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High-dielectric-constant (High-K) materials are being pursued as alter-
native gate dielectrics to SiO, for next-generation Metal-Oxide-Silicon Field-
Effect Transistors (MOSFETS). Great efforts are being made to optimize these
materials for transistor applications. However, a major hurdle arises from the
uncertainties about material properties, especially those of the thin films, and
the physical mechanisms that affect the gate capacitance and gate current. In
this work, based on the energy-dispersion relation in different regions of the
Gate-Dielectric-Silicon system, a tunneling model is developed to understand
the gate current as a function of voltage and temperature. A Franz 2-band dis-
persion relation is assumed in the bandgap to characterize the gate dielectric
for tunneling. Quantum confinement effects in the silicon channel, direct and
Fowler-Nordheim tunneling, and thermionic emission gate currents are consid-

ered simultaneously. The gate capacitance is self-consistently calculated from

vi



the Schrodinger and Poisson equations subject to Fermi-Dirac statistics, us-
ing the same band structure in the silicon as used for tunneling injection. A
self-consistent gate capacitance-current vs. voltage/temperature model is thus
established. The model is implemented for both the silicon conduction and
valence bands, and both gate- and substrate-injected currents. SiOs devices
and multi-layer high-K gate dielectric stack structures such as ZrO; and HO,
are studied by an integrated simulation and experimental investigation. A
gate capacitance-current analysis method is explored for understanding the
gate current mechanisms and extracting device structure parameters. A trend
study for tradeoffs between low equivalent oxide thickness (EOT) and low
gate current is performed qualitatively based on reasonable experimental data.
Write/Erase/Retention time-dependent characteristics of non-volatile floating
gate devices are modeled. Tend study on scaling the control and tunnel oxide

is performed for SiO, and ZrO,.
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Chapter 1

Introduction

The purpose of this research is to study the leakage current through
high-dielectric-constant (high-K) stacked gate dielectric structures. The intent
is to establish a general physical model for Metal-Oxide-Silicon (MOS) tran-
sistor device design issues. Through simulation and experimental analysis, the

device behavior will be studied.

1.1 MOSFET Scaling

Continued MOSFET scaling is the primary driving force that boosts
the semiconductor industry [38,47,54]. As paced by Moore’s Law, consistent
improvements in the density, power, and performance have been achieved for
more than 30 years. Such a successful scaling mandates that the following
rule be satisfied: while the device performance is improved as a result of a
shorter channel length, the characteristics of the long-channel MOSFETs such
as low off-state leakage currents and good sub-threshold characteristics must

be retained |1, 5,40|.

Regardless of the challenges in fabrication, adverse device behavior

which is not seen in long channel devices, generally regarded as short channel



effects (SCE), require careful consideration of the device design. Concerns of
the device reliability should also be considered. Two of these are hot carrier
effects and gate leakage currents. The hot carrier effects degrade the device
performance and shorten the device operating lifetime; gate leakage currents
can cause the gate dielectric breakdown and increase the power consumption
rate. With the demands of more-functionality and faster microprocessors and
the application of mobile appliances, power consumption becomes a major
concern for both device engineering and circuit design. Thus, the ability to
overcome current physical technology limits as well as tradeoffs in circuit de-
sign will determine if MOS transistors can continue to be scaled down in the

future.

To suppress short channel effects and to obtain maximum performance
MOSFETs concurrently, one needs to take into account the tradeoffs among
critical parameters such as critical channel length L., gate dielectric thickness
toz, channel doping N,, and junction depth X [1,5,40]. One scaling formula

suggested as a design rule is [40],

oVi
Vs

~0.37
) (toz +0.012um) (Wsq 4 0.15um) (X; + 2.9um)
(1.1)

where §V;/§Vys, representing the drain-induced barrier lowering (DIBL) effect,

L,=2.2um™? (

is obtained from the parallel shift of the log I4 vs. Vi, curves at a given drain
current level; Wy, is the sum of the depletion widths of the source and drain

which is a function of channel doping, N,; the gate dielectric is silicon dioxide.



The success of scaling down MOSFETs has been achieved by aggres-
sive engineering of the source/drain and well regions and decreasing gate oxide
thickness as well as the development of new lithography tools, masks, photore-
sist materials and critical dimension etch processes. However, despite these
advances in crucial process technologies and the resultant smaller feature sizes,
it has become clear that the scaled device performance has been compromised
[1]. The reason is that the traditional materials, silicon (Si), silicon dioxide
(Si0,), and polysilicon (Poly-Si) have been pushed to their fundamental limits.

Further device scaling thus requires new materials and device structures.

1.2 SiOg Scaling and its Challenges

Traditionally, SiO, has been used as the gate dielectric due to its pro-
cess advantages and good interfacial properties with Si [2,16,29,30]. With
increasing channel doping concentration to suppress short channel effects, the
SiO, thickness has been reduced, which results in a larger gate capacitance,
to maintain gate control over the channel. Large gate capacitance is needed
to invert the silicon surface to a sufficient sheet charge density to obtain the
desired drive current for the given supply voltage. This requirement is further

demanded for deep-sub-micron or even-smaller MOSFETs.

In the deep-submicron or smaller regime, quantum confinement effects
of carriers in the channel and polysilicon depletion effects in the poly gate be-
come more important. These effects cause the gate charge and inversion layer

charge centroids be located further away from the SiO,/poly-Si and SiO./Si



interfaces, respectively. As a result, fewer carriers are induced in the channel
to contribute to the drive current. In Intel’s 0.25 or 0.18um-generation tech-
nology, the increase between the two centroids in addition to the SiO, physical
thickness is ~ 7A in inversion at the operating voltage. A SiO, physical thick-
ness of 16A thus is utilized to achieve an effective oxide thickness of 23A in
order to obtain sufficiently high drive currents required in such generations

[48].

Higher gate capacitance may become crucial to obtain high drive cur-
rents for even smaller devices. It has been reported that the drive (drain)
current is ultimately limited by the thermal injection current from the source
into the channel [34]. The velocity overshoot in the channel does not extend
such a limit. As a result, increasing the gate capacitance, i.e. increasing the
carriers in the channel, becomes one important key to further scaling the MOS

transistor to obtain better performance.

If the increased gate capacitance is solely obtained by decreasing the
oxide thickness, in the year 2004 [1] the required oxide thickness is projected
to be ~ 10A, which is about three atomic layers. MOS devices fabricated
with a SiO, physical thickness of 15A have been reported [39]. However,
concerns of their manufacturability for ULSI should be considered. Those
include thickness variation, penetration of impurities from the gate through
the gate dielectric, and the reliability and lifetimes of devices made with such

thin films [6].

Another concern is the gate leakage current, which is the most detri-
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Figure 1.1: Direct tunneling currents in a NMOSFET.

mental effect of further SiO, scaling and which poses the fundamental limit
upon scaling SiO, thickness [21]. Figure 1.1 shows the band diagram of a
MOS structure and the direct tunneling mechanism. Since the barrier height
between conduction bands of Si and SiOs is finite, ~3.15eV, direct tunneling
becomes non-negligible for SiO, thickness less than 30A. In the region where
direct tunneling dominates, the gate leakage current is exponentially depen-
dent upon the SiO, thickness [36]. In fact, at a gate bias ~ 1V, the gate leakage
current changes from ~107A /cm? at SiO, thickness of 30A to ~102A/cm?

at 15A |21, 39).



1.3 Alternative Gate Dielectric: High-K Dielectric Stack

The capacitance is proportional to the dielectric constant and inversely
proportional to the thickness of a thin film. Thus, by using high-K materials
as the gate dielectric, the required large gate capacitance can still be obtained
while the direct tunneling current can be reduced as a result of the greater
physical thickness. For a given equivalent oxide thickness (EOT), the required
physical thickness of the high-K film is

tu = BOT - 2% (1.2)
Eox

where ey and e, are the dielectric constants of the high-K material and SiO,,

respectively.

Many high-K materials have been suggested as alternative gate di-
electrics. Metal oxides such as ZrOq, HfO,, TagsOs5, TiOg, Y503, and Al,O3
[3,7,17,27,31,41], and ferroelectric materials such as BST (barium strontium
titanate) [25] have been suggested as potential candidates. However, the chal-
lenge of integrating these materials with the current CMOS process still re-
mains. These include thermal stability, compatibility with the gate, and in-
terfacial properties with silicon. One important process issue is that a silicate
layer is generally found between the high-K layer and the silicon substrate.
This interfacial layer usually has a lower dielectric constant, and hence de-
grades the capacitance of the gate stack. Furthermore, the band gaps of these
materials along with their band offsets with silicon are important material

properties for reducing the gate leakage current. Unfortunately, smaller band



| | Band Gap(eV) | €o | Conduction Band Offset(eV) |

5104 9 2.25 3.9
SigNy 9.3 4.1 24
BaTiO; 3.3 6.1 -0.1
BaZrO; 5.3 4 0.8
TiO, 3.05 7.8 0.05
ZrO, 2.8 4.8 1.4
HfO, 6 4 1.5
Al O3 8.8 3.4 2.8
Y503 6 4.4 2.3
La203 6 4 2.3
ZrSi0y 6 3.8 1.5
SrBiyTasOg 4.1 9.3 0

Table 1.1: Experimental values of conduction band offsets of several high K
materials with Si, obtained by Robertson et al [43]. &4 is obtained as the
square root of the refractive index.

gaps are usually observed in materials with higher dielectric constants [7]. This
generally indirectly implies that lower potential barriers are expected for high-
K materials, and thicker high-K films are required to reduce the gate current.
Table 1.1 lists the band gaps and band offsets of several high K materials,

which were obtained by a charge-neutrality-level method [43].

The requirement of a greater physical thickness has another impact
on the MOSFET electrical characteristics. In parallel-plate capacitor theory,
as the ratio of the distance between the plates to the length or width of the
plates becomes large, fringing fields can no longer be neglected. With this
high fringing field, the short channel effects will be aggravated due to the

thick high-K film [22]. Thus tradeoffs between the gate leakage current and



short channel effects are required in designing next-generation MOSFETs if a

higher-K gate dielectric is used [22, 24].

1.4 Scope and Organization

Low EOT (high gate capacitance) and gate currents are simultaneously
pursued in device design. However, compromises are required because electri-
cal property trends of high-K materials do not favor such a pursuit . Through
simulation, optimum device design can be achieved with low cost and short

technology development cycle times.

To achieve such a goal, simultaneous matching of gate capacitance
and current simulation with experiment is a key. In this work, an energy-
dispersion-based self-consistent gate capacitance and current model will be
first established and applied to study gate capacitance and current behav-
ior of ZrO, devices (Chapter 2). Dielectric stack engineering is explored by
considering parameters to vary the energy dispersion; thus, tradeoffs between
the EOT and gate current is qualitatively studied (Chapter 3). Through in-
tegrated simulation and experimental analysis, the gate capacitance-current
behavior will be studied. Device structure parameters will be extracted and
compared with those values obtained by other methods (Chapter 4). Using the
established gate capacitance and current model, a trend study on scaling the
control and tunnel oxide in floating-gate nonvolatile devices will be performed
(Chapter 5). Time-dependent characteristics for write, erase, and retention

voltages are also modeled. Finally, conclusion swill be drawn in Chapter 6.



Chapter 2

Fundamental Issues on High-K Gate
Capacitance and Current Modeling

A voltage- and temperature-dependent gate capacitance and current
model is presented and applied to study ZrO, NMOSCAPs to illustrate the

fundamental issues regarding the high-K gate stack structures.

2.1 Introduction

Gate capacitance has been used for extracting the EOT [32,42,55],
but the capacitance-voltage behavior should be considered concurrently with
current-voltage calculation. The charge redistribution in the Gate-Dielectric-
Silicon structure must be determined self-consistently by solving the Poisson-
Schrodinger equations. The gate capacitance provides an experimental probe
of the charge distribution at different gate voltages, and this is key to mod-
eling the gate current. Temperature-dependence study of gate currents and
gate capacitance of MOS capacitors with SiOy shows this correlation: the
temperature-dependent region of the gate capacitance, which is near the flat-
band, is the same as that of the gate current, (Figure 4.5). Such temperature

dependence is attributed to temperature dependence of the charge distribu-



tion or “supply function” instead of the temperature-dependence of the carrier
transport in the SiO,. In this work, the simultaneous agreement of gate ca-

pacitance and gate current simulation with experiment has been obtained.

High-K materials generally have smaller band gaps and smaller band
offsets with silicon than SiO, [7,9]. In addition to direct tunneling, Fowler-
Nordheim (FN) tunneling can be important because of the smaller band off-
sets. The thermionic emission also needs to be considered for materials with
extremely small band offsets and for transistors in which hot carriers are of
concern. Gate currents from the silicon conduction band and valence band
may be non-negligible at the same time. Furthermore, an interfacial layer is
generally found between the high-K layer and the silicon substrate. These all

impose difficulties in terms of understanding the experimental gate currents.

With increasing normal fields as a result of high doping concentrations
and reduced EOTs, quantum confinement effects can no longer be neglected
[13, 32,42, 55]. Based on the energy-dispersion (E versus k) in different regions
of the Gate-Dielectric-Silicon system, a gate current model is established to
consider quantum confinement effects in the silicon channel, direct, FN tun-
neling, and thermionic emission gate currents. Such a gate current model is
applied to the inversion and accumulation regions and both the conduction

and valence band components [12].

10



2.2 Models

The independent particle approach [19] is adopted to model the tun-
neling currents through the gate dielectric. If the energy dispersion relation
in each region is available, the tunneling probability is obtained by a WKB
method. In the originally proposed approach, the wave number vector parallel
to region interfaces, k)|, is required to be conserved. However, well-known in-
consistencies between the assumption and experiment are found between gate
currents in SiO,-MOS devices fabricated on Si(110) and Si(111) [51], and this
issue has not been resolved. In this work, simultaneous agreement of gate
current simulation with experiment in inversion and accumulation is achieved

for SiO; devices fabricated on Si(100) with | conserved.

A physical picture of this model can be described in terms of electrons
tunneling from the silicon substrate to the gate, (Figure 2.1, 2.2). The inci-
dent component of the electron wave function, subject to the band structure,
(E, ky, ky, k), tunnels through the barrier and contributes to the transmitted
currents. The energy-dispersion relation in the dielectric bandgap and avail-
able states in the gate determine the transmission probability. The continuity
of electron flux allows the gate-injected electron current to be calculated by

the transmission of electrons into the silicon at silicon-dielectric interface.

2.2.1 Energy Dispersion

The carrier states in the silicon channel are roughly divided into bound

states and unbound states. Bound states are quantized states inside the quan-

11
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Figure 2.1: Gate current model band diagram of a Gate-Dielectric-Silicon sys-

tem being biased in the inversion region. Direct, Fowler-Nordheim tunneling,
and thermionic emission gate currents are simultaneously considered.
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Figure 2.2: Gate capacitance model band diagram of a Gate-Dielectric-Silicon
system being biased in the inversion region.

tum well formed by the silicon band edge. Subband structures and envelope
functions are obtained by solving the Schrodinger equation in k-space using
a full-band formalism [23,49]. Those states outside the quantum well are
approximated as free and unbound, and the energy-dispersion at the silicon-
dielectric interface is approximated by the bulk-silicon band structure. The
same charge distribution and subband structures in the silicon channel are

used both for gate capacitance and gate current calculation.

The apparent energy dispersion “seen” by the tunneling electron in the
dielectric band gap is approximated by Franz’s two-band model [14],

1 h? h?

k2 * 2m,(E, — E)’ 21)

k2~ 2m.(E — E,)

where F is the total energy of the electron, m. and m, are band-edge effective

13



masses for the conduction and valence bands, respectively, of the dielectric,
and E, and E, are the energies of the respective band edges. Such dispersion
relation has previously been shown to be effective approximation for conven-
tional oxides [35,37]. m. and m, are unknown parameters to be extracted by

comparing gate current simulation with experiment.

2.2.2 Gate Current Calculation

The tunneling probability, T'(E, k), through the dielectric is calculated
by the WKB method [26] when k2 < 0,

—InT(E, k) = / Ik,| dz, (2.2)
dielectric
with
k2 =k — k2, (2.3)

where k? is calculated from Franz dispersion, and k| -conservation is applied.

The total energy E is used, thus direct, FN tunneling, and thermionic

emission are considered simultaneously:

e Direct tunneling: k2 < 0 across the whole dielectric
e FN tunneling: k2 passes through 0 within the dielectric.

e Thermionic emission: k2 > 0 across the whole dielectric

These mechanisms are all considered elastic as the total energy and k) are

conserved during transport through the dielectric. The image force is lower in

14



higher-K materials and reduced by the quantum mechanical repulsion of both
bound and unbound carriers from the interface. Thus, its effect on barrier

lowering is not considered.

Finally, the total gate current density, J,, is calculated as

Jg = Jsi—conduction T JSi—valence; (24)

where Jsi_conduction 18 from the conduction-band longitudinal valleys. With k-
conservation, the effective barrier for transverse valleys is higher and tunneling

from them is negligible.

Each component J;, where ¢ designates the band, is calculated sepa-
rately for unbound states and bound states. For unbound states in the con-

duction band

2 (%) 00
Ji,unbound = —qg/ dEz/ dkﬁT(Ea kH)(fFD,gate - fFD,Si)a (25)
(2) 2

and for unbound states in the valence band

E; ,min,c H:k||,min

2 Ez,max,v o0

Ji,unbound = —qg dE, dsz(Ea k||)(fFD,gate - fFD,Si)a (26)

I
(2m)° J oo ky=(0,0)

where frpgate and frpgi are the Fermi-Dirac distribution functions for the
gate and silicon substrate, respectively; E, minc(Ez maxv) is the lowest (highest)
unbound state in the conduction (valence) band; ¢ is the charge of electron.
While for bound states,

2
Jz bound = q 2 Z = / E ]fH)(fFD gate — fFD,Si)a (27)

k) =k||,min
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where 7, !'is approximated by the surface impact frequency for a 2D subband

p [46], »
Tl = (g—é) (2.8)

subband p
with the action integral between the classical turning points

I= f kKW dz, (2.9)

and

K (2) = 2/2ma(By — Frnnmin (2)), (2.10)

where the contour integral is around the quantum well formed in the channel;
E, is the minimum energy of ™ subband, Epandmin. the band edge in which
the subbands formed, and m, the effective mass along the tunneling direction

zZ.

m, = 0.2m, and m, = 0.9m, are used for the conduction-band lon-
gitudinal and transverse valleys, respectively, where m, is the free electron
mass. Because the effective mass approximation is not very accurate for the
valence band, m, then is treated as a subband-independent adjustable pa-
rameter. From comparison of gate current simulation with experiment for
a SiO,-PMOSFET in inversion, it is found that m, = 0.10 ~ 0.25m, gives
good agreement, (Figure 2.3). The SiO, thickness is extracted by comparison
of C,-V, simulation with experiment in accumulation, (Figure 2.3). Similar
agreement is also achieved for a SiO,-NMOSFET, which was fabricated on
Si(100), (Figure 2.4). The gate current simulation agrees well with experi-

ment both in inversion and accumulation. The band gap and conduction band

16



3 2 1 0
1.6e-6 1 1 1 1e+2
4\ - 1e+1
1.4e-6 - R —
\SLoryy, - L 1e+0
1.2e-6 L 1e-1
L 1e-2
__ 1.0e-6
~ L 1e-3 e
g N
3 8.0e-7 - - 1e-4 i
) L 1e-5 O
O 60e7 -
- 1e-6
4.0e-7 - symbols: experiment - 1e-7
lines: simulation X - 1e-8
2.0e-7 -
EOT ~ 20A - 1e-9
0.0 : : L 1e-10
-3 2 -1 0
Vg(V)

Figure 2.3: Comparison of gate current and gate capacitance simulation with
the experimental data for a SiO,-PMOSFET with EOT of ~20A. Area —

10~*cm?.
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Figure 2.4: Comparison of gate current and gate capacitance simulation with
the experimental data for a SiO,-NMOSFET with EOT of ~20A. Area =
10~*cm?.

offset with silicon of SiOy are 9.0eV and 3.15eV, respectively. The band-edge
effective masses are adjustable parameters but remain the same for the sili-
con conduction band and valence band components, respectively, whether for

substrate-injected or gate-injected currents. More about SiO, devices will be

discussed in Chapter 4.
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2.2.3 Gate Current vs. Voltage/Temperature Behavior

Near the flat-band region, V, ~ —0.8V in Figure 2.4, the quantum well
is wide and shallow. Quantization effects due to the quantum well formed
by the band edge become less important. Thus, a clear division between the
bound and unbound states can cause significant errors in gate current calcu-
lation, which result in abnormal I,-V, behavior in simulation. The error may
originate from either the impact frequency or the supply of carriers. Below
flat-band, only energetic carries can tunnel elastically, greatly reducing the
calculated current. In practice, other mechanisms may dominate. A possible
mechanism might be related to the interface states, which is not considered
in the model. Near flat-band, the carrier density is much lower than in accu-
mulation or inversion. The trapped charges can contribute appreciably to the
total gate currents; empty traps may assist the carrier tunneling into/out of
the silicon substrate. Contribution from the overlap regions with the source

and drain may also be important in that region.

Gate current characteristics at different temperatures are shown in Fig-
ure 2.5. NMOSFETs with single-layer dielectric of 3.9 with different thick-
nesses and barrier heights are simulated. The flat band voltages of these de-
vices are ~ —0.8V. When the potential barrier of dielectric is high and /or thin,
direct tunneling prevails. However, when the potential barrier is low, transi-
tion from direct to FN tunneling is seen. With the potential barrier of 1.0eV
high and 40A wide, such transition occurs around V, = —2V in accumulation

and V; = 0.8V in inversion.
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Figure 2.5: Simulated I;-V, at 25°C and 125°C for n-channel MOSFETs with
different dielectric thicknesses and conduction band offsets with silicon. Single
layer of dielectric of dielectric constant of 3.9 is assumed in the devices.

More energetic carriers see a relatively small barrier. Therefore, the
hotter the carrier distribution, the greater the tunneling. This field-assisted
thermionic effect is particularly significant when the barrier is low and /or thick,
(Figure 2.5). Polarity effects are also seen in the temperature dependence
of gate current, which is stronger in accumulation than in inversion. Such
effects are not due to the transport in the dielectric but the charge supply and

asymmetry of the gate stack.
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2.3 7rOy and HfO; NMOSCAP C,,I,-V, Analysis

Different materials such as ZrO, and HfO, have shown promise for
transistor application |20, 28,41]. Owing to the complex fabrication process of
transistors, most study has been conducted on MOSCAPs. The uncertainty of
the material properties, especially for the thin films, imposes another difficulty
in terms of understanding the experimental results. In this work, through Cg-
Vy and I,-V, simulations, the material properties of ZrO,-NMOSCAPs are

extracted in the accumulation region.

2.3.1 C, vs. V,

Two samples of different thicknesses of ZrO, were fabricated, labeled
as A and B. According to TEM analysis, an interfacial Zr-silicate layer exists
between the ZrO-layer and the silicon substrate as reported in [52]. The
physical thickness of each layer is found as: for sample A, 7,0, = 31 ~ 394,
and tiy = 6 ~ IOA; for sample B, tz,0, = 36 ~ 40A, and tip, = 7 ~ 9A, where
tzr0, and i, are physical thicknesses of the ZrO, and interfacial silicate layers,
respectively. Because of the thickness variation, the experimental data being

analyzed for either sample were measured from the same device.

To analyze the devices, C,-V, simulation is first compared with the
experimental data to extract the related device structural parameters, (Figure
2.6). At this step, EOT is the only physical parameter that can be extracted
and is required for the dielectric stack. The interface state effects are neglected.

Effects of fixed charges are compensated by adjusting the metal work function
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Figure 2.6: Comparison of C,-V, simulation with the experimental data in ac-
cumulation for ZrO,-NMOSCAPs with different dielectric thicknesses, samples
A and B.

to fit the experimental data. For the fabrication process described above, it
was found that the substrate doping concentration is 5 x 10%cm 3, the metal
work function is 4.50eV for sample A and 4.45eV for sample B, the EOT of
sample A is 10.8A, and 13.6A for sample B. The difference of metal work
functions indicates slightly different fixed charge densities at the dielectric-
silicon interfaces for A and B. The flat-band voltages are ~ —0.55V and and

~ —0.60V for samples A and B, respectively.

If abrupt interfaces are assumed, the EOT of the dielectric stack can
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be calculated by
S0 g 02, (211)

€710, €int

EOT = tZrOz X

where €si0,, €7:0,, and €y are dielectric constants of SiO,, ZrO,, and Zr-

silicate, respectively; €sio, = 3.9.

From ranges of dielectric-layer thicknesses, EOTs from Cg-V, simula-
tion, €z:0, = 20, and to satisfy Equation (2.11) for both samples A and B,
€nt ~ .5 is found. The physical thickness of each layer is determined as:
tzro, = 33.6A and tint = 6.0A for sample A, and tz,0, = 38.5A and
tint = 8.6A for sample B. These values are within ranges obtained from TEM
but are not the medium values. To satisfy Equation (2.11) with the medium
values will result in negative ej,, and small £7,09 (~ 4.18). With limited experi-
mental information available, the above approximation is the most reasonable.
These parameters, along with the ones obtained from Cy-V, simulation, are

used later for gate current simulation.

2.3.2 I, vs. V,/Temperature

Temperature-dependence of gate current is shown in Figure 2.7. Sample
A, with 17,0, +tingt = 39.6A, shows temperature-independence in accumulation
but temperature-dependence in inversion. Sample B, with t7,0, + tiny = 47 1A,

shows weak temperature-dependence in accumulation.

In principle, the temperature-dependence could be contributed from
either the transport mechanism, or by the charge distribution in the system,

or both. In an NMOSCAP, electrons in the conduction band are minority
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Figure 2.7: Experimental gate current vs. voltage at different temperatures for
(a) Sample A and (b) Sample B.
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carriers in the silicon channel. Without a source/drain as external supply, its
concentration cannot be maintained at the thermodynamic-equilibrium value.
As the temperature is increased, substantially more minority carriers are avail-
able, and, as a result, the gate currents show strong temperature-dependence
in inversion. This strong temperature dependence contrasts markedly to the
much weak temperature dependence for the field-assisted thermionic current
for accumulation shown in Figure 2.5, thus is attributed to the temperature-
dependence of the charge distribution. The strong temperature-dependence in
inversion also indicates that the gate current is primarily from the conduction

band.

Yamaguchi et al reported that band gaps of ZrO, and Zr-silicate layers
are 5.7eV and 4.5eV, respectively, from XPS analysis for sputter-deposited
films [52]. Using these values in Franz dispersion, the gate current simulation
agrees well with experiment for both samples, (Figure 2.8). The conduction
band offsets of ZrO, and Zr-silicate are found as 1.45eV and 1.0eV, respectively.
The band-edge effective masses are m. = m, = 0.35m, for both ZrO, and Zr-

silicate.

Yamaguchi assumed Frenkel-Poole conduction through the dielectric
stack and reported the conduction band offsets with silicon of the ZrOs and
Zr-silicate layers as 1.5eV and 1.0eV, respectively. For Frenkel-Poole conduc-
tion [15], the conducting electrons are thermally emitted out of the traps in
the dielectric. The trapping potential barrier will be reduced if an electric field

is applied. As a result, the current will be increased by a factor proportional
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Figure 2.8: Comparison of gate current and gate capacitance simulations with
the experimental data for samples A and B.
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AE;
ksl

to exp(:4), where kgT is the thermal energy, and AF; is the decrease of
the trapping potential barrier due to the electric field. The barrier is further
decreased if the electric field is increased. Thus, stronger field /voltage depen-
dence of current is to be expected at low temperatures. Such characteristic
was not observed in the gate currents of ZrOs-NMOSCAPs in our experiments.

We believe, therefore, the temperature dependence observed in sample B is not

primarily attributed by the the Frenkel-Poole mechanism.

Although simulation and experiment agree quite well, it is not conclu-
sively clear that direct tunneling or FN tunneling, which are the temperature-
independent conductions being modeled in this work, is the primary transport
mechanism. This is due to the uncertainties about the device structural infor-
mation, especially those of the dielectric stack. Other temperature-insensitive
or weakly dependent transport mechanisms such as trap-assisted tunneling

remain possibilities.

Comparison between simulation and experiment of gate currents at
different temperatures is shown in Figure 2.9. In simulation, the gate current
of sample B has stronger temperature dependence than sample A, consistent
with the model for thicker barriers, (Figure 2.5). However, the temperature
dependence predicted by the model is weaker than experiment. Thus, some
thermally assisting process(es) should be involved, but its influence is weak.
Such thermal processes can either be related to the transport through the
dielectric or the supply of carriers. If it is related to the transport, it should

be weakly dependent on the electric field in the dielectric.
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Figure 2.9: Comparison of simulation and
different temperatures for samples A and B.
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At low gate voltages, oscillations of gate currents were observed near
the flat-band and depletion region. Kinks in Cy-V, were also observed. These
might be caused by the interface states between regions (Gate/Dielectric or
Dielectric/Silicon). The high-density of interface states might significantly
affect the gate capacitance and gate current by trapping or de-trapping the

electrons in the absence of inversion or accumulation layers.

The I,-V, characteristics from sample A were measured at 25°C before
and after thermal and electrical stresses. Gate voltages from -3V to 3V were
applied at temperatures of 25°C to 125°C. The measured gate current is sim-
ilar to that of the fresh device, (Figure 2.7(a)). This implies good quality of
the thin films and few charges are trapped or fresh traps are created within
the dielectric stack. This is yet another piece of circumstantial evidence of the
unimportance of Frenkel-Poole transport in these samples, at least in accumu-

lation.

The comparison of gate current simulation with experiment for a TaN
/ HfOqy / p-Si capacitor is shown in Figure 2.10. The simulation agrees well
with experiment in accumulation. The EOT is ~10.5A obtained from Cy-Vy
simulation. E, = 5.7eV, AE, = 1.6eV, and m, = m, = 0.32m, are used in
the Franz dispersion for the HfO, layer, and E, = 4.5eV, AE, = 1.2eV, and

m. = m, = 0.5m, for the interfacial layer.
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2.4 Summary and Conclusions

A gate current model has been developed taking into account the quan-
tum confinement effects in the silicon channel, direct and Fowler-Nordheim
tunneling, and thermionic emission transport through the gate dielectric. Both
gate- and substrate-injected currents are modeled for the silicon conduction-
and valence-band components. Subject to the energy dispersion relation in
each region of the Gate-Dielectric-Silicon system and available carriers and
empty states in either side of the dielectric, the gate current is determined.
The energy dispersion in the dielectric band gap is approximated by Franz
dispersion. The subband structures and carrier distribution in energy and
position in the silicon channel are obtained by solving the Schrodinger and
Poisson equations self-consistently, both for gate capacitance and gate cur-
rent calculations. A self-consistent C,,1,-V, model thus is established. This
model was validated using SiO, dielectric devices, and good agreement with

experiment is achieved.

Device structure information of ZrO, NMOSCAPs is extracted in ac-
cumulation using Cy-V, and I;-V, simulation. The simulation agrees well with
the experiment for different thicknesses of dielectric stack, using consistent
parameters. The extracted band gaps and band offsets with silicon are com-

parable with those that have been reported. The gate current simulation of a

HfO, NMOSCAP also agrees well with the experiment.

Characteristics of gate current transport mechanism were studied for

ZrO9 NMOSCAPs. The temperature-dependence study shows that the gate
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current is primarily contributed from the silicon conduction band, and tunnel-
ing is the most likely primary transport mechanism. However, other tunneling
processes such as trap-assisted tunneling may be possible. More temperature-
dependent processes are also not completely excluded, but their effects are
weak. Interface states between different regions might significantly affect the
gate capacitance and gate current at low voltages. Kinks in gate capacitance-
voltage and oscillations of gate currents were observed. The gate current does
not change much after the device is stressed electrically and thermally. This
indicates good quality of the film and few charges or traps created in the

dielectric stack as a result of the stress.
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Chapter 3

Impact of Interfacial Layer and Transition
Region on Gate Current: Its Tradeoff with Gate
Capacitance

Stacked gate dielectrics are modeled with respect to the impact on leak-
age current of interfacial layers and transition regions. Using Franz model,
the gate dielectric stack is characterized for considering gate capacitance and
current performance. Low-EOT and low-gate-current regimes are explored
theoretically using reasonable estimates guided by experimental data. Tran-
sition layer values of each parameter are qualitatively explored for oxynitride,

SizN4/SiOq, and high-K stacks.

3.1 Introduction

High-K materials such as HfOy and ZrOy (¢ ~ 20) are being considered
as alternative gate dielectrics to SiOq [28,41] to obtain the same EOT with
a greater physical thickness. High gate capacitance or low EOT thus can be
achieved simultaneously with low gate currents. High gate capacitance allows
good gate control over the channel and increases the drive current; low gate

currents reduce standby power dissipation for low-power application [1,21].
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However, an interfacial layer generally found between the high-K layer and
silicon substrate can have an opposing effect on this pursuit of low EOTs
and low gate currents. This layer can be an unavoidable silicate layer created
during processing |[52| or an intentionally deposited /grown layer such as SiO, to
improve interface properties with silicon [7]. Its dielectric constant is generally
lower than that of the high-K layer; thus the EOT of the dielectric stack will
be increased. On the other hand, since the band gap is generally inversely
proportional to the dielectric constant [9], this layer can lower the gate current

if its band offset with silicon is also proportionally larger.

Although an abrupt interface between the high-K layer and interfacial
layer is usually assumed, a gradual transition may occur, (Figure 3.1). Yet its
role in the gate dielectric stack has not been extensively explored. In this work,
effects of the transition regions between the high-K layer and silicon substrate
on the tradeoff between EOTs and gate currents are investigated theoretically,

based on reasonable assumptions guided by experimental data.

A major hurdle to this study arises from uncertainties of material prop-
erties, especially those of the thin films, and the physical mechanisms that af-
fect the gate capacitance and gate current. A self-consistent gate-capacitance
and gate-current model which simultaneously considers quantum confinement
effects in the silicon channel, direct tunneling, Fowler-Nordheim tunneling and
thermionic emission gate currents has been reported and shows good simula-
tion results compared with experiment [12]. Although uncertainties about the

physical mechanisms involved still exist, a semi-quantitative investigation can
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be derived from such work with additional physically-based assumptions.

It has been reported that there is a linear relation between the nitro-
gen/oxygen concentration ratio in the oxynitride, its dielectric constant, and
the potential barrier for electrons in the silicon conduction band [18]. If such
linear relation can also be assumed for other physical parameters, effects of the
nitrogen concentration profile in the Si3N,/SiO, stack on the EOT and gate
current can be theoretically studied. Furthermore, unless specified otherwise,
we assume (1) gate dielectric stack consisting of High-K(or SisN,)/Transition-
Layer/SiOs, as shown in Figure 3.1, (2) linear variation of physical parameters
in the transition layer, and (3) no free charges trapped in the dielectric stack
in the quasi-static state for the purpose of simplicity and qualitative trend

study.

In section 3.2, the gate-capacitance and gate-current models are de-
scribed. The emphasis is on the characterization of the dielectric stack with
the interfacial layer and transition region considered. The tradeoff between
the EOT and gate current for oxynitride, SizN,/SiO,, and high-K gate dielec-
tric stacks is analyzed for NMOSFETS in section 3.3. Finally, conclusions are

drawn in section 3.4.

3.2 Theory

The charge distribution in the Gate-Dielectric-Silicon system and E-k
dispersion in the silicon channel are determined by solving Schrodinger and

Poisson equations self-consistently subject to Fermi-Dirac statistics [23,49].

36



The gate capacitance as well as EOT is obtained by assuming quasi-static-
thermodynamic equilibrium in the system. Using the same charge distribution
and E-k dispersion relation, the gate current can be obtained by a WKB-based
method [12].

Linear transition of physical parameters is assumed between the high-K
layer and interfacial layer in this work. Figure 3.2 shows assumed variations of
those parameters that are considered to affect the gate capacitance and gate
current for a SizN,/SiO, stack. Conduction and valence band-edge effective
masses of the dielectric are set equal to each other in this work for simplicity
(Maier = Me = My). € = 3.9, Mgies = 0.53me, E; = 9.0eV, and AE, = 3.15eV
are used for SiO,, where m, is the free electron mass; € = 7.5, mgjer = 0.2m,,
E;, = 5.0eV, and AE, = 2.2¢V for SizN,. For the high-K study, enx = 20
is assumed and other values are assumed to be the same as for SizNy, unless
specified otherwise. mgies = 0.2m, is chosen to model less insulating high-K
materials as compared with SiOy and only serves as a qualitative study. In
fact, it will be seen from the oxynitride study that if mgie < 0.236m,, SigNy
would be unappealing as a gate dielectric. The gate current of a SizN, device
becomes higher than that of a SiOy device with the same EOT, as can also
be concluded from Figure 3.3. Further discussion of Figure 3.3 is presented in

section 3.3.

From Gauss’ Law, assuming no free charges within the dielectric stack,
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and mgie (= m. = m,) are considered to affect gate capacitance and gate
current. Values assumed for SigN, are only for qualitative study.
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V -D =0, the EOT of the dielectric stack is determined as

£si 1
EOT = tSiOg + thk . 5102 + €8i0, * / 7(12, (31)
Enk t Etrans (2)
rans

where 1g;0, and t, are physical thicknesses of SiO, and high-K layers, respec-
tively; €si0,, €nk, and €yans(2) are the dielectric constants of SiO,, high-K, and
the transition layer, respectively; the integration is performed between transi-
tion region interfaces with SiOy and high-K; z is the normal direction to the
silicon substrate along which the external electric field is applied. With the
assumption of linear variation of the dielectric constant in the transition layer,
the EOT of the dielectric stack becomes

€Si0, €5i0,

+ ttrans T (32)
€hk Eav

EOTstack = tSioz + thk -

where the final term represents contribution of the transition layer to the EOT

with

1 1 Ehk
_ -1n

b
Eav €hk — €Si0, €8i0,

(3.3)

where tians and €,, are the physical thickness and average dielectric constant

of the transition region, respectively.

A key to the gate current modeling is the apparent energy dispersion
(E-k) in the dielectric band gap seen by the tunneling electrons. The Franz
2-band dispersion model is used for approximating such energy dispersion

1 h? n h?
) 2my(E, — E)’

k2~ 2m.(E — E, (3-4)

40



where F is the total energy of the electron, m. and m, are band-edge effective
masses for the conduction and valence bands, respectively, of the dielectric,
and F. and F, are the energies of the respective band edges [14]. The tunneling
probability, T'(E, k), through the dielectric is calculated by WKB when £2 < 0
[26],

—lnT(E, k‘H) = / |kz\dz, (35)

dielectric

with

k> =k* — kﬁ, (3.6)
where k? is calculated from the Franz dispersion with k| being conserved
through the dielectric stack and across region interfaces in the Gate-Dielectric-
Silicon system. k| is the wave vector component parallel to the region inter-
faces. The total energy, F, and parallel wave vector, k|, are constant in Equa-
tion (3.5) when only elastic tunneling is considered. The band edge effective
masses, m., m,, are intrinsic material properties. F,. and FE, profiles “seen”
by the tunneling electrons are adjusted by both the external electric field and
dielectric constant profiles in addition to the intrinsic band structure. As a
result, the energy dispersion relation in the dielectric band gap determines the
tunneling probability in a non-trivial way, especially when an external electric

field is applied.

Within the context of the work presented here, the dielectric stack

is characterized by the physical thickness of each layer (tn, tirans, tsio,), the
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profiles of its dielectric constant (£(z)), band gap (E4(2)), band offset (AE,(z))
with silicon, band-edge effective masses (mgie1(2)(= m.(2) = my,(2)) ), for the
purpose of assessing capacitance/current vs. voltage performance. In the next
section, tradeoffs between EOTs and gate currents for oxynitride, SizN,/SiOy

and high-K stacked gate dielectrics are studied.

3.3 Results and Discussion

Ma et al. [18] reported that the dielectric constant and potential barrier
of oxynitride vary linearly with the oxygen/nitrogen concentration ratio. In
their work, WKB and effective mass approximations (parabolic band structure
of dielectric) were applied to study such dependence of tunneling gate currents.
A nitrogen concentration independent effective mass was used. However, in
this work, the potential effects of variation of the oxynitride effective mass,

whatever that may be, are also explored.

Using a scheme similar to Ma’s, the dielectric constants, conduction
band offsets, and band gaps of the oxynitride are calculated, in the spirit of

Vegard’s law [50], as

Eoxyn(7) = 3.9+ 0.0637, (3.7)
Eyoxn(7) = 9.0 —0.077, (3.8)
AE,on(y) = 3.15—0.017y, (3.9)

where 7% is the atomic nitrogen concentration in the oxynitride; v = 57.14

and v = 0 correspond to SigN, and SiO,, respectively. According to Equation
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(3.4), the parameter yet to be determined for the tunneling probability is the
band-edge effective mass, mexyn(y). A direct approach is to find moxyn(7)
to fit the simulated gate current with experiments. However, this effort is
impeded by experimental difficulties, especially the accurate determination of
the composition of an ultra-thin film. Therefore, the actual values of Mgyyn ()
remain unknown and the best we can do is to characterize the effects of possible

Moxyn(7y) variations.

For the above purpose, a reference band-edge effective mass moxyn cc(7y)
is chosen to provide similar gate currents (~ 107'A/cm? @~ 1.0V) in sim-
ulation for NMOSFETs with the same EOT (20A) but different nitrogen
concentrations, (Figure 3.4). Thus, the variation in mgyyncc(7), in turn, is
that required to balance changes in the gate current due to changes in the
other parameters—physical thickness, dielectric constant, band gap, and band
offset—while holding the EOT constant. Variations in the actual mass from
this reference mass, Moxyn (7) — Moxyn,cc (), Will be indicative of an exponential
reduction, if positive, or increase, if negative, of gate currents due to introduc-
tion of nitrogen for a given EOT. The device structure considered in simulation
consists of a single-layer oxynitride gate dielectric. Assuming the same models
for the gate and silicon substrate, with the same EOT, the tunneling proba-
bility is only affected by the thin film thickness and composition. Also shown
for comparison in Figure 3.4 are moxyn jin(7y) and Moxyn,inv(7y) that represent
a linear variation of the mass and the inverse of the mass, respectively, be-

tween the shown endpoints of Mgxyn cc(7). Finally, moxyn,const = 0.53m, is also
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included as a nitrogen-concentration-independent band-edge mass. It is seen
that the constant-current moxyn cc(7y) exhibits neither a linear nor an inverse

relation with ~.

In the following study, multi-layer gate dielectric systems are consid-
ered. mgier = 0.2m, is assumed for both SizN, and high-K materials to mani-
fest the less insulating alternative gate dielectrics for qualitative study. Such
a value is lower than moyxync(57.14) = 0.236, which corresponds to SizNy.
As can be seen, it will result in higher gate current for a Si3N4(K=7.5)/SiO,
device but lower gate current for a high-K(K=20)/SiO, device (Figure 3.3).

Gate dielectric stacks consisting of SigN,/SiO, are first studied.

The transition region between the SigN, layer and SiOs layer consists of
a oxynitride layer of variable nitrogen concentration. A continuous transition
is assumed, i.e. vy = 0 at the oxynitride/SiOy interface and v = 57.14 at the
oxynitride/SigN, interface. An accurate description of the effects of such a
region requires knowledge of mgyyn(7y). Linear variation of v in the transition
layer will lead to linear variation of € and AFE, [18], but not necessarily E, and
mgiel- For simplicity and qualitatively theoretical study, linear variation of each
parameter from the SiOo-layer to the SizNy-layer is assumed. Gate currents
of NMOSFETs with different transition layer thicknesses but the same EOT
(10A) and tgo,(3A) are studied in simulation. Effects for each parameter in
terms of gate current as a function of the transition layer thickness are analyzed
individually, using the profile of each parameter shown in Figure 3.2 with the

other parameters held constant through the dielectric stack:
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edge mass. EOT=20A is maintained. Single-layer oxynitride gate dielectric is

assumed.
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e c-transition: £(z) as in Figure 3.2 but constant E,, AE,, and mge

o E, AFE.-transition: E,(z) and AE,(z) as in Figure 3.2 but constant ¢

and Mdiel

® Mgie-transition: mgier(z) as in Figure 3.2 but constant €, E, and AE,

The constant values used in each case were those of SiOy, but they can be
either those of SiO, or SisN4 and the final results are not very different. Those
values are held the same through the SiO,, transition, and SigNy layers. The
parameters being studied in each case vary linearly in the transition layer
with values of SiO, and SizN4 at the interfaces with SiO, and SizNy layers,
respectively. Instead of using <, tirans is used to benchmark the gradient of
the nitrogen concentration profile in the Si3N,/SiO, stack. The reference for
comparison is the gate current of a Si3sN4/SiO, stack without a transition layer.
All simulations were reference at V; = 1.2V. The results are shown in Figure
3.5. Also shown in the figure is the collective effect of the transitions of all
of the parameters on the gate current. It is found that e-transition increases
the gate current, but Ej,AFE - and mgse-transitions decrease the gate current.
If transition of each parameter is considered, given the values of parameters
assumed, the gate current will decrease when the thickness of the transition
region is increased; the reduction is ~ 0.42X at tirans = 8.0A. Such reduction
will be improved if the band-edge mass of SizNy is larger (it is assumed 0.2m,

in the above study). The explanation is presented later in this section.
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Figure 3.5: Individual and collective effects of linear variation of each parame-
ter in the transition layer on gate currents for Si3N,/SiO, stacks, benchmarked
by the transition layer thickness. The reference is gate current at V, = 1.2V
of a Siz3N,;/SiO, stack without a transition layer. EOT=10A is maintained.
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If the Si3N, layer is replaced by a higher-K material and the same
analysis is applied, it is found that the effects of Fy,AFE,- and mgiq-transition,
both qualitatively and semi-quantitatively, are quite similar to those of the
SigN,/SiO, stack. However, effects of e-transition become more pronounced
when the dielectric constant of high-K is increased, especially when greater
E,, AE, and mgi are assumed, i.e. a more insulating high-K layer. If pa-
rameters of SiOy are adopted for the fixed parameters in the e-transition
study, the gate current is greatly increased when the transition layer thick-
ness is greater than 2A, (Figure 3.6). However, when lower values like those
assumed for SizN, are considered, the increase of gate current for the high-
K(enk=20)/SiOq stack becomes ~ 2.7x, 7.5%, 20.4x, and 55.1x for transition
layer thicknesses of 2A, 4A, 6A, and 8A, respectively, in the e-transition study.
Such increasing effects on gate currents can be counter-balanced by the band
structure (Ey, AE,, mgie) transition. The gate current is increased by 6.5x
at tirans = 8.0A if the linear variation of each parameter in the transition layer
is considered, compared with the 0.42x reduction for the SizN,/SiOs stack.
Figure 3.7 shows the results of the same analysis applied to mg; equal to
0.3myg, 0.4myg, 0,53mg, respectively, for different ¢.,,;. The transition layer
becomes more important when mg; increases. The above phenomena can
be explained as follows. When a transition layer exists, given a targeted
EOT and the same interfacial SiOy thickness, the increase of the transition
layer results in reduction of the physical thickness of the dielectric stack: at

tirans = 8.0A with EOT:IOA, the reduction is 17% and 21% for ey = 7.5
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Figure 3.6: Individual and collective effects of linear variation of each param-
eter in the transition layer on gate currents for High-K/SiO, stacks, bench-
marked by the transition layer thickness. The reference is gate current at
Vy, = 1.2V of a SizN4/SiO, stack without a transition layer. EOT=10A is
maintained.
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and e, = 20, respectively. Since most thickness reduction occurs in the high-

K layer, when the high-K layer is more insulating, the gate current will be

greatly increased in comparison to the gate current of a stack without a tran-

sition layer. Though myg;e is chosen as the variable determining resistivity of

the high-K layer, similar analysis for E;,AE, variations can be performed to

obtain similar conclusions.

Finally, in Figure 3.3, high-K and SizN4/SiO, stacks of EOT=10A with-
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out a transition layer are considered. Gate currents of SisN,/SiO,(3A) are
found to be higher than for pure SiO, devices because of the assumption of
small band-edge masses (0.2m.). The gate current is further increased when
the SigN, thickness is increased. When SizNy is replaced by high-K of ey, = 20,
the trend reverses. If the dielectric constant of the interfacial layer is increased

from 3.9 to 7.5, the gate current will be significantly decreased.

3.4 Summary and Conclusions

Stacked gate dielectrics are characterized using dielectric constants,
band gaps, band offsets with silicon, and band edge effective masses with
a Franz 2-band energy dispersion relation, along with the physical thickness
of each layer to assess capacitance/current vs. voltage behavior. Tradeoffs
between EOTs and gate currents were studied, considering effects of each pa-
rameter as well as the interfacial layer and transition region. Oxynitride,
SizgN4/SiOq, and high-K stacked dielectrics were qualitatively studied. More
insulating and higher dielectric constant materials are desired for each layer
of the stack; however, the role of transition region in the dielectric stack will

then become more important.

Given the complicated effects of the transition region on the capaci-
tance/current vs. voltage behavior, increasing the dielectric constant of the
interfacial layer seems the most feasible approach in the short-term. However,
the possibly accompanying negative effects such as mobility degradation may

be of concern.
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For a targeted EOT, e-transition increases gate currents, but E,,AFE,
and myg;e transition decreases gate currents. The effect of e-transition becomes
dominant when the dielectric constant of the high-K layer is increased. For
medium-K stacks, the gate current might be decreased due to the E,, AE: and
Mgiel transitions dominating the e-transition. For high-K materials (e.g. epi ~
20), the gate current is generally increased with a greater transition layer

thickness.

Increasing the nitrogen concentration in the oxynitride gate dielectric
needs to be carefully assessed. Saturating nitrogen in oxynitride is less ap-
pealing and even worse if the band-edge masses are decreased simultaneously.
Other negative impacts due to nitrogen introduction such as mobility degra-

dation should also be considered.
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Chapter 4

Conduction Mechanisms and Parameter
Extraction from C-V and I-V Simulations and
Experiments

From Cy, I,-V, simulations on experiments, gate leakage current versus
voltage behavior can be studied. Furthermore, assuming Franz dispersion to
characterize the gate dielectric (stack) for capacitance and current behavior,

device structure parameters can be extracted.

4.1 Introduction

High-dielectric-constant (High-K) materials are being pursued as alter-
native gate dielectrics for next-generation MOSFETs. Great efforts are be-
ing made for optimizing these materials for transistor applications [20, 28, 41].
However, a major hurdle arises from the uncertainties about material prop-
erties, especially those of the thin films, and the physical mechanisms that
affect the gate capacitance and gate current. To overcome such a hurdle, a
systematic approach that combines gate capacitance and current analyses is
applied to understand their voltage- and temperature-dependent behavior and

to extract the device structure parameters. An important element of this work
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is the simultaneous matching of the gate capacitance and current simulation
with experiment; this matching is achieved via a self-consistent gate capaci-
tance and current model [12]. Detailed discussion of the model was presented

in Chapter 2 and 3.

This analysis method will be demonstrated to provide consistent results
for different devices fabricated by different processes. The analysis was per-
formed in a systematic way for each study case without violating assumptions

made by the underlying model.

4.2 Model and Observations

Neglecting the wave function penetration from the silicon into the gate
dielectric, the charge distribution in position and the energy dispersion in
the channel can be determined by self-consistently calculating Poisson and
Schrodinger equations and by applying the boundary conditions of the sub-
strate. The silicon substrate is pre-defined by its material properties such as
the doping concentration. Thus, EOT is the only intrinsic parameter needed
from the gate dielectric (stack) for such calculation. Other parameters to
model the intrinsic properties of the gate dielectric are the band gap (E,),
conduction band offset (AE.), band-edge effective masses (m,. and m,,), which
are required in Franz 2-band dispersion [14], the dielectric constant (€), and
physical thickness of each thin-film dielectric layer. Using the potential profile
in the dielectric (stack) obtained after the charge distribution is calculated,

the tunneling probability can then be obtained.
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The quasi-Fermi levels of the gate and the silicon substrate (E gqe and
E; i) at each gate voltage are self-consistently calculated. The quasi-Fermi
levels thus determined are also regarded as chemical potentials of the gate
and silicon substrate, which are separated by the gate dielectric but connected
by the external circuit. Because the exchange of carriers through the gate
current is negligible as compared with that through the external circuit, the
quasi-Fermi levels of the gate and substrate are only determined by the external
bias:

Ef,SZ - Ef7gate = Vqsa (41)

where Vy, (or Vj if the substrate is grounded) is the applied gate voltage. For
gate current calculation, (Ef,si — Ef gate) not only determines the direction of
the electron current, but also is another factor to determine the final calculated
gate current, (Equation 2.5 and 2.6). As a result, at the zero gate voltage, the
gate current should vanish unless other mechanisms cause a chemical potential

force between the gate and silicon substrate.

Gate capacitance-current vs. voltage from which the unknown parame-
ters of the system to be extracted, its dependence on the operating temperature
in different bias regions and the physical thickness of each gate dielectric layer
impose the constraints (boundary conditions) on the parameter space. Varying
the voltage and temperature allows the charges to redistribute in position and
energy. As a result, the primary transport mechanisms and supply of carriers
for the gate current may not be the same at different voltages or temperatures.

Thus, in order to study the gate current, source of the carriers should be first
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identified. The transport mechanism then can be determined according to its

voltage-, temperature-, and dielectric-thickness-dependence behavior.

Parameters that can be extracted by this approach are those that can
affect the gate capacitance and current. The space of each parameter to be
determined will be refined if other parameters are known with good accuracy.
In this work, the parameters of the primary interest are those needed for Franz

dispersion.

4.3 Results and Discussion

Detailed discussion of ZrO, and HfO, devices were presented in Chapter
2. Only important results will be rephrased in this chapter. SiO, devices are
the primary focus to better illustrate the proposed gate capacitance-current
analysis method. Three sets of SiO, devices fabricated by different research
groups will be discussed. Through out this work, well-known values of the
dielectric constant, band gap, conduction band offset with silicon of SiO, are
assumed in simulation: € = 3.9, E; = 9.0eV, and AE, = 3.15eV. Thus, the
band-edge effective masses are the primary parameters to be extracted for

510,.

4.3.1 SiO, NMOSFETs vs. SiOy PMOSCAPs: Substrate-Injected
Electron Currents from p-Si Substrate and n-Si Substrate

Figure 4.1 shows the comparison of gate current simulation with ex-

periment for n--polysilicon-gate/SiO,/p-Si n-FETs (t,, — 21.9-36.1A) and
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p-+-polysilicon-gate /SiO, /n-Si p-MOS capacitors (to; = 22.9-41.8A). The ex-
perimental data are from [33|. The SiO, thicknesses used in simulation are
the same as those provided. The band-edge effective masses of SiO, are
me = my, = 0.53m,, where m, is the free electron mass. Figure 4.2 shows
the comparison of the gate capacitance simulation with experiment. The SiO,

thickness of 35.1A is used in simulation and is the reported value.

Biased at positive gate voltages, the NMOSFETs are in inversion, and
the PMOSCAPs are in accumulation. For NMOSFETS, electrons in the silicon
conduction band are minority carriers in the channel. The electron concentra-
tion is maintained at the equilibrium value by the external supply from the
source and drain. Only electron currents from the conduction band of the sil-
icon substrate to the gate are considered for the voltage range being studied.
As for PMOSCAPs, there are no source and drain connected to the channel.
As a result, the minority holes concentration in the channel is not maintained.
Thus, majority electrons in the conduction band dominate the gate current.
Since the Fermi-Dirac statistics is applied, only the electrons with energies
near or below the quasi-Fermi level are important for gate current in inversion

and accumulation.

It should also be noted that the Franz dispersion parameters used to
characterize SiO, were found to be the same for all devices. Given that only
electrons near or below the quasi-Fermi level of the silicon substrate but above
the silicon conduction band edge are important, the Franz 2-band model seems

a good approximation at least in such energy region. Although it is p-type-
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Figure 4.1: Gate current simulation compared with experimental data for (a)
n+poly/ SiOy / p-Si MOSFETs and (b) p+poly / SiOy / n-Si MOSCAPs.
The experimental data are from [33]. The thicknesses shown in the figures are
used in simulation as reported in [33].
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substrates for NMOSFETs and n-type-substrates for PMOSCAPs, the same

energy dispersion relation applies.

4.3.2 SiOy NMOSFET vs. SiO; PMOSFET: Conduction-Band Com-
ponent and Valence-Band Component of Gate Currents

Figures 2.3, 2.4 and 4.3 show the comparison of gate capacitance and
current simulation with experiment for a SiO, NMOSFET and a SiO; PMOS-
FET. The devices were reported in [53|. In gate capacitance simulation, the
physical thickness used is 19A for the NMOSFET and 19.2A for the PMOS-
FET. Additional fixed charges at the SiO5/Si interface are assumed in the gate
capacitance simulation in order to fit the flat-band voltage. The band-edge
effective masses used in Franz dispersion for the conduction-band gate current
component for both devices are m, = m, = 0.72m,. As for the valence-band
component, m, = 0.34m, and m, > m, are used. When m, > m,, the

simulated gate currents saturate to a certain value.

In simulation, as long as m./m, remains the same, the slight change
of m. and m,, e.g. at least in the range of 0.53m, ~ 0.72m, for the above
n- and p-MOSFETs considered, will only change the magnitude of gate cur-
rent significantly, (Figure 4.4). But change in voltage dependence behavior,
i.e. dI,/dV,, is not apparent in inversion and accumulation. Slightly changing
the SiOq thickness used in simulation has similar effects as changing m, and
m, with m./m, constant, (Figure 4.4) . As a result, if other parameters are

assumed the same, the accuracy of the physical thickness will affect that of the
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Figure 4.4: Comparison of gate current simulation for small changes in %,,, m,
and m,, with m./m, = 1. The simulated device is a SiO, n™ poly NMOSFET.
band-edge effective masses, and vice versa. If the SiO, thickness is underesti-
mated, the band-edge effective masses will be overestimated. It was reported
in [53] that the SiO, thickness is ~ 20A, but ~ 19A was extracted in this work
from comparing gate capacitance simulation with experiment in accumulation.
Thus, the extracted m, = m, = 0.72m, for the conduction-band component
and m, = 0.34m, for the valence-band component may be the over-estimation

of the real values of SiO,.

One set, of Franz dispersion parameters is used for the conduction-band
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component of gate current for both devices, whether it is substrate-injected or

gate-injected. A different set is used for the valence-band component.

Because the total energy of electrons in the conduction-band compo-
nent is at least 1.1eV greater than that of the valence-band component. The
previous results, (Section 4.3.1), only prove that Franz dispersion works well
for a limited energy range in the SiO,. When the energy range of interest
is great, e.g. 1.1eV, different sets of parameters may be needed for different
energy ranges. However, the energy dispersion used remains the same for elec-
trons whether they tunnel from the substrate to the gate or from the gate to

the substrate.

At low voltages in the accumulation of the PMOSFET in Figure 4.3, the
valence-band component of gate current is greater than the conduction-band
component. When the gate voltage is greater than ~ 2.8V, the conduction-
band component becomes dominate. The valence-band component was not
seen in the PMOSCAP (Figure 4.1(b)) at low voltages because there are no

source/drain to deplete the increased minority holes in the channel.

4.3.3 5iOy NMOSFETs : Cy, 1,-V, vs. Thickness and Temperature

Two SiOy n+poly NMOSFETs with different thicknesses were fabri-
cated for studying the temperature-, voltage-, and thickness-dependent gate
capacitance and current behavior. Comparison of Cy, I;-V, simulation with
experiment for a SiOy poly NMOSFET at different temperatures is shown in
Figure 4.5. The EOT of the SiO, layer is 20A from Cy-V, simulation. Good
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agreement is achieved in inversion and accumulation for both the gate capaci-
tance and current simulation at different temperatures. As seen from both the
experiment and simulation, the temperature dependence region of the gate
capacitance vs. voltage is the same as that of the gate current vs. voltage.
Thus, it can be concluded that the temperature dependence of gate current
is attributed to that of the charge distribution in the system rather than the

transport mechanism through the SiO, layer.

At the flat-band, V, ~ —0.85V, transition of gate current mechanism is
seen in both the experiment and simulation. A quantum well is formed in the
conduction band when the gate voltage is greater than the flat-band voltage.
When the gate voltage is lower than the flat-band voltage, the quantum well is
formed in the valence band. Without a quantum well formed for the carriers
to reside in, quantum confinement effects of the carriers are less important and
are neglected in this work. Such a transition in the model can also contribute

to the apparent transition in the modeled gate current behavior.

Figure 4.6 shows the thickness dependence of Cy, I,-V, simulation com-
pared with experiment. Both devices were fabricated by the same process. In
simulation, only the SiO, thicknesses are different: one is 20A, and the other
is 17.5A, both obtained from Cy4-Vy. The experimental data were measured
at 25°C as used in simulation. Using m, = m, = 0.53m,, the gate current
simulation in inversion agrees with experiment in a similar manner as for the
NMOSFET with ¢,; = 21.8A in Figure 4.1. The thickness-dependence is also

modeled well. However, m. = 0.4m, and m,, > m,. can provide a better fit at
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Figure 4.5: Comparison of Cy, I,-V, at different temperatures for a SiO, poly
NMOSFET (sample I). EOT was found to be 20.0Afrom C,-V, simulation.
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Figure 4.6: Comparison of Cy, I,-V, simulation with experiment for SiO, poly
NMOSFETs with different thicknesses. EOTs of sample I and II are 20A and
17.5A, respectively, which were obtained from Cy-V, simulation. The temper-
atures in experiment and simulation are both 25°C.

low gate voltages in inversion, and the accumulation gate current can also be

simultaneously fitted, (Figure 4.6).

4.3.4 kj-Conservation in SiO, MOS Devices

It was pointed out that kj-conservation has been controversial because
of the well-known inconsistencies between the assumption and experiment were
found between gate currents in SiOo-MOS devices fabricated on Si(110) and

Si(111) [51]. According to Equation (2.4), because k) is conserved, much
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lower gate current (from Si conduction band) is expected for Si(111) because
of the effectively higher barrier seen by the tunneling electron from the off-
axis valleys, (Equation 2.4). However, not so significantly lower gate current

is observed in experiment, e.g. Reference [51].

In the previous discussion, different sets of parameters have to be used
in Franz dispersion respectively for the conduction-band and valence-band
component of gate currents. This requirement of different sets of parameters is
because that Franz dispersion does not well approximate the energy dispersion
of SiO, over the energy range from the silicon conduction band edge to the
silicon valence band edge. Because the tunneling electron conserves its total
energy before, during, and after it crosses the SiO, layer, the energy dispersion
of Si0s it sees is determined by its total energy. If the energy range of electrons
of interest is small, (Section 4.3.1), then the Franz dispersion relation is a good
approximation using the same parameters. If the energy range of interest is
large, different sets of Franz dispersion parameters are needed for different

ranges of energies, (Section 4.3.2).

By the same token, because k)| is conserved, the energy dispersion seen
by the tunneling electron is determined by its k. When the range of & of
interest is small, e.g. that in the small neighborhood near one conduction-band
valley minimum, Franz dispersion relation is good approximation. However,
when the range of k| of interest is as great as that between the minima of
the longitudinal valley and transverse valley in Si(100), different sets of Franz

dispersion parameters may be needed for electrons from different valleys even
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their total energies are the same. Thus, for electrons with the same energy but
in different off-axis valley, tunneling probabilities may be different because of

different sets of Franz dispersion parameters are needed.

Figure 4.7 shows the comparison of gate current simulation between
k|-conserved and k-relaxed models for a n+poly SiO; NMOSFET fabricated
on Si(100) with t,;=19A. Also shown is a modified kj|-conserved calculation,
which will be discussed later. In the kj-conserved calculation, the same Franz
dispersion is applied for the longitudinal valley as used for the transverse valley.
The parameters are those used in Section 4.3.2. Because of kj-conservation,
gate currents from the transverse valley are neglected. In the k-relaxed cal-
culation, the same Franz dispersion is used but kj is set to be always zero
when calculating the tunneling probability. Setting k; = 0 allows the total
energy of electron, whether it is in the longitudinal valley or transverse valley,
to contribute to the tunneling. Thus, both electrons from the longitudinal
valleys and transverse valleys contribute to the gate current. However, Figure
4.7 shows that very small difference between these two calculated gate currents

is seen in inversion, but great difference in accumulation.

In inversion, because of quantum confinement effects, the first sub-
band energy in the longitudinal valley is much lower than the subbands in the
transverse valley. This is because of the greater effective mass along the (100)-
direction in the longitudinal valley, 0.9m, for simulation in Figure 4.7, than
that in the transverse valley, 0.2m.. As a result, most carriers in the channel

reside in the longitudinal valley. Thus, considering only the gate current from
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Figure 4.7: Gate currents are calculated with three assumptions: k/-conserved,
k -relaxed, and modified k-conserved. The simulated device is a n* poly SiO,
NMOSFET fabricated on Si(100) with SiO, thickness of 19A.
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the longitudinal valleys is good approximation in inversion. In accumulation,
however, the quantum confinement effects on the conduction band carriers are
less important and are neglected in calculation. More electrons reside in the
four transverse valleys than the two longitudinal valleys. If kj-conservation is

relaxed, gate currents from the transverse valleys dominate.

In Figure 4.6, when k)| is conserved, gate current simulation agrees well
with experiment simultaneously in inversion and accumulation using the same
Franz dispersion. However, this does not conclude that the same Franz dis-
persion can be applied for both the conduction-band longitudinal valleys and
the transverse valleys, but that neglecting the gate current from the trans-
verse valleys can be a good approximation for SiO; MOS devices fabricated

on Si(100).

If a different set of Franz dispersion is needed for the transverse valleys,

Equation (2.3) is modified as
k2 =k — (k| — Kjjmin) (4.2)

where k| i, is the k)| of the valley minimum. The simulation result is shown

in Figure 4.7 for comparison.

4.3.5 Z7ZrO, Metal Gate NMOSCAPs

Two ZrO, metal-gate NMOSCAPs with different thicknesses were fab-
ricated. From Cy-V, simulation, the EOTs can be extracted. Because of fab-

rication variance, from TEM, only the range of the physical thickness of each
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dielectric layer can be determined. From this information, and assuming the
dielectric constant of ZrOy as 20, the dielectric constant of the interfacial layer
and the physical thickness of each dielectric layer can be determined by impos-

ing that all the parameters need to satisfy Equation (2.11) for both devices.

From the voltage- and temperature-dependent behavior of the gate cur-
rent, it can be concluded that tunneling is the primary transport mechanism for
the electrons through the high-K stack. Direct, Fowler-Nordheim tunneling,
and thermionic emission were simultaneously considered in the gate current
model. Consistent parameters were used in simulation to provide good fit with

experiment for both devices at different temperatures.

From the gate current simulations, the Franz dispersion parameters for
ZrO, were found as E,=5.7eV, AE,~1.45¢V, and m, = m, = 0.35m,. As for

the interfacial silicate, E,—4.5eV, AE,=1.0eV, and m, = m, = 0.35m,.

A HfO, metal-gate NMOSCAP was also studied. The parameters found
to provide good fit with experiment by simulation are E;,—5.7eV, AE,—1.6eV,
and m, = m, = 0.32m, for the HfO, layer; F,=4.5eV, AE.~1.2eV, and

m. = m, = 0.5m, for the Hf-silicate layer.

For comparison, other methods have been reported to obtain the band
gaps and band offsets for different high-K materials. In [43], the band gaps and
conduction band offsets of the ZrO, and HfO,, films were calculated from Schot-
tky barrier height based on metal- induced gap states and charge neutrality

levels. It was found that E,(ZrO)=5.8¢V, AE (ZrO3)=1.4eV, E,(HfO,)=6eV,
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and AE,(HfO,)=1.5eV. Yamaguchi et al performed XPS analysis to obtain the

band gap and band offset of the ZrO, and Zr-silicate layer [52].

4.4 Conclusions and Summary

A gate capacitance-current analysis method was proposed to better un-
derstand the gate capacitance and current vs. voltage/temperature behavior.
Applied to SiO4 devices, it was shown that the extracted Franz dispersion pa-
rameters for gate current are consistent for each fabrication process. Gate ca-
pacitance and current thus can be considered simultaneously for better device
design. ZrO, devices with different thicknesses were also studied. Consistent
parameters were used in simulation to fit the experimental data in accumula-
tion. A HfO, metal-gate NMOSCAP was also studied and parameters were
extracted. These parameters were compared with those obtained by other

methods.

From comparing simulation with experiment for different SiO, devices,
the kj-conservation rule was explored. Within the context of the energy-
dispersion model, the widely-known controversy about k| conservation was
not seen for devices fabricated on Si(100). For SiO; NMOSFETs fabricated on
Si(100), the calculated gate current could fit the experimental data in inversion

and accumulation when neglecting the current from the transverse valleys.
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Chapter 5

Scaling ZrO, Control/Tunnel Oxide for
Floating-Gate Nonvolatile Memory Devices

Time-dependent characteristics of a floating-gate nonvolatile memory
device are modeled for write, erase, and retention voltages. Effects of the float-
ing quasi-Fermi level of the floating gate are considered by self-consistently cal-
culating the charge distribution of the whole system. A trend study of scaling
ZrO, and SiO, as the control/tunnel oxide is performed based on reasonable

experimental data.

5.1 Introduction

A thick control oxide layer is required in floating-gate nonvolatile mem-
ory devices to assure low leakage currents between the control gate and floating
gate for good retention [8,44, 45]. To enhance the write and erase speeds and
to reduce the programming voltage, the tunnel oxide thickness has been re-
duced [1]. However, a scaling limit of ~ 8nm is seen for SiO, tunnel oxide,
which also imposes limitation on scaling down the programming voltage [1, 10].
In order to further scale down the programming voltage, ZrO, was reported

as the control oxide and shows good write and erase performance [4]. With
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the high dielectric constant (high K) of ~ 20, a low equivalent oxide thickness
(EOT) of control oxide layer with large physical thickness can be achieved.
The large physical thickness ensures good retention; owing to the low EOT,
a large portion of the applied control gate voltage drops over the thin tunnel
oxide layer. Thus, high currents across the tunnel oxide can be obtained at
low control gate voltages during write and erase, and good retention can be

maintained when the device is idle.

In this chapter, the time-dependent characteristics of a n-channel float-
ing gate nonvolatile memory device are modeled operating at write, erase, and
retention voltages. Scaling trends of both SiO, and ZrO, as control or tunnel
oxide are qualitatively studied based on reasonable experimental data. The
leakage current across the tunnel (control) oxide is calculated by an energy-
dispersion-based model [12]. Direct, Fowler-Nordheim (FN) tunneling, and
thermionic emission currents are considered simultaneously. Table 5.1 shows
the material parameters of SiOy and ZrO, used in leakage current calculation.
These values were obtained from fitting simulation with experiment for MOS

devices [11,12].

5.2 Modeling

Figure 5.1 shows the device structure of a Metal /Control Oxide/Floating
Gate (n-polysilicon)/Tunnel Oxide/p-Si device being modeled in this work.
Unless otherwise stated, the following parameters are used in simulation:

metal work function of 4.1eV, doping concentrations of the floating polysilicon
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Table 5.1: Material parameters of SiO, and ZrO, for calculating leakage cur-

rents in floating gate devices.

Si0, ZrO,
Dielectric
Constant 3.9 20
Conduction Band
Offset (eV) 3.15 | 1.45
Band-edge
Effective Mass (m,) 0.53 0.35
Band Gap (eV) 9 57
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gate and the silicon substrate of 2 x 10cm ™ and 7 x 10'7cm™3, respectively.
The device is assumed to operate in quasi-thermodynamic equilibrium; thus,
non-equilibrium hot channel electrons are not considered in this work. The
Schrodinger Equation is solved in the silicon channel, and it is solved self-
consistently with Poisson Equation, which is solved by considering the charge
distribution of the whole system [49]. The effects of the charge distribution in
the floating gate are not considered in this model, although the total amount of
charge accumulated is considered, for the voltage drop across the floating gate
is negligible and the charge distribution in the floating gate has minor effects
on the time-dependent write, read, and retention characteristics as compared

with others being investigated in this work.

Fixing the quasi-Fermi level of Si substrate, Eyg;, as reference, the
quasi-Fermi level of the control gate is determined by the applied control gate
voltage, Vg,

Et19(Veg) = Es1 — Veg, (5.1)

where the Si substrate is grounded. The quasi-Fermi level (chemical potential)
of the polysilicon floating-gate, Ey 4, is “floating” because it is isolated by
the control and tunnel oxides from the external applied voltage. Its value is
determined according to the intrinsic doping concentration and the potential

profile of the whole system:

Ef,fg(ch) = Ef,fg(‘/;nloz = 0) - V;fnloxa (52)

where Vip,oq is the voltage drop across the tunnel oxide layer; Ef, rg(Vinior = 0)
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Figure 5.1: Device structure of the modeled floating gate nonvolatile memory
device.
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is the value at the flat band and is determined intrinsically by the doping con-
centration. Then the current is calculated according to the energy dispersion
of the oxide, and the available carriers and empty states in either side of the
oxide. The electron current flows from the higher quasi-Fermi-level side to the

lower one.

The current between the floating gate and the control gate is neglected
when modeling the time-dependent characteristics. Coulomb blockade effects
are not considered. However, because the system is solved self-consistently, the
voltage drop between the floating gate and silicon substrate will change when
net charges are added into or removed from the floating gate even with the
external voltage fixed. As a result, the potential barrier and the floating quasi-
Fermi level will change, and the current will also change accordingly. Coulomb
blockade effects can be neglected based on the assumption that the floating
gate considered in this work is a macroscopic system, and the amount of par-
ticles added into or removed from such a system is comparatively negligible

and will not alone change its chemical potential.

In the write and erase regimes, FN tunneling is the primary transport
mechanism, but direct tunneling is dominant in the retention regime. Figure
5.2 shows the time-dependent characteristics of the modeled device operating
at the write voltage, V,; = 18V. In such a device, the tunnel oxide is SiOy;
the EOTs of the control and tunnel oxide layers are 13.5nm and 7.5nm, re-

spectively. The write time for flat-band voltage shift of 4V requires ~0.02sec.
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ory device biased at a constant V., = 18V
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5.3 Discussion and Conclusions

A trend study is performed for ZrO, and SiO, as the control and tunnel
oxides. Fowler-Nordheim tunneling is the primary transport mechanism for as-
sessing write and erase performance, although direct tunneling and thermionic
emission are also considered simultaneously. Metal/Control Oxide/n-Si and
n-Poly /Tunnel Oxide/p-Si devices are simulated for the trend study for scaling

the control oxide and tunnel oxide, respectively.

Retention performance is first assessed for obtaining the scaling limits
of SiOy and ZrO, as the tunnel oxide and control oxide, (Figure 3). In this
work, leakage current lower than 107'*A /cm? is assumed as the requirement of
the control and tunnel oxide. When the value of the voltage across the control
(tunnel) oxide is increased, the leakage current is increased. Thus, the voltage
swing range, which is between the upper (+) and lower (-) voltage limits to
reach current density of 107'*A /cm?, is used as the parameter to assess the
retention performance. Other methods can be used, but this approach allows
us to obtain the voltage range that can be applied across the control (tunnel)
oxide and is a better approach for considering scaling down the control gate
voltage. With a constant leakage current of 107'*A /cm?, it takes 108 seconds
(~10 years) to remove all the charges that are required in the floating gate to
cause flat-band voltage shift by the order of 1V with a control oxide EOT of
~10nm. Using the parameters in Table 5.1, it is found that the scaling limits
of SiOy and ZrO, are reached at EOT of ~4.0nm and ~1.5nm as the control

and tunnel oxide, (Figure 5.3).
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The same approach is applied to study the scaling trend for write and
erase, (Figure 5.4). It is mandated that the leakage current through the con-
trol oxide should be much less than that through the tunnel oxide at the
write and erase voltages to ensure net charges are added or removed. When
EOT>4.0nm, SiO, is both better control and tunnel oxides for both write and
erase because of its greater voltage ranges across the control oxide and smaller
voltage ranges across the tunnel oxide (greater sensitivity to read and write
voltages) for given required currents. However, when EOT<4.0nm, ZrO, is a
better choice as the control oxide. It is not only because of its better retention
characteristics, but also because of the greater ranges of voltages across the
control oxide. With the parameters used, there is not a great difference be-
tween ZrO, and SiO, as tunnel oxide in the FN tunneling regime, in which the
write or erase is performed. Though ZrO, has greater dielectric constant, ~20,
its barrier height is lower, ~1.45eV. However, for the same reason, FN tunnel-
ing is achieved at a lower voltage. Once the FN regime is reached, tunneling

through ZrO, becomes much greater than that through SiO,.

With the EOT of control oxide fixed, scaling down the tunnel oxide
thickness in general reduces the erase time with the control gate voltage fixed.
For a device that consists of control oxide of EOT=13.5nm and SiO, as the
tunnel oxide being biased at V., = —15V, the erase time increases instead of
decreasing when the tunnel oxide is scaled down to ~8.0nm, (Figure 5.5). This
reversal of trend is a result of competing effects between the strong thickness

and field dependencies of FN tunneling. FN tunneling may be greater for a
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Figure 5.5: Erase time vs. Tunnel oxide thickness.

thicker tunnel oxide with a greater electric field than a thinner oxide with a
lower electric field. The EOT ratio between the control oxide and the tunnel
oxide determines their relative biased voltages. When the EOT of the tunnel
oxide is decreased, less voltage drop is across the tunnel oxide for a fixed control
gate voltage. As a result, the erase time may increase when the tunnel oxide

thickness is being scaled down in the regime where FN tunneling dominates.

In conclusion, in order to scale down the control gate voltage and at
the same time keep or reduce the erase time, the EOT of control oxide has

to be scaled down along with scaling down the tunnel oxide. However, their
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scaling limits are also imposed by the retention requirements. These results are
obtained qualitatively based on reasonable experimental data. A more reliable
quantitative result requires experimental verification along with a qualitative

trend study of simulation.

85



Chapter 6

Conclusions and Recommendations

6.1 Summary and Conclusions

An energy-dispersion-based gate current model was established to si-
multaneously take into account the quantum confinement effects in the sil-
icon channel, direct and Fowler-Nordheim tunneling, and thermionic emis-
sion transport through the gate dielectric. Both gate- and substrate-injected
currents are modeled for the silicon conduction- and valence-band compo-
nents. The energy dispersion in the dielectric band gap is approximated by
the Franz 2-band dispersion model. The subband structures and carrier distri-
bution in energy and position in the silicon channel are obtained by solving the
Schrodinger and Poisson equations self-consistently, both for gate capacitance
and gate current calculations. A self-consistent Cy,I,-V, model thus has been

established.

This model was first validated by applying to SiO, devices. Simultane-
ous matching of gate capacitance and current simulation with experiment was
achieved in inversion and accumulation using consistent device structure pa-
rameters. Based on such results, a gate capacitance-current analysis method

was proposed to better understand the gate capacitance and current vs. volt-
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age/temperature behavior. It was shown that the extracted Franz dispersion
parameters for gate current are consistent for different SiO,y devices fabricated,
respectively, by different research groups. Gate capacitance and current thus
can be considered simultaneously for extracting parameters and better device

design.

ZrOy NMOSCAPs with different thicknesses were studied through in-
tegrated simulation and experimental analysis. Tunneling was found to be
the primary transport mechanism of gate current in those devices. Consistent
parameters were used in simulation to fit the experimental data in accumula-
tion. A HfO, metal-gate NMOSCAP was also studied and parameters were
extracted. These parameters were compared with those obtained by other

methods.

Stacked gate dielectrics were characterized using dielectric constants,
band gaps, band offsets with silicon, and band edge effective masses with a
Franz 2-band energy dispersion relation, along with the physical thickness of
each layer to assess capacitance/current vs. voltage behavior. Dielectric stack
engineering thus can be possible for optimizing the tradeoff between EOTs and
gate currents. Oxynitride, Si3N4/SiO,, and high-K stacked dielectrics were
qualitatively studied. More insulating and higher dielectric constant materials
are desired for each layer of the stack; however, the role of transition region in

the dielectric stack will then become more important.

Given the complicated effects of the transition region on the capaci-

tance/current vs. voltage behavior, increasing the dielectric constant of the
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interfacial layer seems the most feasible approach in the short-term. However,
the possibly accompanying negative effects such as mobility degradation may

be of concern.

From comparing simulation with experiment for different SiO, devices,
the kj-conservation rule was explored. Within the context of the energy-
dispersion model, the widely-known controversy about k) conservation was
not seen for devices fabricated on Si(100). For SiO; NMOSFETs fabricated on
Si(100), the calculated gate current could fit the experimental data in inversion

and accumulation when neglecting the current from the transverse valleys.

Time-dependent characteristics of a floating-gate nonvolatile memory
device were modeled at write, erase, and retention voltages. Effects of the float-
ing quasi-Fermi level of the floating gate were considered by self-consistently
calculating the charge distribution of the whole system. in order to scale down
the control gate voltage and at the same time keep or reduce the erase time,
the EOT of control oxide has to be scaled down along with scaling down the
tunnel oxide. However, their scaling limits are also imposed by the retention
requirements. A trend study was performed to scale SiO, and ZrO, as the
control oxide and tunnel oxide. When the EOT remains high, SiO, has better
performance than ZrO, as both the control and tunnel oxide. When the EOT

is scaled below ~ 4.0nm, ZrO, should be applied.
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6.2 Recommendations for Future Work

Important physics will not be revealed when the phenomena are not
carefully observed. Further integration of the simulation and experimental
analysis is required to define the scope of the proposed gate capacitance-current
model and for improvements. Some important physics were also neglected to

simplify the problem and require future development:

Quantum confinement effects near the flat-band region

Defect-related gate current mechanisms such as trap-assisted tunneling

Wave function penetration effects on energy dispersion relations in dif-

ferent regions, especially for the near-interface regions

Impact frequency for quantized holes in the silicon channel for gate cur-

rent calculation.

Interface states effects on the gate capacitance and current

For each new model, a new methodology may be required for validation and

understanding its impact on the device behavior.

The gate current component from the transverse valleys of the silicon
conduction band has more impact in accumulation than in inversion for devices
fabricated Si(100). Exploring its behavior in accumulation from experiment
and modeling will improve our understanding of the band structures of the

gate dielectric.
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More detailed physics pertaining to the floating gate in the nonvolatile
memory devices should be further explored. Their relation with the float-
ing quasi-Fermi level is important, especially for the device behavior during

retention.
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