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ABSTRACT

STRUCTURAL AND ELECTRICAL PROPERTIES OF FLASH MEMORY
CELLS WITH HfO, TUNNEL OXIDE AND WITH/WITHOUT
NANOCRYSTALS

Sahin, Dondii
M.Sc., Department of Physics

Supervisor: Prof. Dr. Rasit Turan

July 2009, 96 pages

In this study, flash memory cells with high-k dielectric HfO, as tunnel oxide and
group IV (Si, Ge) nanocrystals were fabricated and tested. The device structure
was grown by magnetron sputtering deposition method and analyzed by various
diagnostic techniques such as X-ray Photoelectron Spectroscopy (XPS) and
Raman spectroscopy. The use of HfO, tunnel oxide dielectric with high
permittivity constant was one of the main purposes of this study. The ultimate
aim was to investigate the use of Si and Ge nanocrystals together with HfO,
tunnel oxide in the memory elements. Interface structure of the fabricated
devices was studied by XPS spectroscopy. A depth profile analysis was
performed with XPS. Nanocrystal formations were verified using Raman
spectroscopy technique. The final part of the study includes electrical
characterization of memory devices fabricated using Si and Ge floating gate. C-
V (Capacitance-Voltage) and G-V (Conductance-Voltage) measurements and

charge storage behaviour based on C-V measurements were performed. For
iv



comparison, structure of Si and Ge layers either in thin film or in the nanocrystal
form were studied. A comparison of the C-V characteristics of these two
structures revealed that the memory device with thin films do not confine charge
carriers under the gate electrode as should be expected for a continuous film. On
the other hand, the device with nanocrystals exhibited better memory behavior
as a result of better confinement in the isolated nanocrystals. Trace amount of
oxygen was found to be enough to oxidize Ge nanocrystals as confirmed by the
Raman measurements. The charge storage capability is weakened in these
samples as a result of Ge oxidation. In general, this work has demonstrated that
high-k dielectric HfO, and group IV nanocrystals can be used in the new
generation MOS based memory elements. The operation of the memory
elements are highly dependent on the material and device structures, which are

determined by the process conditions.

Keywords: Magnetron Sputtering, C-V, High-k, Flash Memory, XPS, Depth

Profile, Raman, Ge, Si.



Oz

NANOKRISTAL ICEREN/ICERMEYEN HfO, TUNEL OKSITINDEN
OLUSAN BELLEK ELEMANLARININ YAPISAL VE ELEKTRIKSEL
OZELLIKLERI

Sahin, Dondii
Yiksek Lisans, Fizik Bolumi

Tez Yoneticisi: Prof. Dr. Rasit Turan

Temmuz 2009, 96 sayfa

Bu calismada, tiinel oksiti olarak yiiksek yalitkanli malzeme olan HfO; ile V.
grup elemanlarini igeren (Si, Ge) nanokristaller kullanarak flas bellek hiicreleri
iiretildi ve test edildi. Aygit yapist miknatisli sagtirma yontemi ile iiretildi ve tan
tekniklerinden  X-i1sin1  fotoelektron — spektroskopisi  (XPS) ile Raman
spektroskopisi kullanilarak analizleri yapildi. Bu ¢alismanin esas amaglarindan
birisi yiksek elektriksel gecirgenlikli HfO, tiinel oksitinin kullanimidir. Nihai
amag ise bellek elemanlarinda HfO, tlnel oksiti ile birlikte Si ve Ge
nanokristallerinin kullanimini arastirmaktir. Uretilen aygitlarin ara yiizleri XPS
spektroskopi teknigi ile incelendi. XPS ile birlikte derinlik profili analizi yapildi.
Nanokristal olusumlart Raman spektroskopi teknigi ile dogrulandi. Bu
caligmanin son boliimii ise Si ve Ge yardimer kapi kullanilarak {iretilen bellek
elemanlarinin karakterizasyonunu igermektedir. C-V (Kapasitans-Voltaj) ve G-

V (iletkenlik-voltaj) olcumleri ile C-V olgiimleri temel alinarak yiik depolama

Vi



0zelligi incelenmistir. Karsilastirma yapabilmek icin, Si ve Ge yapilar1 ya ince
film igerisinde ya da nanokristal formda calisildi. Bu iki yapinin C-V
karakteristiklerinin karsilagtirmasi gosterdi ki, ince film igeren bellek elemanlari
yiikleri hiicre kapist altinda boyutsal smirlamamaktadir. Diger taraftan,
nanokristal igeren aygitlar izole olmus nanokristallerin boyutsal sinirlama
yapabilirligi oldugu i¢in daha iyi bellek oOzelligi gostermektedirler. Diisiik
miktardaki oksijen varligimin Ge nanokristallerini oksitlemeye yeterli oldugu
Raman 6l¢iimlerinde de dogrulanmistir ve oksitlenme sonucu bu drneklerde yik
depolama 6zelliginin azaldig1 gézlemlenmistir. Genel olarak, bu ¢alisma ytiksek
yalitkanlig1 olan HfO, ile IV. grup nanokristallerinin yeni nesil MOS tabanl
bellek elemanlarinda kullanilabilecegini gostermistir. Bellek elemanlarinin
caligmasi kullanilan malzemeye ve yontem sartlari ile belirlenen aygit yapisina

son derece bagli oldugu goriilmiistiir.

Anahtar Kelimeler: Miknatisli Sagtirma, C-V, Yuksek Gecirgenlik Sabiti,
Flash Bellek, XPS, Yapi Analizi, Raman, Ge, Si.
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CHAPTER 1

INTRODUCTION TO FLASH MEMORIES

1.1 Introduction and Motivation

From the talk given by Feynman in 1959, which is titled as “There is plenty of
room at the bottom” [1] to now, there is a continuous improvement in
technology and there are remarkable research on solid state field of physics.
Every two years, number of transistors in a chip and concurrently performance
doubles as stated in Moore’s Law by empirical observation [2] and given in
figure 1.1. Memory elements such as non-volatile flash memories also constitute

an important position in these technological improvements.

Non-volatile flash memories are categorized in CMOS technology. Floating gate
concept as a non-volatile element was first proposed in MOS technology to
avoid intrinsic volatility problem in 1967 [3]. At the same time, Metal-Nitride-
Oxide-Semiconductor (MNOS) concept was introduced to overcome the same
problem. Then, in a short time in 1971, first 1 Kbit product of floating gate
device was put into the market. Then, Fujio Masuoka invented the first flash
memory in 1984 while he was working in Intel [4]. This development continues
with the invention of NOR-type memory in 1988 and NAND type memory in
1989 by Intel and Toshiba, respectively. Currently, 256 GB SSD discs have been

available in market [5].

CMOS technology is in a trend of getting smaller and smaller each year. As the
dimension decreases, quantum mechanical phenomena such as Coulomb
blockade and quantum confinement effects start to play important roles in device

operations. For example, quantum size effect manifests itself as quantization of



energy levels in reduced dimensions like quantum wells, or quantum dots and

this quantization may lead to useful or undesirable behaviors in the device.

Due to the demands towards faster, smaller and more reliable electronic and
optical components in market, some novel structures such as nanocrystals,
nanorods, nanotubes and nanoneedles have been investigated [6-9]. Among
these, quantum dot structures have attracted great interest. Charge confinement
occurs in 3-dimension in quantum dots (such as nanocrystals) and this
confinement effect brings new and novel properties that can be utilized in

devices to import with better performance and/or new functionalities.

One of the promising applications of nanocrystals has been proposed for
nonvolatile memory devices, where they replace the conventional floating gate
which is the storage medium in these devices. This type of memory structure has
been studied to improve the existing flash memory technology due to promising
results reported in literature [10-15]. The challenge is to retain compatibility
with current technology, maximize reproducibility, and continue shrinking and
power preserving, namely decreasing applied voltage for write/erase operations.
Power is the most critical issue because high power also creates excess
temperature during operation and device reliability depends on working

conditions.



transistors

10,000,000,000
Dual-Core Intel" Itanium* 2 Processor‘
o 1,000,000,000
MOORE'S LAW Intel® Itanium* 2 Processor‘/
Intel® tanium® Processor o
V4
A
Itel’ Pentium® 4 Precessor 100,000,000
Intel* Pentium® llProtessor‘f
Intel* Pentium* Il Processor "/ 10,000,000
Intel* Pentium® Processor a /‘/
Intel486" Processor |
~ 1,000,000
Intel386™ Pmccssot‘_./
286 ‘/"
— 100,000
808§ ‘/
>
8080 10,000
8008 ‘,,,.--‘
4004 &

1,000
1970 1975 1980 1985 1990 1995 2000 2005 2010

Figure 1.1: Transistor count according to Moore’s Law- scaling issue and

increase number of transistor per chip [24]

Nanocrystal memories have great potential due to their high performance, low
power consumption, high program/erase speed [16-23]. The general aim of the
reported studies has been to utilize this potential for higher capacity and longer
data storage time. However, various aspects of fabrication and characterization
of memory cells with nanocrystals need to be studied and understood before
putting them into a mass production line. Thus, quantum dots made of
nanocrystals and their usage in memory cells constitutes a popular and
interdisciplinary research area including material science, physics and

electronics.

Semiconductor nanocrystals with the size of 2-25 nm [25] show different
properties as compared to their bulk form. Coulomb blockade, charge

confinement and tunneling are the ones that need to be considered for
3



write/erase/retention operations in memory devices [26]. Coulomb blockade and
charge confinement effects are summarized schematically in figure 1.2 and
figure 1.3, respectively. Quantum effects can be beneficial or harmful depending
on the application. For memory devices, for example, tunneling is a beneficial

guantum-mechanical event if it is not in excess at retention mode.

Charmnel
| & | P

1 Ieec

Gate Coulomb blockade

Figure 1.2: Representation of Coulomb blockade effect. After an electron is
injected into quantum dot, it shifts energy level by €%/2C and blocks the other
electrons to be injected. [27]
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Density of States

Figure 1.3: Density of states for (a) bulk material, (b) quantum well, (c) quantum

wire and (d) quantum dot. [28]

Extensive research about flash memories has been carried out [29-35]. In this
thesis, both continuous and nanocrystal floating gate flash memory cell
structures with high-k tunnel barrier are fabricated and characterized. After a
brief introduction to flash memories and concepts required for a better
understanding, in chapter 2 discussions on new materials to replace silicon
dioxide (SiO,) for better memory cells are done. Experimental techniques used
for fabrication and characterization of material and devices are explained in
chapter 3. Then, in chapter 4, a study on structural and chemical properties of
multilayer SiO,/Germanium (Ge)/Hafnium dioxide (HfO,)/Silicon (Si) structure
and the effect of high temperature treatment is given. Chapter 5 deals with
electrical characterization of memory cells with high-k tunnel oxide. Then, a

short conclusion is given in chapter 6.



1.2  Introduction to Flash Memories
1.2.1 Frequently Used Terms in Flash Memory Characterization

Reliability is perhaps the most important issue in memory cells. It depends on
“endurance” and ‘“retention time” of the cell. However, the basis of these
reliability issues bases on “degradation” effect. These concepts are clarified

below.

Degradation: Degradation occurs under program/erase cycles. It is a kind of
deformation in dielectric after injection and as a result a semi-conductive path is
formed. Degradation effect is the main reason of reduced endurance and
retention time, and reliability failure. When oxide deterioration is turned after
charge injection or write/erase process, the cell faces degradation and finally
results in breakdown. Breakdown occurs when tunnel oxide is totally degraded
[26].

Endurance to Program/Erase (P/E) operation cycles: This parameter
determines the life-time of the memory cell under operation. Endurance to P/E
cycles determines the degradation occurring at threshold voltage with operation
cycles. Since the flash memories are reprogrammed frequently and at each
write/erase (or program/erase —P/E-) operation, some damages are introduced,

lifetime of a memory cell is limited on a finite number of P/E cycles.

Nanocrystal memory cells are studied due to several promising and predicted
advantages. One of them is the insignificant narrowing of the memory window
[16, 21-22] after write/erase operation cycles (>10°). The other one is that
instead of using continuous floating gate layer, charge centers (quantum dots)
are separated from each other and so data loss elimination is foreseen. With both
of these advantages, endurance time extension is expected. In literature, it is
stated that memory window closing results from hole trapping, in the opposite

side memory window opening is due to electron trapping [3].



Charge Retention Time: It is different from endurance in the way of
determining life-time of memory device under non-operation, namely the time
determining the ability of holding information without performing any
operation. With retention measurements, the reliability of the device to preserve
data after loading is tested. In commercial memory cells, expected retention time
is about 10 years. If the memory cell loses the information loaded, it is no longer
non-volatile, meaning that it does not have the ability to preserve data without
consuming any power. One of the aims of studies on nanocrystal based devices
is to reach the retention time of the current technology and even increase it
further.

Degradation directly effects the retention time because the damage in cell
structure enhances the loss of data. With increasing number of P/E cycles,
retention time decreases. This means that, after re-programming the cell many
times, it does not meet its retention limit defined at the beginning. For charge
trapping devices, retention is an intrinsic problem since trapping carriers as well

as nitride layer in trap centers promotes the back injection.

Retention time measurements are done to test the reliability of the device and
usually extrapolated after nearly 10*-10° s up to 10° s (ten year is ~3.2x10° sec).
It is the time sufficient for commercial flash-memory applications. In addition,
the experiments are carried out at high temperatures (up to 250 °C) [21-22, 36-

39] to observe the performance of memory cell, in a short time.

1.2.2 Commercially Available Flash Memories

Commercially available flash memories can be divided into two sub categories
according to charge storage locations in MOS structure. One is “Floating gate”
and the other is “Charge trap”. Floating gate devices could have metal or
semiconductor charge storage layers. In charge-trapping devices, charge is

stored in an insulator layer consisting of silicon nitride (SisN4), which is
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intrinsically consisting of large number of trap sites. The most successful
dielectric tunnel oxide used in this type is SiO,. Other used dielectrics such as
Al,O3; or Ta,Os have also been suggested, but their material quality does not
meet requirements for the memory cell technology.

Memories are divided into two sub-categories according to the retention
behavior of data. One is volatile and the other is non-volatile. VVolatile memories
lose data when the power is off, whereas non-volatile memories retain the stored
information even if the power is off. RAM (Random Access Memory) is the
most widely used volatile memory today. DRAM (Dynamic- Random Access
Memory) and SRAM (Static- Random Access Memory) are the examples for
volatile RAMs. However, flash memories; such as AND, NAND and NOR are
non-volatile type memories that are electrically erasable and programmable.
Non-volatile memories are more expensive than volatile RAMSs. Therefore, they
are mainly used as secondary storage. The studies are towards to overcome this
handicap. Beside, researchers are trying to improve the write/erase time of these
non-volatile memories. Typically, achieved millisecond write/erase time for
non-volatile memory cell operation is not suitable for communication with a
CPU during program execution. Retention, endurance, degradation, reliability,
reproducibility are important parameters and concepts defining the

characteristics of non-volatile memory [27, 3].

1.2.3 Flash Memory Cells from Continuous Layer to Nanocrystal

Floating Layer

Floating gate is the today’s commercial technology for flash memories. The
critical problem with this commercial device is to lose whole data instantly when
a conductive path is occurred in the oxide. If the electrons or holes, trapped in
the poly-Si floating gate is tunneled back to substrate or to the gate through a
conductive path, all stored carriers are lost. The schematic of poly-Si floating

8



gate memory is shown in figure 1.3 (a). When positive voltage, in other words
forward bias, is applied to the metal gate, electrons are stored in the floating gate
layer. The electrons are injected through the tunnel oxide by the applied bias.
This charging mechanism is the same for nanocrystal floating gate memories.
The main difference is the “floating gate” structures, which are discrete charging
trap sites for nanocrystal floating gate structure. Commercial ones are fabricated

with poly-Si or nitride charge trap sites and these are continuous film layers.

As explained in previous sections, nanocrystal memory devices are promising
for long time data endurance and more reliable due to charge separation nodes.
As shown in figure 1.4 (a), when degradation occurs in floating gate layer, for
continuous layer floating gate, all data is lost from this short circuit path created
in channel. However, when one or a few of the nanocrystals are affected by this
degradation effect, only the information hold by these nanocrystals is lost while
the others remain (figure 1.4 (b)).

Replacing continuous film layer by nanocrystals brings a number of new
physical research topics to the attention, such as confinement effects, Coulomb
blockade, band engineering. Nanocrystal layer floating gate structure is
schematically shown in figure 1.4 (b). This structure is the representation of
sample by post annealing of thin layers (as in figure 1.4 (a) with 3-10 nm in

thickness) at high temperatures in an inert gas ambient or vacuum ambient.
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Figure 1.4: Schematic representation of Flash memory with (a) continuous
floating gate (FG) layer and (b) Si/Ge nanocrystal FG layer. For FG layer any
weak spot will result in complete loss of charge because the FG is a conductive
film. For nanocrystal cell, weak spot will only result in a loss of a fraction of
charge.

1.3 Basic Structures of Flash Memories

1.3.1 Metal Oxide Semiconductor Capacitor (MOS-C)

Metal-oxide-semiconductor (MOS) capacitor is the basic part of the Metal-
Oxide-Semiconductor-Field-Effect-Transistors (MOSFETs) and the memory
cell structures used in technology as other electronic circuitry. MOS is a
sandwich like structure consisting of a metal/oxide (insulator)/semiconductor
layers as shown in figure 1.5. Since it is a capacitor in principle, it is highly
charge sensitive. Due to this property, it can be used to investigate the electrical

properties of the oxide layer and the interface.
10



The most widely known MOQOS structure is the famous trinity, Aluminum
(AD/SiO,/Si. Si is the substrate material and also it stands for “semiconductor”
part in Metal-Oxide-Semiconductor. Then, SiO; is present on Si substrate and it
is the dielectric layer, also called as oxide layer required for the MOS device.
Finally, the metal gate, namely Al is formed as the gate electrode to have a
conducting layer and accumulate charges on it. The capacitance of a MOS
device is not constant as a function of the applied voltage. Therefore, it is not
suitable to use static capacitance. Instead, differential capacitance should be

considered. The differential capacitance is,

_ 9%
Ca = av, eqn 1.1

where dQq is the change of the charge on gate electrode and dVy is the applied
voltage with AC (alternating current) amplitude superimposed on a DC (direct

current) signal.

For an ideal MOS structure, the metal work function (®y) should be equal to the
work function of the semiconductor (dsc). In addition, there should not be local
charges in the oxide and the interface charges at Si/SiO, interface. However, in
reality @y > dsc or Dy < dsc and it is possible that charges can be accumulated

in both oxide and at the interface.

Depending on the applied voltage, a MOS-Capacitor (MOS-C) has three
different working regimes. It will be explained over p-type substrate below. First
regime is accumulation of holes when the gate voltage Vg is smaller than
flatband voltage (Veg) which is equal to zero for an ideal device. However, in
reality, Vg IS not zero due to the deviation from the ideality. Second regime is

called depletion regime which occurs when Vj is larger than Vg and smaller
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than the voltage to invert the interface and the third one is the inversion regime
which is the case when Vg is large enough to collect the electrons in p-type
doped Si.

If Vy <Vgg, then accumulation occurs: As seen from figure 1.5 (a),
accumulation occurs with the help of the applied gate voltage (V). Electric field
(Ef) below the gate provides the driving force for the charge collection.

Capacitance of the system is due to the insulator so it results from the oxide

capacitance.

egn 1.2

Aox 1S the oxide area and X is the oxide thickness. Since A and X does not

change with applied voltage, the capacitance is constant in accumulation region.

If Vg > Vg, depletion region is created: As seen in figure 1.5 (b), when
positive gate bias is applied to the gate metal, the region below the gate oxide is
depleted from the free carriers (holes) by the electric field generated by the
applied voltage. Consequently, the negative ions remain in this region, called
depleted region. This results in the creation of a new capacitive contribution to
the total capacitance of the device. Since the capacitance is proportional to the
amount of charge in the depletion region, it is dependent on the magnitude of the
voltage applied to the device. The total measured capacitance is then a function
of the applied voltage.

12
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Figure 1.5: Working regimes of MOS-C as a) Accumulation b) Depletion and c)

Inversion [40]

The relation (1.3) between gate voltage and depleted thickness can be written as;

X4 = function (l(q) eqn 1.3

Then, equivalent capacitance of a MOS device can be modeled as the total
capacitance of two serially connected parallel plate capacitors that is shown in
figure 1.6. Cyx and C4 are capacitors associated with the oxide layer and the
depletion layer, respectively and Rs is the serial resistance of substrate. Then, the
total capacitance of the system can be written as,

Cag = Cox + C5t eqn 1.4
where

_Zd 2e5P5
Cy = " and  y, pron eqn 1.5
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Figure 1.6: Modeling of depletion region total capacitance connected in series.
Cox and Cg4 stand for oxide and depleted region capacitances, respectively. In

addition Rs represents serial resistance.

If electrons cannot be supplied to device at high voltages, inversion region does
not form. This is called deep depletion. The deep depletion occurrence can easily
be understood from a Capacitance-Voltage (C-V) curve, which shows
continuous decrease in capacitance with increasing voltage. It will be clarified at

the end of this section.

If Vy >> Vg, then inversion occurs: For this condition, electrons in the p-type
Si are included in the process because the gate voltage is large enough to collect
the minority carriers (electrons) at the SiO,/Si interface. Free electrons inside Si
are collected up the interface as shown in figure 1.5 (c). In inversion, change in
the amount of the ions and free electrons due to the change in the applied AC
voltage are independently formed. Inversion capacitance is not influenced by
gate voltage anymore. This means that if the frequency is high, electrons in the
inversion layer cannot follow the signal and the capacitance is the sum of the
oxide and depletion layer capacitance. On the other hand, if the frequency is
lowered, the electrons in the inversion layer can take part in the process and
equivalent capacitance increases. The equivalent capacitance can reach the value
measured in accumulation region.
14



Inversion condition occurs when the surface potential is higher than a certain

threshold value. This threshold value is satisfied when,

Py = 20 with @ = ZECED _ keT (s
€ € ™ egn 1.6

where @ is the Fermi potential, + gnd - corresponds to p- and n-type substrate,

respectively. E;j and Er are Fermi energy levels of intrinsic and aligned,
respectively, kg Boltzman constant, Ns substrate carrier concentration and n;

intrinsic carrier concentration. Then, maximum depletion layer thickness is;

L eqn 1.7

eZNg

1/2
4sSkBTln<%)
Xdep,max =

As explained above, there are two possible capacitance conditions depending on
the frequency in the inversion region. Firstly, if frequency is low, capacitance
value approaches to oxide capacitance as described in eqn 1.2. This means that
the electrons in the inversion layer follow the applied gate voltage bias.
However, if frequency is high then the depletion region is affected and

capacitance is calculated using egn 1.4.

An ideal C-V curve is roughly shown in figure 1.7. Veg and Vry voltages

correspond to flatband and threshold voltage, respectively.
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Figure 1.7: ldeal C-V curve under high-frequency and low frequency

measurement.

However, in reality, C-V curve is affected by various factors like work function
difference and oxide charges. Thus, the shape and the characteristics of the CV
curve deviate from ideality depending on the charge concentration distribution,
interface charges, oxide charges (as mentioned in more detail in previous
section), work function difference between gate metal and semiconductor. Fixed
charges make the curve shift in parallel to original curve, while dynamic charges
affect the curve depending on the applied voltage. To visualize, this is shown
schematically figure in figure 1.8, 1% line shift is due to fixed charges and 2"
line results from the dynamic charges and 3" one represents the deep depletion.
Deep depletion occurs if minority charges could not be collected at the interface.
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Figure 1.8: Shift from ideal C-V curve. Curve 1 stands for fixed oxide charges, 2
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stands for mobile charges and 3 results from that minority carriers are not being

able to collected in inversion region.

1.3.2 Basic parameters of MOS-Capacitor

Fixed oxide charges: Positive charges due to structural defects are classified
under this group. The origin of these charges is oxidation process, temperature,
ambient, cooling condition and substrate orientation. This type of charges affects

the device performance.

Oxide trap charges: These charges can be positive or negative and formed
during tunneling, injection or erasing mechanisms. They are usually located

close to the interface.

Mobile oxide charges: These are generally resulting from ionic impurities such
as Sodium (Na"), Potassium (K"), Lithium (Li*) and hydrogen (H"). Since these

are mobile ions, they show time dependent behavior.
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Interface trapped charges: These charges can be both positive and negative
depending on the defect sites and/or impurities. They are located at the interface
of any two different materials. Interface trap charges can be charged or
discharged depending on the gate potential polarity. If they are dynamic states,
additional path is created and this may result in discharging of the stored data.
These charges generate electrostatic effects because of the interaction with the
stored charges and affect the voltage drop (or electric field) on dielectric.
Interface charges are mostly neutralized in hydrogen or deuterium ambient at

low temperatures.

Flatband Voltage: Flatband voltage (Ves) is the voltage that must be applied to
obtain the flat band condition as shown in figure 1.9 which shows Al/SiO,/Si
MOS-C structure. Flatband voltage in ideal conditions is required be zero under
no applied voltage bias. However, if work function difference exists between
semiconductor and metal, then one needs to provide the energy equal to the

amount of the work-function difference to get flat band condition.

Work function (@) is the energy necessary to extract an electron from Fermi
level to the vacuum level. It is ®y= 4.1 eV for aluminum. The term work
function is called as electron affinity (y.), if one is talking about work function
of semiconductor. It is the energy required for an electron to jump into vacuum
level from conduction band level. Electron affinity of the silicon dioxide is yx=
0.9 eV and silicon is ysi= 4.05 eV. The work function difference between Si and
Al is 0.05 eV. In addition, if there are also oxide charges, interface charges
and/or charge inhomogenity in the structure, flatband condition is different than

the work function difference.

18



E
vacuum level
41eV| poey 405 eV
|
E; hvs E.
______ E;
E;
metal oxide ! semiconductor

Figure 1.9: Ideal Metal-Oxide-Semiconductor structure band diagram explained
over Al/SiO,/Si (p-type) [41]

The flatband voltage in ideal condition is equal to work function difference
between metal and semiconductor (It is the first term,®m sc, in egn 1.8).
However, band structure might be affected by the applied voltage falling across
the oxide, resulting from fixed charges in the oxide and also charge distribution
at the interface. Thus, the formulation turns into a little complex form [41]. All
these effects and parameters can be combined in a single expression given by
eqn. 1.8. This relation gets more complicated if moving charges are considered.

Qi 1 rtox
Vee = @y-sc — Con ;fo p(x)dx eqn 1.8

where i is interface charge density, Cox is oxide capacitance, ox is permittivity

of oxide and (%) is the charge density in oxide.
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@y _sc depends on the doping density (Ng), intrinsic carrier density (n;), energy
gap (Eg), metal work function (@) and electron affinity (y). In eqn 1.9 there is a
logarithmic relation of metal-semiconductor work function with doping density

and intrinsic carrier density.

E eqn 1.9
Py_sc = Py — Psc = Dy —Z—;:“+ thn<N_d>

ni

Threshold voltage: Threshold voltage is the value of gate voltage at which
electrons are accumulated (for p-type Si) at the interface of semiconductor and
tunnel oxide (inversion regime). Threshold voltage is a critical value that is
necessary to form a conducting channel between source and drain of MOSFET
creating a low resistance path for carriers. By applying a gate voltage
simultaneously, carriers are collected at the available sites inside the oxide such
as at defect states or in semiconductors inside the nanocrystals, in our case.
When voltage is above the threshold voltage, transistor is said to be ON. If the
gate voltage exceeds the threshold voltage limit significantly, this condition is

called strong inversion.

1.4  Tunneling Mechanisms During Programming and Erasing

(Write/Erase) Processes

There are various tunneling mechanisms used to explain programming and
erasing conditions, such as direct band to band tunneling, trap-assisted
tunneling, Fowler-Nordheim tunneling, modified Fowler-Nordheim tunneling,
band to trap tunneling and trap to band tunneling. First three of these
mechanisms will be explained in the following sections. More information on

the transport mechanisms is available elsewhere [39].
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The electron propagation through a potential barrier is called tunneling.
Tunneling is a quantum mechanical phenomenon according to which the wave
function does not vanish immediately in the barrier region; it decays
exponentially into barrier material and leaves it on the other side if the barrier is
thin enough. It depends on the barrier height, applied field and availability of the

states in both sides of the barrier.

Some details of the different tunneling mechanisms are given below.

1.4.1 Fowler-Nordheim Tunneling (FN): In the presence of high electric
field (Efielq), band barrier is bent as shown in figure 1.10 (a) and current
increases in the device, due to electron injection through a triangular shaped

barrier [33]. Current density of FN tunneling is given by egn 1.10 [3];

Jen = a |E|? exp(=b/|E]) eqn 1.10

where a and b are fitting parameters and E is the electric field falling on oxide.

1.4.2 Direct Band to Band Tunneling (BTB): It is called direct tunneling
because the process occurs directly from a band to the other. High field in oxide

promotes the Fowler-Nordheim tunneling. This can be explained using

equation E = 5 > @y where @y is the barrier height while lower electric field is

the direct tunneling (E = g < @) [42]. Direct tunneling is shown in figure 1.10
(b), and no other sites such as trap sites take role in this mechanism. This
increases the power consumption of large scale integrated circuits. Reducing
tunnel layer thickness increases the probability of direct tunneling. This type of
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tunneling occurs without thermal activation. Meanwhile, it is the high-speed

mechanisms to write information.

The main difference of direct tunneling mechanism from Fowler-Nordheim
tunneling is the dependence on the temperature (T). It comes in current
derivation as second order factor.

Jgrs = A*T? exp(—B@,) exp (%fs) [exp (%) -1 ] eqn 1.11

where A* is the Richardson constant, exp(-pdy) is the tunneling probability, @s

is the Schottky barrier between the gate and the semiconductor [41].

The transmission probability (T;) for a charge carrier is given by [3],

1

. EZsinh?pw]
T, = [1 S r— EoE) eqn 1.12
with B = @ eqn 1.13

where E is the energy of the carrier, Eq is the barrier height and W is the
thickness. With decreasing thickness, predominant injection form direct

tunneling of carriers.
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1.4.3 Trap-Assisted Tunneling (TAT): Tunneling does not occur directly,
instead tunneling mechanism requires a trap host site, and process arises more
than one step. This mechanism is shown figure 1.10 (c). This tunneling type is
observed after write/erase operation cycles even though it is not present at the
beginning. The main reason is degradation of dielectric after operations such as

Fowler-Nordheim and direct tunneling.

// {a) Fowler-Mordheim Tunneling
(k) Direct tunneling

s {c) Trap-Assisted Tunneling

Tdetal Cizade Sermiconductor

Figure 1.10: Emission of charge by Fowler-Nordheim (a), direct (b) and trap-

assisted tunneling (c) mechanisms.

1.5 Charge Density Calculations

Charging calculations for continuous layer floating gate memory cell devices
and nanocrystal floating gate devices are given in egn 1.14 and egn 1.16,
respectively. Accumulation capacitance obtained with continuous floating gate
memory cell is equal to the capacitance of control oxide as given in eqn 1.14.
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eff A
= Cer 2V egn 1.14

where Ce is the effective oxide capacitance, AV is the shift in voltage with
charge accumulation and q is the electric charge. Charge density is calculated
per area to eliminate the gate area contribution. Thus, effective capacitance is

divided by gate area of the device.

Charge density calculation differs for nanocrystal floating gate memories. The
reason is that capacitance measured with C-V response is reflecting the effect of
the stored charges in confined nanocrystals. Charges injected into nanocrystals
can be accepted as the screening of the gate charges. This effect decreases the
conduction in inversion regime. Due to reduction in conduction, threshold

voltage shifts and this shift in threshold voltage is calculated by,

qdMnc 1 €ox
AVp = = (tenu + 5 - tnc) eqn 1.15
ox Si

If n,,. needs to be calculated then this relation becomes,

__ AVt eox 1

1ox
q (tent1t 2 eg; tac)

egn 1.16

nnc

where gox and es; are the permittivity values of oxide and Si substrate, t.,,;; is the

thickness of control oxide, and ¢, is the linear dimension of nanocrystals and

AV is voltage shift in threshold [43].
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CHAPTER 2

NOVEL DIELECTRIC MATERIALS FOR SiO, REPLACEMENT

2.1 Introduction

Scaling issue of microelectronics circuitry and increasing need of overcoming
power consumption problem force scientists and technologist to look for new
materials to overcome these difficulties arising from the limiting conditions at
reduced size. In figure 2.1, it is shown that SiO, has reached its 90 nm scaling
node and even it further decreases below 90 nm [44-46]. Intel announced its
Hafnium-based 45 nm process technology in 2007 [47].

Below a certain thickness (~8 nm) of SiO,, tunneling current increases rapidly
[48] due to the quantum tunnel effect. The current flow through the oxide creates
defects during operation, limitations start and reliability of these devices
becomes additional problem. To overcome the problem, replacement of SiO;
with another dielectric which can be grown physically thicker can be one of the
solutions. Thus, integrated circuit technology is looking for potential dielectric
materials to replace SiO,. This is required to suppress the increase in
degradation of oxide as a scaling issue. SiO, continues to shrink every two years
according to Moore’s Law and as a result degradation of oxide increases. When
it exceeds the current limit, it takes away the advantage of low power,

simultaneously [49].

Alternative high-k materials with high permittivity constant (e=gok where Kk is
the dielectric constant of material and ¢ is the electric constant of free space)

having potential to replace SiO, have been investigated. Thus, moderately high-
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k and high-k materials with k values ranging from 4<k<10 (moderately high-k)
and 10<k<100 (high-k) have been studied widely [50-52].

100

Thickness (A)

10

350nm
250 nm
180 nm
130 nm

90 nm

Figure 2.1: Scaling issue of SiO,. Further scaling requires alternative materials

to compensate leakage current, tunneling effect and etc. [53]

Silicon nitride (Si3N4) and aluminum oxide (Al,O3) have relatively low-k values
that are k~7.5 and k~10, respectively. SisN4 has an excellent interface with Si
but its relatively low-k value limits its widespread use [54]. Thus, it is not ideal

for ‘long-term’ scaling replacement.

Compared with SigN4, Al,O3 has higher dielectric constant and larger band
offset but due to interfacial charges formed between Si and Al,O3 during

fabrication, it shows poor carrier mobility [55].
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With the stringent requirements of flash memory technology, search for better
dielectric materials are continuing. Some of the candidates with the requirements

are discussed below.

2.2  Requirements for High-k Dielectric Materials

The major advantage of using material with high permittivity (ex) is the
requirements to suppress leakage current by increasing physical oxide thickness
that is corresponding to the same capacitance value obtained by a physically
thinner SiO,. This is explained using a concept that is called equivalent oxide
thickness (EOT). EOT represents the electrical thickness (not physical one)
which corresponds to the same capacitance value with a thinner SiO, dielectric

layer. As it is stated in chapter 1 (egn 1.2), capacitance is given by the formula,

Cox = Z Aox eqn 2.1

XOJC

From this equation, we see that the capacitance decreases with the reduced
device area. In order to maintain the same capacitance value with decreasing
device area the thickness of the dielectric oxide layer should be reduced.
However, after a certain thickness, it will not be permitted to decrease physical
thickness further because device does not work as required due to the increased
tunneling current. Alternatively, a new dielectric material with high dielectric

constant can be used to accommodate the areal reduction in lateral dimension.

If dielectric constant is doubled by using a new high-k material, it is balanced
with doubled-thickness of this high-k (Xk.ox) material keeping the EOT constant
(egn 2.2). Thus, high-k materials such as hafnium dioxide (HfO,), beryllium
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oxide (BeO), zirconium dioxide (ZrO,), aluminum oxide (Al,O3), titanium

dioxide (TiO,) and tantalum oxide (Ta,Os) meet expectations in this way.

= eqn.2.2

where g is the permittivity and A,_,, is the area of high-k material.

In a study reported previously [56], formation of metal oxide and silicate/silicide
were calculated using Gibbs free energy approach. It was shown that
thermodynamically most stable high-k materials are BeO, ZrO, and HfO,,
compared to Al,Og3, TiO, and Ta,0s [57].

The majority of investigated high-k materials are Zr-based and Hf-based
dielectrics [58-62] and they almost have the same physical and chemical
properties [53-57]. Their lattice constants are nearly same, ~0.78A and 0.79 A
for HfO, and ZrO,, respectively and their band offsets are relatively higher than
other dielectric materials as given in figure 2.2. This figure explains the
suitability of HfO, and ZrO, for Si in memory applications. Since there is an
inverse relation between the dielectric constant and band offset between the
oxide and the semiconductor [57], which is given in figure 2.3, optimum

parameters should be chosen.

ZrO, and HfO; are the best alternatives for SiO, in device fabrication technology
when figure 2.2 and figure 2.3 are considered together. In figure 2.3, there is an
inverse relation between energy gap and dielectric constant. The reason is that
high-k materials are from the transition metals of periodic table with d shell
orbital which are not filled completely. This incompleteness introduces energy
levels in energy gap with high density of states. This effect results in a relatively

small energy gap.
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Figure 2.2: Band gaps and band offsets of various high-k materials. Since high-k
engineering requires not only wide band gap but also large band offset, HfO,
and ZrO, are better as their dielectric constants are considered also after SiO..
[57].
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Figure 2.3: Inverse relation between energy gap and dielectric constant for
different oxides [57]

2.3  HfO, as a High-k Dielectric in Flash Memory Technology and

Replacement Challenges

HfO, is a promising material to replace SiO, due to its achievable equivalent
oxide thickness and relatively higher band gap. Besides, HfO, is a high-k
dielectric and it can be grown physically thicker to obtain a capacitance value
equal to that of lower dielectric materials. Due to its larger physical thickness,
high-k dielectric could decrease the tunneling or degradation effects. In addition,
HfO, has asymmetric band-configuration for electron and hole barrier as shown
in figure 2.4. This configuration makes the probability of electron and hole
injection different. In this figure, there is a difference between work function of

Al and activation energy of HfO, so there is an energy shift of 0.3 eV.
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Figure 2.4: Band structure of HfO, with Si and SiO, compared with dielectric
SiO; [63]. In the first figure intermediate band between Si substrate and HfO,

corresponds to SiOs.

Asymmetric band offset increases the retention time of an electron. Thus, HfO,
as a high-k dielectric is foreseen to improve the memory device performance in
the future. Due to these promising properties, HfO, seems more suitable for
further downscaling of CMOS technology. One of the problems with HfO,
fabrication is the undesirable interface formations with lower-k dielectric during
growth and annealing processes. This interface formation degrades the memory
cell performance. There are various studies to optimize and avoid the interface
layer formation, such as using a buffer layer or surface passivation techniques. If
substrate is Si and high-k dielectric is grown on this substrate, as a buffer layer,
a thin Hf layer is used to suppress formation of intermediate SiO, [64]. In
another case, if the interface is formed with Ge and HfO,, and a hafnium oxide
layer is grown on Ge, it is followed by either NH3; annealing [65] or SiH,4
annealing [66] for the passivation of the surface. The band structure of this
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arrangement is given in figure 2.5 comparing with Si case. It has advantageous
because hole barrier of device structure for Ge increases more than Si floating

gate case.
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Figure 2.5: Electron energy band diagrams of Al/SiO,/Si/HfO,/Si structure (a)
and Al/SiO,/Ge/HfO,/Si structure (b).
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SiO; is the native oxide of Si and as given in table 2.1 there is no interfacial
mismatch between Si and SiO,. Nevertheless, it is not the case for high-k
dielectric stacks. The basic problems to replace commercial MOS structure of
Poly-Si/SiO,/Si substrate are incompatibility of poly-Si/high-k dielectric stack
due to Fermi level pinning and mobility degradation. To overcome these
problems, an alternative metal gate is replaced with poly-Si gate. Appropriate
metal choice is done for high-k dielectric replacement case according to metal
work function. Being used in CMOS technology both for n-MOS and p-MQOS,
the metal work functions that are mid-gap or nearly mid-gap of high-k materials

are studied in literature.

HfO, is the widely studied high-k material since its dielectric constant is more
than 5 times larger than that of SiO, (table 5.1). Although band gap is relatively
smaller than SiO,, band offset inequality overlaps that negative effect and
increase data retention. As it is the case for other high-k dielectrics, interfacial
mismatch causes intermediate formations. However, there are various solutions
proposed and attempted to overcome this negative effect. The material
properties of HfO, are summarized in table 5.1 in comparison with SiO,.
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Table 2.1: Comparison of HfO, with SiO,, the native oxide form of Si, in

various aspects

Material Properties SiO, HfO,
Dielectric Constant (<) 3.9 ~25
Band gap (eV) 9 6.0
Conduction band offset (eV) 35 1.5
Valance ban offset (eV) 4.4 34
Density (g/cm3) 2.27 9.68
Lattice constant (A) 5.43 5.12
Lattice mismatch with Si - ~5.7%
Reactive index 1.46 2.2

In this study, we have performed careful analysis of the interface by diagnostic
techniques such as X-ray photoelectron spectroscopy (XPS) and Raman
spectroscopy. In order to understand the device behavior, the interface structure
should be clearly understood as it plays a crucial role in the operation of our
devices. Samples used in this study were prepared by magnetron sputtering
deposition technique. Compared to the atomic layer deposition (ALD) and
chemical vapor deposition (CVD) methods, sputtering technique is more
detrimental for structure but to eliminate this effect sputtering power is reduced.
In spite of the intermixing problem between two materials, this method is
compatible for mass production. Therefore, we investigated a memory cell type
structure fabricated by magnetron sputtering structure of SiO,/Ge(Si) on HfO,/Si

stack layer.
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CHAPTER 3

NANOCRYSTAL MEMORY CELL FABRICATION AND
CHARACTERIZATION METHODS

3.1 Instrumentations for Fabrication

3.1.1 Magnetron Sputtering Deposition Technique: Sputtering is a
physical deposition and a high vacuum technique, and its mechanism bases on
the energy and momentum transfer from ionized sputtering gas to the target.
Under a low pressure inert sputtering gas (Ar in this study) and a high voltage
across anode and cathode, plasma is created. Under glow discharge condition,
cathode material is bombarded with Ar ions and specimen on anode is coated by
the knocked of material.

In this study, all depositions except for HfO, tunnel layer were produced by
Nano D100, a multi target sputtering system produced by VAKSIS Ltd. A
picture of sputtering system is given in figure 3.1. It is a planar magnetron
sputtering and a capacitively-coupled system. In addition, an RF supply is
available in the system which allows for the deposition of semiconductor
materials as well as metals. 3 inch targets are used as source materials. It is also
possible to heat the substrate from backside with an infrared heater. Thickness of
film layer can be measured during deposition by quartz thickness monitor
attached to the system. Installed turbo molecular pump drops base pressure
down to 107 Torr.
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Figure 3.1: Picture of NANO-D 100

3.1.2 Thermal Evaporation Technique: In this study, metal electrodes
were formed using thermal evaporation technique. Aluminum was used for
metal electrodes. Contact area of gate electrode was fixed to 5.03x10™° cm? for
all samples using a shadow mask. Vacuum chamber of evaporation system was
pumped by diffusion pump by which base pressure could be dropped down to
10 Torr in about 3.5 hours. Cooling was provided by both circulating water
system connected to chiller pump and liquid nitrogen. Schematic representation

of evaporation system is given in figure 3.2.

36



bell jar

substrate table

substrate and holder
shutter

path of vapor

e
T N — Al
| I evaporatt
) Hlament
high vacuum by rotary pump
& diffusion pump

Figure 3.2: Schematic diagram of thermal evaporation system

3.1.3 Annealing in healing gas ambient: Annealing is categorized in two
parts according to the time of process. First one is annealing in nitrogen ambient,
which will be referred as “annealing” and performed before the deposition of
metal contact, i.e. before finalization of the fabrication. Annealing performed
before device fabrication aims to heal the device structure and to form

nanocrystals in structure. Annealing was performed at a range of 600-1100 °C.

The second one is annealing in hydrogen and nitrogen gas mixture and will be
referred as “hydrogenation or metallization” and generally performed following
deposition of metal contacts. Hydrogenation is a kind of healing process to fill

dangling bonds and traps.

In this study, nitrogen annealing was performed in clean-room conditions under
spectrum N, gas ambient. If not mentioned otherwise, all post-annealing
processes were performed at 400 °C with 30% H,+70% N, ambient for 20

minutes.
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The detailed information on annealing conditions will be given during
experimental parts on device fabrication in chapter 4 and chapter 5 because
annealing temperature and is determined upon the desired device structure and

functionality.

3.2 Instruments for Characterization
3.2.1 Structural Characterization

3.2.1.1 X-ray Photoelectron Spectroscopy (XPS): This non-destructive
method is used for various purposes such as determining chemical states,
composition and thickness of the oxide films, the transition layers and the
empirical formula of the deposited thin films. Thus, ultra high vacuum condition
is crucial for XPS measurements. XPS spectroscopy is also called as ESCA,

which is the acronym for Electron Spectroscopy for Chemical Analysis.

This is a surface sensitive characterization technique. Probability of
photoelectron collection exponentially decreases with an increase in thickness
through a solid and it is given by the eqn.3.1 [67]. According to this equation, as
the distance from the surface of desired layer on specimen surface increases, the
photoelectron signal probability obtained from this layer decreases. Therefore, it
is a useful measurement technique especially for investigating thin film coatings
and it is considered to be especially useful for characterization of the top surface,
from 1 to 10 nm thickness.

P(d) = exp (—d/]) eqn 3.1

where | is inelastic mean free path of electrons in a solid and d is the distance of

electron from surface.
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Peak position of a photoelectron collected by an analyzer can be calculated using
eqn.3.2 [67]. According to figure 3.3, electron is ejected from core level of
atoms and by overcoming a work function specific to the solid, it becomes a free
electron. Photon energy of X-ray source, hy, electronic charge, g, surface
potential, ¢, and work function of spectrometer, ¢s are known parameters in this
equation. Therefore, by measuring the kinetic energy of detached electron,
binding energy (Eg) could be calculated from the formula as,

Ex =hv—Eg— ¢, —qd eqgn 3.2

By looking at this equation, it could be said that each element has a
characteristic set of peak positions due to kinetic energy of ejected electron and
its position in energy state. For Ge 2p peak position (Eg) is obtained about
1217.0 eV and 3d peak position is about 29.4 eV with instrument used for
experiment in this work. Photoelectrons ejected from Ge 2p line are less
energetic since they are inner core electrons and bonded more strictly.
Therefore, their corresponding binding energies collected at higher energy side

from eqn.3.2.

XPS technique gives a quantitative data for a thin surface analysis. For ultra thin
samples, this is preferable but to analyze thicker samples it is a limiting factor.
Due to this limitation, depth profiling characterization technique is added to the
systems. Combining this property with XPS, it gains functionality and could be
able to analyze thin films with any thickness. It only requires extensive amount

of time.

This technique can be used for samples with intermediate layer formations. As
discussed before, in our flash memory devices, it is important to control

interfaces and their effects on device performance like flash memories. The
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procedure of depth profiling technique is based on removing the film surface by
sputtering technique and then continuing to collect data from the remaining part
of the film. Thus, it is a destructive technique and used for samples that will not

be used later.

—
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r
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Figure 3.3: Energy band diagram for non-metal samples that is used to calculate

peak position in XPS measurements [68].

With orbital angular momentum greater than zero, electrons could get two
different angular momentum values. Peak position of these electrons with
angular momentum greater than zero usually split into two separate positions.
This is a result of spin-orbit coupling, which is the result of interaction between

spin and orbital angular momentum. [69]

The main structural characterization technique used in this study was XPS. This
method is fundamentally used to determine chemical composition and

stoichiometry of transition layers (SiOx, GeOy) of film by the help of depth
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profiling analysis. XPS measurements were done with SPECS EA-200 system,
which is available in METU Central Laboratory, using an Al Ka x-ray source
(hy=1486.6 eV).

To determine chemical structure, background subtraction and peak fitting are
required. PeakFit™ 4.12 and XPSPEAKA41 are used to deconvolute each peak
position in this study. Shirley method is used for background subtraction and to
deconvolute peaks a combination of Lorenzian and Gaussian curve, which is
called Voigt, is used. Detailed information on instrument and general view could
be found elsewhere. [70-71]

3.2.1.2 Raman Spectroscopy: Photons directed onto a material does mostly
not interact with the material. Most portion of the light is reflected back, some is
transmitted and remaining part is absorbed and/or scattered, either elastically or
inelastically. After elastic scattering, or Rayleigh scattering, photon leaves the
sample without any interaction. However, a small number of photons (e.g. one
photon in million) interacts inelastically with vibrating phonon modes. Photon
frequency is subject to a change as a result of energy or momentum transfer in
between photon and the lattice atom. This is called Raman Effect, named after
the discovery of the effect by Indian physicist C. V. Raman in 1928. Change in
energy either in higher energy direction, gaining energy which is Stokes shift or
in lower energy direction, losing energy which is called Anti-Stokes shift. These
scattering scenarios are shown in the schematic diagram in figure 3.4. Energy
and momentum conservation rules given by eqn. 3.3 and eqn. 3.4 [72] are

explaining the scattering processes.

ws = w; * 02 eqn 3.3

4s=q A eqn 3.4
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where wg and w;are the scattered and incoming photon frequencies and g, and
q; are the wave-vectors of scattered and incoming photon, respectively. + sign

and — sign are for Anti-stokes and Stokes shift, respectively.

Raman scattering gives information about polarization behavior of the material,
lattice structure, impurities and free carriers in a semiconductor. For example;
intensity of the peak can be used to have information about the crystallinity (the
more crystallinity, the less disordered structure and so the less damping). First
order Raman backscattering from crystal for certain direction gives only certain
modes. In a crystal with diamond structure and in <100> direction, only
longitudinal optic (LO) mode appears, transversal optical (TO) mode in <110>

direction and both LO and TO modes appears in <111> direction.

Raman spectroscopy is a non-destructive and quantitative analysis. Light
interacts with optical phonons and without damaging material structure, electron
polarizability is observed in Raman Effect. Change in orbit after movement of
nucleus in 10™ s™, results with polarizability change. Since there is no relation
of angle of detector with photon frequency and polarizability, it is fixed in

configuration.
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Figure 3.4: Schematic diagram representing scattering types, namely elastic

(Rayleigh) scattering and inelastic (Stokes and Anti-Stokes) scattering.

Raman data are plotted as Raman intensity versus Raman shift, which is actually
so called wave number. Energy difference of a photon is dependent on the wave

number with the relation,

AEzhvzhf1 eqn 3.5
C
y=loda_l gy eqn 3.6
c c A
AE = hcv eqn 3.7

where E is the photon energy, h is the Planck constant, A is the wavelength of
outgoing photon, v is the wave number and c is the velocity of light. When egn
3.5 is inserted into egn 3.6, final equation is obtained (egn 3.7). It shows that

there is a direct relation between energy and wave number. When h and c are
43



inserted in this equation for one Raman shift, energy difference is calculated as
2.24x10™ eV/molecule [73].

In this dissertation, Raman spectroscopy was used to analyze the crystalline
structure of Ge floating layer in our memory devices. All measurements were
conducted at room temperature in backscattering geometry using 632.8 nm light
source of a conformal micro-Raman (HR800, Jobin Yvon) system. Raman
system is located in the Department of Chemistry at METU, attached with
Olympus microanalysis unit and a liquid-nitrogen-cooled CDD camera

providing a resolution of ~1 cm™.

3.2.2 Electrical Characterization Instrument

3.2.2.1 Capacitance-Voltage (C-V) meter: In this dissertation for electrical
characterization, Hewlett-Packard (HP) 4192A LF impedance analyzer (figure
3.5) is used to measure capacitance and conductance of MOS-type memory
cells. This testing instrument is fully automatic and wide range in measurement
techniques. Besides impedance parameters, gain, phase and group delay
measurements are allowed to be done. Direct read-out can be provided by
display units according to the selected measurement type. However, during
experiments read out is done by computer control unit by using LabView codes.
In this program, we are allowed to determine the voltage range and sweep
voltage. In addition, frequency and oscillation level can also be controlled

manually.

Equivalent circuit modes are served in three options; auto, series and parallel.
Impedance, resistance and reactance are measured in series mode since they
affect the circuit in serial mode. Admittance, conductance and susceptance are
measured in parallel mode since they most generally affects the circuitry in
parallel mode. More detailed information on testing instrument can be found

elsewhere [74].
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Characterization of the memory devices was mostly done by capacitance
measurements. Each data obtained with sweep range is plotted and analyzed
according to the regions: accumulation, depletion and inversion, each of which
were discussed in detail in chapter 1.3.

Device contact area was determined by evaporation to be 5.03x10 cm?. Sharp
gold probes were used during measurements in order to be sure that applied

voltage was totally falling over the measured cell.

C-V characteristics of memory cells were investigated for five different sets of
devices. By these measurements, charge density and equivalent oxide thickness

(EQT) calculations were done.

The schematic of our set-up is as follows;
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Figure 3.5: Schematic representation of HP 4192A impedance analyzer and
measurement set-up (a) and a closer look at the device configuration and
connection to the measurement set-up with nanocrystal floating gate in

measurement system (b).
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The front panel and block diagram of the LabView code control unit used for
these measurements are given in figure 3.6 (a) and (b), respectively. Front panel
shows two different graph charts. These show C-V and conductance-voltage
graphs from left to right. The shown page of block diagram is the main cycle
where data is processed, by reading output from characterization set-up and

written into the graph and sending it to save in a file.

HIGH FREQUENCY C-V MEASUREMENT PROGRAM Front panel
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Figure 3.6: High frequency C-V measurement program; (a) front panel and (b)
block diagram of LabView code used for C-V measurement.
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Figure 3.6: High frequency C-V measurement program; (a) front panel and (b)
block diagram of LabView code used for C-V measurement (continued).
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CHAPTER 4

EVOLUTION OF SiO,/Ge/HfO,/Si MULTILAYER STRUCTURE
UNDER HIGH TEMPERATURE ANNEALING

41 INTRODUCTION

In this part of the study, SiO,/Ge/HfO,/Si multi-stack structure was studied to
characterize chemical and structural properties of memory devices by
spectroscopy techniques. Detailed analyses of the layers and their interfaces with
each other were carried out by XPS in detail. In the following sections, first
intended structure of the samples and their preparation methods are explained.
Then, the results obtained from XPS depth profiling and Raman spectroscopy
will be presented and discussed. Part of this chapter has been submitted to Thin
Solid Film for publication [75].

42 SAMPLE PREPARATION

For this part of the study, five different sets of specimens were prepared as listed
in table 4.1. Labels in table 4.1 has the following meanings: “a” represents the
1% set of prepared samples of wafer number 5, 2 or 21 while “b” represents the
2" set of samples prepared from the same wafers. Different numbers in these
labels (5, 2, 21) corresponds to different thickness of HfO,. Sample 5 has ~10
nm thickness of HfO,, sample 2 has ~15 nm and sample 21 has ~10 nm HfO,
thicknesses, which were measured in MC2 laboratories at Chalmers University

of Technology in Sweden using an ellipsometer.
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Table 4.1: Thickness values of the HfO,, Ge, Si and SiO; layers. Thickness of

HfO, layer is measured by ellipsometry; Ge, Si and SiO, layers are measured by

thickness monitor attached to the sputter system during deposition.

Parameters

Sample: Sputter Layers in Nitrogen annealing RTA annealing
Name METU (°C/min) (°C/min)
) ) ) 900 | 1000 | 1000
abSi 8nmSi+15nmSiO, 900/5 1000/5
/30 /30 /60
Si ) ) _ 900 | 1000 | 1000
b5Si | 12nmSi+15nmSiO, 900/5 1000/5
/30 /30 /60
_ 700 800 | 900 | 700 | 800 | 900
abGe | 8nmGe+15nmSiO,
/30 /30 /130 /1 /1 /1
) 700 800 | 900 | 700 | 800 | 900
Ge | b5Ge | 12nmGe+15nmSiO,
/30 /30 /30 /1 /1 /1
_ 600 700 | 800 | 600 | 700 | 800
a2Ge | 2nmGe+15nmSiO,
/30 /30 /30 /1 /1 /1
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4.2.1 Fabrication of the Samples
Sample 5:

Sample 5 is a p-type Si <100> substrate grown by Czochralski process with a
resistivity value of 1-10 ohm-cm and a doping density of 10*°-10'® cm™. Before
the deposition of consequent layers, RCA cleaning was performed and it was
followed by native oxide removal process using dilute HF solution.

Si0,/Ge/HfO, stack layers were fabricated on p-type Si <100> substrates by
sputter deposition technigue. In this multilayer structure HfO, acts as the high-k
dielectric tunnel oxide for the memory cell. HfO, film layer was grown by using
sputtering technique in UHV conditions in MC2 laboratories at Chalmers
University. Then, to fabricate MOS-type cell structure, floating gate and gate
oxide productions were performed in Semiconductor Materials and Devices
(SMD) group laboratories at METU by magnetron sputtering technique. This
technique and the system were explained in detail in chapter 3.1.1. Ge/Si and
SiO, layers were grown on HfO, films by magnetron sputtering at room

temperature as floating gate and control dielectric, respectively.

SiO, was deposited as control oxide. During the fabrication of floating gate and
the control oxide layers, substrates were not taken outside the deposition system.
The structure of the Si/HfO,/Ge/SiO, multi stack structure is schematically

shown in figure 4.1.

Thickness measurements are summarized in table 4.2 for each stack of the
structure. The thickness of the Ge and Si layers were measured to be ~8 nm for
samples labeled with “a”, and ~12 nm for samples labeled with “b”. They all
have the same thickness of SiO, as the control oxide and it was measured to be

~15 nm.

Base pressure of sputtering system before growth process was about 2x10° Torr

for all set of samples. During the deposition the pressure raised to 7 mTorr and 3
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mTorr with 50 W DC power with 20 sccm Ar flow for Si and Ge deposition,
respectively. SiO, growth was conducted at 175 W RF power with 3 mTorr
growth pressure and 20 sccm Ar flow. Fabrication processes were performed at
room temperature. These parameters were kept constant for the other sets of the

samples used in this part of the study.

SiO2 cap layer

Ge or Si layer

P-type Si substrate

Figure 4.1: Schematic representation of SiO2/Ge(Si)/HfO2/Si multi layer

structure.

Chemical structure and interfacial properties of a5Ge set were studied in detail
by using XPS technique before and after heat treatment at 800 °C in N
ambient for 30 min in cleanroom conditions. For the depth profiling during
the XPS measurements, more than 60 layers were sputtered for both as-sputtered
and annealed samples with Ar ion gun, operating at 2500 eV. There was no
detectable carbon contamination in the films following the removal of the first
layer by Ar sputtering. Depth profiling was started after the removal of this
layer. The XPS data were processed after background elimination, called
Shirley background elimination technique, by using both PeakFit™ and
XPSPEAK programs.
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Sample 2:

SiO,/Ge/HfO, structures with 15 nm HfO, high-k dielectric was fabricated
on p-type Si <100> substrate with a doping density of 10*°-10'® cm™ by
sputtering technique under the same condition as sample 5. The only difference
is the Ge layer thickness which was measured to be ~2-3 nm using thickness
monitor of sputtering system. This set was also examined by Raman
spectroscopy technique to see whether Ge-Ge bonds were formed. Electrical
measurements performed on this sample set will be presented in the next

chapter.

Table 4.2: HfO,, Si (or Ge), SiO; control oxide layer thicknesses measured by
ellipsometry (for HfO,) and the thickness monitor (the rest).

HfO, Geor Si SiO,
Number Name of thickness thickness thickness
of wafer samples
(nm) (nm) (nm)
2 a2Ge 15 2-3 (Ge) 15
a5Ge 10 8 (Ge) 15
b5Ge 10 12 (Ge) 15
5
a5Si 10 8 (Si) 15
b5Si 10 12 (Si) 15
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4.3 CHARACTERIZATION
4.3.1 X-ray Photoemission Spectroscopy

Sample a5Ge with SiO,/Ge/HfO,/p-Si multilayer structure was analyzed using
XPS depth profiling technique in more than 60 sputtering steps. Each sputtering
step corresponds approximately to the removal of ~3-4 nm layers. The actual
values vary for different materials and their micro structures. Figure 4.2 shows
representative XPS spectra and deconvoluted peaks of Si, Ge and Hf and their
chemical states at two different locations for the sample annealed at 800 °C in

nitrogen ambient.

In figure 4.2 (a), the upper curve belongs to the Si 2p signal that is obtained from
the Si substrate reached after 50 cycles of sputtering, whereas the lower curve is
received from the top SiO, layer. These two signals measured at 99.2 eV and
103.7 eV corresponds to the typical Si and SiO, peak positions, respectively.
There are no significant shifts observed at peak positions of Si and SiO,. The
small peak of lower curve seen at around 94 eV is the satellite peak of Si

originated from ionization of X-ray photons with slightly higher energies.

Ge 3d signal displayed in figure 4.2 (b), exhibiting double peak features, is
resulting from the pure Ge and the GeOy state. After 20 sputtering cycles, Ge 3d
peak is dominated by the pure Ge signal located at 29.3 eV and there is some
signal coming from GeOy at 31.6 eV. GeO; signal (at 33.7 eV) is detectable as
approached to Ge/HfO, interface and when we approach further towards the
Ge/HfO, interface, the binding energy peak corresponding to GeO, signal
dominates over the pure Ge signal.
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Figure 4.2: Representation of deconvolution process of XPS spectra of Si (a), Ge
(b) and Hf (c) after annealing at 800 °C in N, ambient for % hour.

Hf 4f peaks are shown in figure 4.2 (c) in a similar way for two different layers
with different chemical form of Hf molecule. Hf 4f signal is typically composed
of two main peaks (4fs, and 4f7,,), which is splitted due to spin-orbit interaction.
After 26" sputtering cycle, Hf peaks corresponding to these spin states were
measured with binding energies of 17.6 eV and 19.3 eV that can be assigned to
the peak position of HfO, [76]. When we approach to the interface with the Si
substrate, two additional peaks emerges at 15.9 eV and 14.3 eV (upper curve of
figure 4.2 (c)). These two peaks appearing at the HfO,/Si interface are resulted
from HfSi/HfSiOy and Hf with low oxygen content. It should be mentioned that
the presence of pure Hf metal, which might be in the form of local nanocluster,
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or HfSi regions without any oxygen content since this cannot be excluded from
the XPS signal alone as the peak position of these formation is hardly
distinguishable [77-80].

Behavior of Ge at the interface of SiO,/Ge and Ge/HfO; is of great interest
because the electronic properties of these interface states, which play crucial role
in the device operation, are mainly determined by the chemical formations in the
structure. A complete analysis of Ge 3d peak across the multilayer structure is
displayed with three dimensional graphs in figure 4.3 and figure 4.4, before and
after the annealing processes, respectively. Presence of pure and oxidized Ge is
clearly distinguishable in both figures. While GeOy is observed only at the
HfO,/Ge interface of as fabricated sample, it is also seen at Ge/SiO, interface
after annealing in nitrogen ambient at 800 °C. It appears that Ge atoms close to
the Hf interface are oxidized during the deposition. It is likely that Ge atoms
extract O atoms from the underlying HfO, film. The charge carrier should tunnel
through the Ge/HfO, interface during the write/erase operation in a flash
memory element and the presence of GeOy influences the electronic barrier
determining the tunneling process at the interface. Thus, formation of Ge oxide
at the HfO,/Ge interface should be taken into the account during the device
design and analysis.

56



Ge
e ’ As-grown Ge3d

Germanium oxide

surface

&
) s\Cﬂ
A (O
m substrate \)((\\0
] = w0 @
28 30 32 34 36 o

Binding energy (eV)

Figure 4.3: Smoothed data obtained from as-grown sample. Ge 3d peak positions
beginning from cycle 12 to cycle 51. In this graph, Ge signal are started to

collect after cycle 12 to cycle 40.

57



Ge3d, Annealled at 800C in N:,1/2h

Germanium oxide

Binding Energy (eV)

Figure 4.4: Smoothed data obtained from 800°C annealed Ge 3d peak positions

in the same range of as fabricated sample.

Depth profiling of all elements across the stacked multilayer structure before and
after annealing is shown in figure 4.5. Interfaces separated into 4 fundamental
regions that are indicated in the figure. We see that the top SiO; layer formed by
magnetron sputtering is almost stoichiometric and pure. Carbon contamination is
observed at the very beginning surface layers only. HfO, film is seen to contain
large amount of Ge before annealing. It seems that while Ge atoms penetrated
into the underlying HfO, layer during the sputtering process, the annealing
process greatly reduced the Ge amount in the HfO, film. The stoichiometry of
the HfO, film is then healed by out diffusion of Ge atoms. The segregation of Ge
from SiO; is a commonly observed phenomenon [81-82]. Similar behavior was

58



also reported for Ge in the Al,O3 matrix [83]. We saw that Ge atoms behave in a
similar way in HfO,. This effect is apparently related to low solubility of Ge in

the oxide materials.
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Figure 4.5: Depth profile spectra of SiO,/Ge/HfO,/Si specimen for (a) as grown
and (b) annealed in 800°C in highly pure nitrogen ambient.

In order to analyze the chemical state of constituting elements across the
Si0,/Ge/HfO,/Si stacked structure, binding energy values of Ge 3d and Hf 4f

59



were extracted by a careful deconvolution process, and given in figure 4.6. We
also see from this figure how these chemical states changed during the
annealing. In figure 4.6 (a) and (b), peak positions of Ge 3d and Hf 4f are
shown, respectively. Binding energy values of Ge 3d peak positions were 29.3,
31.6 and 33.7 eV corresponding to Ge, GeOy and GeO,. The peak assigned to
GeOy could not be resolved any further due to the weak signal intensity. We see
from figure 4.6 (a) that Ge was oxidized at the interface of HfO, even before the
annealing process. It seems that Ge atoms oxidized with the oxygen atoms
provided by the underlying HfO, layer during the sputtering. Upon annealing at
800 °C, the other side of the Ge film with SiO, interface oxidized, too. This
oxidation took place due to oxygen atoms available in trace amounts in the
annealing ambient even though the annealing was carried out in high purity
nitrogen gas ambient under clean room conditions. We see however from figure
4.3, figure 4.4 and figure 4.6 (a) that a significant amount of pure Ge remained

intact even after the annealing process at 800 °C.

The situation is more complicated for Hf, due to the presence of different phases
and the spin splitting of the peaks. By using the deconvolution process described
above, we were able to determine the chemical states shown in figure 4.6 (b)
with some uncertainty. Figure 4.6 (b) suggests that even HfO, layer is mostly in
the oxide form before annealing, some un-oxidized Hf atoms are detectable at
HfO,/Si interface. The peak measured at 17.6 eV corresponds to the fully
stoichiometric HfO, 4f, signal (4fs, is 1.6eV larger than this value) while the
slightly shifted value around 16 eV can be attributed to either HfSi or HfSiO,.
Previous publications on HfO,/Si systems suggest the presence of both phases
[80, 84]. As we measure a strong oxygen signal from the same region (not
shown here), it is more likely that this part of the structure is composed of
HfSiOy rather than HfSi. The relative intensities of HfO,, HfSi/HfSiOy, and Hf
obtained after peak fit show that this region is highly dominated by HfO,;

although other chemical formations are present.
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4.3.2 Raman Spectroscopy

Being a complementary technique to XPS, we performed Raman spectroscopy
measurements to identify the presence of Ge-Ge bonds and their evolution with
the annealing for the sample called as “a5Ge”. Figure 4.7 shows the Raman
spectra for the as grown (control) and annealed samples. Annealing was
conducted at various temperatures in N, ambient using 3 zone oven and in Ar

ambient using rapid thermal annealing (RTA) technique.

As expected Ge-Ge peak located at 299.6 cm™ emerged in the spectra after
annealing at a variety of temperatures. It was observed that in N, ambient
annealing, the peak intensity was its utmost value for the samples annealed at
700 °C, and decreases with increasing temperature. This is clearly a result of the
increase in Ge oxidation with temperature. This result agrees very well with the
XPS results (figure 4.3 and figure 4.4) for the 800 °C annealed samples where
partial oxidation of Ge atoms is observed. However, as the annealing condition
is changed from nitrogen oven to RTA system, since the annealing time
decreases from 30 min to 1 min, signal coming from Ge-Ge bonding increases
with temperature. In addition, RTA annealing for 1 min in Ar ambient enhanced
the signal. This indicates that the crystallization takes time so high temperature

treatment is required for a complete crystallization.

Another feature observed in the Raman spectra is the shoulder appeared at lower
wave number side of the main peak of the annealed sample at 700 °C in nitrogen
ambient for 30 min. A shift in the Raman peak towards the low wave numbers
has been attributed to quantum size effect. The presence of such a shoulder can
be assigned to nano-sized structures. In another study published from our group,
it was showed that the size of Ge nanocrystals can be estimated from the
asymmetric Ge peak [85]. The annealing temperature of 700 °C is lower end of
the temperature range in which Ge crystallization occurs. Thus, it is expected

that some regions of the film have been partially crystallized and film also have
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nanocrystals rather than a continuous film. Consistently, we see that the shoulder
disappear when the sample is annealed at higher temperatures. In addition, Ge
signal disappears at 900 °C in N, ambient due to precipitation as well as

oxidation at this temperature.
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Figure 4.7: Raman spectra of as growth and annealed samples labeled as a5Ge at

various temperatures in nitrogen ambient for 30 min and in RTA oven for 1 min.

In addition to this sample, Raman spectroscopic measurements were performed

for the samples including thicker Ge layer denominated as b5Ge. The

characteristic of the Ge-Ge bonding is almost same as plotted in figure 4.8. In

nitrogen ambient, with increasing annealing temperature, signal obtained from
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Ge atoms decreased as in the previous sample. However, at 800 °C there is an
increase in signal. That can be attributed to that even oxidation of Ge occurs
since this sample is thicker than the previous one, crystallization of Ge layer is
highly observable. In addition, RTA annealing for 1 min in Ar ambient enhanced
the Raman signal.
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Figure 4.8: Raman spectra of as grown and annealed samples labeled as b5Ge at

various temperatures in nitrogen ambient for 30 min and in RTA oven for 1 min.

In order to form nanocrystals instead of a continuous Ge film, we prepared a
new sample set with thinner Ge film. This set is called as a2Ge and was grown

with only difference of estimated thickness of Ge that is about 2-3 nm in
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thickness. Raman results obtained from this sample are shown in figure 4.9. The
peak located about 521 cm™ is generated by the Si substrate and the peak seen at
300 cm™ is by the Ge layer [86-87]. When compared with the signal obtained in
previous samples, we see that the intensity decreased significantly. This is a
result of less Ge content of the structure. More importantly we see a shoulder at
the lower wave number side of the Ge signal, indicating the quantum size effect.

This is a strong sign of the nanocrystal formation at the interface.
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Figure 4.9: Raman spectra of as grown and annealed samples labeled as a2Ge at

various temperatures in nitrogen ambient for 30 min and in RTA oven for 1 min.
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CHAPTER 5

FABRICATION AND ELECTRICAL CHARACTERIZATION OF
TRILAYER MEMORY CELLS WITH HfO, AS TUNNEL OXIDE

51 Introduction

In this chapter, electrical characterization of MOS devices made of
Si0,/Ge(Si)/HfO,/Si stacked layers have been presented. Results obtained both
from Si based and Ge based devices are discussed with a perspective towards
flash memory applications. As described in the introduction chapters, flash
memory cells are traditionally fabricated by using poly-Si floating gate
embedded in SiO,. In this work, we have studied two major modifications to this
traditional structure; first one is the use of high-k dielectric tunnel oxide instead
of SiO,, the second one is the use of Ge nanocrystals instead of poly floating
gate. These new structures have been fabricated and their memory behaviors
have been measured. Continuous layer memory structures were not compatible
with the state of the art memory devices. However, our results were promising

for nanocrystal floating gate memory structures.

5.2 Sample Preparation

Samples were prepared on both p-type and n-type substrate using magnetron

sputtering deposition technique. Both p-type and n-type Si <100> substrates

were grown by Czochralski process with a resistivity value of 1-10 ohm-cm.

Doping density of p-type and n-type substrates were in the range of 10™°-10%

cm and 3x10™-5x10" cm™, respectively. Growth parameters such as thickness

of tunnel oxides, floating gates and top oxides are given in table 5.1. For all
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sample sets, control samples with as-grown layers were prepared to compare the
effect of process parameters such as annealing and metallization. Samples with
number 1, 2, 5 and 13 have been analyzed. Samples of 1, 2a and 13 have very
thin SiO; layer at the interface of HfO, tunnel oxide and Si floating gate thin
film. For samples 2b and 5, different types of floating gate were used, Ge, as

well as removing SiO; interspaced layer. Ge including samples on sample 5 was

analyzed also by XPS in detail.

Table 5.1: Prepared set of samples for electrical characterization

Structure Annealing temperatures/Ambient and
Name (nm) time (°C/ min)
. 25nm HfO, +3nm SiO, 950/ 1000/ 1100/
+5nm Si +20nm SiO; | In N2 60 min | In N, 60min | In N, 60 min
15nm HfO, +3nm SiO;, 1100/
2 +5nm Si +20nm SiO, In N2 60 min
600/ 700/ 800/
2b 15nm HfO, +2.5nm In N2 30 min | In N2 30min | In N, 30 min
Ge+ 15nm SiO, INArlmin | InArl1min | InArlmin
700/ 800/ 900/
a5Ge | 10nm HfO, +8nm Ge+ ' In N, 30 min | In N2 30min = In N2 30 min
15nm SiO, INArlmin | InArl1min InAr1lmin
25nm HfO, +3nm SiO, 950/ 1000/ 1100/
13 +5nm Si +20nm SiO, | In N2 60 min | In N2 60min | In N2 60 min

C-V characteristics of samples have been presented in this chapter. They are
categorized according to the variation on the multilayer structures. First, C-V

analysis of SiO,/Si/SiO,/HfO,/Si-substrate multilayer structure is explained.
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Secondly, results on SiO,/Ge/HfO,/Si structure with thick Ge floating gate are
reported. Finally, studies on SiO,/Ge/HfO,/Si with nanocrystal Ge floating gate

are presented and discussed.

5.3 Capacitance-Voltage Characterization

5.3.1 Electrical Performance of MOS Structure with SiO,/Si/SiO,/HfO,/Si
Multilayer

The structure of the device studied in this part is shown in figure 5.1. It should
be noted that a thin SiO, layer is used above the HfO, layer to improve the
device performance. This layer is measured to be ~3 nm using thickness monitor
of the deposition system. In this group of samples, substrates numbered as 1, 2
and 13 have been used. Samples called as 1 and 2 have been grown on p-type Si
substrate while sample 13 is grown on n-type substrate.

20 fn 5102

5 o 51

3nm 5102

HED2

£ oor ntype 51

Figure 5.1: Schematic representation of MOS structure with
SiO,/SI/HfO,/SiO,/Si multilayer. HfO, thickness is 25 nm for samples with

number 1 and 13 and 15 nm for sample with number 2.
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Growth parameters are the same for the samples used into this part. RF power of
SiO; growth is 175 watt and DC power of Si is 50 W. Plasma is formed using Ar
gas with growth pressures listed in table 5.2.

Table 5.2: Sputter growth parameters for samples of SiO,/Si/SiO,/HfO,/Si

Material deposited Power Atmosphere | Growth Pressure
SiO, 175 W RF Ar 3mTorr
Si 50 W DC Ar 7 mTorr

A control sample with only HfO, tunnel oxide is prepared to test the quality of
HfO, tunnel oxide and to obtain a basis for the comparison in the subsequent
measurements. The C-V characteristics of sample 1 are plotted in figure 5.2. We
see that before the fabrication of memory cell structure, Si/HfO, sample shows a
clockwise-hysteresis and flat-band voltage is nearly at zero voltage at 500 kHz.
Thus, the hysteresis occurs most probably due to mobile charges at the interface.
After fabrication of memory cell structure, there has been about 2.7 V shift
towards positive voltage. This indicates accumulation of negative charges in the
dielectric. Counter-clockwise hysteresis has been observed as well, due to
electron charging. In this memory construction, capacitance characteristic is
improved after the construction of memory element fully. Hysteresis about 1.9 V
has been measured before annealing. After annealing in nitrogen ambient for 1
hour at 1100 °C, device structural characteristic as well as charging capacity has
been improved. Amount of stored electronic charge extracted from the C-V
curve is calculated as 1.3x10* cm™ and 4.0x10™ cm™ before and after the

annealing, respectively.
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Figure 5.2: High frequency (500 kHz) characteristics of sample set 1, control

sample before memory device production (a), control sample after fabrication of

memory structure (b) and annealing at 1100 °C (c).

For sample 2, control sample with only 15 nm HfO, tunnel oxide was prepared.
HfO; thickness of sample 2 is thinner than sample 1 but leakage current has not
been observed for this sample, too. We have observed strong effect of hydrogen
annealing in this sample set. It is generally known that there are dangling bonds
in such structures and these can be improved by hydrogen annealing. As can be
seen from figure 5.3, both control sample and the sample with memory structure
exhibit unexpected C—V behavior. In the depletion region of these samples, C-V
curve starts showing typical behavior at voltages close to the flat band values.
However, for higher voltages, C-V tends to saturate unexpectedly at capacitance
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values higher than the expected values. This is indication of very high interface
state density which pins the Fermi level in the band gap. Hydrogen annealing
resulted in release of Fermi level from the trap states and brought the C-V curve
to their normal behavior by passivating the trap states by bindings of hydrogen
bonds. We also observed expected hysteresis in the C-V curves after hydrogen
annealing. However, in this case, we observed the hysteresis and charge trapping
in both structures with and without nanocrystals. This is an indication of high
interface trap density even in the sample with HfO, only. The effect of dynamic
interface traps can easily be seen from asymmetric shape of the shift in the C-V
curve of this sample. On the other hand the sample with memory structure after
annealing exhibit a parallel shift as it should be in the case of normal memory
operation. Effective charge density after hydrogenation is calculated to be n=

1.3x10* cmin this memory structure.
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Figure 5.3: High frequency (1MHz) characteristics of sample set 2, control
sample before memory device production (a), control sample with hydrogen
annealing (b), memory structure fabricated and annealed at 1100 °C (c) and

hydrogenated in %30 H, and %70 N, ambient 1100 °C (d).

In addition to p-type substrate based memory cell structures, memory elements
were fabricated on n-type substrate with 25 nm HfO, tunnel oxide thickness.
These samples were studied with C-V measurements and compared with sample
1 with the same HfO; thickness. It is observed that the sample without memory
structure has large amount of oxide charges which caused a large shift in the
negative direction (see figure 5.4 a). It is interesting to note that we observe no
hysteresis in this sample. The absence of hysteresis indicates that

charge/discharge process does not take place in this sample. Or if it does, it is
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not observable due to the presence of huge positive charges present in the oxide,
which caused the observed shift shown in figure 5.4 (b). Upon annealing under
hydrogen atmosphere, the C-V curve shifts to its expected position, indicating
that hydrogen annealing repaired the sample by passivating the trap states
(figure 5.4 (b)). In addition, we observe a hysteresis after the hydrogen
annealing. This hysteresis is a result of charging/discharging of charge trap
states. It is likely that this behavior has become observable only after removing
other sites by hydrogen annealing. After HfO,/SiO,/Si/SiO, multi structure is
grown, capacitance shows a clockwise hysteresis with 1.5 V voltage shift as
shown in figure 5.4 (c). This curve is showing typical memory behavior with a
parallel shift in the C-V curve. In addition, the inversion region capacitance has
been lowered to the expected values, showing that the device quality has
improved after the fabrication of memory structure. This sample is further
annealed in N, at 1100 °C for 1 h. In contrast to the p-type samples, C-V
characteristic is totally destroyed after this high temperature annealing. It is
likely that such a high temperature annealing has induced some unwanted
reactions and/or mixing at the interface. This might be due to the dopant
(phosphorous) in the n-type substrate. This explains why we have not see any

such effect in the p-type samples.
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Figure 5.4: High frequency (1MHz) characteristics of sample set 13 (n-type),
control sample before memory device production (a), hydrogenated control
sample before memory cell production (b), control sample after fabrication of

memory structure (c).

The effect of illumination in visible range on the C-V behavior is also studied
with a regular light to see if there is any light induced effect in the memory
operation. 100 kHz frequency response under illumination of sample 13 is
plotted in figure 5.5 and it is observed that the depletion region of the C-V curve
is not affected by the illumination. So the memory element remains intact during
charging and discharging operation. The only effect of light illumination is seen
in the inversion part of the C-V as an increase in the number of minority charges

leading to higher capacitance values.
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Figure 5.5: Effect of illumination on memory cell response.

Since the sample 1 has shown best memory behavior, we have further
investigated this sample. Figure 5.6 shows the frequency dependence of sample
1. We see that the low frequency (10 kHz) behaviour is different than high
frequency behaviour. Hysteresis is in clockwise direction for all cases due to
electron injection. At lower frequencies, we have observed larger flat band shift
due to the larger charge storage than high frequency cases. It seems that electron
injection to the floating gate is more effective at low frequencies. Charge density
calculated from C-V graph is at 10 kHz and 1 MHz as 3.4x10" cm? and
1.5x10" cm™, respectively. This is due to the fact that electrons are minority
carriers in p-type samples and they cannot follow the signal at high frequency

régime.
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Figure 5.6: Capacitance (a) and conductance (b) plots of sample 1, annealed in

nitrogen ambient for 1 hour at 1000 °C.
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Figure 5.6: Capacitance (a) and conductance (b) plots of sample 1 annealed in

nitrogen ambient for 1 hour at 1000 °C (continued).

After hydrogen annealing at 400 °C in %30 H, + %70 N, atmosphere for 10
minutes, clockwise hysteresis curve is improved as shown in figure 5.7 at 100
kHz. This shows that, hysteresis is not mainly resulting from interface states
instead it is resulted from the charge carriers injected into the floating gate. The

density of charge is calculated to be 2.5x10** cm™.
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Figure 5.7: C-V curve of sample 1 annealed at 1000 °C for 1 h in N, ambient
and then hydrogen annealing performed at 400 °C for 10 min in %30 H,+%70

N, ambient.

5.3.2 Electrical Performance of Ge Floating Gate in SiO,/Ge/HfO,/Si

Structure

In this section the result of memory structures with Ge is presented. The
structure of the device used in this part of the study is shown in figure 5.8. The
sample a5Ge has 10 nm HfO, tunnel oxides and 15 nm SiO; top oxide. In
between, Ge semiconductor thin layers are fabricated. It was measured to be ~8
nm with thickness monitor installed in sputtering system. Although the intension
has been to create a nanocrystalline layer, it appears from various measurements
that this sample has a continuous Ge thin film layer. Such a structure is valuable
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form of the memory application point of view. It corresponds to traditional

structure with Ge floating gate and HfO, high-k dielectric.
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Figure 5.8: Schematic representation of MOS structure with SiO,/Ge/HfO,/ Si

multilayer structure.

The C-V curves of the sample called a5Ge, which is annealed in RTA oven at
700 °C and 800 °C, are plotted in figure 5.9. We see very small hysteresis in
both cases indicating that it does not have the ability to hold charges. This can be
easily understood when we consider the structure of the device. It has been
shown in the previous chapter that this sample has a continuous Ge layer instead
of discrete nanocrystals. A continuous layer which is extending from one side of
the sample to the other side cannot hold the charge pocket under the gate
electrode. Instead, carriers are spread across the wafer if they are not injected
back to the substrate at some leaky point. However, at 800 °C, the charge
storage is improved due to the repair of the defect states, causing back injection
of the carriers. This can be resulted from the oxidation of Ge because of the
decrease in Ge thickness. As we will see in the next section charge storage will

be improved by using nanostructures instead of continuous film.
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different temperatures.

5.3.3 Electrical Performance of Ge nanocrystals embedded in HfO,

Tunnel Oxide and SiO, Control Oxide

In the third group samples (called 2b) we have introduced a Ge layer which is
thin enough to create Ge nanocrystals. Schematic of the device in this group is
shown in figure 5.10. Initial Ge layer thickness was measured to be ~2.5 nm for
sample 2b. The results of C-V are given in figure 5.11. Capacitance response is
measured with 1 MHz frequency. In this figure, we have seen that the charge
storage improves gradually with annealing. We have obtained the best storage in

the sample annealed at 800 °C with RTA.

80




15 nin 5102

O O OO OO0
15 nm HfO2

P type 51

Figure 5.10: Schematic representation of MOS type structure with SiO2/nc-
Ge/HfO,/Si multilayer structure.

Charge density is calculated as n=2.93x10* cm™ and EOT is as deor= 74.82 nm

from the plot for this sample that is annealed for 1 min by RTA at 800 °C.

Another interesting effect is observed when we annealed the same sample under
N, atmosphere. We see that N, annealing has yielded very weak memory
hysteresis. We know from our earlier experiment that Ge is very sensitive to
oxygen in the structure and can be easily oxidized at the interface. We know also
that although N gas is spectrum, it contains some trace amount of O, gas which
causes some oxidation. The oxidation of Ge layer prevents any nanocrystal
formation and charge storage medium. Oxidation of Ge nanocrystals was

confirmed by Raman measurements (as presented in chapter 4, in figure 4.9).
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Figure 5.11: Capacitance-voltage characteristic of Si(p-type)/HfO,/Ge/SiO,
structure under high frequency.

Hysteresis is in counter-clockwise direction. It can be explained that, electrons
are injected into structure in reverse sweep. Possible electron injection

mechanism for this device structure is illustrated in figure 5.12 schematically.
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lein and I, oyt represent the injection current tunneling through the tunnel oxide
and hole current from nanocrystal to substrate, respectively. Band offset of
conduction band is smaller than valance band thus electron injection is also

possible at high field with enough energy to overcome energy barrier.

As it is explained in chapter 2.2 in detail, EOT gives the electrical thickness of
the structures. Using accumulation capacitance, the values were extracted for the
samples after hydrogen annealing. EOT of Al gated capacitors were given in
table 5.3. They are not at the desired level but giving an idea about the

nanocrystal based structures.

Table 5.3: EOT calculations for different types of samples

Sample EOT (nm) Control oxide (nm)  Tunnel oxide (nm)
2a 296 20 15
2b 74.8 15 15
asGe 155 15 10
13 153 20 25

There is a wide range of deflection in thickness. Actually, some is resulting from
oxide thicknesses but the main effect could be attributed to possible parasitic
parallel capacitances and resistances resulting from trilayer structure and the
interfaces. It is more observable when SiO; is grown on HfO; as a tunnel oxide.
The more interface means the more parasitic contribution. In sample 2b with
nanocrystal Ge floating gate, since charge is confined and not spread inside

floating gate, better equivalent thickness is obtained.
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Equivalent circuit diagram for two types of structures are given in figure 5.13 for
Si0,/Si/SiO,/HfO,/Si and SiO,/Ge/HfO,/Si-substrate multilayer structures.

C zate Cfloating gate Cturmel oxide

E. gate Rﬂnatmg gate Etunnel axide

Figure 5.13: Schematic representation of equivalent circuit of the structures
(SiO/Si/SIOL/HfO,/Si and SiO,/Ge/HFO,/Si)

As structural analysis has indicated when we introduce thin Ge layer on HfO,,
Ge nanocrystals are formed at the interface and they confine the charge package
in them. The thickness of the initial Ge layer has been found to be critical in
obtaining memory devices with Ge nanocrystals. Another important result of
this investigation is that N, annealing has caused the reduction in the charge

storage due to the oxidation of nanocrystals.
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CHAPTER 6

CONCLUSIONS

In this study, flash memory structures containing Ge and Si semiconductor
floating gates were fabricated on Si substrate with various HfO, tunnel oxide
thicknesses by magnetron sputtering deposition technique. Structures with both
nanocrystal floating gate and continuous floating gate were fabricated. XPS
depth profiling and Raman spectroscopy techniques and electrical
characterization technique were employed for structural, chemical and electrical

characterization. Following conclusions were drawn from these studies.

The chemical structure and interfacial properties of SiO,/Ge/HfO,/Si multi layer
structure were studied using ex-situ XPS depth profiling spectroscopy technique.
Formation of low-k dielectric at HfO, layer and Si substrate interface was
detected. XPS also provided clear evidence of different phases of Ge at the
interfaces. Formation of Ge layer and nanocrystals were also confirmed by
Raman spectroscopy. It was observed by XPS that after annealing at 800 °C in
N, ambient for half an hour, Ge segregated out from HfO, and oxidized at SiO,
interface. In addition, Hf and HfSi/HfSiO, formations were observed at HfO,/Si
interface. These form potential problems for the device operations. Some
methods such as use of Hf buffer layer or nitridation to retard chemical reaction
are proposed in literature to eliminate interfacial metal or silicide/silicate
formations [46, 54, 63]. Moreover, after annealing process, germanium oxide

formation was observed at SiO» interface.

C-V characteristics of the memory cells with Al as gate electrode were
measured. In addition, the effect of H, annealing on memory cells was studied.

Samples showed typical MOS characteristics with expected accumulation-
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depletion-inversion regimes. We observed very small hysteresis for devices
without any memory structure. This can be assigned to minor trapping at the
oxide layer and interface charges. SiO,/Si/SiO,/HfO,/Si structure was studied in
detail for different samples. Memory cell grown on p-type substrate with 25 nm
HfO, and annealed at 1000 °C in nitrogen ambient and then at 400 °C in %30
H,+%70 N, ambient showed better performance among continuous layer

floating gate memory structures.

The samples with thicker Ge floating gate let to a continuous Ge layer formation
as the charge storage medium while structures with thinner Ge layer resulted
with nanocrystal floating gate formation. It can be concluded that formation of
nanocrystals depends critically on the thickness of the initial Ge layer.
Continuous layer floating gate devices with multi layer formation showed weak
charge storage properties. However, SiO,/Ge/HfO,/Si structure with nanocrystal
floating gate was found to be the most promising one among all. Charge density
and EOT values were calculated to be 2.93x10" cm™? and dgor= 74.82 nm,
respectively. EOT value was better than the other cells grown in this study and
charge density calculations were comparable with results announced in literature
[17, 88-89]. Then, nanocrystal based multi-stack structure devices with HfO,
tunnel oxide could be understood from the memory operation of the MOS

structure.
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