (Figure 5.3). For Sample I, the Ge 2p XP spectra clearly show 

two states of Ge present for Ge NCs grown to the hafnia tunnel oxide. The Ge feature at 

~1220 eV is indicative of oxidized Ge while the feature at ~1218 eV is from metallic Ge 

NCs. The binding energy shift for GeO and GeO2 are 1.8 eV and 3.2 eV, respectively 

[15]. The Ge feature at ~1220 eV exhibits a binding energy shift of 2.5 eV indicating it is 

at an oxidation state between 2+ and 4+ for GeO and GeO2, respectively, and is likely 

due to the formation of a hafnium germinate [16]. The germinate signal is not from 
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beneath the Ge NCs as the Ge 2p photoelectron has an attenuation length below 1 nm. 

Thus, the germinate signal must be originating from the exposed regions between the Ge 

NCs. It is highly likely hafnium germinate also exists beneath the Ge NCs. 

The treatment of the Ge NCs with silane at 875 K (Sample II) has a marked effect 

on the hafnium germinate. The feature at ~1220 eV is no longer seen and the metallic 

germanium signal has been significantly attenuated (Figure 5.3). The role silane 

treatment plays in hafnium germinate removal was not clear for Ge NCs grown on the 40 

Ǻ hafnia as the underlying hafnium silicate at the HfO2/Si interface obscured any 

hafnium silicate that may have formed on the exposed hafnia. In experiments done on 

250 Ǻ ALD hafnia, the silane reduces the hafnium germinate to metallic germanium 

while leading to the loss of some Ge through GeO desorption and approximately all the 

exposed hafnium germinate transforms into hafnium silicate [16]. The silane treatment 

most likely did not penetrate beneath the Ge NCs as retention characteristics of Sample II 

are worse than Sample III (see below). 

For Sample III, the silane anneal at 800 K produces hafnium silicate and deposits 

metallic Si on the surface according to XPS (spectra not shown). Subsequent Ge NC 

growth to this treated surface leads to very little hafnium germinate formation [16]. The 

silane treatment to cap the Ge NCs with Si most likely also decreases the amount of 

exposed hafnium germinate surfaces. Furthermore, the silane treatment passivates the Ge 

NC surface for ex-situ transportation for device fabrication. Thus, the silane treatment 

serves multiple purposes. It significantly reduces the amount of hafnium germinate that 

forms during Ge HWCVD of the Ge NCs and passivates the Ge NCs from ambient 

oxidants for transportation to device fabrication. It also prevents hafnium germinate 

formation between the control oxide and the Ge NCs. All of these factors lead to the 

improved device performance seen in the retention characteristics. 

High frequency capacitance-voltage tests (1MHz) were used to characterize the 

electrical properties of all Samples. After each stress pulse, a -2V to 2V C-V scan was 

applied to determine the threshold voltage shift. The memory window of all the Samples 

under +/-8V 1 second pulse is shown in Figure 5.5.  
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Figure 5.5:  Memory windows of all Samples under +/-8V 1 second stress. 

 

The control Sample shows a very small memory window compared to Samples 

with nanocrystals under the same stress conditions. This indicates that most of the charge 

storage in Samples I, II, and III is not due to the traps in bulk HfO2 or traps at the 

interface of the two HfO2 layers in the control Sample, but is due to the nanocrystals. The 

memory window of Samples that underwent silane treatments (Sample II and III) is 

slightly smaller than that of bare Ge NCs (Sample I). A higher interface trap density in 

Sample I is expected and would lead to capture of more electrons under stress than for 

Samples II and III which, have fewer interface traps due to reduction of the hafnium 

germinate by silane treatment. 

 Figure 5.6 shows the device programming characteristics while Figure 5.7 shows 

the retention characteristics of the devices.  
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Figure 5.6:  Programming  Speed characteristics +/-8V stress. 

 

 

 

Figure 5.7:  Data retention characteristics at room temperature. 

 

The Samples were erased at -8V for 100ms to remove electrons in the floating 

gate before programming. An obvious retention improvement is seen for Samples II and 

III when compared to Sample I. This improvement can be understood in the following 

way: a low-quality hafnium germinate layer is formed at the Ge–HfO2 interface. This 

hafnium germinate layer has higher trap density.  The higher interface trap density in 

Sample I (bare Ge nanocrystal) leads to greater electron storage and higher thV shift than  
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Samples II and III, which have undergone silane treatments that deposited Si on the Ge 

NCs. The Si was likely oxidized in transport, leading to an interface with lower interface 

trap densities. Furthermore, the silane treatment of the hafnia prior to Ge NC growth 

reduced the formation of hafnium germinate significantly (Sample III). However, it 

appears that carriers trapped at interface sites in Sample I are able to tunnel out much 

easier, leading to the inferior retention characteristics in Sample I. The device endurance 

characteristics under stress cycling are shown in Figure 5.8  

 

 

 

Figure 5.8:  Endurance characteristics of device under +/-8V at room temperature with 
pulse width 1 second. 

 

Samples II and III show better endurance characteristics than that of Sample I. 

The reason can be considered that many interface traps at the Ge-Si(Si/HfSiOx) interface 

are not stable and may change their trapping properties under stress cycling. 

 

5.5 CONCLUSIONS 

A new core-shell Ge-Si(Si/HfSiOx) nanocrystal structure consisting of Ge 

nanocrystals encapsulated with a Si/HfSiOx shell is introduced for nonvolatile memory 
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 applications. A Si/HfSiOx shell is proposed because some the Si capping layer has been 

exposed to ambient leading to oxidation of the Si surface. The control oxide is then 

deposited on this partially oxidized surface most likely leading to the formation of a 

hafnium silicate. Hence, the Si capping layer helps increase the resistance of Ge NCs 

from oxidation and improves the nanocrystal dielectric interface quality at the Ge 

NC/HfO2 interfaces. The device retention characteristics are greatly improved. 

Furthermore, better engineering trade offs can be achieved between memory window 

size, programming speed, and retention time for memory devices without losing the 

advantages of Ge’s narrow band properties. 
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Chapter 6: Summary and Future Work 

The surface chemistry of GeHx was studied for thermally-grown SiO2 revealing 

that GeHx behaves similarly to Ge on SiO2. Adsorbed GeHx species produced by 

HWCVD of GeH4 do not etch SiO2. GeHx is lost by two different reactions that occur at 

much different surface temperatures: 1) GeHx is first removed from the system by 

recombination reactions between GeHx and H from 500-750 K; while 2) stable GeHx 

species that are not consumed in the recombination reaction decompose above 800 K to 

Ge and H and Ge is lost by desorption. The only mechanism by which Ge accumulates on 

the surface is through reaction of GeHx species that lead to Ge clusters, which are stable 

on the surface. The GeOx seen by Stanley et al. [1] and in this dissertation appears to 

result from reactions between GeHx and hydroxyl groups, and/or oxidation of Ge clusters 

by background oxidants. 

The creation of defects on the SiO2 surface by Si-etching activates the SiO2 

surface to GeHx produced by HWCVD of GeH4. The defect structure formed in etching is 

based on a structure proposed by Kuo and Hwang [2], and is likely hydrated to form a 

defect consisting of vicinal and geminal hydroxyl groups flanking a Si vacancy that 

reacts with GeHx. GeHx is captured by the hydrated product of the Si-etching defect and 

this captured Ge is active toward GeHx species resulting in Ge deposition on the SiO2. 

Diborane deactivates the hydrated Si-etching defect toward GeHx, while also reacting 

with intrinsic SiO2 hydroxyl groups. The reaction of the intrinsic hydroxyl groups with 

diborane seems to eliminate the m/e 74 signal at 800-900 K seen for GeHx desorption off 

thermally-grown and Si-etched SiO2, indicating that the intrinsic hydroxyl groups on the 

SiO2 play a role in the stabilization of GeHx species on the SiO2 up to 800 K.  

The role of the oxidized Ge in Ge NC growth has been determined to be that of an 

interfacial germinate localized beneath the Ge NCs. The interfacial layer is formed when 

Ge adatoms are in contact with bulk hafnia and are oxidized by background oxidants such 

as water. Once the Ge adatoms are separated from the hafnia oxidation subsides and 

metallic Ge is deposited on the hafnium germinate that has formed. Ge nanoparticle 

growth then proceeds by Ge on GeOx rather than Ge on hafnia. NCs are not deposited on 
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the bulk hafnia but only on the germinate islands formed early in growth. Therefore, Ge 

NP growth on hafnia proceeds by the growth of oxide islands that form, when Ge 

adatoms are in contact with the hafnia surface. Only when a sufficient oxide layer is 

formed can Ge NCs grow. Performing a silane treatment prior to Ge NC growth, 

eliminates the interfacial hafnium germinate and instead produces hafnium silicate and 

metallic Si onto which the Ge NCs grow. The silane pretreatment of the hafnia greatly 

improves the retention times of MOS capacitors made from Ge NCs and hafnia. 

A new core-shell Ge-Si(Si/HfSiOx) nanocrystal structure consisting of Ge 

nanocrystals encapsulated with a Si/HfSiOx shell is introduced for nonvolatile memory 

applications. A Si/HfSiOx shell is proposed because some the Si capping layer has been 

exposed to ambient leading to oxidation of the Si surface. The control oxide is then 

deposited on this partially oxidized surface most likely leading to the formation of a 

hafnium silicate. Hence, the Si capping layer helps increase the resistance of Ge NCs 

from oxidation and improves the nanocrystal dielectric interface quality at the Ge 

NC/HfO2 interfaces. The device retention characteristics are greatly improved. 

Furthermore, better engineering trade offs can be achieved between memory window 

size, programming speed, and retention time for memory devices without losing the 

advantages of Ge’s narrow band properties. 

 

HAFNIA SURFACE CHEMISTRY 

 The surface chemistry of GeHx with HfO2 requires further exploration. The 

formation of the HfGeOx occurs without the reduction of the hafnia surface. Thus, the 

origin of oxygen leading to Ge oxidation has not been identified. Furthermore, the nature 

of the defect and its possible role in the formation of the HfGeOx has not been 

determined. TPD could be used to explore the surface sites on the HfO2. By dosing a 

thermally-grown HfO2 with a molecule such as ammonia, the hydroxyl groups and Lewis 

acid sites on the HfO2 surface can be probed by TPD and compared to ammonia TPD off 

Ge NCs on HfO2. The consumption of ammonia adsorption sites could possibly provide 

evidence for the chemical activity of the defect site on hafnia and aid first principles 
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modeling studies of the HfO2 surface. Some preliminary work has been done by the 

author indicating that the defect my have Bronsted acid character. Further studies are 

planned to explore these preliminary findings. Zirconia, a related oxide to hafnia, has 

been shown to dissociate water molecules [3]. It is possible these dissociated water 

molecules are the defect site or are associated with the defect site responsible for 

capturing Ge. Therefore, TPD experiments employing deuterium oxide (D2O) will be 

conducted by dosing D2O to hafnia. The dissociated D2O should yield OD and D on the 

surface. After D2O dissociation, the sample will be dosed with GeHx. It is hypothesized 

that GeHx will react with the dissociate D2O yielding HD. The HD signal should be 

readily distinguishable from baseline signals. First principles modeling of possible defect 

structures for hafnia may aid in further experiments to test the structure of the defect on 

hafnia similar to the work done on the Si-etching defect. 

 

GROWTH OF GE NCS ON SI-ETCHED SIO
2
 

 Chapter 3 revealed that Si-etching defects were active toward GeHx and opens the 

possibility for using Si-etching defects to seed Ge NC growth using thermal CVD from 

germane. Studies are planned to explore the density of Ge NCs on SiO2 surfaces with 

varying degrees of etching. The density of NCs should scale proportionally with defect 

density and would show how Si-etching defects can be used to direct Ge NC growth on 

SiO2. 

 

OPTIMIZATION OF GRAPHOEPITAXY 

 The variables that control the self assembly of the polystyrene (PS)/poly(methyl 

methacrylate) (PMMA) diblock copolymer system inside lithographically defined 

features are many. The thickness of the diblock copolymer system is key to getting self-

assembly on a flat surface or a lithographically patterned surface. To achieve self-

assembly inside a lithographically defined feature, the thickness at the edge of the feature 

must be approximately equal to the thickness needed for assembly of the diblock over a 

flat surface which is ~40 nm for the PS/PMMA system [4]. Achieving this level of 
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control is difficult when trying to achieve assembly in a dense array of features as the 

diblock copolymer is pulled in all directions and will preferentially flow into features due 

to capillary forces. Thus, if too much polymer is supplied to the lithographically 

patterned surface, the feature will fill with more diblock than is necessary to facilitate 

self-assembly and no assembly will occur in the feature. Figure 6.1 shows over-filled 

features for which assembly has occurred as rings and bands between an array of 

parallelograms and lines.  

 

Figure 6.1:  a) Assembly of diblock copolymer in regions between array of 
parallelograms showing over filled features, b) Assembly of diblock 
copolymer on plateaus between patterned lines. 

 

 Thus, the amount of polymer delivered to the system is crucial to getting 

assembly to occur in the feature and can be control by the concentration of the diblock 

solution and the volume used to spin coat the diblock on the surface. However, this is not 

the only variable that is important. The dimensions of the feature affect the eventual 

thickness of the diblock copolymer at the feature edge. Figure 6.2 shows how feature 

width can affect the thickness of the diblock copolymer film inside the feature. 
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Figure 6.2:  a) Shows how the diblock copolymer thickness at the edge of the feature can 
be greater than the thickness inside the feature. b) and c) show how feature 
width can effect film thickness [4]. 

 
 
 Depending on the width of the feature, the thickness may be greater than or equal 

to the spun thickness. The thickness may be greater than or less than the required 

thickness for self-assembly. Hence, one must also balance feature size and depth along 

with the amount of polymer supplied. 

 Finally, the density of the features determines how the supplied diblock 

copolymer will subdivide over the patterned features. Figure 6.3 shows how adjacent 

features can consume diblock copolymer leaving areas of an array starved for polymer 

resulting in regions of thinner films.  

 

Figure 6.3:  Depletion of polymer around parallelgram resulting in incomplete assembly 
in the feature. 

 

Figure 6.3 shows how the depletion of polymer around a feature can be beneficial 

if the surface has been supplied with too much diblock copolymer. Because other features 

consumed the polymer that would have flowed into this feature, the correct amount of 
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polymer ended up in the feature resulting in near complete self assembly.  

The challenges for optimization of this process are many. One must find the 

correct density and size of features that will lead to self-assembly for certain amount of 

diblock copolymer supplied to the surface. Furthermore, the depth of the features must be 

relatively uniform and less than the thickness required for self-assembly on a flat surface, 

which is ~40 nm for the PS/PMMA diblock system. Thus, this is a very difficult 

optimization process which requires a large number of samples that possess features of 

varying size and density. 

 

GEHX INTERACTIONS WITH OTHER OXIDES 

 A study employing TPD and XPS investigating the interaction of GeHx and SiHx 

with other oxides such as zirconia (ZrO2), titania (TiO2), alumina (Al2O3), tantalum oxide 

(Ta2O5), molybdenum oxide (MoO3) and tungsten oxide (WO3) should be undertaken in 

order to determine if defect-controlled nucleation for Ge and Si is an isolated 

phenomenon for SiO2 and HfO2 or if there is a consistent theme for growth on oxide 

surfaces. If defect-controlled nucleation is systematic to growth on oxide surfaces, it is 

possible a consistent picture of Ge and/or Si growth may emerge based on how these 

oxides differ in stoichiometry, hydroxyl group acidity, and other oxide properties. 

Conversely, it may reveal that each system is unique and there is not a general growth 

mode and surface chemistry for these systems. Furthermore, first principles modeling of 

the oxide systems may reveal a general defect structure that could be probed by the 

hydride radicals using TPD. 
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