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Abstract

Hafnium oxide (HfQ) based dielectrics have been currently considered as the possible
replacements for the traditional gate-oxide ($iOf the complementary metal-oxide semiconductor
(CMOS) devices. The high dielectric constant, wide band gap, and thaahdity in contact with Si
make HfQ a potential material for application in CMOS devices. The padioce of HfQ as a gate
oxide material, however, depends on its quality and interfacewsteweith Si. In this work, Hf@thin
films have been deposited by rf sputtering onto Si(100) substrates varglierg growth temperatures
(T9). The objective of the work is to understand the growth and microseumtsputter-deposited H$O
films and optimize the conditions to produce high-quality materials.f@; lderamic target has been
employed for sputtering while varying the substrate temperafyrfrom 25 °C to 500C. The effect of
growth temperature on the microstructure of the deposited Hifs has been studied using grazing
incidence x-ray diffraction (GIXRD), X-ray photoelectron speaopy (XPS) and high-resolution
scanning electron microscopy (HR-SEM). The results indicatehbatifG, films grown at Ts<200 °C
are amorphous. An amorphous-to-crystalline transition occulg at200 °C. Nanocrystalline H#O
films crystallized in a monoclinic structure with a partisiee of ~20 nm. Cross-sectional HRSEM and
capacitance analyses of metal-oxide-semiconductor capacitocatendhe presence of an interfacial
layer between Hf@and Si that increases in thickness as the substrate tempdratigases. Energy
dispersive spectroscopy (EDS) shows that the interfacial layer is compfdd&iO and has a dielectric
constant much lower than 25. In contrast, dielectric constants aa$igh were obtained from HfO

films grown at room temperature.
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Since the invention of the integrated circuit (IC) in the 195@shrnology has progressed
dramatically. We have faster computers, sophisticated resegpgipment, and in general better
electronics. The electronics industry’s evolution can be summarnzaddore’s law, which predicts that
in order to keep up with demand of new electronics, the number al-metle-semiconductor field
effect transistors (MOSFETS) per IC will have to double g\&Iyears. This means that the size of

MOSFETSs has to be reduced in order to place more transistors amsl@e The cross sectional view of

1. Introduction

a MOSFET, basic building block of ICs is shown in Figure 1.

The gate stack of a MOSFET is essentially a metal oxéd@ce®nductor (MOS) capacitor. In
order to turn on a transistor, voltage is applied to the gatenarrisand an inversion layer known as the
channel is formed just right below the oxide layer that is used@sduction path for electrons. The
bigger the capacitance of the gate stack the better the cohtha gate over the channel. A critical part
of transistors that is affected by size reduction is the gatke. As the dimensions of MOSFETS are

scaled down, the thickness of the oxide film has been reduced intortlave a better control (high

capacitance) over the channel of smaller devices.

Figure 1

Gate oxide Gate

terminal

Drain
terminal

Source
\ terminal

Metal-oxide-semiconductor field effect transistor (MBEPBFdrawing. Circled in dotted
lines is the gate stack of a MOSFET consisting of a top metal electrpdéysiticon, an
oxide thin film and the semiconductor substrate.



The capacitance of the oxide layer in a MOS structure is given by the ifudléovmula:

_Kpeodg

C(acc) = G (1)

o
wherekg is the oxide dielectric constant; = 8.85 x 10f, As is the gate area, and is the oxide
thickness. From Equation (1) it is clear that the capacitaheeMOS structure can be increased by

reducing the oxide thickness, increasing the gate area (whogpdasite to scaling down transistors) and

increasing the dielectric constant which implies using a new oxide nhateria

1.1BACKGROUND

For more than four decades, silicon dioxide ($idas served the electronics industry as the gate
oxide of MOSFETS due to its excellent electrical and material propegiece SiQis grown thermally
from the Si wafer, it is very easy to grow amorphous, @ films with uniform and controlled
thickness and with very few defects in the silicon (Si)/Sierface and in the bulk [1FiO; is very
stable at high temperature processing. Moreover, it has a large band Y@@ ¢he conduction band
and valance band offsets with respect to silicon makes it an excellent insudggaahior CMOS
applications [1].

As mentioned above, the thickness of the,3&9er has been reduced concomitant with device
scaling to increase capacitance of the gate [2]. However, a fundamerttat 81, thickness reduction
is imposed by the nature of the material and quantum mechanics. Below 7,A{&8t©losing its
insulating properties and cannot be used as gate oxide in MOSFETSs fabriogtrare A minimum of
two monolayers (MLs) thick Si£s required in order to have the advantage of its full band gap [3]. Two
MLs of SiO, measure 7 A in thickness, suggesting that the minimum thickness for thga8i@xide is
~7 A. Below this thickness Si@loes not behave as an insulator anymore and leakage becomes a huge

problem. Additionally, at thickness below ~1.2 nm, leakage current due to quantummicacha



tunneling starts to become a problem. For very thin layers, electrons starnigedmwaves instead of
particles and tunnel through the thin gi@yer, causing unacceptable leakage current [2]. Figure 2
shows a schematic representation of the wave behavior of electrons andehm didtbility for

electron tunneling through a 1.2 nm oxide layer.

2| Channel Channel
5 5
Ll Ll
Thllﬂ‘} Gate £2NM  Gate
gate oxide gate oxide

Figure 2 Quantum mechanical tunneling current in a 1.2 nm find[2].

Reliability is another problem encountered by reduction in thekriess of Si@Q As the SiQ
thickness is reduced and temperature is increased, the maxiatenvatage {s,may that can be
applied to an oxide layer before breakdown occurs is reduced [4]; invabinds, less voltage is needed

to produce an electric breakdown of $&3 its thickness is reduced and temperature is increased.

1.2REQUIREMENTS FOR NEW GATE OXIDE MATERIAL

Since decreasing the oxide thickness is not a suitable solutiorcrease MOS capacitance
anymore, this has created the need for new materials with hilgglectric constantkf to substitute
SiO, as the gate oxide material in MOSFETSs. The dielectrictanhseflects the extent of polarization
of a specific material [2]. Molecules inside high-k dieleastrare reoriented easier in the presence of an
electric field than in low-k materials [2], resulting indar capacitances and therefore, better control of

a MOSFET's channel. However, in addition to the requirement of a helécthic constant, the new



material must also exhibit other properties to make it saitaid a gate dielectric for CMOS

applications. In general, the new material must have the following six tér@sacs [5]:

High dielectric constant that permits further scaling down of MOSFETSs ifutine.

Thermodynamic stability with silicon.

Kinetically stable and availability to be processed under 1000 °C.

It must be an insulator.

- There must be a good electrical interface between the oxide and the silicon.

Few defects in the bulk.

As described earlier, a high dielectric constant is needédwe better control of a transistor’s
channel and to keep scaling down transistors. There are many oxilddsgh dielectric constants, but
for most of them, their band offset with respect to silicon deeeas the dielectric constant increases
[5]. It was found that a band offset of 1eV or greater for the conduahdnvalance band is needed
between the Si and the new oxide material bands in order to pregetmbelor hole carrier injection
[5]. For example, strontium titanium oxide (SrgjQeferred to STO) and barium strontium titanate
(BaSrTiO3, referred to BST) are highmaterials, however they are unsuitable because their band
offsets with silicon are too small [6].

Additionally, the new oxide material must be thermodynamicsifble with Si in order to
prevent the formation of unwanted interfacial layers that mightadegthe performance of the gate
stack. For example, silicide layers have low resistancer{d]can lead to leakage current [3]so,
thick interface layers with low dielectric constant will reeitbe overall capacitance of the gate stack
[3].

A large stable band gap is another characteristic thatsisede The new oxide material has to

retain its insulating and dielectric properties when it is expase high temperature during IC



processing. An oxide material that can stay amorphous for highetatope processing is desired in
order to prevent leakage current through grain boundaries [8]. Oxiags ctystallize at low
temperatures can still be used if they are alloyed with, 8ICAIL,O3 to form silicates or aluminates
(pseudo-binary alloys) that will not crystallize at low paratures and that will keep a high dielectric
constant [3].

Finally, since electrons travel very close to the Si/oxidefaute, it is very important to have an
interface without silicides or a polycrystalline structuret thmght introduce defects and lower the
mobility of carriers [3]. Another concern is defects in thekbafl oxides since they give rise to high
threshold voltages. In summary, a stable, higielectric with large band gap, large offset and low

density of defects is required for CMOS applications.

1.3HfO, AS A GOOD GATE OXIDE CANDIDATE

Hafnium oxide (HfQ), also known as hafnia, is a leading candidate as the next genejate
dielectric among other higkeoxides such as ZrO2, CediO, and TaOs. Figure 3 is a plot of band gap
versus dielectric constant of various materials and shows that i@ general inverse relationship
between these two parameters. KHfélls in the middle of this relationship with a dielectranstant of
approximately 25 [9] and a band gap of 5.68 eV [10]. Hfi@s a dielectric constant that is 6.5 times
larger compared to SHO(3.8) which can increase the gate capacitance of MOSFETdicagtly
according to Equation 1. Moreover, the 5.68 eV band gap of HfQ is large enough to allow it to
behave as an insulator in CMOS. In addition to exhibiting a high thieleonstant and acceptable band
gap, HfQ has a high density (9.68 g/@nthat makes it impermeable to impurity diffusion [11].

Good thermal stability is desired to prevent the formation ofidé&cor interfacial layers with

low dielectric constant that would decrease the overall capaeitaf gate stacks in MOSFETs [6].



Thermal stability with Si at temperatures up to 900 °C is onkeeofdvantages of Hf®ver other high-

k materials such as ZpQ14].

Although HfG, crystallizes at very low temperatures, the leakage cuaranhg crystalline Hf®

has been found to be similar to the amorphous phaséifeyever, in an attempt to reduce leakage

current further, some research has focused on forming silibatesd on Hf® and the addition of

nitrogen to increase the crystallization temperature and maintain aplasaserstructure [8,12,13].
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2. Motivation to the Present Work

Hafnium oxide posses many qualities that makes it ideal toisbsiQ as the gate dielectric
of MOSFETs in future IC manufacturing; however, there aredtdllenges and a lack of a complete
understanding of this material that prevents taking full advanthgés merits. A very important
problem with highk dielectrics is the large amount of defects of the as-degbiiins that contribute to
the increment of oxide charges in the bulk and at the interfabgdn order to employ Hf@as a base
material for the gate oxide in MOSFETS it is necessargnttance the quality of the Hf@eposited
films. Importantly, the amount of defects present in the deposited flepends on the deposition

technique used to grow the films.

2.1PREVIOUS WORK

Various HfQ film deposition techniques have been investigated for CMOS applications
including; sputtering a pure HfQarget, reactive sputtering from an Hf target in an oxygen ambie
atomic layer deposition (ALD), pulsed laser deposition and eledieam evaporation. Unfortunately,
all the techniques indicate the formation of an undesirable inta@rfagier (IL) between the oxide and
the Si substrate [18 - 21]. A challenging problem therefosebieen developing deposition conditions
and concomitant post deposition processing such that the films pokseslesired characteristics
outlined in Chapter 1. Various studies have focused on optimizingpafsdi®on and post processing
conditions to reduce the interfacial layer, bulk and interface charge araghteakage current.

Prevention of the formation of ILs at the HfSi interface or alternatively passivating their
effect is critical to the performance of MOSFETSs. ILs oaodify the band offset between Hf@nd Si
and introduce defects that can potentially trap charges and r&iietility of devices[13] In addition,
IL’s resulting from a compositional mixture of the Hf-Si-@stem have a lower dielectric constant

7



compared to Hf® and can dramatically reduce the overall capacitance ofatlkeestack [22]Although
HfO, is very stable, it shows a propensity to form silicate intes§23]. The IL forms during high
temperature oxidation steps in the MOSFET fabrication proce24garid during annealing treatments
[25, 26]. In one study, the effect of rapid thermal annealing (RAEtA00 °C in a Blatmosphere after
depositing HfQ using reactive sputtering was investigated [16]. It was foundath®afnium silicate
(HfSIO) interfacial layer formed after the samples wammealed; and its thickness increased with
annealing time.

Different methods have been proposed to eliminate the ILs andassiciated effects. For
example, deposition of a thin Hf film on top of Si substrate pridiftdo, deposition was found to be
effective to prevent oxygen diffusion to the Si substrate [27, 28]. idddity, nitridation of the Si
substrate before oxidation was found to reduce the silicate IL fiem{29]. However, a detailed
understanding of the effect of substrate temperaiyren IL formation is still a compelling challenge.

Oxide charge traps that form during deposition is a severe preoleountered in higk-
dielectrics. Optimizing processing parameters such as spgttesitage, substrate bias, and annealing
temperature are among the approaches taken to reduce oxideasithtgakage current. In one study, it
was discovered that lowering sputtering voltage and substratecdiased leakage current as shown in

Figure 4andFigure 5, respectively [15].



Figure 4

Figure 5
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High temperature treatments are usually required in MOS #&dlmicprocesses. These processes
can potentially crystallize amorphous Hf@® it is used as the new gate oxide material of MOSFETS.
Because amorphous HiGtarts crystallizing at relatively low temperatures, seveakage current
could occur through the grain boundaries of its crystals. In an attemptduce the minimum
temperature required to crystallize amorphous Hf@ifferent techniques have been proposed. For
example, alloying Hf@ with SiO, will form a Hafnium silicate compound that will require higher
temperature to crystallize; and therefore, it will stay ahous during MOS high temperature
processing and leakage currents will be prevented [17]. Li-pemg & al. compared Hf@ and HfSiO
films grown by RF sputtering. As deposited Hffdms were reported to be amorphous while KHfO
films annealed at 400 °C and 600 °C were crystalline with monogimase. In contrast, HfSiO films

remained amorphous from room temperature up to 800 °C annealing.

2.2CONTRIBUTION OF THIS THESIS

This work will contribute to find the suitable deposition conditions neeedyrow good
stoichiometric and high quality H#Jilms using RF magnetron sputtering. A deep understanding of the
HfO, electrical properties and microstructure depending on substrapeitgture during deposition is
also developed. This work will also contribute to understand the thickhéss interface layer formed
between HfQ@ and Si as a function of temperature. Finally, oxide charge$f@ films of MOS

structures are reduced with a post deposition annealing treatment.
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3. Experimental Details

3.1DEPOSITION TECHNIQUE

SiO; (the current gate oxide of MOSFETS) is grown thermally &edefore its manufacturing
process is very simple. H§Qon the other hand has to be deposited using one of the manyblavaila
deposition techniques such as electron beam deposition, atomic |lpgsitida, metal organic beam
epitaxy [25], and radio frequency (RF) magnetron sputtering. R¥hetian sputtering was chosen to
deposit HfQ thin films in this work due to its availability in the NanoMadés Integration Lab and its
advantage of industrial large-area deposition. The basic components RF anagnetron sputtering

system are shown in Figure 6.

target

RFgun

Figure 6 The basic components needed in an RF sputtering deposition system.
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An RF deposition system consists of a vacuum chamber, a RF magsgetittering gun and an
inert gas (usually argon). To start with a deposition, the bbeam pumped down to pressures in the 10
®t010" Torr range. Such a high vacuum will prevent contamination from any other ahatehe oxide
films and high quality oxides will be deposited. Then, the magnefpattering gun is turned on and
argon (Ar) is introduced into the chamber. Ar atoms are ionizedatratted to the magnetron gun by
an electromagnetic field to bombard the H&durce of material (Hfotarget) and eject material from
the surface. The bombardment of the Ht@rget by Ar ions is continuous until the desired Hfin is
deposited on to the substrate.

A picture of the actual high vacuum deposition system used invthris is shown inFigure 7.
This system can reach pressures as low dsTodr and the RF power supply uses a 13.6 MHz signal

with almost no reflective power (1 W or less) to sputter oxide materials.

Figure 7 High vacuum deposition system used to grow Qs in this work
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3.2SUBSTRATE PREPARATION

HfO, thin films were deposited on Si substrates for both surface asd-sectional analysis.
HfO, was also deposited on Si to fabricate metal oxide semicondM@8) structures and analyze the
electrical properties of the films. Silicon was selectedusstrate since HfQs planned to be used on
future integrated circuit applications. For either microstructurelextrical analysis, substrates have to
be properly cleaned in order to remove contaminants that mighs adpants and affect the electrical
performance and structural quality of the materials depositesd, Alproper cleaning process is needed
to protect the processing equipment from contaminants. Si substatescleaned with the standard
RCA (Figure 8) cleaning process which consists of two stefdedcatandard clean 1 (SC-1) and

standard clean 2 (SC-2).

SC1 Rinsc SC2 Rinse
H.0; H.O,

NH,OH » Dl water » HCl » Dlwater
Dlwater Dlwater

\ 4

Dry Rinsc BOE

N, « Dlwater « HE

Figure 8 Standard RCA cleaning process for Si substrates.

SC-1 consists on removing organic residues from silicon which might prewgrer @dhesion of

oxide films to the substrate. The chemicals used during the SC-1 cleaniagspaoe hydrogen peroxide
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and ammonium hydroxide. When preparing the SC-1 solution, 150 ml of dedo(id) water are
heated to boiling point. Then, 10 ml of hydrogen peroxide and 10 ml of ammabwyunoxide are added
(in the specified order) to only 50 ml of boiling DI water. Te@dution has to boil before wafers are
cleaned with it.

SC-2 consists of removing ions from the silicon substrates. lonsnpiiasihe silicon might act
as dopants and affect electrical response of;Hil@s. The chemicals used during the SC-2 cleaning
process are hydrogen peroxide and hydrochloric acid. To prepar€iRes@ution, 10 ml of hydrogen
peroxide are added to 50 ml of DI water. Then, 10 ml of hydrochdoitt are added to the mixture and
the solution is stirred.

Si wafers were placed for 10 min. in the SC-1 solution. Then they fvesed in DI water for 1
min. and placed in the SC-2 solution for another 10 min. After SC-2ysvafre rinsed in DI water for
another minute and placed in buffered oxide etch (BOE) for 7 min. B@Eaded to remove Sithat
is formed as a result of the SC-1 process. Since & potentially act as an interface layer, it has to be
removed to prevent dielectric constant degradation in the fabriaatil©OS capacitors. Finally, the Si

wafers were rinsed in DI water and dried with N

3.3HfO, FILM DEPOSITION PROCESS

HfO, films were grown using sputter-deposition. A 2" Hf@arget (99.99%) was used for
sputtering. The substrates were (100) p-type silicon (Si) wafignsa resistance of 1Q. The substrates
were cleaned using the standard RCA cleaning process asddsabove. Then the native Si®@as
etched from substrates just before deposition with buffered oxatebet for 5 min. Samples were kept
under vacuum right after native oxide removal. Besides removing the meide, this process left a
hydrogen terminated surface that prevented the formation of aracigrfayer between Si substrates

and the HfQ deposited films. The deposition system was pumped down to tessere of 1.5 x 10
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Torr. During depositions, argon flow was kept constant at 22.5 scomaitdain a pressure of 1.5 mTorr
to sputter Hf@Qtarget. The temperature of the substratewas varied ranging from room temperature
to 500 °C. The temperature was gradually increased from room t&iwmeeto the desired temperature
in a time period of 5 min before H§AiIlm deposition. Before each deposition, the Hit@rget was pre-
sputtered for 5 min at 40 W for cleaning purposes and then deposiwoasum at 70 W. Two sets of
HfO, films were grown. Deposition was made for a constant time ofi@to produce ~ 100 nm thick
films in order to understand the ILs formation and to derive quawmatatformation for contact film
thickness. The second set of films was grown to produce ~40 nm thickfitii® specifically for use in
XPS measurements. The reason is that the photoelectrons emitted from seenplestlg from near the
surface, therefore, information pertaining to the interface betwee HfO2 and silicon wafer can be
enhanced by having thinner films.

GIXRD measurements were performed using Bruker D8 advanced x-nacttifheter. HRSEM
measurements were performed using a high-performance Hitd8BD3-E-SEM. Secondary electron
imaging analysis was performed to obtain information on the curfgorphology as a function @t.
The cross-sectional analysis was also performed. For the &fafysis, samples were positioned
carefully in the SEM and the spot mode was selected in oodebtain chemical information on the
substrate, film and substrate-film regions separately.

The HfQ, films on Si were mounted onto the XPS sample solder and secur¢aimgss steel
screws. The sample holder was then placed into the XPS vacuoductton system and pumped to <
1x10° Torr using a turbomolecular pumping system prior to introduction into thie mitra high
vacuum system. The main vacuum system pressure is maint&in6e18° Torr during analysis and
pumped using a series of sputter ion pumps. XPS measurements wermgrtusing a Physical
Electronics Quantum 2000 Scanning ESCA Microprobe. This systenadigessed monochromatic Al
Ko x-rays (1486.7 eV) source and a spherical section analyzer.indttament has a 16 element

multichannel detector. The X-ray beam used was a 100 W, 100 ametdr beam that was rastered
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over a 1.3 mm by 0.2 mm rectangle on the sample. The X-ray ise@cident normal to the sample
and the photoelectron detector was at 45° off-normal. Wide scan dataNeased using a pass energy
of 117.4 eV. For the Ag3d line, these conditions produce FWHM of better than 1.6 eV. The high
energy resolution photoemission spectra were collected using ey ®f 23.5 eV. For the Ag3d

line, these conditions produced FWHM of better than 0.81 eV. The bindingyefi)y scale is
calibrated using the Cugp feature at 932.62 + 0.05 eV and Au 4f at 83.96 = 0.05 eV for known

standards.

3.4MOS STRUCTURE FABRICATION PROCESS

1% step: Cleaning Si wafer/surface preparation

All Si substrates were cleaned using the regular RCA cigadust right before the aluminum
(Al) deposition, the Si substrate was dipped in BOE for 5 min. t@venany native oxide that could
have grown after the RCA cleaning and also to create a ¢pri@rminated silicon surface. Hydrogen
termination prevents the formation of SiBGefore and during pumping down of the chamber. The Si

substrate was then kept under vacuum.

2" step: Ohmic back contact formation

The first step taken to fabricate the MOS capacitors weegosit aluminum onto the back side
of a silicon (Si) wafer to form an Ohmic contact with silic@inis contact is needed to make Ohmic
electrical connection to the silicon. The aluminum-silicon Ohaantact is required since the probes
used for electrical measurement are metallic and will lysdaim a Schottky barrier if contacted
directly to the silicon. In order to overcome this effect, an aluminumigildeposited on the bare Si and
then annealed to ensure an Ohmic contact to the silicon. Withrtargament, the metal probes make

Ohmic electrical connection to the aluminum film.
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RF sputtering was chosen as the deposition method for the back airttaetMOS structures
because it is more reliable, simpler and faster than thermagdogeation in our current deposition
systems. The deposition conditions were as follows:

e Base pressure: extarorr.

e Deposition pressure: 10.27 mTorr.
e Ar flow: 48.9 sccm.

e Forward (fwd.) power: 120 W.

e Reflected power: 1 W.

e Deposition time: 20 min.

As-deposited aluminum makes a Schottky barrier contact witloisiliberefore an annealing step is
required to convert it into an Ohmic contact. Samples in this work ammealed using halogen lamps at
450 °C under a nitrogen gNatmosphere as follow§igure 9:

e Ny pressure: 500 mTorr.

e Temperature was raised from 32 °C to 450 °C in 5 min.

e Annealing temperature: 450 °C.

e Annealing time: 30 min.
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Anncaling
@ 450 °C

Figure 9 lllustration of Ohmic back contact formation.

Experiments were performed to determine the resistancedetine Al contacts and the
Si wafer. Al/Si/Al structures were fabricated under ddfdr conditions and current vs voltage (1V)
measurements were made to determine the resistance. Figwleowi8 the IV curves obtained for
different Ohmic contact formation conditions. Samples C6B and C8amaxealed for 30 min at 400 °C
and 450 °C, respectively. The higher temperature yielded a lowstare® indicating that 450 °C is
better than 400 °C. Sample C7A was also annealed at 450 °C for 30 nmrcbuatrast received a BOE
treatment immediately inserting the silicon wafer into the déposchamber. The result was that
sample C7A displayed by far the smallest resistance; ajppaitedy 4 times smaller compared to sample
C8. The smaller resistance was attributed to the removal ofative oxide from the silicon surface

prior to aluminum deposition.
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IV curve of Al/Si/Al (ohmic)

1 - O0OFE-0-1
LUV L

4 C6B 400C_30min 48 ohms

B C7A450C_30min6.3 ohms

1{Amp)

C8450C_30min 23 ohms

Figure 10 IV curves for three different Ohmic back contact formation conditi

3 step: HfO, thin film deposition

After the Ohmic contact between Al and Si was formed, therweds cut into several pieces. HfO
was deposited in each piece with different thicknesses; ldé&positions were performed using RF
magnetron sputtering in a high vacuum deposition chamber, and the depositititions were as
follows:

e Base pressure: 2xParorr.
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e Dep. Pressure : 1.5 mTorr.

e Pre-dep. Annealing: temperature was raised from 50 °C to 300 °C or 400 °C in 5 min.
e Ar flow: 26.8 sccm.

e Fwd. power: 60 W.

e Reflec. Power: 0 W.

e Annealing during deposition: 300 °C and 400 °C.

e Dep. Time: change for every sample to obtain thickness variation.

A base pressure of 2x®0rorr was selected in order to have a clean ambient inside thebeha
within the capabilities of the equipment. A pressure of 1.5 mTorsel@sted as the sputtering pressure
in order to grow films slowly, with better quality and in a reasonable amoumi@fThe Ar flow had to
be set in order to achieve a deposition pressure of 1.5 mTortheithze of the deposition chamber and
with the current position of the high vacuum valve for conductance poditepuosition power was set
to 60 W in order to grow HfQfilms slowly and to protect the HfQarget from physical damages such
as cracking as a result of high temperatures in the RF spgttern and annealing temperatures. For the
samples that were deposited at temperatures above room tengeaghue-deposition heating process
was initiated consisting of incrementing the substrate temysergtadually in order to prevent substrate
cracking and a uniform and correct distribution of heat across all the sampldgmasition of HfQ.

Hafnium oxide thin films of different thickness were deposited umliféerent temperatures to
study the capacitance as a function of thickness. In order to réldeiaeumber of variables among
samples, only deposition time was changed to achieve different thg;lared all other variables such as

deposition pressure, and deposition power were kept constant.

4™ step: Forming gas (FG) thermal annealing treatment
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Forming gas (FG) thermal annealing was performed on some dfifg films before the
complete MOS structures were fabricated. This was done hatlpairpose of studying the effect of
hydrogen (H) on trapped charges, interface charges and the overall qualitfogfddposited films. A
tube furnace and two gas tanks (one of UHP nitrogen and another of F&yseel. The forming gas
tank consisted of 95%  MN\and 5% H and a second tank of pure Was used to dilute the concentration
of Hy further and prevent Hgnition. FG annealing treatment was performed in the tube feratd450
°C. The samples were placed vertically in a quartz boat and hieeboat was introduced inside the
furnace’s quartz tube before any gas valve was opened and with nheduurned off. Once samples
were placed right at the middle point of the furnace, the quartaxtabelosed using a quartz cap with a
small orifice to prevent any ambient gas from coming in. Tisé das valve opened at 40 sccm was the
N, valve. N was flown inside the quartz tube before the furnace was turned odeintorremove the
ambient gasses from the furnace while the temperature ofetiterb rose up to 450 °C. In this way,
samples were kept under, l[dtmosphere and were not oxidized while the temperature set pant wa
achieved.

When the furnace’s heaters reached a temperature of 440 °G, vhb/élwas opened and set at
the same flow as the Nvalve (40 sccm). This was done with the objective of reducing the H
concentration close to half (2.5%) of the percentage of the FG tankrauent accidents. Due to
restricted capabilities on the temperature controller of tineate, temperature raised up to 460 °C.
Samples were annealed for 10 min. with an average temperatd®0ofC. H concentration was
monitored at the orifice of the quartz cap during the annealing process an@¥oveasaverage.

After the 10 min. of annealing, the, Malve was closed and,;Nvas left flowing for the entire
cold down of the furnace to prevent oxidation of samples. The samplegemoved from the furnace
until temperature inside the furnace was 25 °C, and then theykspteunder high vacuum for top

contact metallization.
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5™ step: Top contact metallization
The following step after Hf©deposition was top contact metallization. In this step, the gate
electrode of a MOS structure was deposited using thermal etiapofehermal evaporation was chosen
for the top electrode (instead of sputtering) because this depasthnique does not affect the HfO
deposited layer. (In contrast, sputtering causes high energy dtatrtah penetrate the oxide films.) A
tungsten basket and two Al pellets are required to performed theuwayabration of Al metal. The first
groups of MOS capacitors were fabricated without a proper clganfinhe Al pellets and tungsten
basket. It was discovered later that a lack of cleaninbisfdeposition elements constituted a source of
contaminants for the top electrodes that diffused to the Hk@s and produced charges in the oxide
that affected the electrical characteristics of the M@g@acitors. Tungsten baskets and Al pellets were
cleaned with acetone, methanol and DI water (for five minutds) esing an ultrasonic cleaner. Right
after cleaning the thermal evaporation deposition elements theykept under vacuum along with the
substrates. A high vacuum deposition reactor with thermal evapocatpatbilities was used to deposit
the top contact and the deposition conditions are described below.
e Base pressure: 2xf0rorr
e Supply current: 10 A for 3 min.
e Supply current: 15 A for 3 min
e Final supply current: 17 A
The deposition pressure was kept at ZT®rr to have a good quality deposition ambient
under the capabilities of the deposition system. The supply currehe dhérmal evaporation power
supply has to be increased gradually to prevent Al from blowingandtalso to prevent physical
damage of the tungsten basket such as bending or breaking.
The size of the top contact for MOS capacitors is very irapbrbecause it is one of the
variables that is directly proportional to the capacitance. Ifatlea of the top contact is too big, the

capacitance could increase above the capacitance limits ofthmetr. This issue actually occurred
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during the first set of capacitors and therefore new staistest masks were designed and fabricated
outside the university with smaller feature sizes. The new maskse designed rounded and with
circular features arranged in a square shape. The reason babkim$ to be able to place the round
masks in the current substrate holder used for the high vacuum aepegdtems. The diameter of the
holes was set to 1.5 mm due to limitations given by the CV praerstand the equipment used to
make the masks. A schematic of the actual mask used for top tcdepasition is shown iRigure 11.

After top contact metallization, MOS structures were ready to be tested.

‘17 % 3.0000

|;.125

Figure 11  Schematic of the stainless steel mask used for aluminum togt coetallization

A cross-sectional representation of the MOS structures isrsiowigure 12as well as the

deposition methods used to grow each of the films.
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Figure 12  Representation of a complete MOS structure used to chametedatrically HfO2 films.
Deposition techniques used to deposit each of the films in the MOS structuresare al
shown.
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4, Results and Discussion

4.1MICRO-STRUCTURAL ANALYSIS

Microstructural analysis of the sputtered deposited Hil®s was performed for flms grown at
substrate temperatures rangifig) from RT to 500 °C. Film thicknesses were measured opticalhgusi
a Filmetrics instrument. The range of the light's wavelengtesl for thickness measurements was set
from 337 nm to 850 nm. A 0.99 Goodness of fit (GOF) was achieved for adattite thickness
measurements taken. X-ray diffraction (XRD), grazing incideacay diffraction (GIXRD), scanning
electron microscopy (SEM), energy dispersive x-ray spedpys¢EDS) and x-ray photoelectron
spectroscopy (XPS) characterization techniques were used taeanhb deposited HiOthin films.
Table 1shows a summary of the thickness achieved for samples growndoom(RT) temperature to

500 °C.

Table 1 Thickness measurements for samples grown & = RT — 500 °C.

Sample nam Ts(°C) Thickness (nm
All Room Tem 124
Al8 20C 171
Al6 30C 145
A10 40C 14¢
Al7 50C 11c
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4.1.1 HfQ; films grown at Ts= RT

Sample All, which was grown at RT, did not exhibit any crystatjmosvth and it is totally
amorphous. XRD spectrum (Figure 13) of the deposited film shows no pedksting any
crystallization or orientation preference. A broad peak correspotalifigj11) planes can be seen in the

XRD curve suggesting that small particles with extremely smalls&ebe present on the film surface.

[H80710B.dif] GIXRD: #HfO2 RT Ramana (Test 01)
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Figure 13  XRD data for sample A1l grownlat RT.

SEM images from the surface reveal an amorphous surface mayphaflsample A1l. From
Figure 14 it is clear that HiOis grown randomly without a define pattern. Figurecbdrelates the

results obtained from XRD in Figure 13.
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5.0kV 8.7mm x250k SE(M) 7/15/2009

Figure 14  Surface morphology of sample A1l grownsat RT.

The oxide-semiconductor interface was also studied as a functieabefrate temperature.
Figure 15shows a cross-sectional image of sample All. A sharp intedaseen between the Si
substrate and the Hiayer. Sample A1l was tilted a few degrees and the topptre HfG, surface
is imaged as shown in the micrograph. At RT there is no reactithre @i substrate with the deposited
HfO, film. This result was expected since no energy such as hegihig applied to activate a chemical
reaction and to form compounds at the Si-iHiGterface. However, a totally different scenario is
evident from HRSEM and XPS measurements for films grown &ehitemperatures. The results are

presented and discussed below.
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26.9kV 6.6mm x220k SE(M) 7/17/2009

Figure 15 Cross section view of sample A11 growhsat RT.

4.1.2 HfGQ, films grown at Ts = 200 °C

Sample A18 was grown at 200 °C. GIXRD data shown in Figureakataken from this sample
at five different fixed incident angles: 0.1 °, 0.3, °© 0.5 °, 0.7 ° and '€ x-ray source step size was
0.06 °, and it spent 1 s/step for a total scan of 18 min. The spectrugure E6shows a small peak at
20 = 28 ° revealing the onset of crystallization in Hfidm at 200 °C. It appears that, for the given set
of experimental conditions, a temperature of 200 °C is favorable to provide tlogestinergy to Hf@
film crystallization. This observation in our work is in good agreetrwith that reported by Aygun
[30].

28



The other notable feature of the GIXRD pattern shown in Figure tt@isrystal structure of
the resulting HfQ films at 200 °C. The pattern corresponds to mocnoclinic phase@f Hbwever, a
strong peak at®228 ° indicates that the HfGilms have a preferred (-111) orientation. Also the crystal
size is very small. Based on these observations, it is proposabeghabnoclinic phase HiJormation

occurs at 200 °C; resulting films are nano crystalline.
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Figure 16  GIXRD data for sample A18 grownlat 200 °C.

The surface morphology of sample A18 was analyzed with SEM.gurd-i17it is clear that

HfO, starts to grow in ordered structures of nano-crystals. Adm®-crystalline structure is confirmed
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with the GIXRD spectrum shown in Figure iéh the peak at@2= 28 °. Combined results of GIXRD
and SEM indicates that the films grown at 200 °C are nano tirystanonoclinic HQ with a smooth

surface morphology.

10.0kV 9.1mm x220k SE(M) 5/21/2009

Figure 17  Surface morphology of sample A18 grownsat 200 °C.

The cross section of sample A18 was also analyzed with SEMglme 18 it is clearly seen
that the oxide-semiconductor interface is not completely shrphet a little interface layer of close to
10 nm starts to grow between the Si substrate and the Hf@r. In Figure 18 SEM detects the
difference in morphology between the Hffayer and the interface layer formed due to energy provided

by the 200 °C substrate temperature.
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7.0kV 8 3mm x250k SE(M) 7/21/2009

Figure 18 Cross-section view of sample A18 grownsat 200 °C.

4.1.3 HfO, films grown at Ts = 300 °C

Sample A16 was grown at = 300 °C and its microstructure was analyzed with GIXRD under
the same parameters of fixed incident angle, step size anctamras sample A18. Figure $Bows the
GIXRD spectrum corresponding to sample A16. From this figures icléar that Hf@ continues
crystallizing with the same monoclinic phase as in the samplengat 200 °C because of the peak
resulting in @ = 28 °. However in this case, the peak intensity is growing wimditates that the
average crystallite size increases. In addition, it is disar ¢hat the degree of preference orientation
increases with increasing.
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Figure 19 GIXRD data corresponding to sample A16 grovin at300 °C.

Surface morphology of the sample A16 analyzed with SEM is showigure20. It is evident
that HfQ, exhibits nano-crystals in its monoclinic phase confirmed by @XRta. Sample A16 is less

amorphous and resembles sample A18.
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14.0kV 8.6mm x220k SE(M) 8/12/2009

Figure 20  Surface morphology of sample A16 grownsat 300 °C.

4.1.4 HfO;, films grown at Ts = 400 °C

XRD analysis of HfQ thin films grown atTs = 400 °C was performed on sample A10. XRD
data shown in Figure 2ihdicates that Hf@ films grown at 400 °C are polycrystalline and exhibit a
monoclinic phase with (-111) orientation. Our results regarding trstadiine structure for this sample
grown atTs = 400 °C agree with the results obtained by Li-ping Fengl [17]. They also show a

monoclinic phase Hf@with a strong peak in their XRD a 2 28 ° [27].
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Figure 21  XRD spectrum for sample A10 growmat 400 °C.

Surface morphology of sample A10 analyzed with SEM is showigiare 22. The surface of

this sample is crystalline and looks with better order than sample grown ateimparature.
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10.5kV 8.9mm x220k SE(M) 8/14/2009

Figure 22  Surface structure of sample A10 grown;at400 °C.

Interface structure of sample A10 is displayeéigure 23. It is clearly evident that an interface
layer width is much higher at the HfSi interface. This interface is almost twice thicker ks t

interface of samples grown at 200 °C.
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Figure 23  Cross section view of sample A10 growhsat 400 °C.

The cross-section part of sample A10 was analyzed with enesggrslive X-ray spectroscopy
(EDS) to find the elemental composition. The sample is positionefutigrin the SEM and the spot
mode is selected in order to obtain chemical information on the atédhgtim and interface film regions
separately. The three layers (silicon substrate, interag land hafnium oxide film) are shown in
Figure 23. The reasons for this are as follows: (1) the sub&rateure Si and EDS must show only the
Si contribution. (2) Similarly, the film region must be totallgrfr Hf and O if a high-quality HfgXilm
is grown. If the elemental impurities are in the film, (i.egregating to the top or along the film for any

reason) EDS will show their presence. (3) The most important igoih&it the nature and composition

36



of the interface layer can be determined if EDS data can baetthom a spot within the interface

layers.

The EDS spectra are shown in Figure 24. The SEM image ofdhks-section (Figure 24a) and
EDS curves (Figure 24b - Figure 24d) obtained from various regiashown. The EDS curves are
spot-mode and obtained from the selectively chosen area in thelfjlamd substrate, respectively. The
EDS spectrum obtained from the substrate region indicates purec®i 30 other elements were
detected (Figure 24b). It can be seen in Figure 24c that the amtybeitions in the EDS spectrum for
the film region of the sample are peaks due to Hf and O. Thes fedzeled are Hf M and O K lines. The
minor contributions from C K level are due to sample handling. On the b#rel, it can be seen
(Figure 24d) that the EDS curve shows contributions from Hf, O af@r8 the IL region. The broad
and shoulder appearance of the peak due to Hf M and Si K levets wiinO K level suggests that
there is a reaction between the film and substrate during fif®growth atT=400 °C. These results

clearly suggest that the top layers are completely:tdf@d the chemical nature of the IL is a mixture of

Hf, Si and O.
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EDS results of the Hfi interface for HfQ films grown aflTs = 400 °C. The spot mode

EDS curve obtained for Si-substrate, interface layer, and filf@are shown and marked
as indicated by arrows. It is evident that the interfacial layer contairistmutions from
Hf, Si, and O atoms which iare an indication of Hf-Si-O mixed compound formation at the

interface.

The XPS curve of Hf@films deposited afs=400°C is shown in Figure 25 as a representative of

broad survey spectra obtained. The photoemission peaks due to varioastelamd specific levels

along with binding energy (BE) positions are as indicated in Figure 25.
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Figure 25 Representative XPS survey spectrum of g Hf® grown atTs = 400 °C. The elements
detected and specific photoemission peaks are labeled at their respecting energy
positions.

The detailed core-level spectra Hf 4f, O 1s and Si 2p forHf@s grown at RT and 40%C are
compared in Figure 26Figure 28. A sharp doublet corresponding to spin-orbit splitting gf ahd 4f
712 levels is evident from the core-level spectra of Hf (Figd6e The BE values of these two peaks are
19.5 eV and 17.1 eV, respectively. The measured BE of fifléivel at 17.1 eV and spin-orbit splitting
energy AE) of 2.4 eV are in good agreement with the literature refamrtdfO,[31]. The Hf 4f;,core-

level peak at a BE of 17.1 eV corresponds to Hf bonded with O to form pupd32iO
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Figure 26  Core-level detailed scan of Hf 4f level. The H4hd Hf 4f;levels are as indicated.

The core-level photoemission spectra of O 1s level in Hif®s shown in Figure 2'éxhibit a
peak at a BE~530.4 eV. This peak is usually attributed to oxygen bondedifrjB1]. However, a
small shoulder at a BE~532 eV starts to appear for the samples @it T>300 °C. The shoulder
becomes prominent &t=400 °C. This peak or shoulder contribution at ~532 eV is attributed to the
bonding of oxygen to (Hf,Si) to form a silicate [31]. On the other hamd, ghoulder also can be

attributed to the presence of O-H bonding if water is somehow incorporated. IfdDpisgare there then
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they must present for all of the Hf@Ims. Appearance of this shoulder, therefore, can only be due to
(Hf,Si)-O. As it can be seen froRigure 27, the shoulder-like contribution close to 532 eV is not really a
peak but it is a clear manifestation of the chemical compositiaheothick IL formed for samples

grown at 400 °C compared to a very thin or no IL layer formation for the sample grown at RT.
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Figure 27  Core-level photoemission spectra of O 1s level. This peak at 530.4se¥lig attributed
to oxygen bonded with Hf.

The core-level photoemission spectra of Si 2p level for-Hif@s shown in Figure 2&dicate a

peak at a BE of 102.4 eV. This peak reveals Si bonded with oxygenlt{&3jevident that the peak
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intensity of Si 2p is increasing when thgis increased to 40%. The relatively higher intensity could

be due to Si in the IL when compared to almost a buried interfade%drT.
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Figure 28 Core-level photoemission spectra of Si 2p level for HfO2 fiim& &eaBE ~ 102.4 eV is
due to Si bonded with oxygen.

The XPS results provide a clear scenario of the temperatduced surface segregation combined with
chemical mixing if we take both O 1s and Si 2p into account.ri@edi is not present in EDS data when the
spectra we obtained in the region of Hffim. However, an intensity increase in Si 2p level combintth
shoulder for O 1s level suggests that small amount of Si ieg®#gg to the surface at higher temperature (400
°C in this case). Simultaneously, a chemical reaction drivennyyeteature results in the formation of a (Hf,Si) O
compound at the interface. If Si is buried at the interfacepltio¢oelectrons ejected from the surface would not

have shown a high intensity.
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The effect ofTs is remarkable on the crystal structure and phase of Hfi@ films. Both the
GIXRD and SEM (Figure 13anéigure 14) results indicate that the Hftin films grown aff<200°C
are amorphous. Usually, s is low such that the period of the atomic jump process of atontiseon
substrate surface is very large, then the condensed speciesagnatusk to the regions where they are
landing thus leading to an amorphous film. The atom mobility on tHacguincreases with increasing
Ts. The small, dense grains spherical in shape observed in SEM alttngppearance of diffraction
peaks in GIXRD clearly indicate thdt=200 °C is the critical temperature to promote the growth of
nanocrystalline, monoclinic phase HfGilms. For the given set of experimental conditions, a
temperature of 200 °C is, therefore, favorable to provide suffieleatgy for HfQ crystallization. This
observation in our work is in good agreement with that reported by G. Aygun [30].

The GIXRD and SEM results suggest that a further increabgo@yond 200 °C did not result in
any changes in the crystal structure; films continue ciygte with the same monoclinic phase.
However, the peak intensity of (-111) reflection is seen to breasmg which is an indicative of two
characteristic features. The average crystallitedsizeease with increasingsis the first. A preferred
orientation of the films along (-111) is the second. The latéarfeds dominant for Hf@films grown at
T200 °C which can be attributed to increasing degree of preferred afi@ntwith increasing
temperature. The preferred (-1ldrjentation of HfQ films can be explained based on the growth
process minimizing the internal strain-energy in the film. Téidueto the fact that in the crystalline
materials anisotropy exis@nd the strain energy densities will typically be different ddferent
crystallographic direction and the growth will favor thasentations with low strain energy density.
Therefore, in the present case, it can be understood that an énicréafavors the preferred orientation
along (-111) while minimizing the strain-energy in the Hfiin.

The HRSEM imaging and EDS chemical analyses (Figure 18rd-&B and Figure 24) indicate
that the ILs formation takes between Hffdm and Si substrate. However, at room temperature, there is

no significant reaction of the Si substrate with the deposited Hi®. This result was expected since
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no thermal energy is being applied to activate a chemicaligract form compounds at the Si-HfO
interface. In spite of the fact that there is no clear indinatif the IL at the Hf@Si interface in SEM
images, a relatively thinner (perhaps, on the order of ~1-2 bhroarinot be ruled out for HfCfilms
since the resolution of the instrument is limited. The most sogmif feature of the SEM cross-sectional
imaging is the quantitative information that can derive fordt@wvn as a function ofTAn analysis of
the IL-Ts data obtained from SEM cross-sectional imaging of #80Dfor HfO, films is presented in
Figure 29. The data shows an excellent fit to an exponentaitigrfunction. ThdL growth behavior,
therefore, can reasonably be approximated to exhibit the temperapgmeddacesimilar to diffusion
coefficient, which can be expressed as

IL = IL,exp (AE/KgT) {2}

whereAE is the activation energ¥g is the Boltzmann constant,i§the absolute temperature, angd ik
a pre-exponential factahat depends on the physical properties of the substrate-deposit. étpwaev
direct comparison of our data with literature is not readily passibthis time since such an analysis is

missing for HfQ films grown by other methods.
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Figure 29  Analysis of ILFs data derived from SEM imaging measurements. The experimental data
fits to an exponential function as indicated by a solid line. The data and solid liaetpras
simple model to represent the temperature dependence of interfaciajriawyén in
sputter-deposited HfCtilms.

Having established a functional, quantitative relationship betweenntbdacial layer and
temperature for sputter-deposited Hfidms, the focus now is the chemical nature of ILs. The in@agin
and chemical analysis data presented in Figur@ragides first-hand qualitative information on the
chemical nature of ILs. It is clearly seen in the images tth@atnterface is amorphous showing x-ray
emissions from Hf, Si and O which indicates that the IL isf-&iHD mixed compound. Based on the
phase diagram of Hf-Si-O, and since the temperatures in thenpoase are not very high, we attribute
the IL as a compound of Hf-silicate (HfS)OThe results are in fact very close to this composition and
in agreement with the results of Kirsch et. al. [29] The additiemmlence for (Hf,Si)-O compound

formation at increasing; is seen in XPS.

The measured BE of Hf 4% photoemission peak at 17.1 eME~2.4 eV and O 1s core-level BE

at 530.4 eV characterizes the grown films as stoichimef@z.HAIll the Hf ions in the grown films exist
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in their highest oxidation state of ¥if The most important two factors that accounts for the nature of
ILs at the HfQ-Si interface are the following. The shoulder at a BE~532 dWearcore-level scan of O
1s is the first. An increase in the intensity of Si 2p photoeamispeak at a BE of 102.4 eV with
increasingls is the second. The later feature is a clear manifestatithre ohterfacial reaction of Si with
the growing film. This peak or shoulder contribution at ~532 eV igated to the bonding of oxygen
to (Hf,Si) to form a silicate. A reduced intensity for Si 2p pleatission peak, the complete absence of
shoulder component, and no IL detected in SEM cross-section imagiimgdsevidence that there is no
interfacial reaction or very restricted reaction for Hfidms grown at RT. The Si substrate surface
buried at the Hf@Si interface accounts for the decreased intensity in Si 2po@mmigsion peak.
However, for the Hf@film depositions at highefs with the same time and thickness, the IL formation
takes place. The thickness of ILs extends into several nanomsteggvadent in SEM images and data
presented in Figure 29, into the Hf@m. As a result, the Si atoms present all along thesewlills
enhance the Si 2p peak intensity in the XPS curves. Since theomemctaking place between the
growing HfG, film and Si substrate, the bonding in ILs are mainly betweeisiHnd O and, therefore,

a shoulder corresponding to (Hf,Si)-O or silicate results intthaulder. It is seen that the shoulder
becomes prominent &t=400°C. Furthermore, the EDS results also confirm that the contributioms f
ILs are due to Hf, Si and O atoms and the composition is nearipiHfBhus, based in both EDS and
XPS results, it can be concluded that the chemical nature ohllisis case is Hf-silicate, which is

HfSIO,.

4.1.5 HfGQ, films grown at Ts = 500 °C

Sample A17 was grown at = 500 °C and its crystalline structure was analyzed withREIX
as shown in Figure 30. The GIXRD spectrum shows that sample Al ey ordered structure since

the peak at@= 28 ° is very pronounced with respect the rest of the spectrusip&hk corresponds to
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the monoclinic phase of HfOwith orientation (-111) similar to the samples grown at lowestsate

temperatures. The scanning conditions and detector positions to c&h{R® data were the same

used previously for samples A16 and A18.
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GIXRD spectrum for sample A17 growmat 500 °C.

Surface morphology was analyzed with SEM as with the previougleanirigure 35hows an

SEM picture of the Hf@ surface in which it can be seen that Kf@s grown with better order and

crystalline structure.
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Figure 31  Surface morphology of sample A17 growhsat 500 °C.

A comparison chart of GIXRD data for samples grown at 200 °C, 30@d@@0 °C is shown
in Figure 32. This figure shows the evolution in crystallizatiorthef films deposited under different
temperature. Sample A17 has the most pronounced peak (with highesiteuleshperature) indicating
better ordered films and sample A18 has the smallest pedk itwva smallest substrate temperature)

among the three compared samples.
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Figure 32  GIXRD comparison for samples A17, A16 and A18 growg=at00 °C, 300 °C and 200
°C respectively.

A comparison of the interface layers as a function of subdeatperature indicates that the

thickness of the interfacial layer grows asThés increased.
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4.2ELECTRICAL ANALYSIS

4.2.1 Electrical analysis of HfQ films grown at Ts = 400 °C

HfO, thin films with different thicknesses were depositedat 400 °C. Deposition time was
changed in each deposition to achieve Hfins with different thicknesses. Also, the effect of post-
deposition annealing on oxide charges was studied for this set plesarRight after each HfO
deposition, film thicknesses were measured with a filmetri¢ceum&nt and goodness of fit of 0.99 was

achieved for each measurement.

Table2 shows érief summary of the thickness achieved for each of the films.

Table 2 Shows the thickness variation for each sample grown &t = 400 °C.

Samrple name | tox (NM)
Cie 25¢
C1t 16C
Cie 65
C17 20€*

*Plus 10 min. post-deposition annealing.

Right after film thickness measurements, samples were platger vacuum for top contact
deposition. As mentioned previously, top contact deposition was the &stirstmaking MOS
capacitors. In order to characterize the MOS capacitorspt@dsurements were made using a Boonton
7200 capacitance meter. This capacitance meter uses a lijldzte measure capacitance; therefore,
only the high frequency response of MOS structures was obtailedhis instrument. The Boonton
7200 is capable to measure capacitance in a range of 0 pF -2000vpéver, the high limit was

extended up to 3759 pF by calibrating the instrument with an ektspacitor. The capacitance value
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obtained from the instrument was divided by the area of the top céotazich of the MOS structures
fabricated in order to calculate capacitance density.
It is important to note that the total capacitanCe¢) (of the MOS capacitors fabricated in this

work depends on three different capacitances connected in series as shown by fldrmula:

C.o, = Capacitance given by the HfGayer.

C,. = Capacitance given by the interface layer.

Csc =Capacitance given by the semiconductor depletion width.

Depending on the bias applied to the MOS capacitor one of the tlpaeitaaces (the smaller
one) dominates over the other ones. For example, when a positive biggliedd to a p-type MOS
capacitor, the majority carriers (holes) of the semiconductotdddaelow the oxide layer are repelled
and as a consequence, a depletion width is created with a wepapmcitance (&. This capacitance
dominates at positive voltages giving as a result the inversgiarrin a C-V plot. On the other hand,
when negative bias is applied to a p-type MOS capacitorhtgian interface layer between the gate
oxide and the semiconductor, the total capacitance is a restlie afapacitance series combination

between Gio, and G.. For this bias condition, the width of the depletion layer in thacsgrductor is

. 1 : . :
zero, giving as a resultsC= « and as a consequencg,—z 0. Since the dielectric constant of the

sc

interface layer formed between Hf@nd Si is usually smaller than the Hf@ielectric constant, the

overall capacitance of the MOS structure is lowered when an interfaradgresent.
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C-V curves obtained for HfOfilms deposited at 400 °C are shown in Figure 33. As it was
mentioned above, capacitance in the accumulation re@igh ié the series combination G0, and

Ci. (capacitance proportional to the IL shown in SEM data previoudlyis tlear that the oxide

capacitance decreases with increasing oxide thickngss, t
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Figure 33  Shows the C-V response of the MOS structures with ¢gttvn withTs = 400 °C.

4.2.2 Electrical analysis of HfQ films grown at Ts = 300 °C

HfO, thin films with different thicknesses were also depositedsat 300 °C. As before, the
deposition time was changed in each deposition to achieve fii3 with different thicknesses. Right
after each Hf@deposition, films thicknesses were measured with a filmeatrsteument and goodness
of fit of 0.99 was achieved for each measurement. TaldhoBvs a brief summary of the thickness

achieved for each of the HfG@ilms deposited at 300 °C. The C-V curves obtained for each of the# MO

structures are shown in Figure 34.
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Table 3 Shows three different HfQ thicknesses achieved afts = 300 °C under different
deposition times.

Sample nam Dep. Time tox (NM)
C27 1Smin. 56
Cc2t 30mir. 147
C24 45min. 17¢

T.=300°C

==56Nnm
=-147nm
178nm

-20 -10 0] 10 20

Gate Voltage (V)

Figure 34  C-V curves of MOS structures with Hi§@own atTs = 300 °C.

From Figure 34t is clearly seen that capacitance at accumulation vamnessely proportional
to the oxide thickness as expected. From the samples grolF&00 °C the thinner sample (56 nm)

exhibits the higher capacitance and the thicker sample (178nm) exhitstadher capacitance.
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4.2.3 Electrical analysis of HfQ films grow at Ts= RT

HfO, thin films with different thicknesses were deposited at Rpddgion time was changed in
each deposition to achieve Hf@ms with different thicknesses. Tablesthows a brief summary of the

thickness achieved for each of the Hfflms grown at RT.

Table 4 Shows the different thickness obtained &ts = RT during different deposition times.

Sample nams Dep. Time tox (NM)
Cic¢ 7.Emin. 65
C2¢ 15min. 114
C2z 30mir. 215

MOS capacitors were also fabricated with the oxides depogited.arhe C-V curves obtained

are shown in Figure 35.
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Figure 35  C-V curves form MOS structures with Hffbms grown afTs = RT.

The accumulation capacitance for samples grown at room temmgeret also inversely
proportional to the oxide thickness as it was exhibited by samplestigelpais’s = 400 °C and 300 °C.
From Figure 33, Figure 34, and Figure 35 it is clear that theitim&om inversion capacitance to
accumulation occurs very gradually. The C-V curves exhibit allphhift towards the negative
voltages; this means that a higher gate voltage is needed/¢otldei MOS structures to accumulation
region. Another interesting point is that the accumulation capaeitdmes not have a very stable region
in the C-V plots. It is variable rather than flat and constarittbAse deviations from the ideal C-V
curve are due to oxide positive charges and interface trapsTf8zgfe charges and traps could be arising
from the chemical structure of the grown oxide film, film-substi@id film electrode interface§he
incorporation of forming gas (FG) treatment to the MOS airestfabrication will be explained later as

an alternative to reduce the number of oxide charges and interface traps prémehif@ films grown.
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4.2.4 Effect of Ts on HfO, electrical performance.

The effect of substrate temperature on the electrical propeftibe HfQ films deposited in this
work was also analyzed. Figure 3Bows a comparison of the C-V curves obtained for different
substrate temperatures. The thicknesses of these fiimsm@pgarable within the error of £5%. In this
comparison, any differences in the capacitance can be attrilouted electronic quality of the high-
dielectric. Figure 36 shows that the sample deposited at roompetature exhibits the highest
accumulation capacitance among the three samples. This is inagomeement with cross-sectional
HRSEM data the shows the lack of any interface layer betws® deposited HfOfilms and the Si
substrates. An interface layer would have a lower dielectrictaanshan the dielectric constant of

HfO,. As a result, the overall gate stack capacitance would be lower.

Effect of T, on capacitance

1
L4

=—65nm_RT
—-56nm_300C
65nm_400C

C/C,

-15 -10 -5 0] 5 10 15

Gate Voltage (V)

Figure 36  Effect ofls on the electrical properties of Hf@ms deposited by RF sputtering.
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A different scenario occurs with the sample depositedsat 300 °C. The accumulation
capacitance for this sample should be higher than the accumulapiacitance of the other two samples
because it has an oxide thickness of 56 nm which is smaller thath#éreoxides’ thickness; however,
its capacitance is smaller. The reason for this differencapacitance is attributed to a lower dielectric
constant of the IL formed between the Si substrate and the filti©at 300 °C. Previous works have
shown that when Hf is oxidized to form Hf@t different temperatures, the accumulation capacitance is
reduced as the oxidation temperature increases due to an inardaséli thickness [35]Therefore, the
decrease in capacitance for samples deposifegd=aB00 °C is attributed to the interface layer formed as
seen in the HRSEM data. A similar decrease in the accuomlesipacitance is seen for the sample
deposited at 400 °C. From HRSEM, a substrate temperature of 400 °Cgw@luery thick interface
layer. In summary, a higher substrate temperature yieldédtlet interface layer which resulted in
lower overall capacitance. This is attributed to the interffdaiger having a lower dielectric constant
compared to Hf@

In order to study the quality of the deposited Hfibns, the dielectric constant of the gate stacks
fabricated was calculated as follows:

e The values of capacitance (capacitance density) at accumulaiismg outputted by the

capacitance meter were averaged and used as the oxide capaciignce (C

e The value for the dielectric constakj} (vas then calculated by solving tyin equation 1:

Co= Kpsodp
*o
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The highest dielectric constant obtained in this work is 25 f@»HIm deposited at RT. This is
an expected result for samples grown at RT since no ILatom (HRSEM analysis) occurs that might
degrade the gate stack dielectric constant and as a consequence tapagdiznce.

In order to reduce the oxide charges and the interface traps fr@nM®S structures, N
annealing and K annealing treatments were performed on the ,Hflins before top contact

metallization. The results are presented and discussed in the followiiog sec

4.2.5 Effect of N annealing on HfG, electrical properties

MOS structures with Hf@grown atTs = 400 °C were annealed in ldnd studied their electrical
characteristics. The C-V curves are shown in Figure 37, wheoenparison of the sample with and
without N, annealing is presented. The only difference between sample Ci61anid that samples

C17 received a Nannealing treatment with the purpose of reducing the oxide charges an intefdsce tra
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Figure 37  Effect of Blannealing on the electrical behavior of MOS structures with, fiil@s grown
atTs =400 °C.
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Figure 37 shows that the annealed sample demonstrated alpsrdtléowards the positive
voltage (which imply that lower gate voltage is required to hasMOS structure into accumulation),
indicating a reduction in oxide charge and interface trap densiyetAr, the presence of a shoulder
like in both C-V curves is an indication of the high density of oxiderges still present in the oxide
films. In an attempt to further reduce the density of oxide chagdshe interface traps in the grown
HfO, films and improve the behavior of the MOS structuresamhealing treatment was performed and

the results are explained below.

4.2.6 Effect of H treatment on HfO, electrical properties

MOS structures were annealed under FG atmosphere after déf@sition. C-V curves for
samples that went under FG annealing treatment are compam@dvies that did not receive the

treatment in Figure 38arfelgure 39%or Ts = RT and 300 °C, respectively.
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Figure 38  Effect of FG treatment on MOS structures growiR atRT for reduction of oxide charges
and interface traps.
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Effect of H2 annealing on 300C
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Figure 39  Effect of FG treatment on MOS structures grow at300 °C for reduction of oxide
charges and interface traps.

From samples deposited Bt = RT, after depositing Hf©Qon sample C36 it was cut into two
halves. One half was annealed in FG prior top contact deposition anthérehalf was contacted with
aluminum right after Hf@deposition. The results show that samples that did not go under fGein¢a
present a stretched out C-V and non uniform accumulation capacitaacesult of oxide charges and
interface traps as mentioned previously. On the other hand, sammggi®gent under FG treatment were
shifted towards positive voltages. They have an abrupt changeaniteeqze when going from strong
inversion to accumulation, capacitance does not change graduallyuB46 have good shapes and a
uniform and more stable accumulation capacitance was obtained.eSdeppisited af; = 300 °C with
FG treatment is compared to a sample process under thessbstmte temperature but with an oxide
thickness that is twice as thick. As expected, the accumulasipacitance in the thicker sample is

smaller than in the thinner sample; however, the thinner samplewtrdt through FG annealing
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treatment have a better C-V shaped for the same reasoranegplabove. In general, after FG

treatment, it is seen that the amount of positive oxide charges and interfacs loagsed.

62



5. Summary and Conclusions

The results presented in this work offer a good explanation of thre stiwictural evolution of
IL formed between Hf@and Si as the substrate temperature increases while deposité@.afccurs.
The effect of substrate temperature on the electrical propeftidfO, thin films was also investigated.
Micro structural analysis in conjunction with electrical chegazation provide a good understanding of
the interface layer that is formed when HffS deposited on silicon using RF sputtering at various
temperatures.

HfO, thin films were deposited by sputtering onto Si(100) varyingtiom RT to 500C. The
effect of Ts on the growth, crystal structure, surface morphology and surfaoédice structure and
composition of the deposited Hf@Qilms was studied using GIXRD, HR-SEM, EDS, and electrical
measurements. The results show that the effe€t sf remarkable on the growth, surface and interface
structure, morphology and chemical composition of the ;Hflins. HfO, films grown atTs<200 °C
were amorphous while films grown &>200°C were polycrystalline with monoclinic crystal structure.
The onset of crystalline occurs&t200°C. An interface layer (IL) formation occurs due to reaction at
the HfQ-Si interface for HfQ films deposited af<>200 °C. The thickness of IL increases to 27 nm
with an increase iifs to 400°C. The exponential temperature-dependence of the ILs growth vaEnevi
from the IL-Ts analysis. Hf, Si, and O contributions in EDS measurements indieate is a Hf-silicate
(HfSiO4). XPS analysis suggests that a small amount of Si is segregatingstofdee of the HfQfilms
at high temperatures, and also, it suggests that a cheeacaion is driven by temperature and results
in the formation of a (Hf,Si) O compound at the interface. Fromtrétal measurements, H{@Ims
with dielectric constant as high as 25 were depositegnfealing treatments to reduce the density of
oxide charges and interface traps were successfully pedooneMOS structures and HfGilms

guality was enhanced.
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6. Future Work

The results of this work are a very good foundation for future medsehat requires more
sophisticated characterization equipment. The present work can ber fumtlestigated if the studies
mentioned below are performed.

Leakage current studies could be made in order to study the insyladiperties of the Hf®
films as a function of temperature. It is expected to hagleenileakage currents when higher substrate
temperatures are used to grow Htég@cause of the grain boundaries that formed in polycrystalline film
that might be used as conduction paths through the oxide film. Thelesstan be correlated with
measurements of bandgap if HfGs deposited on transparent substrates such as quartz. More
sophisticated equipments such as a transmission electron micro$eEdpedould be used to measure a
possible IL formation of the samples with Hf@rown at room temperature and also to study the IL

formation of HfQ films of 5 nm or less in thickness.
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