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This dissertation describes the development of acgss for the precise
positioning of semiconductor nanoparticles growrhby wire chemical vapor deposition
and thermal chemical vapor deposition on amorplaiakectrics, and it presents two
studies that demonstrate the process. The studiadleel growth and characterization
using surface science techniques and scanningr@abenticroscopy. The two systems,
Ge nanoparticles on HfOand Si nanoparticles onsBi, are of interest because their
electronic properties show potential in flash meyrmevices. The positioning technique
resulted in nanoparticles deposited within 20 nemiter feature arrays having a 6¥10
cm? feature density.  Self-assembling diblock copolymeoly(styrene-b-methyl
methacrylate) thin films served as the patternioi snask. The diblock copolymer
features were transferred using a GHY; reactive ion etch chemistry into a thin film

SiO, hard mask to expose the desired Hitd SN, deposition surface underneath.
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Selective deposition upon exposed pore bottoms pemformed at conditions where
adatom accumulation occurred on the H&® SgN4 surfaces and not upon the Si@ask
template. The selective deposition temperatureshi®e Ge/HfQ and Si/SiN, systems
were 700 to 800 K and 900 to 1025 K, respectivéBermanium nucleation on HiQOs
limited from hot wire chemical vapor deposition égpositing nanoparticles within 67%
of the available features. Unity filling of feats with Ge nanoparticles was achieved
using room temperature adatom seeding before deposiNanoparticle shape and size
are regulated through the Ge interactions withSli@ feature sidewalls with the adatom
removal rate from the features being a functioneofiperature. The SiOmask limited
Ge nanoparticle growth laterally to within ~5 nmtbé hard mask at 800 K. Silicon
deposition on patterneds8iy has multiple nanoparticles, up to four, withiniindual 20
nm features resulting from the highly reactivesNai deposition surface. Silicon
nucleation and continued nanoparticle growth ism@ar function of deposition flux and
an inverse function of sample temperature.

Diblock copolymer organization can be directed imontinuous crystalline
domains having ordered minority phases in a proé®&svn as graphoepitaxy. In
graphoepitaxy forced alignment within microscope&atiires occurs provided certain
dimensional constraints are satisfied. Graphoepiteas attempted to precisely locate 20
nm diameter features for selective Ge or Si dejpmsénd initial studies are presented.

In addition to precise nanoparticle positioning des, kinetic studies were
performed using the Ge/H{Omaterial system. Germanium hot wire chemical vapo
deposition on unpatterned HfGsurfaces was interpreted within the mathematical

framework of mean-field nucleation theory. A adti cluster size of zero and critical
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cluster activation energy of 0.4 to 0.6 eV weranasted. Restricting Hf©deposition
area to a 200 nm to 100m feature-width range using SiQlecreases nanoparticle
density compared to unpatterned surfaces. Theestuedveal the activation energies for
surface diffusion, nucleation, and Ge etching oO,Siare similar in magnitude.
Comparable activation energies for Ge desorptiammfase diffusion and cluster
formation obscure the change with temperature ahvigual process rate has on

nanoparticle growth characteristics as the featinechanges.
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Chapter 1 — Introduction to Selective SemiconductoNanocrystal
Deposition on Amorphous Dielectric Surfaces

1.1NANOCRYSTALS — CONTROLLED DEPOSITION M OTIVATION

Properties of materials begin to change as phydica¢nsions decrease since the
ratio of atomic surface area to volume increas€ke resultant properties change with
size accordingly between those found in the buld #me properties associated with
individual atoms. Semiconductor clusters with lésan 10,000 atoms have a size
dependent band gap where interactions between bwigly atoms fill the band gap
through band edges from the band center as morasatwe added to a cluster [1].
Material properties dependent on the band gap asicptical emission, conductance, and
Coulomb blockade are dominated by band edge effeatanoscale materials [2]. The
property of interest for memory devices is the ©oud blockade effect [3]. The
guantizing of electron charges within individuahoarystals enables the electron storage
to be precise even when the electron transportatiooess fluctuates. The floating gate
field-effect transistor (FET) memory devices desedi in the following paragraphs take
advantage of Coulomb blockade charge storage qaaiotn.

Since the microelectronics industry was startethé1960’s, feature dimensions
have been shrinking at a continuous rate, enalelawdy successive generation to process
data at a faster rate than the previous generatibhe faster operation is based on
increasing the transistor density upon the chipsielasing the simultaneous calculations
per device and a smaller transistor size that meawtrons travel less distance during

each transistor operation.



The ever shrinking component dimensions are appmgdhe physical limits at
which the standard complimentary metal on semicottduCMOS) materials operate,
making the smaller device operation impossible gisinaditional silicon based
technology [4]. The technology used in flash megmeET devices is similar to CMOS
while following the same scaling trend in the pBsw decades. Flash memory FET
devices are estimated to have 45 nm gate lengtkisebyear 2010 [5]. One new approach
decreasing power consumption and potentially aatgevdevices with these future
dimensions, uses a floating gate FET incorporatiagoparticles [6-10]. The new
memory devices replace the traditional floatingegatdly-Si retention layer with a layer
of semiconductor or metal nanocrystals. The desateematic based on Si nanoparticles

is seen below [3] in Figure 1.1. Operation of titaasistor is dependent on using

ControF———_
Oxide

—— Si Nanoparticle
0 Z70n ST TT | hanopart

Sourct

Drain

Tunnel dielectri

Figure 1.1  Silicon nanocrystal based FET flasimowy transistor [3]

the nanoparticle layer as an electron storage mgdib]. The device without any charge
present in the nanoparticle layer is in computgiclstate “0”. Inducing a high positive

voltage on the gate and drain encourages hot casfiects wherein electrons tunnel
through the tunnel dielectric into the nanopartielger from the substrate below. The
transistor is now in computer logic state “1”. Resing the electron flow and erasing the

device occurs by placing a high positive voltage the source; electrons leave the
2



nanoparticle layer in a process known as FowlerdNeim tunneling, bringing the
transistor into state “0” again. The overall bayap is altered by electrons charging the
particles, thus, changing the device thresholdagalt Reading the band gap change is
done by placing a small voltage on the drain andect will flow between the source and
drain if the device is in state 0. Accordinglyghegible current flows between source and
drain if the device is in state 1.

Optimal operation of the nanocrystal based FET d@p®n nanocrystal size and
lateral particle placement. The nanocrystallineebladevice is advantageous over the
continuous Si film devices since electron flow mdaout of the Si nanoparticle layer is
discrete [12]. The nonvolatile operation has etatt remaining indefinitely trapped in
the nanoparticles from Coulomb blockade compared toontinuous film gradually
increasing charge over time. Optimal nanocrystlick operation has proper sized
particles for the maximum band gap change whengeharinjected. Nanoparticles that
are too large do not give the device a large,rdistband gap step change for easy voltage
reading between the on and off states [12,13]. oNarticles that are too small degrade
device performance by having undesired quantumimemient effects [1]. For example,
Si particle based devices have best operation winerparticle layer is 5 nm particles
placed laterally 5 nm apart resulting in a partiémsity of approximately #dcm? [3].

If nanoparticles are spaced too close togetheralite electrons tunnel through the
encapsulation oxide into neighboring particles las device is being erased preventing
the nanoparticle layer from completely dischargatectrons and returning to a true “0”

state.



1.2—- THERMAL CHEMICAL VAPOR DEPOSITION

Chemical vapor deposition (CVD) synthesis of semiractor nanoparticles has
advantages over other synthesis routes. First, @v® standard technique within the
microelectronics industry used in depositing semdluactors, especially silicon. Second,
the process tends to be cleaner than most synttoesges using solutions or high pressure
vapors. Finally, the CVD process is compatiblenwiacuum systems where it is easy to
analyze the deposited materialsitu with analytical equipment. Silicon, germanium, or
silicon/germanium alloyed nanoparticles have beepodited upon insulators using
CVD. These structures were later fabricated intrkimg nanocrystal flash memory
devices [3,14-17]. Figure 1.2 presents a scanmiegtron microscopy (SEM) image

showing germanium nanoparticle CVD on a hafniasxgf

Figure 1.2 SEM images of Ge nanoparticles on H§@2ace using thermal CVD, 850
K, 480,000 Langmuir GeK diameter range = 5-25 nm, density = 2%10
cm®,



In thermal CVD, a precursor decomposes directlyh@nsubstrate surface. This
occurs at high enough temperatures to break bostastigg the decomposition) and
facilitate removal of secondary ligand species inobrporated within the film. The
typical hydride precursors used in silicon depositare silane (Sikj and disilane (SHe)
and the equivalent for germanium is germane (£petbilicon nanoparticle deposition
typically uses disilane since it is more reactivéghwsilicon dioxide, with 1/4 the
incubation time of silane before initial nucleatid®]. The quicker adsorption results in
denser nanoparticles by increasing the adatom otmatien. For example, disilane
follows the mass action found in Rxn. 1.1 with &afale active surface site§H on an
insulator.

S 3

SiHg +2S*—> S+S + 34 (1.1)

The first step is adsorption of the Sikadical [19] with the active surface site. Second
the bonds between the adsorbed silicon atom andhydeogen atoms are cleaved
resulting in the hydrogen reacting and leaving iatamic form. Each adsorbed
monomer on the surface is referred to as adatom.

Nucleation and the addition of adatoms to insulanfaces are influenced by
surface defects. Nucleation is not favored fort@mjeneous systems unless an energy
reducing intermediate favors the process [20]. eBdvtypes of defects are found on
insulator surfaces, some serve as nucleation witde others increase surface activity.
Greater quantities of defects typically result iigher deposited nanoparticle density.
For example, silicon dioxide is a typical amorphoasulator having three active
intermediate surface sites: silanols or hydroxylugps (Si-OH), siloxane bridges (Si-O-

Si), and silicon dangling bonds (Si-) [21] as seehigure 1.3. The active siloxane



Silicon Dioxide

Figure 1.3 Diagram showing various types of naia sites found on a silicon

dioxide surface: a) silicon dangling bond b) sdlog bridge c) silanol

group [21].
bridges are a fixed quantity on an insulator s@&fand have been demonstrated as
nucleation sites if physically strained [22]. Télengling bonds are known nucleation
sites and their concentration can be increasedgirphysically damaging surface bonds
with an electron beam, but the resultant oxideftsnotoo poor for devices [23,24]. In a
more desirable manner, silanol groups may be attdedgh exposing the silicon dioxide
surface to a dilute hydrofluoric acid (HF) bathhaitit diminishing the insulator electrical
integrity [22,25]. It is assumed that the silagobups are not nucleation sites, but the
defects increase the surface reactivity to hydg@dses leading to a greater adatom
concentration.

Adatoms have three potential fates after being @dddahe surface as shown in
the diagram in Figure 1.4. Adatoms may either eatd, join an existing island, or
desorb from the deposition surface returning to vhpor phase. Critical cluster
formation is a concept from various epitaxy theonecluding mean-field nucleation
theory [26-28] and corresponds to the number ofaads required for the formation of a

critical clusterj*. Nucleation occurs when an additional adatomdided to a critical

6



Figure 1.4 Three potential fates of adatoms (btaektes): a) combination with other
adatom(s) and nucleation b) addition to an exisSfand c) desorption from
the surface and return to vapor phase.

cluster producing a particle of siz&+1, which is assumed to be stable against

decomposition. Continued nanoparticle growth ogcwhen adatoms are added to

existing stable clusters or larger existing pagscl When adatoms desorb from the
surface, nanoparticle deposition is reduced by fowgethe adatom concentration
preventing nucleation or continued particle growthhe three adatom processes occur
randomly on the deposition surface.

Mean-field nucleation theory relates the densitystble islands/nanopatrticles,

Nsar, to the incident fluxF, and temperature [29-31]. Nucleation dependsherability

to a form stable adatom grouping upon a nucleasiten Knowledge of the material

system dependent critical cluster sirg,is vital to control the resultant nanoparticle

density, since the rate of stable nuclei formai®dependent upon the average surface

adatom concentrationn, to thei*+1 power, i.e. rate n'"*! [27]. Critical cluster



formation through adatom diffusion requires theiséction of enough diffusing adatoms
to formi*-sized clusters and adatoms need enough enermgyetcome the critical cluster
formation energetic barrieE* [27]. The majority of deposition kinetic studidmve
been performed using molecular beam epitaxy (MBBJ &ave followed Stranski-
Krastanov growth mode systems in which a wettingedaforms first on a crystalline
substrate followed by island growth [26,29,30,3%tanski-Krastanov systems typically
havei* values consisting of several adatoms, for exam@e/Si(111) is 5 [32] and
Si/Si(111) is 5-7 [26]. Volmer-Weber growth mode which islands form on the
substrate typically occurs with heterogeneous syst@here the deposition material does
not wet the surface, resulting in islands. Thealue reported for Volmer-Weber mode
systems are zero for Ge/Si{B3] and were estimated as 1 for Si/${30]. Nothing to
date has been reported & or i* for the Ge/HfQ system and forms the basis for

Chapter 3.

1.3—HOT WIRE CHEMICAL VAPOR DEPOSITION

The technique known as hot wire CVD (HWCVD) decosgm the precursor
against a heated tungsten filament (~1500 °C) acking filament generating hydride
radicals sent to the insulator surface through bheight. The radicals react with the
surface and become adatoms [34]. The radicalsotbave unintentional collisions with
other precursors since the mean free path for @culd at deposition pressures (<10
Torr) is greater than an order of magnitude ofdist¢ance between the cracking filament
and deposition surface. The insulator substrateated to greater than 750 K [35], and
greater than 540 K [36] for Si and Ge based hydridespectively, to facilitate further
decomposition of the hydride radicals, leading e removal of hydrogen and the

generation of adatoms on the substrate surfacelehlion and particle growth processes
8



then occur. Figure 1.5 is a diagram showing thecgss. Silicon deposited on the

surface has less than 0.1% tungsten from the tiatedaction on the filament [37].

IR heate

Substrat

SizHe SiH3* SizHe
SizHe Si2H5* ﬁ Si*

W-filamen M SizHe
~ 1500 °C
Figure 1.5 Experimental setup found in hot wireDCprocess depositing from the
precursor disilane. Thel500 °C tungsten filament is 3-7 cm from the
deposition surface. The radical flux is designdigdhe silicon radical
species (*) and the arrow shows the flux direction.

HWCVD has two advantages for experimental purposes the traditional
thermal CVD. First, the deposition fluk, is easily controlled through both pressiirge,
scaling asF~P and the distance between the cracking filamentdembsition surface,
which scales as a single isotropic deposition sgutel/d” [36]. Through varying the
incident flux rate, we are able to investigate famental nucleation and growth kinetics
using mathematical frameworks such as mean-fieldeation theory, which is not
possible in thermal CVD [38]. Thermal CVD is limit by the adatom addition to the
surface through precursor adsorption; this lealveskact deposition flux as an unknown
variable and theory is invalid. Second, HWCVD algenerates a higher adatom
concentration at ultra-high-vacuum (UHV) pressuresating higher particle densities if

desired [39].



1.4—THERMAL STABILITY OF ADATOMS ON INSULATOR SURFACES

Nanoparticle deposition is dependent upon thetgbib accumulate adatoms,
therefore, adatom desorption must remain relatively compared to nucleation and
particle growth for successful adatom accumulationTemperature programmed
desorption (TPD) [35,36] is an Situ experimental procedure capable of determining the
thermal stability of a deposited material on a giseirface. The deposition material is
physically placed on the substrate through physiegdor deposition (PVD) at room
temperature. The sample surface is then place@raximity of anin Stu mass
spectrometer and the sample temperature is inctease@ constant rate. The mass
spectrometer detects deposited material desorborg the sample when the surface
temperature reaches the point of thermal instgbildgtween the deposited material and
the surface.

Silicon stability on SiQis dependent upon on the surface temperaturecumunwa
conditions. Temperature programmed desorption daém in Figure 1.6a represents
several desorption peaks of various monolayer (hatayer = 1 ML = 6.8x1}
atoms/cm) exposures of Si from the SiGurface [35]. The mass spectrometer does not

detect any desorbing Si in the form of volatile $€Yyinning at 840 K having the

10
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Figure 1.6 TPD spectra for Si@nd SN, samples after (i) annealing at 1100 K for 15
min, (ii) exposure to 240 L disilane, (iii) cracgimduced deposition of 1
ML silicon, (iv) cracking induced deposition of 9L\Viand (v) exposure of
agglomerated nanoparticle covered surfaces to 24i6ilane [35]. The
activation energies listed in part a are bestriédr lines to experimental
data. The 2.70 eV [35] value was obtained fromTtR® data presented in
this figure and 0.84 eV [40] was reported from expental data using a Si
effusion beam to etch silica.
desorption peak reach a maximum at 900 K. Usihgs fit line, the process is assumed
a first order rate kinetic reaction estimating #utivation energy as 2.70 eV with a*40
prefactor. Reaction 1.2 is the mass action balémcthe conversion of the available Si
reacting with Si@into volatile SiO during the sample heating. $teaid Allen report
similar desorption results with the Si etching SiO
Si(ads) + SiQ(s) — 2SiO (g) (1.2)
beginning at 975 K using an evaporative Si bean,they report a lower activation
energy of 0.84 eV having a 7xT(refactor [40]. The SiDis actually stable at these

thermal conditions without the presence of adsoi®edIn comparison, Si is stable on

11



SkN4 surfaces up to 1000 K as seen in Figure 1.5fshduld be possible to selectively
deposit Sion a 8\, surface and not on Sj@t temperatures greater than 900 K.
Germanium stability on SiDis also dependent upon surface temperature.
Temperature programmed desorption data seen inrd=ij7a represents desorption of
1.0 monolayer (1 ML = 6.3x10 atoms/crf) of Ge from SiQ [36]. The mass
spectrometer does not detect any desorbing Ge tinensiQ in the form of GeO until

500 K. The desorbing G@eak begins at 750 K. The exact removal mechaofs@e

a b
8x10 "% - Aa 8x10"° - o
A‘ A“ ' ‘
5 - A —
—_ Aa A = 6 — - |
3 44 A < "
L3 HfOE A = [
N34 adhdaaata & 47 HfO, uf .
o 2, o 2 ™"
24 . “V?Sé& @, g 24
& Neape & é-’t
1% 2R BTy
T T T 1
600 700 800 900 1000 400 600 800 1000
Surface Temperature (K) Surface Temperature (K)

Figure 1.7 TPD data for 1.0 ML Ge on Hfénd 0.7 ML Ge on Si£Xor a) the signal

for me of 74, indicating Ge species desorption, and bxtteal form/e of

90, indicating volatile GeO desorption [36].
from the SiQ surface is not known at the time of this publioati It is suggested that the
appearance of Ge as volatile GeO has the Ge rgagiih the SiQ according to the mass
action balance seen in Rxn. 1.3 [41]. The secopdrted mechanism [33] has Ge

Ge(s) + SiQ (s)— SiO (g) + GeO (g) (1.3)

desorbing from the surface without any chemicariattion with the Si@surface having
an activation energy of 0.42 eV. #tial. argues the volatile GeO forms in a reaction of
Ge with both Si and SiKJ33]. In comparing Ge stability, Figure 1.7b lthe Ge being

stable on Hf@ surfaces up to 800 K before the first major desongfeature begins. The
12



approximate selective deposition thermal range egoditing Ge on Hf®@and not on

SiO; is 700 - 800 K.

1.5-DIiBLOCK COPOLYMERS

Diblock copolymers are polymer systems syntheswil sections or blocks of
one monomer species grafted onto a section of ansgiecies of polymer. Assume “M”
is species 1 and “S” is species 2, individual paynchains containing equivalent
amounts of each monomer would appear as the diagfakt-M-M-M-S-S-S-S-S. The
self-assembling systems have immiscible blockssapérate from opposite species when
chains are mobile. Chain mobility is induced salarays through imbibing the polymer
with solvent [42,43], evaporation of a common sotvallowing phase interface
formation [44], or raising the temperature abowe glass transition temperature for both
polymers [45,46]. Greater polymer order is obtditf@ough the interactions of electrical
fields while the polymers are self-assembling [47Practical applications require
complete polymer segregation into homogenous phaBédsdock systems are capable of
complete separation N > 10.5 [48] wherey is the Flory-Huggins interaction chi-
parameter andN is the degree of polymerization. Thevalue is typically used for
polymer-solvent solubility and is relevant to owpolymer system since we are above
the glass transition temperature making chains Imothus, behaving as an extremely
viscous liquid. Secondy is dependent upon many factors such as the nafutiee
solvent, temperature, and polymer molecular wejdBt. This makes it impossible to
know the actual value gf for a diblock polymer system during self-assendihce the
solubility parameter is measured experimentallyngixtremely dilute solutions [49].
As solubility decreases between two species inbéoock copolymer,y increases to a

larger value and smaller self-assembled featueep@ssible.
13



Diblock copolymer phase morphology after self-adsgm(Figure 1.8) is

dependent upon the relative amounts of monomeliesppoesent. The monomer species

majority [] minority [l
Lamellar Cylindrical Spherical

Figure 1.8 Three morphologies created after ssdembly with varying relative
polymer species composition using diblock copolygnerellow represents
the majority component while red represents theonityycomponent.

are typically categorized into majority and mingricomponents. If monomer

composition is equivalent at 50% each, lamellar phology forms. The cylindrical

morphology is named because the 30 % minority pfases cylinders enclosed by the

70 % majority component. The minority componentnfe spheres when the

composition is 80% and 20%, majority and minorigynponents, respectively.

Incorporating diblock copolymers into useful patieg masks requires control
over both phase morphology and the phase orientatih respect to the substrate.

Depositing thin films onto substrates is a method utilizing diblock copolymers in

patterning flat 2-D lateral surfaces. Removing qiese selectively, typically the

minority phase leaves the continuous majority phese soft mask. For the practical
purpose of patterning nanometer scale featuresdopparticles, individually isolated

features are most easily achieved from cylindrézal spherical morphologies. Spherical
14



morphology diblock copolymer thin films depositetdtiae correct thickness deposits a
monolayer (one layer) of spheres encased withinmtamrity phase onto the surface as

seen in Figure 1.9. The spherical monolayer has bised to transfer features as small

1 Majority |© ®@ @ ® @ BN
Bl Minority Substrate Substrate

Figure 1.9 Left: cross section diagram of sphéonc& monolayer on a deposited onto

a lateral plane Right: cross section diagram ofledrical phase thin film

on a lateral plane having the cylinders orienteghg@edicular with the

Substrate.
as 10 nm and densities on the order of 8ki@m? [50]. Pattern transfer using
encapsulated spheres requires an advancedeé&rtive ion etch [51] accessing the
substrate before pattern transfer into the sulestsgtossible. The poly(styrene-b-methyl
methacrylate) [30 % methyl methacrylate, 70 % stgrél, = 67,000] cylindrical phase
thin films [52,53] having the cylindrical phase emted perpendicular with the substrate
is a simpler way to pattern substrates. Cylin@eesoriented in a perpendicular fashion
using a combination of surface energy neutrali4] [&hd vertical confinement [45,55].
The surface energy neutrality is achieved usingaradom copolymer (40 % methyl
methacrylate, 60 % styrene) monolayer chemicaltpacaed to the surface. Vertical
confinement is achieved by depositing thin flmsa&®7 £ 4 nm thickness. The methyl
methacrylate cylinders are selectively removed gigjitacial acetic acid giving direct
access to the substrate through the remaining fyodyge template with 20 nm pores at
6x10° cm? pore density. The degree of polymerizatibinjs ~ 690 and it is estimated

that this molecular weight polymer hagfd factor of ~11.0 [55], therefore, the 20 nm

15



features are approaching the minimum domain simé& the cylindrical poly(styrene-b-
methyl methacrylate) can achieve.

Diblock copolymer thin films are polycrystallindzigure 1.10 is a SEM image of
the polycrystalline order found with the poly(styeeb-methyl methacrylate) cylindrical

morphology described in the previous paragraphthMeach polymer crystal,

Figure 1.10 SEM image of self-assembled polyéstgrb-methyl methacrylate) diblock
copolymer thin film (30 % methyl methacrylate, 70stgrene M, = 67,000)
after the cylinders were selectively removed ugjlagial acetic acid and the
voids are seen as dark circles. The majority efsiirface has hexagonal
closed pack void order interrupted by crystal gtzonndaries.

the minority phases also have crystal like ordeor example, each minority phase is a

point forming an overall hexagonal closed packdtme. Physically confining a single

polymer crystal in a horizontal orientation is knoas graphoepitaxy [56,57]. Spherical
morphology diblock copolymer thin films having comtous single crystals up tobn
are reported [57]. Figure 1.11 is a diagram gbleesical morphology diblock copolymer

thin film being confined in two manners; the veatisubstrate wall limits the crystal and
16



the mesa area also restricts how far a polymer fivin grows confined by the

topography edge. Graphoepitaxy occurs with bgtlesyof physical confinement.

Mesa
Confinement

Trench
% Confinement

Figure 1.11 Cross section diagram of a subshateng vertical topography and
spherical morphology diblock copolymer thin filmitg confined by the
topography after self-assembly [58]. The yellowresents the minority
phase spheres and the red lines represent theityajoase.

Rz

In a more practical graphoepitaxy procedure, thmdsical phase poly(styrene-b-methyl
methacrylate) is directly deposited onto a patrsgbstrate forming hexagonal closed

packed order with cylinders in the bottom of patéer trenches [59].

1.6— CONFINED AREA NANOPARTICLE DEPOSITION

Silicon and Ge selective nanoparticle depositioncystalline material systems
that have been developed for Si/Si(100)[60], SUVEL) [61], Ge/Si(100) [62-64],
Ge/Si(110) [65], and §kGe/Si(100) [66]. Typically, the crystalline Si istperned with
a SiQ hard mask where precursor accumulation occurfi®exposed Si and not on the
mask. The crystalline deposition surfaces are switable for the majority of
nanotechnology purposes, since desirable propesieEh as photoluminescence or

Coulomb blockade requires isolating the nanoscaltenal electrically which is not done

17



with Si. Secondly, the majority of patterning madk used pattern irregular sized and
shaped features. Finally, the etching chemicaldrgretch used are selective to avoid
etching the Si(100) or Si(111) surface which haspraxctical application when dealing
with insulators.

Selective deposition between two different amorghsurfaces did not exist
previous to the technology developed within the rBkeesearch group [36]. Selectivity
depends upon the precursor desorbing from therpattemask while accumulating on
the desired deposition surface. As illustratedrigures 1.6 and 1.7, SiGs a suitable
pattern mask layer for Ge and Si deposition. Tdwfiguration that easily enables this
selective deposition is creating thin film insulagbacks on a Si(100) substrate with the
bottom layer being the deposition surface; andttipelayer is the pattern layer or layer

which desorbs adatoms into vapor phase as outinEdjure 1.12. The pattern layer is

Deposition layer l Dep. layer
Si(100) patterning Si(100)

Figure 1.12 The left diagram is a cross sectioth@ insulator stack before patterning.
The right diagram is the insulator cross sectiderad soft mask was used
for controlled removal of the pattern layer beiegay for CVD.

selectively patterned using a soft mask transfgrairpattern with either a wet or dry etch

exposing the deposition layer below. Advantageshid system compared to most

selective deposition systems is potential nanot@olgy integration since insulators
isolate electrons while potential feature size ahdpe is limited exclusively by the soft

mask dimensions.

18



1.7—DISSERTATION OVERVIEW

This dissertation proceeds in a progression frorgelaunpatterned deposition
surfaces or extended surfaces to smaller pattefaces, until nanometer scaled features
are achieved. The effect of available depositimaand the area scale on nanoparticle
deposition are analyzed. Chapter 2 discussesdtterping and nanoparticle deposition
apparatus used in this dissertation. Chapter 3nbegith an investigation into the
Ge/HfO, material system deposition kinetics using extersigfaces. Chapter 3 finishes
with the deposition area being reduced having sgteatures with widths ranging 200
nm - 100pum and how various factors as flux and temperathenge Ge nanoparticle
deposition on confined H#O Even smaller 20 nm features are investigatedhapter 4
for the Ge/HfQ material system using the diblock copolymer pattgy scheme. The
technique versatility is demonstrated in ChapteasSthe selective diblock copolymer
patterning is utilized with the SisN, material system. Chapter 6 describes the
graphoepitaxy process development. Finally, Chapteill discuss continuing projects
from this body of work and future research.

The majority of the work presented in this diss@tais already published or
soon to be published. Chapter 3 was submittechemtacle to a journal in July, 2007.
Chapter 4 was divided up into portions and pubtisire both theJournal of Vacuum
Science and Technology B and in the conference publicatiMaterials Research Society
Symposium Proceedings. Finally, Chapter 5 is under journal peer revigwhe time of

this dissertation completion.
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Chapter 2 — Experimental Methods

2.1CHEMICAL VAPOR DEPOSITION

The main deposition apparatus in this dissertasoam multi chamber ultra-high-
vacuum CVD (UHVCVD) arrangement previously desadipg,2]. The system handles
wafer samples 1.6 x 1.6 cm in size by mounting waheces onto hollow, round
molybdenum pucks. The samples are admitted to pgparatus via a load lock after 10
min at low vacuum (~I Torr) in the load lock; other chambers are acakssmugh
use of a central transfer chamber held constantlyl@’ Torr. Puck movement occurs
when the transfer arm in the transfer chamber estegrabbing a puck with a hook.
The transfer arm then moves the puck in a radi@ctdon within the transfer chamber
accessing other attached chambers.

The deposition chamber held at 2T orr is reserved for nanoparticle CVD and
HWCVD. Available hydride gases in the deposititlmber for Si deposition are silane
(SiHy) and disilane (SHes). The equivalent Ge source is germane (geHnfrared
sample heating is performed on the wafer backsstlegia 300 W incandescent light bulb
with a portion of the glass housing removed. Tdm@e temperature can be heated from
room temperature up to 1025 K. In line-of-sightloé sample is a second incandescent
light bulb with a portion of the glass removed esipg the tungsten filament for the
purpose of radical generation used in room tempeggbhysical vapor deposition and
higher temperature HWCVD.

The second main chamber attached to the appath&uanalytical chamber, held
at ~10" Torr, has severain situ analytical tools. A ThermoVG CLAM2 X-ray

photoelectron spectroscopy (XPS) system generdtaaddMg K, X-rays (Al is used for
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all of the XPS data in this dissertation) and ai#iethe photoelectron signals with a
hemispherical analyzer. lon scattering spectrog¢t®S) uses a Heion source while
utilizing the same analyzer as the XPS system.allyinthe analytical chamber has a
Thermo Electron VG Smart [Q series quadrapole mass spectrometer allowing
background gas analysis and temperature progrardesatption. One more chamber, a
quartz tube furnace, held at <1Torr is attached to the transfer chamber enabling

sample annealing in vacuum up to 1275 K.

2.2ELECTRON BEAM LITHOGRAPHY

The patterning technique known as electron beamoditaphy (EBL) uses an electron
beam to physically alter a polymer thin film. EBCcurs within a vacuum chamber with
a specially equipped scanning electron microsc&@teM) having the electron gun and
detector. The SEM serves asiarsitu sample alignment device, while the electron gun
also serves as the patterning electron beam. éRudris a diagram of an EBL patterning
equipment set up. The electron beam exposes tgmeothin film mask as the sample
stage moves via computer control. The internal S&ds as a sample alignment
mechanism. Pattern dimensions are programmedair@omputer that moves the stage
underneath the sample. The specified distancesnaneed by the stage as a highly
focused electron beam moves across the sampleswafal transfers the pattern into the
polymer. The EBL used in our experiments is aliRa@ located in the Center for Nano
Molecular Science and Technology on campus havimgnamal resolvable feature size

of ~80 nm.
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Electron Detector Electron gun

Sample substrate

Movable Sample Stage

Figure 2.1 Diagram of EBL equipment set up withimacuum chamber.

The positive EBL resist has electron beam-exposetiops of the film eventually
removed leaving a positive image of the desiredepat Poly(methyl methacrylate)
[PMMA] is a typical positive resist and the numbeolecular weight used in our
experiments wadl, = 960,000. The resist was made within our lalsoyaby diluting
3% PMMA by weight within anisole. The resist walsert spin-coated onto a
hexamethyldisilazane (HMDS) treated sample and Haked at 150 °C for minimum 1
h. The 75 nm thick deposited PMMA film is sufficteior the reactive ion etch to etch
12.5 nm of SiQ without removing the resist in our amorphous swbst patterning
technique. A 22QClcnf electron beam exposure was used and this wasisuffito
degrade the PMMA; degraded portions are later sed¢dg removed using a 1:3 methyl
isobutyl keytone/isopropyl alcohol developer. Thisthod was used to pattern features

200 nm to 10Qum in size.
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2.3DIBLOCK COPOLYMER PATTERNING

Nanoscale patterning using a thin film poly(styrdnmethyl methacrylate)
diblock copolymer film is a well-characterized pess in literature [3,4]. We adapted the
process directly from the published literature gsequipment located in the Willson
research group at the University of Texas at Auatid the general user facility located
on campus at the Center for Nano and Molecularn8ei@nd Technology (CNT). The
Willson group has spin coaters and an ellipsometéile the CNT has a vacuum over
where the actual self-assembly process occurrelde pblymers were purchased from
Polymer Source, Inc. based in Dorval (Montreal)eQrc, Canada.

The diblock copolymer mask patterning works for quurposes only if the
cylinders are oriented perpendicular with the sudbstand this is accomplished through
proper copolymer interaction with the surface aredtigal confinement. Energetic
neutrality between the copolymer styrene and matigthacrylate species with the silica
surface is accomplished by forming a monolayer béngically attached random
copolymer (60% styrene and 40% methyl methacrylgte= 8,900) [5,6]. Random
copolymer is spin coated from a 1% dilute solutimmoluene onto the silica surface at a
thickness of ~60 nm. The polymer film is annealedier vacuum at ~160 °C for a
minimum 48 h allowing the polymer strands to diusThe random copolymer used in
these experiments have a functionalized hydroxglugr (-OH) at one end of each
polymer chain and the diffusion causes the hydraxglups to physically contact the
silica surface. The hydroxyl groups then chemycadteract with the silica surface in a
condensation reaction forming an attached randopolgmer monolayer. After the
anneal, a gentle toluene rinse removes unattacblther chains leaving the attached
random copolymer monolayer behind. Next, the @byyene-b-methyl methacrylate)
diblock copolymer (70 % styrene, 30 % methyl metjate, M, = 67,100) is spin coated
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from a 1.1% dilute anisole solution to a thickn@$s37 + 4 nm. The thickness is
monitored post deposition using a J.A. Woollam MQ@llipsometer and proper self-
assembly requires the thickness tolerance nean8is mchieved. The samples are then
further annealed at 180 °C for another 4 h whefkassembly occurs. Poly(methyl
methacrylate) cylinders are accessible for selea@moval from the film using a 15 min
glacial acetic acid bath leaving a polystyrene tatepwith 20 nm pores having direct

access to the silica below.

2.4 GRAPHOEPITAXY

Work was started on dual-level patterning using alective deposition
nanoparticle process utilizing the diblock copolynpocess in graphoepitaxy. The
poly(styrene-b-methyl methacrylate) thin film systdorms crystalline domains up to
600 nm in width [7]. Physically confining portioms the copolymer thin films within
physical barriers allows compete crystallizatiorited portion. The minority poly(methyl
methacrylate) cylinders then form hexagonal clgs&cked organization. Processing the
diblock copolymer films is same as described inghevious section except the diblock
copolymer film is slightly thinner at ~34 nm thickFigure 2.2 is an SEM image of
graphoepitaxy within a 250 nm box and 250 nm wideflelograms. The step height of
the patterning plasma enhanced CVD silica on a08)(Wafer is ~60 nm. The features
were patterned using EBL performed at Sandia Natibaboratories in the Center for

Integrated Nanotechnologies by collaboration widr@x Gin. The graphoepitaxy

31



Figure 2.2 a) Graphoepitaxy using poly(styrenadthyl methacrylate) thin films
within ~60 nm deep square box patterned withinpenhanced CVD
deposited silica on a Si(100) substrate. The 26@vide box was patterned
using EBL. The dark spots are where the cylinekene removed from. b)
Similar graphoepitaxy as Part a) except the featare ~250 nm wide
parallelograms. Note: perfect order is not achdeweall of the features.

process was not used in dual-level patterning obparticles because time ran out for

proper process development incorporation into éhecsive deposition process.
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Chapter 3 — Investigation of Volmer-Weber growth male kinetics for
germanium nanoparticles on hafnia

3.1INTRODUCTION

Germanium nanocrystal-based flash memory [1-4] lheen successfully
fabricated and tested as a potential low power mgnaevice. Chemical vapor
deposition (CVD) is a desired nanoparticle fabramaimethod for flash memory devices
due to the process being well characterized wittenintegrated chip industry [5]. CVD
on the amorphous insulator substrates does notsdemmnoparticles with uniform size
and uniform lateral placement enabling optimal Hlasemory device operation [6].
Memory cell dimensions decrease with the gate kenghich is projected to be 45 nm in
2010 [7]. The discrete nanoparticle charge storages are deposited on these gates,
meaning the number of particles per device wilbale decreasing with gate size.
Nanoparticle placement and tight control on the lbemof nanoparticles within the
confined areas becomes even of greater importance $ewer nanoparticles will be
used per device.

Mean-field nucleation theory relates the densitystaible islands/nanoparticles,
Nsar, to the incident fluxF, and temperature [8-10]. Nucleation depends eratiility to
form stable adatom groupings upon a nucleation. sit€he critical cluster size
corresponds to the number of adatomsrequired for the formation of a stable cluster.
Nucleation occurs when an additional adatom is dddea critical cluster producing a
particle of siza*+1, which is assumed to be stable against decompos Knowledge
of the material system dependent critical clusiee $s vital to control the resultant
nanoparticle density, since the rate of stable eaufcirmation is dependent upon the
average surface adatom concentration,to thei*+1 power, i.e. ratec n®*?% [11].
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Critical cluster formation through adatom diffusiogguires the intersection of enough
diffusing adatoms to fornt-sized clusters and adatoms need enough enemyet@ome
the critical cluster formation energetic barriet,[11].

The majority of deposition kinetic studies have rb@erformed using molecular
beam epitaxy (MBE) and have followed Stranski-Kaastv growth mode systems in
which a wetting layer forms first on a crystallisabstrate followed by island growth
[8,9,12,13]. Stanski-Krastanov systems typicalfvéni* values consisting of several
adatoms, for example, Ge/Si(111) [12] is 5 andi@iA]) [13] is 5-7. Volmer-Weber
growth mode typically occurs with heterogeneoudesys where the deposition material
does not wet the surface resulting directly inndi® Nucleation sites, such as found on
silica, are randomly placed defects [14] on thefagar leading to a higher degree of
random nucleation compared with Stranski-Krastagmmwth. The* value reported for
Volmer-Weber mode systems are zero for Ge/3kB] and was estimated as 1 for
Si/SIO, [9]. Nothing to date has been reported concerighgr i* for the Ge/HfQ
system.

This chapter investigates kinetics of the Ge/Hf@aterial system utilizing hot
wire chemical vapor deposition (HWCVD) [16,17]. tHaire CVD allows greater
control of the incident deposition flux to the so#, overcoming the limitations of
precursor adsorption limited thermal CVD. Theicait cluster size is reported along
with the critical cluster activation energy of fation upon extended (unpatterned) kIfO
surfaces. Finally, the nanoparticle nucleation grmvth behavior is examined as the
HfO, deposition surface dimensions are confined witbatures ranging from 200 nm to

100 um.
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3.2EXPERIMENTAL PROCEDURE AND METHODS

Sematech Inc. provided the 12.5 nm CVD $I10 nm atomic layer deposition
HfO, grown stack structures on 8-in p-doped Si(100)evgaf After dicing into 1.6 x 1.6
cm sized portions, samples were cleaned with atoaefthanol/deionized (DI) water
rinse, then dried with compressed nitrogen. Thereled surface samples were further
cleaned for 5 min in a 6:2:1 sulfuric acid/DI wdksdrogen peroxide pihrana solution
followed with a quick DI water rinse. The top Si@yer was then removed using a 30 s
2% HF etch and a quick DI water rinse removing ke Another 5 min pihrana bath
cleaning and DI water rinse was then performedh¢osamples.

The 1.6 x 1.6 cm sized samples began the patterpimmgess with an
acetone/ethanol rinse followed with a 5 min somcatin an ethanol bath. After a
compressed nitrogen drying, hexamethyldisilazanaraadhesion layer was spin coated
onto the silica surface and annealed on a hot @atain at 90° C. Poly(methyl
methacrylate) N1,=960,000) diluted 3% in anisole was then spin abatato the treated
silica surface under conditions that produce anrm3hick film. Samples were annealed
at 150°C for 1 h to assure the smoothness of themao film and adhesion to the silica.
Individual samples were loaded into a Raith 50 t&tet Beam Lithography (EBL)
system where the pattern was transferred into themer film with an electron beam
exposure of 22QC/cnf. The degraded, exposed film was then selectivetgoved
using a 1 min bath in 1:3 methyl isobutyl keytosefiropyl alcohol developer. Reactive
ion etch (RIE) using a CHFO, chemistry at 200 W and 15 mTorr transferred théepa
into and through the silica layer. The RIE patteich not transfer into the HfOJayer due
to the formation of nonvolatile HffF Hf,Oy, and GF, byproducts [18], which behave as

an etch stop. Removing the soft polymer mask veafopmed using a 5 min{ash at 40
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W. The patterned samples were further cleanedSfonin in the pihrana solution
followed with a quick DI water rinse. To realizersplete removal of Si©in the etched
areas, the samples were then subjected to a 2 A %tch followed with a quick DI
water rinse. Another 5 min pihrana bath cleaning BI water rinse gave the exposed
HfO, surface similar treatment as the extended samples.

The etched sample squares were then loaded intalttieehigh-vacuum (UHV)
CVD system described in Chapter 2 [A8[d annealed for 15 min at 750 K to degas the
surface. The temperature was adjusted to the rah@60-775 K before GeHdiluted
4% in He, from Voltaix Inc.) with a partial pressuin the range of 2.0xT0to 8x10’
Torr was admitted to the deposition chamber. Tdmpe was placed ~3 cm from a
tungsten cracking filament supplied with 4 ampsrentr (>1500°C) resulting in a flux
range of 0.06 to 4.2 monolayer/min (1 ML = 6.3¥1@toms/crf). HWCVD occurs
when GeH molecules decompose on the hot filament with Gegdicals desorbing and
depositing on the heated sample surface. Fluxes waibrated on thermally grown
SiO, at room temperature, a condition that leads torphmus Ge film deposition [20];
X-ray photoelectron spectroscopy (XPS) peak attgmudor the Si 2p oxide at 103.5 eV
was used to establish the Ge film thickness. Thefl®x is a linear function of GeH
partial pressure.

Upon removal from the system, the samples wereedoaith ~10 nm of Pd/Au to
prevent surface charging under analysis in a Hit&HK500 field emission scanning
electron microscope (SEM). Sputter coating onemkét wafers was confirmed not to
create features that could be interpreted as natdpa. Particle densities are
determined by counting particles after digitally hancing the SEM images.

Nanoparticles less than ~5 nm in diameter arecdilfito resolve.
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3.3RESULTS

Background thermal CVD during HWCVD [16] potentjafidds adatoms into the
system increasing the actual flux to an unknowrueral To test for possible thermal
CVD, HfO, samples were exposed to 1.2%Ibrr GeH, for 23.3 min at 700 and 775 K
to simulate Geklexposure that a sample would experience duringll4HHWCVD. No
Ge species were detected after the exposure usnGe 2p, peak indicating thermal
CVD would not occur from background Gelduring HWCVD if the filament were
turned off. We conclude Ge addition to the Hf€urface during HWCVD is from the
tungsten cracking filament.

Nucleation increases have been associated witdaomge from RIE processing
[21,22]. Hafnia samples were exposed to the saihie tRatments used to process
patterned samples, and then subjected to 2XId@r GeH, partial pressure (480,000
Langmuir) at 850 K for 40 min. These CVD condisohave been shown to produce
2x10° cm?, 5-20 nm diameter Ge particles on Hff23]. As a control sample, the SiO
mask was removed with a 2 % HF bath for 30 s, dns&éh DI water, given a 10 min
pihrana bath, and finally received a DI water rinsehe second Hf©@sample had the
silica film removed through the RIE process andoseul to the @ash. After the RIE, the
second sample was given a 10 min piranha bath @&idaater rinse. CVD resulted in a
particle density of 2x28 cmi® on both samples illustrating RIE exposure and dteim

rinsing did not leave noticeable residual ion daeag
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Figure 3.1 a.) Ge 2p XPS peak following the evolution of GeQ@.220 eV) and Ge
(1217 eV) after Ge deposition on extended hafnitasas at 0.6 ML/min
and 750 K. The top trace is the baseline sighplSEM image of HWCVD
Ge nanoparticles at 775 K, 0.6 ML/min flux, andMD exposure. The
nanoparticles are the bright spots and range fr&® 6m in diameter. The
particle density is 1x16 cmi?.

The XPS Ge 2y peak data shown in Figure 3.1a follow HWCVD Ge dsfian
on extended Hf@ surfaces at a flux of 0.6 ML/min and 750 K as #osure is
increased by 2 ML increments up to 12 ML. Iniyalthe GeQ signal (1220 eV)
dominates with some metallic &€1217 eV) formed at 2 ML. The relative percentafe
metallic G& increased for longer exposures. The peak are@d@) remained relatively
constant. Figure 3.1b is a representative SEM entdgHWCVD Ge nanoparticles at 775
K, 0.6 ML/min, and 10 ML total exposure. Figur@&plots nanoparticle density versus

exposure at 0.6 and 2.1 ML/min deposition fluxeslevthe temperature is held at 750 K.
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The saturation density or maximum density is acddeabove 6 ML exposure. Saturation
density is a function surface coverage [11,13]. rtifla densities deposited with
exposures above 6 ML do not decrease, indicatiadesoence is minimal. Furthermore,
the flux does not influence density, thus we codelan 8 ML exposure is sufficient to
deposit the saturation density at all depositiarxds and temperatures. We believe the
lower density deposited for 0.6 ML/min comparedn&t1 ML/min, when the exposure
is less than 6 ML, is a result of the metallic’@esorption from the HfOsurface and is
discussed later.

Figure 3.3a plots the HWCVD nanoparticle saturatemsity versus deposition
flux at 750 and 775 K after 8 ML exposure. Thetiplr density is constant at 2x40
cm? for 0.6, 2.1 and 4.2 ML/min fluxes. At 775 K, updlecreasing the flux to 0.1
ML/min, a 50% density reduction occurs to 6¥16m?. The 775 K density is even
lower at 2x16° cm® when the flux is reduced further to 0.06 ML/mifthe 750 K
particle density has a similar decrease betweearfd10.06 ML/min fluxes at 2x1band
3x10° cm?, respectively. Figure 3.3b plots particle satoratlensity versus deposition
flux at 700 and 725 K after 8 ML exposure. Pagtidensities deposited at 2.1 and 4.2
ML/min fluxes were averaged to examine the weakpenature influence on particle
density at 8 ML exposure in Figure 3.2b. Partidensity decreases linearly as

temperature increases on extended +H@faces.
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Figure 3.2 a) Particle density versus HWCVD Geosxpe on extended HiBurfaces,
750 K, 0.6 &) and 2.1 &) ML/min fluxes. b) Average Ge particle density
versus temperature on extended KH#Drfaces. The data points are averages
of the 2.1, and 4.2 ML/min fluxes for 8 ML exposure

Depositions having long thermal exposure time eepee Ge desorbing from the
HfO, surface during nanoparticle growth. To simuldie thermal exposure the samples
receive over long time periods, a Hf€ample was subjected to a 1 ML Ge exposure at

2.1 ML/min followed with a 10 min 775 K anneal repi@g this exposure and anneal

cycle eight times. The complete 79 min depositiesulted in a 4x18 cm? particle
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density, which is closer to the 6X2@m? density from a 0.1 ML/min, 775 K (80 min)

deposition and not to the 2xt@m? obtained from a 2.1 ML/min, 775 K deposition (4

min).
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Figure 3.3 a) Saturation Ge particle density v@deposition flux at 750&) and 775
(m) K on extended Hf@surfaces for 8 ML exposure. b) Saturation Ge
particle density (8 ML) versus deposition flux 807 A) and 725 %) K on
extended Hf@surfaces for 8 ML exposure.

The soft EBL polymer mask is seen in the opticalroscope image presented in
Figure 3.4a. Scanning electron microscopy HWCVDamarticle growth data were
taken from square features with widths of 200 n69 6m, 1um, 3 um, 5pum, 10um,
and 100um. Figure 3.4b is a SEM image of a 200 nm wide &fver an 8 ML exposure
at 0.1 ML/min flux and 775 K. Figure 3.5a showstjgée density versus feature size for
the four extreme flux and temperature combinatiornsur experimental grid, 0.1 and 4.2
ML/min combined with 700 and 775 K. Continuous @es grew over the HfQ
surface for the two smallest features (200 nm ab@ &m) on the 4.2 ML/min/700 K

sample and are not displayed on the plot. At tkigeme conditions in our grid,

nanoparticle density is not influenced by the featsize with the exception of smallest
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feature (200 nm) displaying a slight density deseea The confined area is more
sensitive at 775 K compared to lower temperaturégnoparticles grown at 700 K
HWCVD have densities of 2x1bcm? and 4x18' cm? at 0.1 ML/min and 4.2 ML/min,

respectively. Similar to the confined deposition780 K, 775 K particle densities
decreased with the lower 0.1 ML/min flux comparedt2 ML/min except the difference
is an order of magnitude, 2xf@m? and 2x18" cm?, respectively. The remainder of
this section examines two data sets for depositoonsonfined regions while: 1) holding
the temperature at 775 K and varying the flux, 2ntolding the flux at 0.1 ML/min and

varying the temperature.

20 pm |
a |

Figure 3.4 a) Optical microscope image of Ebedinography patterned PMMA mask
on the silicon dioxide top layer before RIE. Featsizes 600 nm to 1Q0n
are displayed. b) SEM image of 200 nm wide halfwia feature confined
with the brighter silicon dioxide layer. The thraecles surround the largest
of the 11 Ge nanoparticles deposited at 775 KML/min, 8 ML exposure.

Figure 3.5b plots particle density versus feature st 775 K. Nanopatrticle

density is not significantly influenced by featusee within this experiment, but is
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influenced by flux. The confined depositions at,23.2, and 4.2 ML/min fluxes have
similar particle densities. The particle densitiesm 1-10 um confined regions were
averaged and are compared to data obtained froemaed surfaces in Figure 3.5c. The
particle densities within the confined regions @ssentially same as those obtained from
extended surfaces for the flux range of 0.6-4.2 b/ reaching an asymptotic value of
~1.7x10* cm? The particle density decreases significantlyestended surfaces and
within the confined regions when the flux is deseshto 0.1 ML/min; the particle
density on extended surfaces is 6%¥1?, which is approximately 5 times greater than

found for the confined area deposition that is aged over the 1-10m features.
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Figure 3.5 a) Ge particle density versus hafnadive from 8 ML exposure with
various combinations of the extremes for tempeeafly/flux (ML/min)
conditions: 700/0.14), 700/4.2 &), 775/0.1 ), and 775/4.2*) units are
K*ML/min. b) Ge particle density versus Hi@eature size, 775 K, 8 ML
exposure and fluxes: 0.1, 0.6 @), 2.1 @), and 4.23) units are
ML/min. c) Average particle density for 1-1@n HfO, features &) and
extended surfaces) versus flux rate, 775 K, 8 ML exposure.

Particle density data versus box size at 0.1 ML/mipresented in Figure 3.6a for

different temperatures. Nanoparticle density issignificantly influenced by the feature
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sizes examined; however, it appears to decreagdlglfor the 200 and 600 nm features.
Particle density does vary with temperature. OVé¢ha particle density is an inverse
function of temperature within the confined regi@ssseen in density data averaged from

the 1-10um features (Figure 3.6Db).
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Figure 3.6 a) Ge particle density versus kf€ature size, 0.1 ML/min, 8 ML exposure
and temperatures: 70A(, 725 @), 750 @), and 775 K*). b) Average
particle density for 1-1am HfO, features &) and extended surfaceas)(
versus temperature, 0.1 ML/min, 8 ML exposure.
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3.4DISCUSSION

3.4.1 Extended Surfaces

The Ge/HfQ system experiences formation of an interfacial Gle€dore metallic
G€ accumulates (Figure 3.1a), and both GeMd G& are stable up to 775 K as
investigated using temperature programmed desorpfitPD) [23]. Temperature
programmed desorption measures desorption read¢hahsire completed on the order of
tens of seconds. The Ge HWCVD in this chapter weduwover longer time periods. The
higher fluxes (2.1 and 4.2 ML/min) deposit 8 ML ouene periods of a few minutes
while 0.1 and 0.06 ML/min flux growth times are oime order of 1.3 and 2.2 h,
respectively. At 775 K, the lower fluxes (lessrtlta6 ML/min) have a greater volume of
G¢€ desorbing from the Hf©due to longer thermal exposure. Low flux resirt&wer
particle densities when compared to higher fluxeseen in Figure 3.3a. We believe the
slow G@ desorption rate does not influence particle dejmssat fluxes greater than 0.6
ML/min (15 min) since density is not a functionflux at these conditions.

The critical cluster siza?, is unique to the material system and is measined
varying the incident deposition flux while mainteig constant temperature. Higher flux
rates increase the adatom concentration, thuseascrg the probability of adatoms
coalescing and forming a critical cluster and thbsgquent nucleation with the addition
of one more adatom. Using mean-field nucleatieotiz [11] Kandel derived Egns. 3.1
and 3.2 relating the saturation densiNgar, to i*, the incident deposition fluxF,

temperature], and the activation energies associated witheaticin and growth,
E*+i*Ey ) /(i*+2) = i*/(i*+2
Ngyr ~ &'(FTEITIRTND — grp 2 (Limit 1) (3.1)

~ @I (Ea+EI/(*+3)  20%(1%+3)

Ngar =e"F* (Limit i) (3.2)
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whereEy is the adatom diffusion energy barrié, is the activation energy required for
adatoms joining an already formed islait,is the activation energy of critical cluster
formation, and = 1/k,T with k, as Boltzmann’s constant. The valueEgfis important
because the material system will take on energetationships leading to one of two
physical limits at low surface coverage. Limitdooirs wherky, is extremely low E,—0)
and the system acts as if the islands are perflatbm sinks with adatoms joining islands
infinitely fast and the island growth is diffusidimited. For Limit Il the energy barrier
for the attachment of adatoms to islands is thatifign kinetic rate while diffusion is a
much faster relative rate. The actual limit ourk#®, system approaches is beyond the
scope of this paper. The relationships in Equat®i and 3.2 allow one to estimate
when plotting the natural log of the saturationsignversus the natural log of deposition
flux. The scaling factory, obtained from linear regression performed usingrdsoft
Office ExceP software is 0.17 and 0.16 for 700 and 725 K, respely. We used 700
and 725 K deposition data in this calculation tduee any potential Gedesorption
effects. The calculatad is 0.40 and 0.27 for Limits | and II, respectiyelSincel* is an
integer value in mean-field theory and the valueslass than 0.5, we concludeis
likely zero. It is similar to th&* = O value reported for the Ge on Si€ystem [15]. In
mean-field nucleation theory, nucleation occurs nvtiee quantity of atoms in a cluster
size equal*+1 over a nucleation site; the Ge/Hf®ystem requires only one adatom to
create a nuclei.

Several activation energies mentioned earlier exfbe adatom behavior during
particle deposition. The most commonly investigatethe diffusion energy barridg.
The activation energy required for adatoms joiramgexisting islandky, influences how
quickly free adatoms coarsen particles [8]. Wecwalte E* or the energy barrier

required for the formation of a critical clusteg; assuming* ~ 0 in Eqns. 3.1 and 3.2.
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Plotting the natural log dflsat versusl/2k,T and2/3k,T for Limits | and Il, respectively,
leads toE* = 0.6 £ 0.3 eV for Limit | andE* = 0.4 £ 0.2 eV for Limit Il. If one assumes
the diffusion activation energyEf) for Ge on HfQ is similar in magnitude to the
reported values for Ge/SiQL5] and Si/SiQ[24] at 0.13 eV and 0.47 eV, respectively,
the energy of Ge nucleation on Bf@ approximately equivalent to the assumed Ge
adatom diffusion energy. Since the Ge/kK&)stem requires one adatom for nucleation,

adatom diffusion appears to regulate nucleation.
3.4.2 Confined Deposition

Our SIiGQ hard mask isolates the exposed Kf@urface limiting adatom
concentrations within the feature dimensions si@eeadatoms cannot diffuse into this
area from surrounding HEO Germanium adatoms that form within the feature
dimensions (on the exposed HjQran participate in particle nucleation or growoh,
potentially interact with the confining Si@t the perimeter to produce volatile Ge having
a desorption activation energy of 0.42 eV [15]. Wssume the silica perimeter walls
remove all Ge adatoms immediately upon contactestna growth temperatures ranged
from 700-775 K. The incident GgHleposited directly on the silica is also assuneed t
desorb immediately. This additional Ge adatom neahchannel from the HfPat the
perimeter walls explains the lower nanoparticlesitgrwith the flux (Figure 3.5¢) and
temperature (Figure 3.6¢) for confined growth witempared to the extended surface
results.

Provided the incident flux exceeds the desorptate,rthe adatom concentration
on the confined surface should be lower by somestemih and temperature dependent
value. At 775 K and fluxes greater than 0.6 ML/niime particle density is ~ 1.7x10
cm? and is independent of flux (Figure 3.5c) and femsize (Figure 3.5b). Figure 3.5a

reveals that the particle density is lower (andueasize independent) at 775 K versus
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700 K for the 4.2ML/min flux. (Note that in botlages the feature size independence
refers to sizes greater thamdn.) Using mean-field nucleation theory, the indefence

of density on flux leads to a value i6£0, similar to what was found on the extended
surface. The rate of nucleation is linearly degencn the adatom density, i.e Y
[11], which will be lower for the confined systemige to the Ge loss at the perimeter that
leads to a lower density of particles.

The density curves in Figure 3.6a display a sinpktern in that the densities are
smaller for the smallest two features (200 and ®@®). We had hoped to see the smaller
density manifested at different sizes with the terapure and from this extract insight
into the relative activation energies for adatofifudion, particle nucleation and adatom
loss at the Si@perimeter. The insensitivity to feature size wimperature suggests that
these three processes have similar activation &seof ~ 0.4-0.5 eV, and all processes

increase with temperature at comparable rates.

3.5SUMMARY

We demonstrate the ability of Ge HWCVD onto Hf6urfaces to investigate
Volmer-Weber mode kinetics. Critical cluster sizas calculated in the range of 0.3—-0.4
and is estimated most likely to be zero. The aalticluster activation energy was
estimated using mean field nucleation theory ast@&3 eV or 0.4 + 0.2 eV for energetic
Limits | and Il, respectively. Confined depositidecreases nanoparticle density when
G€ desorption is significant by reducing adatom comegion in a similar manner as
reducing the deposition flux on extended surfadesstricting the Hf@ deposition area
in the 1 to 100um feature dimension range has no effect on partessity with
increasing flux when the flux is greater than ovaqto 0.6 ML/min. Therefore, the

nucleation kinetics are likely unchanged as the H§&onfined by Si@ The results on
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both the extended and confined surfaces suggesdinegtion energies for nucleation,

surface diffusion, and Ge loss from Si€urfaces are close in value, and the value for Ge

loss from SiQ has been reported as 0.42 eV.
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