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Fig. 5.4. Poole plot of dry-nitrogen annealed films: 1og(J,) versus oxide field E,,,. Dotted
line corresponds to the best fit to experimental results obeying Poole conduction

model. Solid lines correspond to experimental results. .........ccccceveveeeveerecceesieenen, 150

Fig. 5.5. P-F plot of dry-nitrogen annealed films: log(Jy/Eox) versus square root of oxide
field Eqx. Solid lines correspond to experimental results. Dotted lines correspond to
the best fits to experimental results following P-F model with permittivity of 27.150

Fig. 5.6. TAT plot of dry-nitrogen annealed samples: log(J,E,.) versusinverse oxide field
Eox. Solid lines correspond to experimental results. Dotted lines are the best fitsto
experimental results obeying TAT model. Barrier heights were found to be 0.01 and
0.03 eV for (A) and (B), reSPECLIVELY. ......cceveeriecieseee e 151

Fig. 5.7. Junction-like conduction of dry-nitrogen annealed samples. Solid lines
correspond to experimental results. Dotted lines are the best fits to experimental
results. Junction-like conduction includes parasitic effect of series resistance R,
parallel junction resistance R,,;, and parallel periphery resistance R,,,. Fitting was
carried out with following parameters. Parameter notation and equivalent circuit
obey Oritz-Conde.®™ For fit (A), lo=1.4x10°Alcm?, m=2.1, R,=1Q, R,,=5x10'Q,
and R,,=10°%Q. For fit (B), lo=2x10°A/cm?, m=8, R,=3x10°Q, R,,=5x10'Q, and

Fig. 5.8. VRH conduction of dry-nitrogen annealed films. Solid lines correspond to
experimental results. Dotted lines correspond to the best fits to experimental results
obeying VRH model. Hopping distances of fits (A) and (B) are 0.13 and 0.21 nm,
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Fig. 5.9. Activation energy E, of high leakage current density as afunction of gate
voltage. E, is obtained from Arrehinus relation: J~exp(qEJkT)........cccouevveeunnnnnn. 152

Fig. 5.10. Typical low leakage current density of dry-nitrogen annealed L&Os film, in
log(J)-log(¥) scale, at room temperature. Thick solid line is experimental result and
other lines are calculated curve. Current-voltage relations are shown near the
calculated curve. 8 istrapping factor [62,101]. ......cccceveereriererrieeesee e 158

Fig. 5.11. J-V characteristic of La,Os PMOS capacitor for five films annealed at 300°C in
oxygen ambient, showing the abrupt current jump similar to (B) in Fig. 5.10. The
physical film thickness from spectroscopic ellipsometry is3.6 nm. Gate electrodeis
Pt and itsareais 1.62x10° cm®.  Trapping factor 8from the SCLC theory is of the
order of 10°. Abrupt current jumps occur at the voltages from 1.9 to 2 volt...... 159

Fig. 5.12. Schematic drawing of logarithmic J-}" showing (a) SBD and (b) SCLC
conductions. A-SBD and D-SBD denote analog- and digital-SBD, respectively.
Typical A-and D-SBD currents are schematically taken from the reports by E.
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Mirandaet al. [78,82]. D-SBD voltages fluctuate widely as shown in (a) whereas
Ve is constant shown in (b). In (b), square law current with dashed line
correspondsto the trap free case and another square law current with solid line before
the steep current jump corresponds to the trap-limited case, according to SCLC
theory. Inset illustrates the localized trap levels near to the conduction band edge,
corresponding to J-V behavior in (). ....cccveerecieceeseees e 160
Fig. 5.13. Schottky plot of dry-nitrogen annealed films. Solid lines correspond to
experimental results. Dotted line is the best fit to experimental results obeying
Schottky conduction with permittivity of 27. .........cccceiveieccesee e 161
Fig. 5.14. Typical high leakage current density of dry-nitrogen annealed La,O3 film, in
log(J)-log(¥) scale, measured at room temperature. Thick solid lineis experimental
result and other lines are calculated curve. Current-voltage relations are shown near
the CAlCUIALEA CUIVE. ..o 162
Fig. 5.15. High leakage current density at the low-gate-voltage region with four different
temperatures. Numbers are power terms of the gate voltage V,. Symbols correspond
to experimental results. The solid lines represent afit with the power law dependence.
7 TANGESTIOM 4.5 10 6. ...ocvveeeeceee et nne e 163
Fig. 5.16. The temperature dependence of the exponent » as a function of 1000/7 with T
as the operation temperature. The J-V characteristics of Fig. 5.15 were fitted by
J~V""!. The solid line represents a linear fit between nand L/T.........c..coocvveeenn.. 163
Fig. 5.17. High leakage currents as a function of 1000/7" with different applied voltages.
Circles are measured data shown in Fig. 5.15 and dotted lines are extrapolation of
data. Leakage currents are plotted in the voltage range from 0.12 to 0.54 V with 30
mV step. Dotted lines cross at the common intersection point suggested by Gould
[104]. At the point, the current isindependent of voltage. .........c..cceevevvecienennee. 164
Fig. 5.18. High leakage currents as a function of voltage with different temperatures.
Lines are extrapolation of the measured datain Fig. 5.15. They cross at the common
intersection point suggested by Sussman [105]. At the point, the current is
independent Of LEMPEFELUIE. .........cccceeeerieeie et ens 166
Fig. 5.19. Bulk trap spectroscopy from the J-7 behavior of Figs. 5-10 and 5-14 with
differential method. E.-Er is the distance between the conduction band edge and the
guas Fermi level. Solid linesrepresent trap density. Dotted lines (A), (B), and (C) are
fits of the trap density to the exponential trap distribution. ...........ccccccevveeierieennee. 167
Fig. 5.20 Schematic drawing of SBD ((a) and (b)) and SCLC ((c) and (d)) processes. ()
and (c) describe SBD and SCLC processes, in energy, respectively. (b) and (d)
correspond to (a) and (), in space, respectively. Al metal gate and n-type silicon
substrate are assumed. Thick arrowed lines express schematic electron conduction
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path. Spheresin (b) and (c) represent the traps filled with electron. Fermi-level
difference corresponds to applied gate bias (V,>0) with zero flat-band voltage.
Traps are assumed to be exponentially in energy from the conduction band edge, as
(o[> oot (=0 T o I €= ) = o N (o) IR 170
Fig. 6.1. Normalized film thickness as a function of annealing temperatures for nitrogen
(a) and oxygen (b) PDAs. Film thicknesses measured using spectroscopic
ellipsometry were normalized with respect to that of as-deposited film. .............. 188
Fig. 6.2. High resolution transmission electron micrograph of the Lanthana film annealed
at 300°C in nitrogen ambient. This film corresponds to the sample whose thickness
for the as-deposited case is 13.1 nm, shown in Fig. 6.1. From the micrograph,
Lanthanafilm thicknessis 10.2 nm, which is consistent with the 10.5 nm from the
SPECLrOSCOPIC Bl lIPSOMELEN. ... 189
Fig. 6.3. Refractive index (a) and film density (b) obtained from the Lorentz-Lorenz
relationship, as afunction of the annealing temperature, for nitrogen and oxygen
ambient PDAs. The refractive indexes were extracted by the Cauchy model at 4.14
eV (300 nm). Temperature 0°C corresponds to the as-deposited film case. .......... 190
Fig. 6.4. High frequency PM OS capacitance as afunction of gate voltageat 1 MHz for (@)
nitrogen and (b) oxygen ambient PDAs. No frequency dispersion was observed at
the frequency range from 1K to IMHz. Symbols represent experimental results for
films without PDA (cross), and with 300°C (circle), and 400°C (triangle) PDA
temperatures. Solid lines represent theoretical values without consideration of
interface state density using NCSU-CV program. .........ccceeveeeveereeereeseeseesseeseeenns 191
Fig.6.5. EOT of Lanthanafilmsasafunction of the physical thickness without and with
different PDA temperatures: (a) nitrogen ambient and (b) oxygen ambient. Solid
lines are fits to symbols corresponding to the experimental results. Relative
dielectric constants were found to be 17.7 and 13.6 for (a) nitrogen and (b) oxygen
ambient PDAs, which wasirrelevant of PDA conditions. ..........ccccevevenineniennenn 192
Fig. 6.6. Flat-band voltage shift (AVgg) as afunction of (a) PDA temperature and (b)
physical film thickness. Symbols represent experimental results of different PDA
temperatures. w/o PDA (cross), 300°C (circle), 400°C (triangle), and 500°C (square)
P A ettt bt a ettt Re b e e e benteneeneenas 198
Fig. 6.7. Gate leakage currents of Lanthana samples 1, 2, and 3 in comparison to the
theoretical direct tunneling currents of SiO,, nitrided SiO,, and SisN4. Datafor SiO;,
nitrided SiO,, and SizN, are taken from Ref. 6-1 and re-calculated at [V¢4|=0.5V to
avoid the comparison of F-N tunneling region. Annealing after Lanthanafilm
deposition was not carried out. Relative dielectric constant and Vg of the
Lanthana films were found to be 13.6 and -0.64 V, respectively. ........cccccvevvvruenee. 199
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Fig. 6.8. High frequency PMOS capacitance as a function of gate voltage at 1 MHz.

Films (a) and (b) are fabricated at the same time with the films shown in Fig. 6.7.
Negligible sample-to-sample variation in the capacitance was observed.............. 199

Fig. 6.9. Gate leakage current of 4 nm film of Al gate electrode, as afunction of gate
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Fig.

Fig.

Fig.

Fig.

Fig.

voltage. Samples correspond to those shown in Fig. 6.7.  Solid lines are the best
fitsto experimental results. Conduction models and current-voltage relation are
described near the fitted lines. Gate areais 3.14x10™ cm?®. Symbolsin (a)
correspond to experimental results of three samples showing variation in the currents
at 60°C.  Symbolsin (b) correspond to the one sample marked with sample 1in (a) at
different measurement temperatures. Power term n of gate voltage of (a) is 3.6 for
three samples. n powersin (c) are 3.6, 2.7, and 2.0 at 60, 100, and 140°C
measurement temperatures, reSPECIVELY. ......covecvveereeeceee e 201
6.10. Graphical derivation of series resistance Rs associated with the F-N current at
high gate voltage region shown Fig. 6.9(a). Voltage deviation AV of experiment
from the theoretical F-N current was defined in (a). Rswas obtained from the slope
of the linear NN (D). ..vcveieeeeeee e 206
6.11. Gate leakage current of 7.7 nm film of Pt gate electrode, as afunction of gate
voltage. The film was annealed with 400°C nitrogen PDA for 5 min. Relative
dielectric constant and Vg of the film were found to be 16.6 and 0.88 V,
respectively. Gate areais 3.14x10* cm?. Symbols correspond to experimental
results of different measurement temperatures. Solid lines are the best fits to
experimental results. Conduction model and current-voltage relation are described
near the fitted lines. n powers of gate voltage are 2.5, 3.4, and 4.2 for 60, 100, and
140°C, TESPECHIVEIY. ...vvvveeeeveeeeetetete ettt ettt tste ettt sstetetesesssetetesesesesesesesesasns 207
7.1. Typical C-V characteristic of the MIM (Pt/Lanthana/PtSi) films, annealed at
different temperatures compared to the as-deposited film. Capacitance was

measured at 1 MHz. Gate electrode areawas 3.14x107 cm?. ......ovvvvevvceesreenn, 219
7.2. TEM micrograph of the Lanthana MIM films annealed at (a) 300°C and (b)
700°C for 5min in Nitrogen ambIENt. .........c.ccvevevevereeeeeeee ettt 219
7.3. Capacitance as a function of PDA temperatures for the films deposited at (a)
250°C and (D) rOOM LEMPEALUIE. .......c.vueeeeeereereeesreeeeeeeeaesesesesesesesesesesesesesesesesesesees 220
7.4. Relative dielectric constant as a function of the PDA temperature. Films
correspond to those iN Fig. 7.3(Q). ...veveeeereeeeeereee et 220

7.5. Typica JV characteristic of LanthanaMIM capacitor. Same are the
fabrications for four films. The films were deposited and annealed with N,,700°C
PDA for 5 min, at the same time. Top and bottom gate el ectrodes are Al and P,
respectively. Gate electrode areais 3.14x10* cm®  (a) and (b) shows the abrupt
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current jJumps while the current magnitude after the jump isdifferent. (c) showsthe
low leakage current. (d) isthe broken down case, which shows exact ohmic
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Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

1.1 Scaling of MOSFET: Motivation for alternative

dielectrics

ince the invention of MOSFET (Meta Oxide Field Effect Transistor) [1,2], the
Sbaling down of the device is inevitable for the reason of high performance,
device reliability, and cost-down of MOSFET. In 1965, G Moore observed an
exponential growth in the number of transistors per integrated circuit and predicted that
this trend would continue [3]. The press called it “Moore’'slaw”. The law states that
density isdouble every 18 months.  In other words, density is quadrupled every 3 years.
This relationship can be expressed by the equation:

|0910[1J = @ logy, (4) Eq. 1.1
Yo

Here, y and y, correspond to the device density at a certain year x and the base year xo.
Fig. 1.1 shows the scaling down of bitsin DRAM [4] and transistorsin CPU [5]. The
solid line called Moore line corresponds to Eqg. 1.1. It can be seen that the Moore line
fitswell the number of bits or transistors at each year.

As the MOSFET is scaled down, the gate length and the gate oxide should be
scaled down to keep the equal electric field, as shown in Fig. 1.2 [6]. It iswell known
that the invention and the continuous scaling-down of MOSFET are attributed at the
superiority of the silicon dioxide as a gate dielectric, compared to other dielectrics.
However, state-of-the-art technology focuses on the aternative dielectric with high
dielectric constant k compared to silicon dioxide. This is because the gate oxide

approaches the direct tunneling regime. It has been reported that the direct tunneling

20



Chapter 1. Introduction

occurs when the oxide is as thin as 3 nm [7]. If the direct tunneling current is
appreciable to the channel current, transistor is unworkable.
The channel current, i.e., drain-to-source current /,;; can be expressed as a function

of the inversion charge density Q; with the gradual channel approximation (GCA) [8]:

W ds
los=Hy—/ | ~< (v )av Eq. 1.2
Here, 14 is the carrier mobility. 7 and L are width and length of the gate. ¥y is
drain-to-source voltage. Q; can be expressed by the following with the charge-sheet

approximation:

Qi :_Cox(Vg_VﬂJ_sz_V)_Qd Eq 13

where C,, isthe gate oxide capacitance, V, the gate voltage, V', flat band voltage, 5 the
bulk potential, O, the bulk depletion charge density. Q; is proportional to C,, and so
does 1. On the other hand, the direct tunneling current is principally determined by
the gate oxide thickness Toc. It can be seen by the approximated form of the direct

tunneling current Ip7:

1
IDT“‘eX _ﬂ Eq 14

Here, E,, is the electric field across the oxide. Thus, by increasing the dielectric
constant and by decreasing the film thickness of the gate oxide, it is possible to maintain
the drain-to-source current of the MOSFET and direct tunneling current of gate oxide of
the MOSFET.

The requirement for high-k dielectric as a gate oxide can be easily understood in

the following manner.  Substituting Eq. 1.3 into Eg. 1.2 and Taylor series expansion
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for large V,, one can get the saturation current expression in the linear region

w m
]ds = :ueffcox & (Vg - Vt ds __Vdi Eq 15
L 2
where
C
m=1+—dm
c Eq. 1.6

ox

Here m typically lies between 1.1 and 1.4 and is related to body effect [8]. Since the
tunneling current of gate oxide is important in the linear region, rather than in the
saturation region, dividing /pr by I, one can obtain the ssmple current ratio describing

gate tunneling current portion with respect to the drain current of the MOSFET:

]DT - eXp(_]/|E0x|) — 1_]/|E0x| - Tox
1, C eV ¢ Eq. 1.7

ox ox" ox ox

This equation simply tells that higher dielectric constant of the gate oxide leads to the
small portion of the tunneling current, at the same gate oxide thickness. This concept
isaso introduced elsewhere[9]. When the gate oxide is |eaky, more precise derivation
results in that 1;=I4+1,/2 [10], where I is the drain current without gate |eakage
current. However, the prediction from Eq. 1.7 does not change. This point is
illustrated in Fig. 1.3. Likein the same fashion of MOSFET, the capacitor for memory
bit cell and analog circuit requires thicker dielectric keeping the same charges at the
both ends of the capacitor. Thus, high-k dielectric application is not only for the logic
transistor but also memory or analog capacitor.

The scaling of lateral device dimensions of silicon field effect transistors to less

than 50 nm requires replacement of thermally grown SiO, by deposited dielectrics
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which have higher dielectric constants than SiO,. The principa motivation for this
replacement is to reduce tunneling currents at the same equivalent oxide thickness by
increasing the physical thickness of the film with higher dielectric constant.
According to ITRS2003 [6], SIO, or SION iswidely used as the gate oxide of MOSFET
in the industry these days. For the next generation, a considerable number of studies
have been conducted on Hf or Zr based oxide. However, Hf or Zr based oxide does
not seem to meet the requirement of the whole generation of the gate oxide. For this
reason, for the next generation of Hf or Zr based oxide, another alternative dielectrics,

for instance, rate earth metal oxides (REOSs) are being focused.
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Fig. 1.1. Scaling down of (a) the number of bit in DRAM [4] and (b) the number of
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1.2 Review of Rare Earth Metal Oxides

A new gate dielectric can be selected in terms of band gap and relative dielectric
constant. The product of the two can be a figure of merit to compare the dielectrics.
Band gap of several candidate oxides for gate dielectric is shown in Fig. 1.5, as a
function of the relative dielectric constant [11,12,13,14]. One can find the most
promising dielectric in terms of the figure of merit given by the product of the band gap
and the relative dielectric constant. They are Al,O3, ZrO,, HfO,, La03; BaO, and
TiO,. Compared to other REOs, Lanthana (LaxOs) is electrically hopeful for the gate
oxide of the MOSFET. In fact, band offset to silicon isrelatively high as shown in Fig.
1.6 [11,15,16]. To suppress the interfacial layer growth, nitridation of the silicon
surface before/after the deposition of high-k dielectric is often used, but the valence
band offset is reduced by lessthan 1 eV [16].

In addition, it has been reported that Lanthana film has an extremely low gate
leakage current [16], even better than the Al,O3 and HfO, films have, as depicted in Fig.

1.7 [17].
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1.2.1 Atomic defects

Atomic disorder in metal oxides can be classified in terms of stoichiometry [18].
In case of stoichiometric oxides, there are Schottky and Frenkel disorder, whereas, in
case of nonstoichiometric oxides, there are oxygen-deficient and metal-deficient.
Schottky disorder has involves the simultaneous of both cation and anion vacancies
while Frenkel disorder has equal concentrations of vacant lattice sites and interstitial
atoms.[19,20] In addition, when there are impurities in the dielectrics, two types of
structural imperfections are believed to occur in the dielectrics. substitutional solid
solution and interstitial solid solution [20].

Defects can be generated in a solid by (1) thermodynamic equilibrium (Schottky,
Frenkel), (2) chemical substitution, (3) oxidation or reduction, and (4) energetic
radiation [19]. Table 1.1 lists Korger-Vink nomenclature for the different types of

ionic defects [19].

Table 1.1. Kroger-Vink nomenclature for ionic-type defects [19]

Symbol  Definition

M Cation on regular lattice site

Xy Anion on regular lattice site

Vy Cation vacancy

V' Effective charge on cation vacancy
M Cation oninterstitial site

M, Effective charge on interstitial cation
X Anion on interdtitial site

X" Effective charge on interstitial anion
Vy Anion vacany

V' Effective charge on anion vacany
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Among the four types, Lanthana film is reported to have an anion Frenkel disorder
[21], provided Lanthana film is stoichiometry. Due to the anion Frenkel disorder,
lonized oxygen ions O® and holes are easy to exist in nature as reported in Ilett et al.
[21]. Thisoxygen Frenkel disorder issimilar to Y03 which is one of the REOs [20].

With the defect chemistry and the assumptions of oxygen Frenkel defects,
variation of the oxygen content over a range of stoichiometry, and appreciable

electron-hole concentration, defect equations by Kroger-Vink notation can be given by

[20]:
0,=0/+V," [O1V;"1=KE

1 - -
0, :EOz(g)+V0 +2¢ ;e Py = Ky
null =e' +n’ [e[h" ] =K,
1 v [0"][R°1?
=0 =0"+2h ———— =K
2 2(g) i sz 2

2

KK, = KK} Eq. 1.8

Neutrality equation is

A0/1+[1=2V,"1+[h’] Eqg. 1.9

At asufficiently high oxygen pressure, the neutrality condition can be approximated by

[V=p/2 Eq. 1.10

On the other hand, at a sufficiently low oxygen pressure, the neutrality condition can be

approximated by

[V, 1=n/2 Eq. 1.11
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When the concentration of Frenkel defects is substantially greater than the
concentration of intrinsic electronic defects, that is, Ag"e<Eg, or [V"o]=[O"], Brouwer
diagram illustrating above defect equations of oxygen Frenkel disorder is show in Fig.
1.8, from which it is seen that electron is dominant in low oxygen partial pressure and
hole is dominant in high oxygen partial pressure. Electron and hole conductions with
oxygen partial pressure can be also seen in Fig. 1.9 [22]. Activation energy of hole
conduction is compared to that of ionic conduction, in Fig. 1.10. Activation energy of
electronic conduction is compared with that of ionic conduction, in Fig. 1.11 [23].
One can see the change in activation energy at 270°C, which indicates the possibility
that electron conduction can govern the leakage current, at temperatures less than 270°C
and in the low oxygen partial pressure. Additionally, most of the sesquioxidies in
REOs are reported to show the similar change in activation energy at round 550-600°C,
although La,03, Pr,0s, and Th,O3 show it at lower temperatures, around 300°C [23].

Oxide films that have Frenkel defects have sufficient oxygen atoms to oxidize
other materials contacted to the films. This is not the case for films with oxygen
Schottky defects. In fact, due to the low activation energy for O* vacancy migration,
Lanthana is also used as a catalyst for oxidation in the chemistry [21,24,25]. Oxygen
diffusion constant DO in Lanthana is found to be 9.83x10™ cm?s [24]. It has been
also reported that oxygen diffusion plays an role in oxidation of silicon substrate [26].

In addition to the oxygen Frenkel disorder of Lanthana film, oxygen deficient
disorder has been reported in severa articles [27,28,29,30,31,32]. Such oxygen
deficiencies can behave as donor centers for bulk-limited conduction processes, such
P-F and SCLC.

To put it briefly, Lanthana film may have oxygen defects represented by anion

Frenkel order and anion deficient order, which can lead to the oxidation of other
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materials in touch with Lanthana, like a catalyst.

La- La-
SiO,  LayO3 Silicide Silicate
O | | |

AH (eV)

Fig. 1.12. Formation enthalpies of La system, with amorphous SIO, for comparison. A
material with lower AH is more stable: La-silicate is stable against decomposition into
La, LayOs, and SiOz.
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1.2.2 Interfacial layer (IL)

IL at the interface between high-k gate dielectrics and silicon substrate is

introduced intentionally or in an unwanted way. In terms of material phase, the IL
exists in two ways. immiscibility and solid-solution. The former means
phase-separation of high-k material from SiO, and the latter means blended one.
It has been reported that the minimum thickness of SIO, maintaining band offsets is
foundtobe 7 A [33,34]. Sincethe silicate layer barrier height would be lower than the
SiO, layer, it can be expected that SIO, layer less than 7 A looses its effectiveness for
reducing the tunneling current, in other words, becomes transparent. In fact, IL can
play an important role on the conduction mechanism when the IL is thick, i.e., 1.7 nm
[35] On the contrary, if thin, it can be transparent for tunneling [36]. What is more,
gate dielectric reliability can be principally determined by thick IL, in TaeOs/SIO; gate
dielectric stack [37].

Frequently surface treatment of the silicon substrate with H,O, is used to create
thin SIO, layer called chemica oxide [38,39,40,41]. Regarding the role of chemical
oxide ILs, it is reported that the chemical oxide layer can depress the gate leakage
current, maintaining the same capacitance [42], and can aso be an oxygen source for
the growth of metal oxide in theinitial several monolayers during deposition [43].

In the case of Lanthana film, IL is found to be silicate without a phase separation
of LaOs; and SIO, [28,44,45,46,47,48]. This is clearly different from the phase
separation of Y03 among the REOs [28,49,50].

High-k gate dielectric with IL can be regarded as stacked layers and the oxide field

of two-layers, A and B, is described as following:
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Vapplied = tAEB +tAEB Eqg. 1.12 [51]
| 8 V. .
E. = applied and E- = applied
T (eq/epltstd,y ? (p/e4)ts+dy Eq. 1.13(52]

Here, ¢4 and 3 correspond film thicknesses of layer A and B, respectively.
The above equation assumes that no charge is accumulated at the A/B interface. In
addition, the effective dielectric constant of the two-layers is expressed as following

[53]:
Ep = Eq. 1.14

The dielectric constant of the silicate layer can be described by the genera empirical
relationship called the logarithmic mixture-rule [54,55]. This rule gives a vaue
intermediate between the two extremes. one is when layers are parallel to the capacitor
plates and the other is when layers are arranged normal to the capacitor plates. The

logarithmic mixture-rule is expressed as following:

|Og(s) = Z v; |Og(3,-) Eq. 1.15

i

Here, v; is the volume fraction of each phase, equal to the relative plate thickness, and &
is the dielectric constant of each phase. For two el ements, the above equation can be

simplified as following:
&= lOVox log(gox )+VIL lOQ(SIL) Eq 116

The dielectric constant of IL could be greater than 3.9 of pure silicon dioxide and less

than 27 of Lanthana film. If we simply assume the composition of IL as an equal

37



Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

volume fraction of Lanthana and SiO, and the dielectric constant of the pure Lanthana
film as 28, the dielectric constant of the IL is 10.5 from the logarithmic mixture rule.
Since the maximum thickness of IL is 0.25 um from TEM micrograph and the film
thickness is 7.7 nm from the ellipsometry, the effective dielectric constant of the two
layers is 26.6. Although this is a rough approximation, it should be noted that the IL
can be insignificant. Additionally, a more accurate calculation will give a higher
dielectric constant of Lanthana film itself than 27. In fact, dielectric constant of

La-silicateis reported as around 17 [26,56].

1.2.3 Crystallization

In general, crystalization of the gate dielectric film is avoided since large grain
boundary can provide trap sites for charge trapping, fixed charges, and loca path for
conduction. Moreover, it is extremely difficult to achieve the uniform crystal film on
the large silicon surface, on condition of following thermal processes after gate
dielectric formation. In fact, many studies have been made on the leakage current
comparison with amorphous and crystal films of TaOs [57,58,59], Gd.O3 [60], and
Y,03 [60]. On the other hand, as regard to dielectric constant, it is not clear which is
better. For example, dielectric constant, 20, of amorphous (Ba,Sr)TiOs is increased to
60-200 of crystalline one [61], whereas 21.1 of amorphous ZrO; is decreased to 15.5
due to crystallization [62].

There seems to be no consensus on crystallization temperature of Lanthana film,
but some articles have reported that crystallization is not observed a annealing

temperature 900°C [31] but observed at much lower temperature about 400°C [45].
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Since the former film is prepared by MOCVD (Metal Organic Chemical Vapor
Deposition) and the latter film is done by evaporation, the crystallization temperature
may depend on deposition method.

Likewise in hafnia- and zirconia-based oxides [63], crystalization temperature of
Lanthana film is reported to be higher with higher content of SiO, in bulk amorphous
silicates [45]. So, crystalization temperature can be increased with a slight loss of
gate capacitance.

Fig. 1.15 shows schematic of conductions between grains, as can be seen in ZnO
(Zinc Oxide) varistors [64]. Grain corresponds to crystalline phase in the bulk of gate
dielectric film. Path 2 plays arole in conduction in parallel, as well as path 1. Since
the path 1 is associated with Schottky conduction and since the path 2 is correlated with
hopping conduction in atomically disordered phase, current-voltage characteristic is
composed of temperature-insensitive region at low voltage and temperature-sensitive
region at high voltage. This is because Schottky conduction has a higher activation

energy, i.e., barrier height than the hopping conduction has.

39



Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

Grain Intergranular phase

Grain

Grain
phase

Fig. 1.15 Intergrain conduction paths between grains [64]. Path 1 isin the region of
closet grain-grain contact over the Schottky barrier. Path 2 is through bulk
intergranular material at grain corners. Path 1 is temperature sensitive with a
Schottky barrier height.  In contrast, path 2 is temperature insensitive, probably due to
a low activation energy of hopping conduction in atomically disordered materials
systems.

1.2.4 Contamination

It has been reported that La-based high-k dielectrics are easy to form carbonate
during post-deposition exposure to air and the absorbed CO may act as a source of

oxygen for interface oxidation [65]

40



Chapter 1. Introduction

1.3 MOS Capacitor Models

The insulator capacitor C; is given by [66]

i =1 : Eq. 1.17
00X dx q .

Jelx)

The electrical polarizabilities of the atoms are correlated with the dielectric constant,

according to Clausius-Mosotti equation [67]:

= n.qa.
K, +2 Bgg e~ "' Eqg. 1.18

Here, k.=d¢&, n; the number of i atoms having polarizabilities a;. From the
Clausius-Mosotti equation, the dielectric constant of a material, placed in a static
electric field, can be expressed as a sum of the contributions from the electronic

polarizability, theionic polarizability, and the dipolar polarizability [67].

K, -1 1
c—=—-I(N,a,+N;a,+N,a
Ke+2 350( e“e i d d) Eq119

Here, subscript e, i, and d stand for electronic, ionic, and dipolar, respectively.

The dielectric constant at the static electric field or nearly static (low frequency
alternating) electric field is called static dielectric constant. In the visible spectrum
(~10%/sec), in which case electron contribution is only dominant and the dielectric
constant equals the square of the refractive index » of the material.  For this reason, it

is called the high-frequency dielectric constant (or optical dielectric constant), Kf=n,-2 :
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1.4 MOS Diode M odels

Low Oxide Field Intermediate Oxide Field High Oxide Field
(E <2 MV/cm) (E,x:5-7 MVicm) (E,»>8 MV/cm)
6
15 vy 7 . \13
2 oIS Ny 12

_________ 4, 8 °o
N 32 9., 10°° oo\\
OB U . 2o
Metal [ ——u_| Metal Metal [N
Cathode Metal  Cathode Cathode
Anode
. . Metal
insulator insulator Anode
insulator
1. Conduction band conduction 6. Schottky conduction Xr?é%le
2. Impurity conqluction: hopping 7. P-F conduction 11, DTAT (Deep TAT)
3. Direct tunneling 8. STAT (Shallow TAT) 12, E-N conduction
4.lonic conduction 9. TST (Two Step Tunneling) 13 Generation at high temperature

5. SCLC(Space-Charge-Limited 10.Thermal excitation from 14&15. Direct band-to-band tunneling
Current) trap level

Fig. 1.16. Conduction mechanismsin thin oxide film [68].

Fig. 1.16 is the schematic view of the various conduction mechanisms with three
oxidefield regions. From the thermochemical model of the breakdown [68,69,70], the
ultimate breakdown strength Eyq of the high-k dielectric can be predicted and Eyq of
Lanthana is estimated to be 3.3 to 5.6 MV/cm with dielectric constant 30. Thus,
among the conduction models illustrated in Fig. 1.16, low and intermediate oxide field
models are important to explain the J-V characteristic of Lanthanafilm.

Conduction band conduction indicates the ohmic conduction determined by the
carrier concentration in the conduction band. There are many ways in which electrons
can be raised into the band: thermally from the valence band if it has a small enough
forbidden bandwidth and the temperature is high enough (process 13 in Fig. 1.16), and

by thermal excitation into the conduction band from trapping levels in the dielectric
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(process 7 in Fig. 1.16).

In impurity conduction, electrons move from one trap to another without going up
into the conduction band. An amorphous material has structural traps and hopping can
occur between these trap sites. The hopping electrons have very low mobility, and
thus any effect of them is likely to be masked if there are many electrons in the
conduction band [68]. Frequently, gate currents of a film obeying ohm’s law at low
gate voltages are explained in terms of hopping conduction in the literature.

If the actual impurities or defects in the film migrate, ionic conduction occurs.
However, this conduction seems to be difficult at near room temperatures. In fact, the
ionic conduction of Lanthana has been reported at 677°C [22]. At that temperature, in
addition to the ionic conduction, electronic conduction was also observed near the
minima of the conductivity. The €lectronic conductivity was p-type at
near-atmospheric pressures and n-type below the minima.  From these results, it can be
speculated that conduction of Lanthana film is partially contributed by the electron
concentration due to oxygen Frenkel defect and oxygen vacancy.

Direct tunneling and SCLC conductions will be introduced after the following

section in detail .

1.4.1 Bulk-limited and e ectrode-limited conductions

Analogous to thermal conductivity, the amount of conduction is a function of the
amount of energy present (electric field), the number of carriers, and the amount of
dissipation [71]. Ceramic materials can be classified in terms of electron conduction:

metal-like, semiconductor, and insulator [71]. Like metals, some transition meta
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oxides, such as ReOs, CrO,, VO, TiO, and ReO,, conduct by electrons. Some metal
oxides, such as CoO, NiO, Cu,0, and Fe,O3, have an energy gap between the filled and
empty electron bands such that conduction can occur when external energy is supplied
to bridge the gap, likewise in semiconductors. Semiconducting properties can be
achieved in many ceramics by doping or by forming lattice vacancies through
nonstoichiometry. Examples are TiO,, ZnO, Cds, BaTliOs, Cr,03, Al,O3 and SIC.
For insulators, SiO,, Al,O3, SisN4, and MgO are famous due to high resistivity greater
than 10 Qcm.

There are two types of electrons in an insulator: intrinsic and extrinsic [72].
Intrinsic electrons belong to the insulator and extrinsic electrons are injected from
nearby electrodes. For the case of intrinsic electrons, the carrier density is low and
conduction is of the ohmic type with a large resistivity. For the case of extrinsic
electrons, two cases are possible. First, the electrodes behave as unlimited electron
sources. This means that the current is only limited by the bulk of the insulator.
Second, the electrodes limit carrier injection. The electrons once introduced travel free
inside the insulator. From the view point of this, conductions illustrated in Fig. 1.16
can be classified into bulk-limited and electrode-limited ones. Bulk-limited and
bulk-free conductions are listed in Table 5.1.

Due to the requirement for bulk-limited conduction [73,74], the J-V characteristics
should initially be ohmic (J~V) at low applied voltage, with the help of ohmic contact
(Mott-Gurney contact) at the injecting electrode. Here, the term ohmic contact is used
to mean that the electrode can readily supply carriers to the insulator as needed.
Schematics of ohmic and blocking contacts are shown in Fig. 1.17 [75]. In order to
achieve an ohmic contact at a metal-insulator interface, it is necessary that the electrode

work function be smaller than the insulator work function [75].  Although it is usualy
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difficult to determine the Fermi level of the insulator, the metal-insulator contact type
can be estimated by measuring the normalized conduction and activation energy at low
voltage where other conductions except ohmic are less dominant. The normalized

conductance is given by:

_dInl _vdl
diny — I1dv

Eq. 1.20

When the normalized conductance is equal to 1 and the activation energy obtained has a
physical meaning, current is ohmic and then the contact at the injecting electrode is
ohmic. Thus, ohmic contact can be evaluated ssmply by investigating the two
parameters at low voltage: normalized conductance and thermal activation energy. In
addition to ohmic contact, conduction can be electrode-free, owing to carrier injection at
low voltage region, such as Schottky conduction [76,77] and thermal injection into the

tail of trap level stateg[78,79].

—/ ﬂ— Evacuum —\IHSUthFJ— Evacuum
S %% 8% e
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777@' '@W E 777@ < '@“K E
insulator F.Metal ~%_e e 0o~ F.Metal
@ (b)

Fig. 1.17. Energy diagrams of two metal contacts on insulator, for (a) ohmic and (b)
blocking contacts [75].
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Fig. 1.18 Approximation of smooth barrier by a juxtaposition of square potential
barriers [81].
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Fig. 1.19 Reflection (R) and tunneling (T) probability for single square potential barrier.
Inset shows barrier dimensions: 10 nm width and 0.3 eV height.
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Fig. 1.20 Reflection (R) and tunneling (T) probability for double square potential barrier
in(@. (b)isredrawnin (b) inlogarithmic scale.
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Fig. 1.22 Oxide eectric field at which direct tunneling current behaves as ohmic
conduction. Effective massratio 0.5 is assumed.
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1.4.2 Direct tunneling current

If the energy of an electron is less than the interfacial potential barrier, classical
physics predicts certain reflection of the electron at the interface.  Quantum theory,
however, contradicts this thesis. Due to the quantum mechanica wave nature of
particles, there is a certain probability to penetrate an energy barrier without having
enough energy to overcome the barrier. Thisis called tunneling. From the tunneling
of the carriers, it is possible for carriers to travel the insulator without the aid of any
defects in the oxide band gap. Direct tunneling current becomes prominent at the film
thickness less than 30 A [7,80].

Direct tunneling current can be obtained in two ways: analytically and numerically.
Numerical evaluation starts with the calculation of tunneling probability for arbitrary
potential barrier, which can be approximated as illustrated in Fig. 1.18 [81]. The
square barrier which consists of the arbitrary potentia approximation can be solved
numerically to get reflection and transmission probability, as shown in Fig. 1.19 and Fig.
1.20 for single and double square barriers, respectively.

For the case of MIM (Metal-Insulator-Metal) structure, direct tunneling current is

given by [72]:
2 *
_ q ¢O * 2. a SV
J=—=exp\-a s sinh| ——
h 2 p( % ) ( 4¢ng Eq. 1.21

Here, ¢ is electronic charge, # Planck’s constant (6.62x103Js), ¢ metal-insulator

barrier height, a” constant defined by Eq. 1.22, s insulator thickness, ¥ applied voltage.
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VRN x \Y2
qa = 2(2’"0‘1)]/ (m J :1_25x108(m—J [=] L Eg. 1.22

h mg me cmA eV

Here, 7 isreduced Planck’s constant (=h/27), m" electron effective mass, m, electron

mass at rest. EQ. 1.21 can be expanded as following:

exp( a*sVJ 3 exp{— O’*SVJ
. Agh? 4gh?
(/](1)/2) 2 i Eq. 1.23

The first and second terms of the fraction in Eq. 1.23 describe forward electron flux and

reverse electron flux, respectively. The reverse eectron flux can be ignored when

applied voltageislarge. EQ. 1.23 can be approximated in terms of a’s V/4(010/2 .

voir 45 SZ <«<1
gy
. Eq. 1.24
e if a SZ >>1
gy

Simplification of Eq. 1.23 is attributed to the following simple mathematical relations:

) h( )D x when x <<1
S exp(x) when x >>1 Eq. 1.25

Thisrelation is schematically illustrated in Fig. 1.21. It is worth mentioning here that,
when applied voltage V' is small, the direct tunneling current J can be thought of as
being an ohmic conduction. Oxide electric field representing ohmic conduction is
plotted as a function of film thickness and barrier height, in Fig. 1.22. For instance,
when oxide film with 2 eV barrier height, 0.5 effective mass ratio, and 2 nm thickness,

maximum oxide field to function as ohmic conduction can be obtained as:
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L a2y P
: alm’ my)*(s)? (L025x10° f0.5)/2(2x1077 f Rt

Eq. 1.26

Thispointisalso seenin Fig. 1.22.
Anaytical equation of direct tunneling current in case of MOS (Metal-Oxide

Semiconductor) structure can be approximated by the following form [82,83,84]:

32
B qV
[=AV2 exp{——|1-|1-L o=
ox p{ % [ ( o J }} Eq 1.27

ox

Here, A and B are the constant, V,, voltage drop across the oxide, @ barrier height. It
isinteresting to note that this equation is no longer valid when (1-g V,,/®) or gVox>@®is
negative. This situation is the voltage across the oxide is greater than the barrier
height, which means that current isin the mode of F-N tunneling conduction [85]. For
the F-N tunneling conduction, there should be a high electric field across the insulator,

so that charges can tunnel though the trapezoidal part of the barrier.
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Fig. 1.23. Therma and quasi-thermal equilibrium (steady-state) of electrons in
conduction band E; and trap levels E;. F denotes quasi-Fermi level and the subscript O
means the thermal equilibrium [87]. The equilibrium states can be achieved by low

injection and low internal emission.
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Fig. 1.24. Mobility of electrons as a function of energy showing mobility gap
(amorphous state) [89,90,91].
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Fig. 1.25. Energy diagram illustrating virtual cathode, cathode region, and anode region
under space-charge-limited condition [75,86]. A, denotes the position of virtual
cathode in the insulator. The insulator is assumed to be free of surface states and
ohmic contacts.

1.4.3 Space-charge-limited current (SCLC)

Fig. 1.23 shows therma equilibrium and quasi-thermal equilibrium (i.e.,
steady-state) of electronsin the conduction band and the trap levels of the dielectric film
[87]. Electron carrier concentrations for both cases are related to electrons in the trap
levels. If the leakage current through the dielectric is bulk-limited, the magnitude of
the current is determined by the electrons in the conduction band. The thermal and
quasi-thermal equilibrium concentrations of electron carriers in the conduction band are
strongly affected by trap level density, trap levels, and injected electrons to the trap

levels. This implies that, with the help of equilibrium approximation, the leakage

53



Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

current can be described by electrons in energy and space, causing accumulation of
charges due to injected electrons, called space-charges.

The space-charge-limited current flow is efficient on the electrical properties of
insulators at room temperature and below, because they normally have a low density of
free carriers and charge unbalance can be easily produced by an applied voltage. The
character and magnitude of space-charge-limited effects are determined largely by the
presence of localized states which can trap and store charge in equilibrium with the free
charge. In the case where charge is injected very effectively into the conduction (or
valence) band of an insulator, the net transport is limited by the actual transport, that is
drift and diffusion, of charge in the bend of the insulator [88]. Regarding electron
injection into the oxide film, it seems to be difficult for electrons to jump into the
conduction band by thermal transition or tunneling. However, if the oxide has a large
trap density or DOS (density of states) tail near the cathode as shown in Fig. 1.24
[89,90,91], electrons are able to excite into the conduction band with small activation
energy.

Fig. 1.25 shows oxide band structure distorted by the injected electrons. In order
to satisfy thermal equilibrium, electrons are injected from the cathode into the insulator,
resulting in a negative space-charge density adjacent to the cathode. An equal amount
of positive charge remains on the cathode. Thus, the charge distribution consists of a
positive charge sheet near a region of negative space charge. The same is true on the
anode side. As the voltage bias increases, the net positive charge on the cathode
increases and that on the cathode decreases. Tota charge Q in the insulator can be
expressed by the sum of cathode positive charge Q: and anode positive charge Q.

[75,82]:
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0=0,+0,= [plekiv= [plahic+ [plekn o 128

The positive charge on either contact is neutralized by an equal amount of negative
charge contained between the contact and the plane at x=An,. Since the field due to Q
and Q, is zero at x=An, the net filed there must be zero. For this reason the place at
X=Am is termed the virtual cathode. Eventualy, when Q:=0, the virtual cathode
coincides with the physical cathode-insulator interface. Under this condition, the anode
region extends throughout the whole of the insulator, and an ohmic contact no longer
exists at the cathode-insulator interface. Thus, for further increasing voltage bias, the
conduction process is no longer space-charge-limited, but rather it is emission-limited.

Space-charges have an effect to distort the oxide band shape. For electron carrier
case, tunneling distance and barrier height are thought to be increased by accumulated
space-charge, so that tunneling current is depressed [92]. Space-charge-limited flow is
known to be effective at room temperature or below, since low density of free carriers
causes charge unbalance easily [92]. This is also valid at high temperature with a
considerable charge trap density, such as high-k materias.

Regarding the film thickness where SCLC can be valid, it has been reported that
SCLC conduction governs the gate current of thin SisN4/SIO, stacked film with 4.14 nm
thick [93].

Fig. 1.26 shows the typical JV behavior obeying the SCLC theory with
combination of exponential and localized trap level distributions. In the logarithmic
scale of J-V asshown in Fig. 1.26(a), one can find easily linear relationship according to
the SCLC theory. On the other hand, in the semi-logarithmic scale as shown in Fig.

1.26(b) is difficult to realize the exact J-V relationship.
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Space-charge-limited current with localized trap levels in the oxide band is given

by:

J—gg £ IUV_Z
8 0€ox L3 Eq 1.29

Here, & and ¢, are dielectric constants of vacuum and oxide film. u is carrier
mobility. Visapplied voltage. L isfilmthickness. The mobility mis often found to
be strongly field dependent, particularly at high fields [94]. Space-charge-limited

current with exponential trap levelsis given by:

! (1+1) 1, (1+1)
_ w) &/ 2041\ v
J = NC/J q |:Nt (1+ l)i| ( J+1 L(21+1) Eq 1.30

Here, N, is density of states of conduction band, ¢ electronic charge, N, total trap density.

[=TJ/T where T, describes trap level distribution and T is absol ute temperature.
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Fig. 1.26. Typical gate current by SCLC in (@) logarithmic scale and (b)
semi-logarithmic scale.  Scales are arbitrary.
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Fig. 1.27 Normalized €electric field in oxide film owing to accumulated space-charge on

traps with exponential trap level distribution. Normalization is carried out with respect
to ohmic field (V/L).
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Asseenin Fig. 1.25, accumulation of electron charge near to the cathode | eads to virtual
cathode in the oxide film. This means that carrier transport is principally caused by
the drift field between the virtual cathode and anode, with a continuous supply of charge
from the charge accumulation region between the virtual cathode and the rea cathode.
S0, one can expect that electric field near the cathode is small and that in the drift
current flow regionislarge. This point can be realized by the oxide electric field as a

function of position, which is given by,

E(x)= (21 +1J(£julj % . Eq. 1.31

[+1 \ L

Normalized oxide field is seen in Fig. 1.27, based on Eq. 1.31. One can see that
effective field in oxide film is nearly zero near the cathode and higher effective field
near the anode than the applied field. This higher electric field may result in the larger
current than can be expected from the external applied field, especially in the thin film.
Fig. 1.28 shows typical trap levels with exponential energy distribution and with
maximum-trap-density-at-both-sides distribution. As regard to the spatial distribution
of trap levels, uniform or non-uniform type of distribution does not alter the results of
JV relation. Thisis because the spatial trap distribution affects only the film thickness
as suggested by Sworakowski [95,96]. In addition, the energetic trap distribution in
the oxide band gap determines the J-V relation, such as J~V, J~V?, or V™Y, The
film thickness in SCLC with a uniform trap distribution is equal to the physica film
thickness (d), while the film thickness with spatially distributed traps is effective film
thickness (d«f). The effective film thickness describes the trap distribution inside the

film. The JV relation remains unchanged independent of how the trap is distributed
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spatialy.

Fig. 1.29 illustrates the relationship between the gate current and the trap density
of the oxide film. Fig. 1.29 is not exactly true, but conceptually worth to read the idea
that, if the gate current is explained by the SCLC theory, gate current can be reduced by
increasing the oxide trap density. This interesting feature of SCLC provides a sharp

contrast to other conduction mechanisms, which can give us a clue to the optimization

of the film.
log Ny
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Fig. 1.28 Schematic trap level distribution at 0°K ,in the oxide (a) energetically and (b)
spatially. Exponential trap distribution is assumed in (a). Trap levels filled with
electrons are apparently separated from the unfilled trap levels on account of zero
Kelvin degree consideration.  Solid and hollow circles correspond to the trap sites with
electrons and without electrons, respectively.
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Fig. 1.29. Gate current as a function of oxide trap density N in arbitrary scale.
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Fig. 1.30. Energy-band diagram between a metal surface and a vacuum. Conduction

band edge means the vacuum energy level which is zero in electron energy. xy is
introduced due to the singular point of image potential at x=0.
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1.4.4 Schottky Conduction

The Schottky effect is the image-force-induced barrier lowering for charge carrier
emission with an applied field [97]. Fig. 1.30 shows potential barrier at the
metal-vacuum interface. Maximum barrier height is reduced to image-force effect
when an electric field is applied. This can help the emission of thermally activated
carriers from the metal electrode, which is called Schottky emission. This type of
carrier emission is completely analogous to thermionic emission except that the applied
field lowers the barrier height. Meta-vacuum system seen in Fig. 1.30 is aso
equivalent to metal-insulator system as well as semiconductor-insulator system, except
for the dielectric constant of the vacuum part.

The main feature of Schottky emission is Schottky barrier lowering (or image

force lowering) [97]:

E
AwB :q q_

Arre Eq. 1.32

Permittivity € should be replaced by an appropriate permittivity characterizing the
medium.

Tunneling current is written by [72,98,99,100]

J= 4mqﬂf 1(E+7) ID JIE, |dE Eq. 1.33
E

m

Here, 4 is Planck constant, /' Fermi distribution function, D tunneling probability, £,
barrier height (@=@,-x), V applied voltage. Since carrier emission occurs at much

higher energy levels than Fermi level of the injecting electrode, tunneling probability
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can beregarded as1. Then, integration yields

Arm’ q ) E, —Eg 14
J = kpaT) expl ————— | 1—-exp| ——

Since the Schottky barrier lowering is given by Eq. 1.32,

E vz
_ q
E —-E.=¢@q-
m —Er=® (47‘[505,-] Eq. 1.35
On condition of V>>kzT, then EQ. 1.34 becomes
4rin'q 2. B Bs 12

J= kT exp — ex E

h3 B p[ kBT kBT Eq. 1.36
Thisisalso called Richardson-Schottky equation [72]. Here, 5 is

12
Bs =| —1 Eq. 1.37
S Aree, ) g. 1.

As expected, the Schottky current is thermally activated process and the activation
energy is characterized by Eq. 1.35. The activation energy is modulated by applied
bias with Schottky barrier height lowering effect. This is seen in Fig. 1.31. One
notices that the barrier deformation decreases as the dielectric constant increases,
indicating that, in high-k oxide films, Schottky emission seems to be less probable than

in conventional SIO, film.
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Fig. 1.31 Schottky barrier height lowering at X;;, and by A¢,, as afunction of oxide field
for different didectric constants of the oxide film.

\“energy
Oy =D, +AD

Aq)PF :ﬁPFEiicz]: \

Thermionic conduction (P-F)

trap site 1

trap site 2

Fig. 1.32. Thermionic conduction (Poole-Frenkel conduction)
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Fig. 1.33. Restoring force on escaping electron. (a) The Schottky effect. (b) The
Poole-Frenkel effect [101].
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Fig. 1.34. Conduction band edge with and without trap levels at low and high oxide
fields, showing barrier lowering of trap energy wells.

Electrons trapped at deep trap
energy levels can be emitted at high oxide field regime.
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1.4.5 Poole-Frenkel (PF) Conduction

In MIS (Metal-Insulator-Semiconductor) structure, the PF and Schottky emission
result from the lowering of a Coulombic potential barrier by an applied field. The
Schottky emission is associated with the insulator barrier near to the injecting electrode,
whereas the PF effect is associated with barrier at the trap well in the bulk of insulator
film.  Thus, neutral donor traps, that is neutral when filled and positive when empty, do
not experience the PF effect owing to the absence of the Coulomb potential.

Fig. 1.32 shows thermionic emission of trapped carriers in the bulk of the film,
which occurs at the trap site.  Internal thermionic emission is called PF emission, while
external one is Schottky emission. Another way for emission of electron is hopping

process, which isakind of tunneling processin a short range.

Table 1.2. Schottky-emission and Poole-Frenkel-emission

ltem Schottky Poole-Frenkel
Emission Emission

Conduction Bulk-free Bulk-limited

JE;,,onTs Uncorrelated Correlated

Location Interface Bulk

Origin Image force Coulomb interaction

JV polarity Asymmetric Symmetric
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Difference between the Schottky-emission and PF-emission are summarized in
Table 1.2. It should be notified here that PF conduction by PF emission is closely
related to the oxide film thickness while Schottky conduction by Schottky emission is
not related to that, asfar asthe equal oxide field is concerned.

Fig. 1.33 illustrates the restoring force in both Schottky and PF effects, which
comes from Coulomb interaction between the escaping electron and a positive charge
[101]. The restoring force is due to electrostatic potential that make electron move
back to its equilibrium position. Although the restoring force is same for the both,
they differ in that the positive image charge is fixed for PF barriers but mobile with

Schottky emission. Thisresultsin abarrier lowering twice as great for the PF effect.

Al
AN = = E]/2
Do (nggoJ Brr Eqg. 1.38
3, \Y2
_| ¢°F _ 2
Ag, = =B.E
3 ( 4ﬂ£€0] Bs Eq. 1.39

In that the electrons have enough energy to go over the energy barrier and travel in the
conduction band with a mobility ¢ which is dependent on the scattering with the lattice,

the general expression of the bulk current is expressed by [72]

J = gn(x)UE Eq. 1.40

The concentration of free carriersin the insulator is
=N, exp| --L(E, - E,)
n < EXP KT Ve F Eqg. 1.41

Since E.-Er is equa to effective trap barrier height including barrier lowering effect
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described by Eq. 1.38, the effective barrier height and current governed by the PF

emission is written by:

E. —Ep =@ —~DA@pp = ¢, _:BPFEI/Z Eq. 1.42
_ & q 12
J =gN_.exp —— |exp| — E
gN, p( kT] p( T Bprr jﬂE Eq. 1.43

On the other hand, PF emission, as well as Poole emission, loses its barrier height

at oxide fields higher than the critical field [102]:
2
PF _ cbi
Eiu =|——1 | Eq. 1.44
Ber

where g isthe trap barrier height at zero oxide field. At electric field higher than £,

the emission process, instead of bulk-process, begins to play a dominant role.
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1.4.5 Transient current

Fig. 1.35. Transient current in Lanthana film deposited by e-beam evaporation. Film
thickness is 7.7 nm and annealed at 300°C in oxygen ambient for 5 min before gate
electrode deposition.

If the gate oxide has a large interface state density or oxide trap density especially
adjacent to the silicon substrate, gate current can be transient. Several studies have
been conducted on the transient current of the gate oxide [93,103,104,105,106,107,108].

Fig. 1.35 shows the transient conduction of the Lanthana film. One can see that
the gate current depends on the path of gate bias. This could be due to the trapping

and detrapping the carries near the silicon substrate.
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1.4.6 Image for ce effect

The abrupt changes in potential at the metal-insulator or insulator-semiconductor
interface are physically unredistic, since abrupt changes in potential imply infinite
electric fields. The potential changes gradually as a result of the image force [16].
When an electron is at a distance x from the metal, a positive charge will be induced on
the metal surface, which is called image charge. The force of attraction between the
electron and the image charge is equivalent to the force that would exist between the
electron and an equal positive charge located at —x. This attractive force is called the

image force and given by [97].

_ 2
F=—1_
1677

Eq. 1.45

Here, g is eectronic charge and ¢ is the permittivity of the insulator. From the Eq.
1.45, one can realize that attractive force is inversely proportiona to the dielectric
constant of the film, so that in the high-k film, the effect of the image force will be small.
It is worth commenting that the dielectric constant in the image force equation is the
high-frequency constant for the electrode-limited conduction case, since electrons spend
only an extremely short time in the immediate vicinity of the surface in the course of

carrier emission [16].

69



Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

1.5 MOSFET Models

1.5.1 Split-CV method

In order to characterize the effective channel mobility of the MOSFET, the
well-known split C-V method is used [109,110].
Fig. 1.36 illustrates the schematic data handling process used in this study.

Effective mobility and channel field is obtained in the following equations.

— Leff Ip
S Tl
eff " DS¥n
- Qdep (Vgs ) +1] @inv (Vgs ) Eq. 1.46
Feff - -

si

Here, 17 is 1/2 in the Newtonian mechanics and 11/36 in the Quantum theory, while 1/2

for NMOSFET and 1/3 for PMOSFET are practically used.

NFET (b) = )
Cor +Con S /\
Cgc Qn (Vgs ) O >gj Vj; |
______________________________ Vin S VT
\l/ = gS,h
() 2Coy 3
VgS Vgs Feff (Qn(Vgs))
Increasing almost independent of Vs
) Vo) A Ve !
Ids (-Dc ﬂ&h
!
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Gy =01, [0V, =1,/Vy

Fig. 1.36. Schematic flow of split C-V method.
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1.5.2 Flicker noise

There are three types in noise: thermal, shot, and generation-recombination
[111,2112,113]. The thermal noise of aresistor is caused by the random motion of the
current carriers. It can be dealt with diffusion noise, velocity fluctuation noise, and
guantum correction.  Shot noise occurs when carriers cross barriers independently and
at random.

The number fluctuation model of 1/f nose is suggested by McWhorter [114]:

2
Sip g
D = om S
11% (ID J VG Eq. 1.47

Voltage noise spectral density is related to the oxide trap [115]:

_ q°kTAN,,

S =
'O ewLc f

Eq. 1.48
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1.6 Purpose and organization of the study

So far, motivation for alternative gate dielectric, general property of the rare earth
metal oxides, and device models have been discussed.

The objective of this study is to investigate the conduction mechanism of the
Lanthana gate dielectric, to suggest how to maintain the low leakage current based on
the detailed conduction mechanisms, and to make the base for the reliability study. To
ensure the reliability of the dielectric film, the proper conduction mechanism should be
clarified in advance. This is mandatory because the soft, hard, and progressive
breakdown behavior occur by a certain carrier conduction mechanism and can be
principally explained according to it.

The thesis composed of nine chapters, as illustrated in Fig. 1.37. Following this
chapter, chapter 2 describes the common features of fabrication and characterization
methods for LanthanaMOS and MOSFET. Thefirst part of chapter 2 is devoted to the
film deposition method and the following three parts are dedicated to the optical and
electrical characterization methods for the film. From the C-V analysis, the precise
oxide field can be achieved and applied to investigating for the various conduction
mechanisms of the J-V. Due to the non-linearity of the gate capacitance and current on
the gate voltage, all the analysis to figure out the detailed model was carried out
numerically with a home-made code. Chapter 3 describes MOS capacitor geometry
effect on the gate leakage current. Investigating gate leakage currents of the different
gate electrode areas and structures is a key process to allow greater understanding of
conduction mechanisms related to the currents. Chapter 4 describes the analysis for

the conduction mechanisms for the Lanthana films annealed at ultra high vacuum state.
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From the analysis, it could be found that SCLC conduction plays an important role in
the gate current. To characterize the physical property of the SCLC conduction,
temperature sensitivity and insensitivity equations for J-V-T relation were proposed and
explained well the J-V-T behavior of the Lanthana film. Different behavior of J-V for
two films was also explained well in terms of SCLC theory. In addition to JV
analysis, flat-band voltage shift of MOS capacitor with annealing condition was
analyzed and led to the conclusion that interfacial layer growth leads to the positive
fixed oxide charges near the interface between Lanthana and silicon substrate.  Chapter
5 describes the analysis for the conduction mechanisms for the Lanthana films annealed
a low-temperature in dry-nitrogen ambient. Various bulk-limited and
electrode-limited conduction mechanisms were summarized and proposed the models
describing JV. Also, reasons for ruling out the conduction mechanisms were
discussed. Chapter 6 describes variation in the gate leakage current of Lanthana MOS
capacitor. MOS capacitors on the same wafer fabricated at the same time showed
often variation in the magnitude of the gate current, although its J-V behavior was
amost same. From the C-V and J-V analyses, possibility of non-uniformity in the film
thickness could be eliminated. Variation at the low gate voltage was explained in
terms of SCLC theory. Based on the theory, trap energy level distribution in the oxide
band gap were suggested. From the suggested trap level distribution, high and low
leakage currents were explained well. Chapter 7 describes the C-V and J-V results of
Lanthana MIM capacitors. From the C-V characteristic and TEM(Transmission
Electron Microscopy)/EDX(Electron Dispersive X-ray) anaysis, it was found that Al
reacts with Lanthana causing positive fixed oxide charges near the interface and less
capacitance. Four types of JV behavior were observed and found to be essentially

same as those of MOS capacitors. The physical meaning of the similarity for both
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MOS and MIM capacitors was discussed. Chapter 8 describes the MOSFET with
Lanthana gate dielectric. The excellent I4-Vy and [4-Vgs behavior of MOSFET were
obtained. From the split C-V method, effective channel mobility with various PDA
conditions was investigated and the maximum mobility 290 cm?/V-s was obtained. To
get the oxide trap density and to compare with the effective channel mobility, 1/f noise
characteristic was measured for both HF-last and CO-last (chemical oxide last)
Lanthanafilms. From the relationship between the channel mobility and the oxide trap
density, it was found that the mobility is proportional to the oxide trap density and the
oxide trap density was high in the CO-last film, rather than in the HF-last film. It is
also discussed that the high oxide trap density of the CO-last film could explain the
previous reported result that the CO-last Lanthana film has a smaller gate leakage
current of the MOS capacitor than the HF-last. Finally, chapter 9 summarizes the

findings of the research and suggests possible areas for further investigation.
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1

Chapter 3. Geometry Effect
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2.1 E-beam evaporation

As discussed by Lucovsky [1], the high-k gate dielectric film must be deposited.
Lanthana film is deposited by the e-beam evaporation method in the ultra high vacuum
chamber, as shown in Fig. 2.1. There are four types of oxide sources in the bottom
side of the chamber. One of the sources is La,O3; and heated by the e-beam near the
source. Then, since the chamber is maintained at the ultra high vacuum state, the
Lanthana molecule begins to evaporated when the temperature of the source is greater
than the evaporation temperature. Evaporation temperature is reported as 3620°C [2].
Figure 2-2 shows the equilibrium vapor pressure of La and La,O3; with some materias
as a function of temperature. From the equilibrium vapor pressure with temperature,
SiO, is evaporated at 900°C at around 10° torr.  This can be used to clean the surface
of the silicon substrate to remove the natural oxide, and this method is referred to as

thermal -flash.

In general, deposited films have large atomic defects compared to the thermally
grown film [4]. This deficiency of the composition often leads to the fixed oxide
charge. Since the fixed charge of the as-deposited Lanthana film is always positive,
oxygen deficient sites in the film are expected, which can function as an electron

trapping center.
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2.2 Spectroscopic ellipsometry

The physical film thickness was optically extracted by Otsuka FE-5000
ellipsometer using a Cauchy model [5] and a single layer approximation. Incident
angle was fixed to 70°. Photon energy varied from 1.55 to 4.14 eV for data fitting.
1.55 and 4.14 eV correspond to wavelength 800 and 300 nm, respectively. Film

thickness without PDA corresponds to the as-deposited film thickness.

The index increase with decreasing wavelength in the visible range, and this is
referred to as normal dispersion [5]. One of the common empirical relations for this

behavior is the Cauchy formula:

n:A+A_2+A_4 (Eq. 2.1)

Here, n is refractive index, | wave length, A, B, and C are fitting constants. On the
other hand, in the region of the natural frequency where resonance occurs, the index
decrease with decreasing wavelength, and thisis called anomalous dispersion. Eg. 2-1

can be derived by the following way [5]. The sguare of the refractive index n, at

frequencies far from the resonant frequency, is expressed by the relation:

2 Nez/m’l
n° =1+
V02 iy (Eq. 2.2

where N is the number of the atoms per unit volume, e is the electronic charge, m is the
electronic mass, vq is the natura frequency, and v is the frequency of the incident

radiation. If v>>vq, with the binomial series expansion, EQ. 2-2 becomes
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2
s . Ne* 1 Vv _ . Ne® 1 Ne*v?
n =1+ ——=1-| — =t——-——7 (Eq. 2.3)

m vé Vo

It is worth to introduce that densification of the films with PDA temperatures can
be evaluated by the film density obtained from the Lorentz-Lorenz relationship, in the
similar fashion of SIO, thin film case [6]. From the refractive index n, the film density
can be determined by the Clausius-Mossotti (CM) or Lorentz-Lorenz relationship [7, 8].

n?-1

pP=K
n%+2

(Eq. 2.4)

where K is a constant, which can be evaluated using the values of bulk Lanthana. For
Lanthana, n=2.08 and p=6.5g/cm° [9], then K=12.8. Including the ionic component of
the dielectric polarizability, K=20.8 [10]. Since the refractive index ranging from 300
to 800 nmisin the optical region, the dielectric constant arises essentially from the

electronic polarizability [11]. So, K=12.8 is reasonable, rather than 20.8. Recently,

several studies have been made on the details of the dielectric polarizability [12,13,14].

2.3 C-V characteristic

C-V of Lanthana film was measured with various frequencies (1IK~1MHz). To
remove the frequency dispersion on C-V caused by leakage current of oxide, we used
two-frequency model to achieve single corrected C-V [15,16]. By using of nonlinear
regression method [18], the corrected C-V was compared to the calculated C-V, and
then oxide field was obtained. EOT (Equivalent Oxide Thickness) was calculated

from the corrected C-V with taking quantum effect into account. From EOT and
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physical thickness, oxide field in Lanthana film was calculated. This theoretical oxide
field was used to check conduction mechanisms for leakage current density. Lanthana

film oxide field has arelation to SIO, equivalent oxide field:

€sio _EOT
E;o0, = sio, = Esio, (Eq. 2.5)
gLa203 T phy

2.4 J-V characteristic

Measured J-V datais first fitted in a small data span, for instance, 5 points, to the
various conduction mechanisms numerically.  Then, an identified conduction
mechanism checks over the wider span of data to evaluate the maximum range of the
JV. Not only the numerical fitting is carrier out, but also the physical meaning from
the fitted conduction mechanism is checked its validity. The latter is important
because a good fit to the experiment with poor physical parameters is common in real

work.
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Fig. 2.1. Schematic of the chamber for Lanthana film deposition.

n-Si (100) : PMOS Capacitor
HF-Last
Film Deposition by E-beam Evaporation
(RT-250°C,~10" torr)
> PDA (Post-Deposition Annealing):
N, or O,, 200-900°C, 5min

o Electrode Deposition by E-beam Evaporation
y (Metal shadow mask): Al, Ag, or Pt

)

Fig. 2.2. Process steps and experimental ranges for Lanthana gate PMOS capacitor.
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Fig. 2.5. Equivaent impedance model for MOS capacitor.
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Fig. 2.6. Caculation flow for evaluating oxide field from the measured C-V at
multi-frequencies.
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3.1 Introduction

Gate leakage current of the MOS capacitor can be originated from the gate
perimeter and inside of the gate electrode. Especialy in the Lanthana film, the film is
reported to be degraded easily by absorbing the water from the air [1]. Also, by
evaluating the gate leakage current density, one can distinguish the origin of the gate
current from the local defect of the film.

In this chapter, gate leakage currents with different areas and structures have been

reported. It will give usacloselook at the causes for the gate |eakage currents.

3.2 Experiment

Fabrications steps fro silicon wafer cleaning, Lanthana film deposition, PDA,
top-/bottom-gate electrode depositions, and measurements are same as described in
chapter 2. To evauate the area and perimeter dependence of the gate current, four
different areas of the gate dot were used, which are shown in Fig. 3.1. All the gate
dots shown in Fig. 3.1 have the exposed area along the gate perimeter. Although the
measurement of the gate leakage current is completed within a week and the sample is
kept in the vacuumed desiccators, it is worth to compare the leakage current of a
completely sealed structure of the Lanthana film by surrounded LOCOS and deposited

gate metal, as depicted in Fig. 3.2(b).
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3.3 Gate leakage current with different gate areas

Figure 3-3 shows gate leakage current as a function of the square of gate dot
radius and gate dot radius. As shown in Fig. 3.3(a), the gate current is proportional to
the square of the gate dot radius, i.e., the gate area, while the current is not proportional
to the gate dot radius. This indicates that the gate current is principally dominated by
the inside of the gate dot, not by the gate edge. This also implies that the gate current
is neither due to local oxide thinning, nor to surface roughness, because, in theses cases,
the current is closely related to the area of the local current path. Since the gate
leakage current is proportiona to the gate area, the current can be ascribed to some
intrinsic property of the Lanthana film. Now, the gate current is mainly associated
with the inside of the gate electrode, so one can evaluate the area and perimeter

component of the gate current by using following simple equation:
1 = P2r(r)+ ACn(r)? (Eq. 3.1)

Here, | corresponds to the gate current. P and A are the constant describing the
correlation to perimeter and area, respectively. r is the radius of the gate electrode.
With Eq. 3-1, one can fit the gate current as a function of the gate dot radius to the
experiment depicted in Fig. 3.1. Then, area and perimeter component of the gat
current is easily obtained as shown in Fig. 3.4. Area component of the gate current is

two order higher than the perimeter component.
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3.4 Gate leakage current of open and confined

structures

Figure 3-5 shows gate leakage currents of open and confined structure MOS
capacitors. Although the gate oxide thickness is different, one can see that the gate
currents for two structures of the MOS capacitor with gate voltage is quite similar each
other. Thisimplies that the gate leakage current is mainly caused by the inside of the
gate electrode, for both open and confined structure types of the MOS capacitor. This
is in consistent with the conclusion from the area dependence of the gate current as

discussed in the previous section.

3.5 Conclusion

Area and structure dependences of the gate leakage current of the Lanthana MOS
capacitor have been introduced. From the linear relationship between the gate
electrode are and the gate leakage current, it has been found that the current is mainly
associated with the inside of the gate el ectrode, not with the gate edge, and the current is

spatially uniform over the gate electrode.
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4.1 Introduction

High-k dielectrics have been studied extensively as an adternative to silicon dioxide
in the next generation of MOSFETs [1]. HfO,, ZrO,, and Al,O3; have attracted much
attention because of high dielectric constant, high thermal stability, and high energy
barriers at the interface in Si.  On the other hand, rare earth oxides (REO), especially
Lanthana (La03) and Y ,03, are expected to be applied for the gate oxide thickness of
lessthan 1 nm [2]. In fact, there have been several reports that Lanthana has superior
electrical properties [3,4,5]. However, similar to other high-k oxides, Lanthana have
larger densities of charge traps than those of SIO,, causing more significant trap-related

conductions.

Large number of positive fixed charge for electron traps have been found in
various deposited oxide films [6], also in Lanthana [7]. In the application of high-k
gate oxide, operation voltage will be less than 1V [2], which is comparable to Vs due
to fixed charge. This indicates that current conduction can be affected by the value of
Ves. Thus, it is important to understand mechanism of leakage current with taking

account of flat-band voltage (Vg).

In order to minimize flat-band voltage shift (AVgg) of oxide films, post-deposition
anneal (PDA) is frequently used, which leads to densification [8,9,10], and decrease in
leakage current [11,12], density of states of the band gap [13], and charge trapping
[14,15,16]. However, during PDA, an interfacial layer is easy to be formed at between

the high-k oxide film and Si substrate in general, resulting in EOT (Equivaent Oxide
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Thickness) increment.

To suppress the interfacial layer growth, in-situ vacuum PDA of the Lanthanafilms
was proposed [17]. However, vacuum PDA could trigger oxygen loss in Lanthana film
via oxygen vaporization and La reduction of Lanthana-layer [18]. It has been also
reported that ultra-high vacuum annealing increases the trap density of oxide film due to
oxygen deficiency and then enhances the leakage current density as for the case of
thermal SiO, [19,20]. In the contrary, decrease in the leakage current with high oxide
trap density has been reported [21,22], which can be explained well according to SCLC
(Space-Charge-Limited Current) theory. This behavior of SCLC theory is an
interesting contrast to other trap-related conductions such as Poole [23], P-F
(Poole-Frenkel) [24], TAT (Trap-Assisted Tunneling) [25], Junction- like [26], and VRH

(Variable Range Hopping) [27].

SCLC model has been developed and used continuously over four decades. Until
recently, numerous attempts have been reported to interpret the current behavior of thin
films within the frame of SCLC. Such films were deposited (not-thermally grown)
SO, [21,28], defective SIO, [22], TiO, [29], organic materias [30], porous silicon

[31,32], nitride [33], SiO/nitride [34], SITiOs [35], Ta:Os [36,37], and REO [38].

As stated above, higher trap density leads to lower leakage current density if the
conduction is associated with SCLC. This is because high trap density retards the
movement of quasi-Fermi level in the band gap of the insulator, according to the carrier
injection. If an electron isinjected to atrap-free insulator, electrons will travel into the

conduction band of the insulator and form a space-charge anal ogous to that of a vacuum
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diode[39]. Inthis case, eectron concentration in the conduction band is characterized
by the quasi-Fermi level of the insulator. When the insulator has large trap sites at
concentrated energy levels in the energy band gapl] some of injected electrons are
captured and then the position of the quasi-Fermi level remains practically constant at
the concentrated energy levels until al the traps at each levels are filled. This is
because, at steady-state injection, quasi-Fermi level of the insulator is determined by
trap density, trap levels, and trapped carriers [40]. As a result, the nearly constant
guasi-Fermi level holds the carrier concentration unchanged and in turn the leakage
current density, despite increasing the carrier injection as increasing applied voltage,
unless all the localized trap levels are filled. In SCLC model, shallow and deep trap
levels are defined by the quasi-Fermi level [39]. When trap level is above the
guasi-Fermi level, trap levels are called shallow, and when below, the trap levels are
called deep. Moreover, this definition depends on the carrier injection level. As the
injection increases, the quasi-Fermi level moves up and a shallow level becomes deep
loosing effectiveness in reducing the current. These two types of SCLC are important
when charge build-up occurs at the vicinity of cathode. Thus, SCLC conduction is
affected by a distribution of trap energy levels as well as an amount of those. From
SCLC theory, trap density distribution in the oxide band gap is generally described by
one of the following ways. 1) discrete level [41], 2) exponentia distribution [42], 3)
Gaussian distribution [43], and 4) uniform distribution [40]. Diffused Gaussian trap
density distribution, discrete trap level with tails, or pseudo-uniform distribution can be
described by the exponential distribution [44]. Thus, since the trap density distribution
is often spread out in nature, current-voltage relation of exponential distribution can be
useful as first evaluation method. Exponentially distributed traps are characterized by

two parameters, namely trap density N; and a characteristic constant of the distribution
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Te, through the expression [40],

E-E,
N(E)= exp[ e J (Eq.4.1)

where N(E) is the trap concentration per unit energy range at an energy E below the
conduction band edge, k Boltzman’'s constant, E the energy, and E. energy level of
conduction band edge. Eq. (4-1) isvalid when E<E.. N¢/kT; is the trap density per
unit energy range at the conduction band edge. Integrating Eq. (4-1) from the
conduction band edge to infinity, 63% of traps lie within kT from the conduction band

edge [45]

In this chapter, reported are the results of spectroscopic elipsometry and C-V
measurements, and explain detailed analysis in the conduction mechanism of E-beam

evaporated Lanthana films with ultra-high vacuum annealing.

In this article, the conduction mechanisms of metal-oxide-semiconductor with
vacuum annealed Lanthana (LaxO3) oxide film are investigated. Lanthana films with
thicknesses of 3.5, 4.7, and 11 nm were deposited by E-beam evaporation on n-Si (100),
and annealed at various temperatures (300-500°C) in ultra-high vacuum (10™°-10"° Torr)
for 90 min. From the measurement of spectroscopic ellipsometry, it is found that film
thickness is increased with annealing temperature, which would be cause of flat-band
voltage shift (AVgs) due to the growth of interfacial layer. From the capacitance
measurement, it is found that AVgg of the film is reduced by post-deposition anneal
(PDA) compared to that of as-deposited film, but increase again at high temperature

annealing, especially in the case of thin film (3.5 nm). From the applied voltage and
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temperature dependence of the leakage current of the film, with different gate electrode
materials (Ag, Al, and Pt), it is shown that the leakage currents are associated with
ohmic and P-F (Poole-Frenkel) conductions when flat-band voltage (Vgg) is less than
zero, and ohmic and SCLC (Space-Charge-Limited Current) conductions when Vg is
greater than zero. The dielectric constants obtained from P-F conduction for Al gate
electrode case is found to be 11.6, which is consistent with the C-V result 11.9. Barrier
height of trap potential well is found to be 0.24 eV from P-F conduction. Based on
SCLC theory, leakage currents of 3.5 and 11 nm films with different PDA temperatures

are explained in terms of oxide trap density.

4.2 Experiment

Lanthana thin films were deposited on HF dipped n-Si (100) substrate (HF-last) by
E-beam evaporation at 250°C using MBE equipment. The pressure in the chamber
before and during depositions was about 10° Torr.  Then, wafers were annealed in the
chamber with vacuum pressure of 10°-10° Torr.  Annealing was carried out in-situ or
ex-situ for 90 min at 300, 400, 500°C. In order to investigate different Vg effect on
leakage current, Al, Ag, or Pt electrode was formed by metal evaporation with a metal
shadow mask using bell-jar type evaporator at 10° Torr. An exposure time to the air
before gate metal deposition was kept less than 1 hour. Capacitance versus applied
voltage (C-V) and leakage current density versus applied voltage (J-V) measurements
were performed using a HP4284A multi-frequency LCR meter and a HP4156C
Semiconductor Parameter Analyzer. The ramp-up speed of gate voltage in JV test

was about 0.1 V/s to achieve steady-state of the oxide leakage current to probe trapping
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effects since occupied trap level with electron have a release time depending on trap

level [40]. The film thickness was confirmed by Otsuka FE-5000 ellipsometer.

C-V of Lanthana film was measured with various frequencies (1IK~1MHz). To
remove the frequency dispersion on C-V caused by leakage current of oxide, we used
two-frequency model to achieve single corrected C-V [46,47]. By using of nonlinear
regression method [48], the corrected C-V was compared to the calculated C-V, and
then oxide field was obtained. EOT (Equivalent Oxide Thickness) was calculated
from the corrected C-V with taking quantum effect into account. From EOT and
physical thickness, oxide field in Lanthana film was calculated. This theoretical oxide

field was used to check conduction mechanisms for leakage current density.
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Fig. 4.1. Physical thickness variation of films as a function of ex-situ vacuum annealing
temperature, compared to that without annealing. (&) corresponds to the thickness
measured by spectroscopic €llipsometry and (b) corresponds to normalized film
thickness for comparison. Normalization was carried out with respect to the physical
thickness of the film without PDA. Film thickness of zero annealing temperature

corresponds to that without vacuum anneal.
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4.3 Spectroscopic ellipsometry results

Fig. 4.1 shows physical thickness variation measured by ellipsometry with
ultra-high vacuum PDA conditions. Increase in PDA temperature led to increase in the
film thickness by the same amount at both 3.5 and 11 nm films, as shown in Fig. 4.1(a).
This means that relative increase in the case of thin film (3.5 nm) is more severe than
the thick film case, as shown in Fig. 4.1(b). It is believed that the increase in film
thickness as increase in PDA temperature is due to the growth of the interfacial layer
between the Lanthana film and the silicon substrate, although vacuum PDA is effective
to suppress the growth. It is worth noting that the growth of interfacial layer in
Lanthana film with nitrogen PDA, which is also known to be effective to minimize the
interfacial layer, was observed and the layer was reported as La-silicate [18,49]. In
addition, under oxygen PDA, the interfacial layer of Lanthana was found to be as
La-silicate [50,51]. This indicates that part of oxygen in Lanthana is consumed to
form the sllicate interfacial layer [18]. As a result, Lanthana film becomes
oxygen-deficient especially near/at the interfacia layer and has a negative Vg, since
oxygen deficiency in the oxide film results in negative AVes [52,53,54]. This
phenomenon of La reduction process can be expected in the case of vacuum PDA
because oxygen is rarely supported to the interfacial layer growth of the film, similar to
the nitrogen PDA case. Since an amount of oxide charges caused by
oxygen-deficiency near/at the interfacial layer is thought to be nearly same for both thin
and thick films, AVgg of the thick film is expected to be more negative than that of the
thin film. This is because AVgg is proportional to the amount of charge and the

distance between the fixed charge and the gate electrode [55]. However, the
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experimental results from C-V characteristic are contrary to this expectation. Itisclear
that the positive charge from the interfacial layer growth makes AV s negative, however,
which is not enough to explain the fact that |AV gg| of the thin film is greater than that of
the thick film, under the assumption that oxide charges due to the interfacia layer
growth are same for both thin and thick films. This point will be further discussed in

the section of Vg characteristic.
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Fig. 4.2. Variation in flat-band voltage shift AVeg (a) and normalized AVgs (b) with
different film thicknesses as a function of vacuum anneal temperature for 90 min.
Normalization was carried out with respect to AVgg of the film without PDA. Gate
electrode for 3.5 and 11 nm films was Pt. Gate electrode for 4.7 nm film was Ag.
Vacuum PDA was carried out ex-situ for 3.5 and 11 nm films and in-situ for 4.7 nm
film.,
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4.4 Flat-band voltage (Vrg) characteristic

Vacuum PDA effect on the oxide film is three-fold: interfacial layer growth due to
high temperature, film densification due to high temperature, and oxygen vaporization
due to ultra-low pressure. The first is discussed in the section of spectroscopic
ellipsometry characteristic. The interfacial layer growth causes negative AVgg of the
film. The second is related with the atomic rearrangement into its equilibrium position
with the help of thermal activation, which results in decrease of |AVgg|. The third is
the thermodynamic process to hold equilibrium vapor pressure, easy to occur at the film
surface. Several studies have been made on this oxygen vaporization effect for the
case of thermally-grown SO, [19,56], laser-deposited Y,Os; [16], and Lanthana
deposited by evaporation [18]. Equilibrium partial pressure of oxygen between
atmosphere and Lanthana film increases with annealing temperature [57], so that AV s
increases in the negative direction with increase in PDA temperature. These three effects,
which are the interfacial layer growth, the film densification, and the vaporization
effects, cause a different behavior of AV g depending on the film thickness and the PDA

temperature, as shown in Fig. 4.2.

AV g of Lanthana films with 3.5, 4.7, and 11 nm for different PDA conditions is
shown in Fig. 42. AVgs of al the conditions were negative, which means the

existence of positive oxide charge which is effective for electron trapping.

For the case of non-PDA conditions, as the film thickness increases, |AVgsg|

decreases, as depicted in Fig. 4.2(a). This could be attributed to the difference in the
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deposition time since deposition rate for al the films was kept constant as about 1
nm/min. The more time for deposition is required for the thicker film. This longer
time for the thicker film could result in the film densification and the interfacial layer
growth, rather than the film vaporization. This could be because vaporization is less
effective due to a continuous supply of Lanthana molecules during deposition. As
discussed before, if |[AVeg| is mainly determined by the fixed charges near/at the
interfacia layer, [AVgg| of thick film should be greater than that of thin film. Thisis
opposite to the experimental results. Thus, it could be suggested that the thick film (11
nm) is less defective in terms of long deposition time which aso functions as annealing,
than the thin film (3.5 nm). Thisleadsto small |JAVgg| of 11 nm film compared to that

of 3.5 nm film.

For the comparison of vacuum PDA temperature effect, AVgg of two different
thickness films (3.5 and 11 nm films) is normalized with respect to that of the non-PDA,
which is shown in Fig. 4.2(b). For the case of 300°C and 400°C PDAs, normalized
AVgs is minimized compared to that without PDA, especially more for 400°C PDA
temperature. The amount of change in normalized AVgs by PDA for thin film (3.5
nm) is less than that for thick film (11 nm). This indicates that densification by PDA
occurs throughout the film and near the interface between the Lanthana film and the
substrate, since reduction of fixed oxide charges near the gate electrode has less effect
on AVgg. This aso explains that |AVgg| of the thicker film becomes smaller than that
of the thinner film for the case of 400°C PDA as shown in Fig. 4.2(a). For the case of
500°C PDA case, normalized AVgg of the thin film (3.5 nm) was dlightly increased
again, while that of the thick film (11 nm) remaned constant. For the same

temperature and duration time of PDA, an amount of the film densification and the
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interfacial layer growth is thought to be ailmost same for the both films. However,
since the oxygen vaporization is expected to first occur at the exposed surface of the
film and then spreads throughout the film, positive charges caused by oxygen
vaporization could exist over a limited depth from the surface for the thick film case,
while could exist throughout the film for the thin film case. This indicates that the
oxygen vaporization of the thin film case is greater than that of the thick film case
because the vaporization is expected to occur more uniformly and within a shallower
depth in the case of thin film than in the case of thick film. Asaresult, in the thin film
case, the more oxygen vaporization results in the more positive charges than in the thick
film case. This explains well the experimental results of 500°C PDA that |AVgg| and
normalized AV gg of the thick film (11 nm) are less than those of the thin film (3.5 nm)

as shown in Figs. 4-2(a) and 4-2(b), respectively.

Therefore, it is reasonable to consider that positive charges for e ectron-trapping
exist less and non-uniformly at both ends of the thick film, and exist more and relatively
uniformly throughout the thin film, with higher vacuum PDA temperature. This point

will be confirmed again by the analysis of the conduction mechanisms.
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Fig. 4.3. Typical relations between gate voltage, equivalent to metal-silicon Fermi level
difference, versus oxide field: V>0 at case 1 and V<O at case 2. Horizontal and
vertical axes are in arbitrary scale. Solid lines represent reverse oxide field region
against electron flow. Broken lines represent relation between oxide field and gate
voltage.

4.5 Gate electrode material dependence

As the MOSFET is scaled down, operation voltage becomes comparable to the
Ve caused by the work function difference between the gate electrode and silicon
substrate, and the fixed charge in the oxide film. A positive or negative Vg leads to
change in the oxide conduction band slope. In order to investigate the effect of oxide
conduction band slope on the leakage current, we compared oxide leakage currents
between two different gate electrode materials: Al and Ag. Two general cases of
relation between oxide field and gate voltage applied to oxide film when Vg is

non-zero are shown in Fig. 4.3. Case 1 is when V<0 and Case 2 is when Vgg>0.
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When gate voltage is between OV and Vg, oxide field is opposite to the carrier flow
direction determined by the gate voltage. In this reverse oxide field region, the oxide
field is practically constant and becomes less effective than when gate voltage is less
than O V or greater than Ves.  Thisimplies that |eakage current israrely correlated with
conduction band slope of the oxide. This suggests that trapped charges can be released
mostly due to thermal activation not by field-assisted emission, and the conduction band
slope is susceptible to the trapped charges. The reverse oxide field region is
significant especialy in the case of high-k films, since higher dielectric constant leads to

smaller oxide field and high-k films generally have large non-zero Ves.

Fig. 4.4 shows the leakage current versus the gate voltage for the case of Al
electrode. Vg is found to be less than zero, corresponding to case 2 shown in Fig. 4.3.
Ohmic conduction matches well in low gate voltage region: -0.7<V4<0.2 V. P-F
conduction corresponds to gate voltage greater than 0.2 V. This P-F conduction
occurred at the oxide electric field above -1.65 MV/cm even while gate voltage was till
low. P-F conduction at high electric field region is reasonable, since high electric field
in the same direction with carrier flow could sweep away the trapped carriers almost
immediately so that carriers at traps exist in a short time and then distortion in energy
band diagram of oxide becomes negligible. In the inversion region (V¢<Vgg), silicon
surface is subjected to generate minority carrier to support leakage current. This
generation is limited by the temperature and light, which leads to the saturation in the
current density [58]. This explains the saturation in leakage current for the negative

gate voltageregion in Fig. 4.4.

Fig. 45 shows P-F plot. The calculation results were well fitted to the
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experimental results. Relative dielectric constant value of 11.9 was obtained at three
different temperatures, which is in good agreement with the value of 11.6, which was
obtained from the C-V curve. InFig. 4.6, intercepts of y-axisin Fig. 4.5 are plotted as
a function of inverse temperature. Trap barrier height of coulombic center was found
to be 0.24 eV, which is similar to other high-k oxides showing P-F conduction, such as

Eu,03 [59] and Ta,Os [60].

Vg (v)

Fig. 4.4. Leakage current density for films of Al gate electrode case as a function of the
gate voltage. Symbols correspond to experimental results. Solid and dotted lines
correspond to the best fits to experimental results obeying P-F and ohmic conductions,
respectively. The films were annealed in-situ vacuum PDA. Relative dielectric
constant was 11.9. EOT (Equivalent OXide Thickness), with a consideration of
quantum effect, and physical thickness measured by spectroscopic ellipsometry were
1.54 and 4.7 nm, respectively. Reverse field means reverse oxide field against carrier
flow direction.
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gate voltage. Values of n were found to be 4.7, 5.5, and 6.2 for 120, 80, and 40°C
films, respectively. Symbols correspond to experimental results. Solid and dotted
lines correspond to the best fits to experimental results obeying SCLC with exponentia
trap distribution and ohmic conductions, respectively. The films were anneaed in-situ
vacuum PDA. Relative dielectric constant, EOT and physical thickness are equal to
those of Al electrode case. Reverse field means reverse oxide field contrary to carrier

flow direction.
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Fig. 4.8. The temperature dependence of the exponent n as a function of 1000/T with T

as the operation temperature. The J-V characteristics of Fig. 4.7 were fitted by J~V™?.
Circle correspond to the exponent n. Solid line represents a linear fit between n and 1/T.
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Fig. 4.9. SCLC currents with exponential trap distribution obtained from the fitting to
the experimental results as depicted in Fig. 4.7. Lines cross at the common intersection
point, marked with circle, suggested by Sussman [63]. At the point current is
independent of temperature.
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Fig. 4.10. Leakage currents for the Ag gate electrode case as a function of 1000/T with
different applied voltages. Circles are experimental results and dotted lines are
extrapolation of the results. Leakage currents are plotted in the voltage range from 0.51
to 1.4 V with 30 mV step. Dotted lines cross at the common intersection point
suggested by Gould [62]. At the point, the current is independent of voltage.
Coordinates of the point are T=-1111 K and J=0.07 A/cm®.
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Fig. 4.7 shows the leakage current versus the gate voltage for the case of Ag
electrode. Vgg isfound to be greater than zero, corresponding to case 1 shown in Fig.
4.3. In the low gate voltage region, ohmic conduction is predominant. when gate
voltage is between 0.5 and 1.4 V, SCLC with exponential trap distribution becomes
important. These conductions could be expected from the consideration of Vg effect
on the leakage current, since the leakage current is mostly in the reverse oxide field

region. The current density J with exponential trap distribution case of SCLC is given

by [40],
S gHNY fln) {26V o
L 2n quNt ) (Eq42)
f(n) _ ( n jn(zn +1jn+l
141 147 , (Eq.4.3)
n=T,T, (Eq4.4)

where q is electronic charge, 1 carrier mobility, N density of states of conduction band,
V applied voltage, L film thickness, € film dielectric constant (e=go€;: € iS vacuum
permittivity and ¢, is relative dielectric constant), N; trap density, T, characteristic
temperature, and T operation temperature. T, and N; correspond to those of Eq. (4-1).
After Kumar [61], f(n)/2" is found to be about 0.5, which is nearly unrelated to
temperature when n>2. By taking logarithmic form of Eq. (4-2), we can separate
temperature sensitive and insensitive terms as follows:

_ guN .V f(n) 26V ) T,
logy, (/) Ioglo(—L . j”oglo(quNt E'% (Eq.4.5)
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The first tem on the right-hand side of Eq. (4-5) is insensitive to temperature but the
second term is sensitive. At T=-T. where T.>0, the current is irrelevant of temperature

and is given by,

2
— q IUNCLNt
J=21 T 7t
e (Eq.4.6)
and
2
_qL'N,
V=
of (Eq.4.7)

Eq. (4-6) describes the common intersection point in logio(J) versus /T relation.  EQ.
(4-6) is similar to that suggested by Gould [62] except constant 4 in the denominator.
MN, term can be obtained by using the first term on the right-hand side of Eq. (4-5) from
logio(J) versus U/T relation.  In addition to the intersection point described by Eqg. (4-6),
another intersection point can be obtained as follows. At T.>2T>0, by differentiating
Eq. (4-5) with /T, we can obtain V and J coordinates of the common intersection point

inlogio(J) versus 1/T relation as follows:

_qL’N,
V=
e (Eq.4.8)
and
g =2y Eq.4.9
5] - (Eq.4.9)

Egs. (4-8) and (4-9) are identical to those suggested by Sussman [63] except constant 2

in the denominator. Eq. (4-7) issame as Eg. (4-8). One can easily find that Eq. (4-9)
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isidentical to Eq. (4-6) by inserting Eq. (4-8) into Eq. (4-9).

For the exponential trap distribution case of SCLC, the current density is afunction
of the n power of voltage and n should be a linear function of inverse temperature, as
depicted in Fig. 4.8, confirming that the leakage current at voltages between 0.5 and 1.4

VinFig.4.7isSCLC.

Figs. 4-9 and 4-10 show the common intersection points of 10gi(J)-1000/T and
logio(J)-Vg plots for the leakage current of Ag electrode case shown in Fig. 4.8,
respectively. These intersection points are indicative of space-charge-limited flow
with an exponential trap distribution [62, 63]. The intersection point shown in Fig. 4.9
is described by Egs. (4-8) and (4-9). The intersection point shown in Fig. 4.10 is
described by Eq. (4-6) when T=-1111 K, i.e, T=1111 K. pN; was found to be
2x10"/V-s-cm.  From the common intersection points in Figs. 4-9 and 4-10, trap
density N; was found to be the same value of 1.2x10*/cm®-eV for both cases. Thisis

similar to the oxide trap density obtained from the flicker noise [64].
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Fig. 4.11. Leakage current density of 3.5 nm (a) and 11 nm (b) films of Pt gate electrode
case, as afunction of the gate voltage. The films were annealed ex-situ vacuum PDA.
Symbols correspond to experimental results of different PDA temperatures.
without-annealing (cross), 300°C (circle), 400°C (triangle), and 500°C (square). Solid,
dashed, and dotted lines correspond to the best fits to experimental results obeying
SCLC with exponential trap distribution, SCLC with shallow trap, and ohmic
conductions, respectively. Exponentsn of (a) were4 for al films. Exponents n of (b)
were 4.0, 3.2, 3.2, and 5.0 for w/o, 300°C, 400°C, and 500°C PDAS, respectively.

126



Chapter 4. Vacuum PDA Effect on Lanthana MOS Capacitor

4.6 Vacuum PDA temperature dependence

Fig. 4.11 shows leakage current densities with film thickness of 3.5 and 11 nm,
at three different vacuum PDA temperatures. Vg of the films are described in Fig. 4.2.
For the case of 3.5 nm film shown in Fig. 4.11(a), leakage current density increased
with increase in PDA temperature, while for the case of 11 nm film shown in Fig.
4.11(b), the current decreased with increase in PDA temperature. Although the leakage
currents varied with the applied PDA conditions, predominant conduction mechanisms

were found to be amost identical for al the films shown in Fig. 4.11.

At low voltage, ohmic conduction matches well to the currents. At intermediate
voltage, the currents are described by sguare voltage law, which indicates that carrier
concentration in conduction band of the oxide film is comparable to trapped carrier
concentration. At high voltage, the currents are described by the power law of voltage,

corresponding to SCLC with exponential trap distribution.

Since al the currents shown in Fig. 4.11 can be explained by SCLC conduction,
the leakage currents are expected to be inversely proportional to oxide trap density N;
from Eg. (4-2), on condition of constant pN.;. As discussed in the section of Veg
characteristic, for the thin film (3.5 nm) case, higher vacuum PDA temperature induces
more oxide trap density, while for the thick film (11 nm) case, higher vacuum PDA
temperature leads less oxide trap density. In view of this, the opposite behavior of the
leakage currents with PDA temperatures between the thin and thick films can be

explained: higher PDA temperature results in smaller leakage currents for the thin film
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(3.5 nm) and greater leakage currents for the thick film (11 nm).

4.7 Scaling law based on SCL C theory*

Figure 4-12 shows normalized leakage current versus normalized voltage.
According to SCLC theory [65], from all expressions for J-V characteristics, the general
scaling rule for one-carrier SCLC conduction in any materials with any trap

distributions can be expressed in terms of

n+l
S Loy ~ (V/ z2,) ) (Eq. 4.10)

Here, Lt isthe effective film thickness. n correspondsto that in Eq. 4-3.  The effective
film thickness instead of the film thickness can be thought of as taking into account the
effect of non-uniform spatial distribution of traps. This equation is universally valid
provided that the carrier mobility is fiend independent and the effect of carrier diffusion
isignored.

Symbolsin Fig. 4.12 correspond to leakage currents of 3.5 and 11 nm described in
Fig. 4.11, obeying SCLC conduction with exponentia trap distribution. Solid line
corresponds to the best fit to the leakage currents for both 3.5 and 11 nm films without
annealing, confirming SCLC conductions. The best fit is achieved when Lgs/L for 3.5
and 11 nm films are 1.0 and 1.5, respectively, indicating that traps of 11 nm film are

gpatially non-uniform.

* Thissection is prepared after submission to MEJ (Microelectronics Journal).
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Fig. 4.12. Normalized gate leakage current versus normalized voltage according to
SCLC theory.
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4.8 Conclusion

The electrical properties of MOS devices with Lanthana film has been investigated.
Change in film thickness and AV gz with vacuum PDA conditions suggest that oxygen
loss would exist at near both cathode and anode. It is found that the current-voltage
characteristic with temperatures is significantly related to the traps due to the oxygen
loss. Current conductions have been confirmed that the leakage currents are associated
with ohmic and P-F conductions when Vgg is less than zero, and ohmic and SCLC
conductions when Vg is greater than zero. It should be noted that the confirmed

conductions are al related to the trapsin the oxide film.
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5.1 Introduction

According to the Internationa Technology Roadmap for Semiconductors
(ITRS2003) [1], a gate oxide thickness of less than 1 nm is required for a MOSFET
with 28 nm gate length. However, gate oxide scaling thinner than 2 nm leads to an
exponentially higher gate tunneling current [2]. For this reason, much effort is
currently underway on aternative high-k gate dielectrics. HfO, is expected to be used
for the gate oxide of MOSFETs down to 1 nm. On the other hand, rare earth oxides
(REO), especially Lanthanum oxide (LaO3) and Y ,03, are thought to be applied for the
gate oxide thickness of lessthan 1 nm [1]. In fact, there have been several reports that
LaO3 has superior electrical properties [3-11]. For al that, likewise in other high-k
oxides, LaO3; have larger densities of charge traps and interface states than those of
SiO,, causing more significant trap-related conductions, such as Poole, P-F
(Poole-Frenkel), TAT (Trap-Assisted Tunneling), Junction- like, VRH (Variable Range
Hopping), or SCLC (Space-Charge-Limited Current).

In this chapter, we report the result of detailed analysis on the conduction
mechanism of E-beam evaporated LaO; films after low-temperature dry-nitrogen

annealing.

The electrical characteristics of metal-oxide-semiconductor capacitors with
Lanthanum oxide (LaOs) gate dielectrics with 1.1 nm EOT (Equivalent Oxide
Thickness) are investigated. LaOs; was deposited by E-beam evaporation on
n-Si(100), and annealed at 200°C in dry-nitrogen ex-situ for 5 min.  From comparing

leakage currents of as-deposited and annealed oxides, it is shown that leakage currents
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of annealed oxide were two kinds: low and high leakage currents. Behavior of high
leakage currents with applied voltage was similar to that of as-deposited oxide. For
the explanation of these two kinds of leakage currents, it is shown that conduction
mechanisms strongly related to oxide traps are not responsible for leakage currents,
except SCLC (Space-Charge-Limited Current). From the applied voltage and
temperature dependences of the current of the gate oxide, it is shown that the main
conduction mechanisms for the two kinds of leakage currents are SCLC and Schottky
conductions at low and high applied voltages, respectively. The dielectric constant
obtained from Schottky conduction was 27 and consistent with the C-V result. Based
on SCLC theory, trap levels in the oxide band gap composed of both exponential and

localized distributions were extracted by using of the differential method.

5.2 Experiment

LaOs thin films were deposited on HF dipped n-Si (100) substrate (HF-last) by
E-beam evaporation at 250°C using MBE equipment. The pressure in the chamber
before and during depositions was about 10° Torr.  Then, wafers were anneadled in the
RTA (Rapid Therma Annealing) chamber with 1.2 liter/min flow rate of dry-nitrogen
gas. Annealing was carried out for 5 min at 200°C. Gas lines and RTA chamber were
carefully vacuumed to minimize the oxygen gas prior to annealing.  After annealing, Pt
electrode was formed by metal evaporation with a metal shadow mask using bell-jar
type evaporator at 10 Torr. An exposure time to the air before gate metal deposition
was less than 1 hour. C-V and J-V measurements were performed using a HP4284A

multi-frequency LCR meter and a HP4156C Semiconductor Parameter Analyzer,
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respectively. The ramp-up speed of gate voltage in J-V test was 0.1 V/s to achieve
steady-state of the oxide leakage current to probe trapping effects since occupied trap
level with electron have a release time depending on trap level [12]. The film

thickness was confirmed by Otsuka FE-5000 ellipsometer.

Table 5.1. Theoretical expressions of the bulk-limited conduction processes in oxides
[12-18]. (&) Variable range hopping, (b) space-charge-limited current: single, uniform,
and exponential/ Gaussian distributions.

Mechanisms Expressions
0 (1) 7 =qnﬂK=ch EXP[_kiT(F_Ec)},U%
SpE qd E _1
e (e 2] ot
b Poole-Frenkel (3) J =aNculr exr{—k%)ex Z%;E“JE Ber =2Bs
E ' 2 (g )"
5 Hopping (4) J_kB_TE" ‘(1)Eexp -2 g.a Brr =\ e
4
= q
Z | VRHO (5) 7= Josmh[k_j
2
SCLC(b) Sha”ow (6) Jshallow ——ﬂé’ EOH(T)I:_:.;
. 2848V
uniform  (7) Junom = anoﬂ—ex m ,qus J
. el Ya+n) p)
exponentil (8) L = a| iy [ T3] 1o

(a) Variable Range Hopping, (b) Space-Charge-Limited Current: single, uniform and
exponential/Gaussian distributions.

Here, m* denotes the electron effective mass, ¢ the electronic charge, /# the Planck’s
constant, kp the Boltzman's constant, T absolute temperature, ¢ the metal-insulator
barrier height, & the vacuum permittivity, & the relative permittivity of the insulator, s
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the insulator thickness, I the voltage of the insulator, £ the electric field of the insulator.

Table 5.2. Theoretical expressions of the electrode-limited conduction processes in
oxides [14,16,19-21]. (a) Thermionic current, (b) direct tunneling current, (c)
trap-assisted tunneling.

Mechanisms Expressions
. 12
Schottky® () v ==tair exp(zf’ir}ex kﬁ_TEy] & =[4n3~0£,-j
. Y2
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Fowler-Nordheim ~ (3) /=5~ 2% 3 ¢ eV

_ 2C,N,g®, EX[{— 811y 2qm,, q)?/ZJ
3h E
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TAT©  deeptrap (4) J,= e

shallow trap (5) Ju = ‘IROV[%'%)

Bulk-Free (Electrode-Limited)

. . v, IoR,R Ra(V+IR)\| V-IoRy ¥
- I=—2W ex + +—
Junction-like (6) 7= " o) R ) Rk Ry
R, s

(a) Thermionic Current, (b) Direct Tunneling Current, (c) Trap-Assisted Tunneling:
deep and shallow traps

Here, C; denotes a slowly varying function of electron energy, N, the trap density, ¢ the
trap energy, m,, the effective electron mass in the insulator, R, tunneling rate of an
electron from the silicon conduction band into a shallow trap, v hopping frequency of an
electron between shallow traps, 77 the junction ideality factor, V; the thermal voltage (=
kT/q), W the Lambert function [22,23] defined by the solutions of W(x)exp(W(x))=x, R,
the parasitic series resistance, R,; the shunt loss resistance at the device, R,, the shunt
loss resistance at the device periphery, I, the junction reverse current, d the distance
between the trap centers, F the quasi-Fermi potential of the insulator, E¢ the conduction
band edge of the insulator, N the effective density of states in the insulator conduction
band, m the carrier mobility, ) the time constant, »* the density of free electronsin the
insulator, @, the energy corresponding to the maximum of the barrier, R the hopping
distance, J, the temperature dependent factor related to electron-phonon interactions, &
the trapping factor defined by the ration of the free electron density and the density of
filled trapping sites.
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5.3 Conduction models

Various conduction mechanisms are summarized in Table 1 and 2 and are examined
to investigate the leakage conduction [12-21].

Conductions related with high trap density are Poole, P-F, TAT, Junction-like, VRH,
and SCLC.

Poole and P-F conductions assume paired and isolated trap sites, respectively [24],
depending on oxide trap density. Transition between two models has been reported
[18,25]. As the oxide field becomes lower, current density following P-F conduction
could be described by Poole conduction, because reduction in barrier height by electric
field becomes smaller and the trap level becomes comparable to that of the Poole [25].
In Poole conduction, traps are close enough to perturb coulombic potential of neighbor
trap, so that decrease in barrier height between two traps is determined by distance
between traps and applied field, not by coulombic field as for the case of P-F.  This
leads to leakage current independent of film dielectric constant. VRH conduction
involves thermally activated hopping conduction in localized electronic states near the
Fermi energy. VRH is the dominant conduction at low applied voltage and high
temperatures [26]. TAT conduction requires shallow and/or deep trap levels and
occurs at oxide field, similar to F-N conduction case, greater than 4 MV/cm [27,28].
Fleming suggested that leakage current can flow through the defect band formed by
localized large trap levels and then behavior of the current is similar to junction-like
conduction due to difference in energy level between defect band and Fermi level at

both electrodes [29]. As regard to relation between oxide trap density and leakage
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current, traps enhance the leakage current for the case of Poole, VRH, TAT, and
Junction-like, while they hinder it for SCLC case. This is the uniqueness of SCLC
contrast to the others.

SCLC mode has been developed and used continuously over four decades. Until
now numerous attempts have been reported to interpret the current behavior of thin
films within the frame of SCLC. Such films are: porous SiO, [30-32], TiO; [33],
organic materials [34], porous silicon [35,36], SiIO./Nitride [37], SisN4[38,39], SITiO3
[40-43], Tax,Os [44,45], Al,O5 [46-48], Nb,Os [49], and Nd,O3[50], Gd-In-oxide [51],
Dy,03 [52,53] and LaO;3; [54] in REO. From SCLC theory, trap density can be
extracted from J-V relation using trap spectroscopy methods [13,55]. Among them,
step-by-step [56] and differential [57-59] methods are known to be accurate to express
real trap density distribution [60]. Trap density distribution is generally described by
one of the following ways. 1) discrete level [61], 2) exponentia distribution [55], 3)
Gaussian distribution [62], and 4) uniform distribution [12,55]. Smeared Gaussian
trap density distribution, discrete trap level with tails, or pseudo-uniform distribution
can be described by exponential distribution [63]. Thus, since the trap density
distribution is often spread out in nature, current-voltage relation of exponentia trap
distribution can be useful as the first evaluation method. Exponentialy distributed
traps are characterized by two parameters, namely trap density N, and a characteristic

constant of the distribution 7, through the expression [12],

v, (£)= 2 p{“} "

kT,

where N,(E) isthe trap concentration per unit energy range, £ Boltzman’s constant, E the
energy, and E. energy level of conduction band edge. This equation is valid when

E<E..
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5.4 Capacitance characteristic

Figure 5-1 shows the normalized physical film thickness as a function of PDA
temperature with dry-nitrogen ambient for 5 min. Normalization is performed with
respect to the physical film thickness of non-PDA film. One can find that the
normalized thickness is minimized at around 300°C PDA temperature. This could be
achieved by the trade-off between the densification process which is effective less than
300°C and the interfacial layer growth which becomes important greater than 300°C.
PDA at temperatures less than 300°C mostly provides the densification of the film with
a negligible interfacial layer growth. This is why we fabricated the film with a low
temperature PDA, such as 200°C.

Figure 5-2 shows typical C-V curve of dry-nitrogen annealed La,O3 capacitor.
Physical thickness (7};,) measured by ellipsometer was 7.7 nm and EOT (Equivalent
Oxide Thickness) with taking into account quantum effect was 1.1 nm. Obtained
relative dielectric constant was 27, which is same to the previoudly reported value [6].
Considering the work function difference between the n-type Si substrate and the Pt
electrode, flat-band voltage shift AV is about -0.61 V. This means that positive fixed
charges are present in the La,O5 gate dielectric and the effective density of these charges
is estimated to be about 7.3x10%/cm?, which can be considered as interface trap density
(Ni). Oxide trap density (N,) and distance between traps (du.,) with uniform
distribution assumption can be obtained from following relations: Ny, ~N:/ T, and djyqp=
(N,)%. N, and d,.,, were found to be about 4.1x10™/cm® and 2.9 nm, respectively.

Ny, at the flat-band voltage was about 10™*/cm? from Terman method, which is known to
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be accurate for measuring interface trap densities above 10*%/cm?eV [62].
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Fig. 5.1. Normalized LaOs film thickness as a function of nitrogen PDA temperatures.
Normalization is carried out with respect to the non-PDA film thickness.
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Fig. 5.2. Typical C-V curve of PMOS L&0O;3 capacitor. Frequency at measurement is 1
MHz. Physical film thickness obtained from the spectroscopic ellipsometry is 7.7 nm.
Flat-band voltage Vx5 i1s0.88 V and AVgp is-0.61 V.5.5 Mechanisms eliminated
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5.5 M echanisms Eliminated

Figure 5-3 shows typica J-V characteristics of La,O3; MOS capacitors before (A)
and after (B) and (C) 200°C dry-nitrogen anneadling. The capacitor films
corresponding to (B) and (C) have the equal thickness 7.7 nm and the same C-V
characteristic as shown in Fig. 5.2. After the annealing, the leakage current decreases
significantly (B). Leakage current of (B) at 1 volt is 2.5x10° A/cm*. This value is
similar to previous report [6]. However, some of the samples show still high leakage
current (C). The leakage currents shown in Fig. 5.3 are the common features even in
the samples fabricated in a different way, although the magnitude in the leakage current
is different.

Figure 5-4 shows Poole plot of J-V curve for both low and high leakage currents,
corresponding to (B) and (C) in Fig. 5.3. Poole conduction describes |eakage current
in the range of voltages from 3.4 to 4.2 V. Obtained distance between traps in this
voltage region was 0.3 nm, which is less than critical distance about 3 nm in transition
between Poole and P-F conductions [18]. However, the obtained trap distance is less
than the lattice constant about 1 nm of La0Os3[65]. This confirms that the Poole is not
the mechanism of the leakage currents for both low and high |eakage currents.

Figure 5-5 shows P-F plot of the J-V curve for both low and high leakage currents.
The best fit of experiments to P-F conduction with permittivity of 27 was found at
voltage around 1 V. Due to the narrow voltage range of the fit, P-F is hardly ascribed
to the main conduction.

Figure 5-6 shows TAT plot of the J-V curve for both low and high leakage currents.

Linear relationship is found at both low (1.9~3.5 V) and high (>4 V) voltages.
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However, barrier height obtained from the two linearities of the low and high voltages
were 0.01 and 0.03 eV, respectively. They are too small compared to the reported
values at room temperature [64]. This observation is also in agreement with the fact
that TAT contribution to leakage current is small at low applied voltage in oxides with
thickness greater than 4.5 nm [67].

Figure 5-7 shows leakage current density versus voltage with a junction-like
conduction modé! fitting. log(Z) vs ¥V, can be fitted by a straight line with slope V;,/m,
where V;, is thermal voltage, m the ideality factor. Without a consideration of parasitic
effect such as series and parallel resistance, fitting was not good. These resistance
effects were taken into account by using of non-ideal single-exponential diode equation
[21]. Best fitted results considering the parasitic effects were obtained as shown in Fig.
S.7.

To the best of our knowledge, the leakage current can be described by junction-like
conduction model in three cases. The first case is when oxide film has localized trap
levels large enough to be considered as a defect band located across the film and
dlightly above cathode Fermi level and anode Fermi level with alarge energy difference
[29]. This results in the asymmetry of leakage current of MIM
(Metal-Insulator-Metal) film with injection polarity. The second is the case of
well-known Schottky tunnel diode [14]. The third is the case when oxide has locally
high conducting paths introducing a kink in the /-J" curves due to the disappearance of
inversion layer at the flat band voltage [68]. These three cases are useful for the
explanation of high leakage current conduction rather than low leakage current, because
low leakage current in oxide can hardly be ascribed to junction-like leakage current.
Thus, high leakage current of LaO3 oxide is worth being investigated by means of

junction-like conduction. Regarding the first case, leakage current conduction is
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described in terms of phonon-assisted tunneling (PAT) conduction [69]. According to
PAT, temperature dependence of current is non-Arrehnius, with a feature of nearly zero
activation energy at low temperature less than room temperature. Thisis qualitatively
different from the LaOs film case as depicted in Fig. 5.9. For the second case of
Schottky tunnel diode, ideality factor m is known to be around 1 [70,71]. However, m
for fitting in Fig. 5.7 was 2.1, which is about twice as large as the reported values.  For
the third case, there was no kink in J-J" as can be seen in Fig. 5.3.  In addition, at high
voltage (>1 V) fitting was not good for high leakage currents.

Figure 5-8 shows a fit of experimental results to VRH conduction at high voltage
region. From the fitting, hopping distance is obtained approximately as 0.2 nm, which
issmall compared to reported values [72,73].  In addition, fitting at low voltage ranges
was not good.

Figure 5-9 shows activation energy of high leakage current versus applied voltage.
Although current of VRH is inversely proportional to the one fourth power of Kelvin
temperature, current could be described by Arrehnius relation in the limited range of
measurement temperature. Despite Arrehnius relation overestimates the hopping
energy [72], the activation energy could determine whether or not VRH dominates the
leakage current. At low applied voltage the activation energy is around 0.4 €V, which
is high to be considered as that of VRH, since activation energy of VRH is usually
around 0.1 eV [26,72,74].

Therefore, trap-related conductions mentioned above can be ruled out except

SCLC.
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Fig. 5.3. Typical J-V characteristics. Before (A) and after (B) and (C) dry-nitrogen
annealing at 200°C for 5 min. Films of (B) and (C) have the same C-V characteristic
depicted in Fig. 5.2.
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Fig. 5.4. Poole plot of dry-nitrogen annealed films: log(J,) versus oxide field E,,. Dotted
line corresponds to the best fit to experimental results obeying Poole conduction model.
Solid lines correspond to experimental results.
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Fig. 5.5. P-F plot of dry-nitrogen annealed films: log(Jy/Eox) versus square root of oxide
field Eox. Solid lines correspond to experimental results. Dotted lines correspond to the
best fits to experimental results following P-F model with permittivity of 27.
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Fig. 5.6. TAT plot of dry-nitrogen annealed samples: 10g(J,E,x) versus inverse oxide
field Eox. Solid lines correspond to experimental results. Dotted lines are the best fits to
experimental results obeying TAT model. Barrier heights were found to be 0.01 and 0.03
eV for (A) and (B), respectively.
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Fig. 5.7. Junction-like conduction of dry-nitrogen annealed samples. Solid lines
correspond to experimental results. Dotted lines are the best fits to experimental results.
Junction-like conduction includes parasitic effect of series resistance R,, parallel
junction resistance R,;, and parallel periphery resistance R,,. Fitting was carried out
with following parameters. Parameter notation and equivalent circuit obey
Oritz-Conde.™  For fit (A), lo=14x10°A/cm?, m=2.1, R=1Q, R,;=5x10'Q, and
R,,=10°Q. For fit (B), lo=2x10°A/cm?, m=8, R,=3x10°Q, R,,;=5x10'Q, and R,,=10°Q.
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Fig. 5.8. VRH conduction of dry-nitrogen annealed films. Solid lines correspond to
experimental results. Dotted lines correspond to the best fits to experimental results
obeying VRH model. Hopping distances of fits (A) and (B) are 0.13 and 0.21 nm,
respectively.
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Fig. 5.9. Activation energy E, of high leakage current density as a function of gate
voltage. E, is obtained from Arrehinus relation: J~exp(qE./kT).
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5.6 M echanisms proposed for low leakage current

According to SCLC theory [12,13,15] and requirement for bulk-limited conduction
[75], the J-V characteristics should initially be ohmic (J~F) at low applied voltage, asin
region | in Fig. 5.10. Region Il followed by ohmic region is fitted with the square gate
voltage (J~V?). If al the trap sites at the single trap level are filled with electrons,
current increases suddenly due to the rapid increase of quasi Fermi level in the oxide
band gap with applied voltage, which occurs between regions 1V and V.

This transition voltage from region IV to region V in Fig. 5.10 is known as
trap-filled limit voltage (Vrr.). With the assumption of single discrete trap energy
level, Vg isexpressed asfollows[12,15]:

_gN, L2
TFL ~
2¢& 2)

where g is electronic charge, N; total trap density, L film thickness, and & film dielectric
constant. From Vp;=3.5V, it was found that N;=1.8x10%%(cm?V) which is in
reasonable agreement with that from C-V. We can obtain the ratio of free carriers to
trapped carriers from J(onset)/J(exit)=6, where J(onset) and J(exit) are currents at
bottom and top of vertical jump at V7, and @ is the ratio called trapping factor [60].
Obtained trapping factor is 10®. Since trapping factor is reported as around 10~
generally in SCLC [13], bigger trapping factor than the reported value indicates that trap
distribution could be described by a combination of the full single level assumption and
other distributions. Thisis discussed further in the section of trap spectroscopy.

The discontinuous increase in the leakage current at V7 looks like a hard

breakdown, but is awidely accepted feature in the SCLC conduction [12]. It could not
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be the breakdown due to the following reasons: 1) discrepancy in the magnitude of the
current between the broken device and the SCLC conduction just after the abrupt
current increase at the voltage called V7, 2) the leakage current of (B) after V7, which
is similar in magnitude to that of other types (A) or (C), 3) exact square law relation in
log(J)-log(¥) after the abrupt current increase at Vym: J~V?. The easiest way to
confirm the non-breakdown of the device is to check reproducibility of the J-1 behavior
over iterative voltage sweeps on the same device. However, after several voltage
sweeps, J-V curve like (A) or (C) in Fig. 5.3 was observed instead of (B). This could
be due to the high leakage current over 1 A/cm?, which may lead to a change in the film
state, with a possible joule-heating process. It can be expected that the trap density is
changed during or after the abrupt increase of the leakage current.

The abrupt current jump at V7, can be also caused by the soft breakdown (SBD)
of the film. In order to distinguish the soft breakdown from the SCLC process, the
gate leakage currents for five films showing the abrupt current jump were compared as
shownin Fig. 5.11. From the SCLC theory, current variation before V7, could be due
to the difference in the exponential trap level distribution in the oxide band gap. This
is because the current is proportiona to the power law of voltage, as described by
equation (8) of table 1. If the gate leakage currents after V7, obey the SCLC theory,
the gate leakage current jumps occur at the nearly same voltage within a variation which
might be caused by the trap density variation. On the other hand, if the current jump
corresponds to the soft breakdown of the film, the gate voltages of the current jumps
have statistical fluctuation. Figure 5-11 shows amost identical fluctuation in the
voltages of the current jumps, current magnitudes after the jump, and the numbers of
jump steps.  Thus, the rapid current jump in Fig. 5.10 is probably associated with the

SCLC process. As stated previously, high gate leakage current after the jump can
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change the film state and then J-V behavior becomes irreproducible. From this
viewpoint, the abrupt current jump could be also considered as being a kind of SBD.
The abrupt current jumps by SBD and SCLC are schematicaly illustrated in Fig. 5.12.
SBD current can be classified by two categories: analog SBD and digital SBD [76]. It
has been reported that gate voltages at a fixed current in case of analog SBD varies
widely [77-81], and SBD voltages, defined the gate voltage where gate current increases
steeply in case of digital SBD, are distributed in a very wide range [77-79,81-84], as
shownin Fig. 5.12(a). It isnotable that switching behavior of digital SBD current with
a small number of jumping-down steps, that is with a long span of applied voltage
before jumping down of the current, may be similar to the abrupt current jJump seen in
Fig. 5.10 and 5-11. Switching behavior of digital SBD conduction is known to be
ascribed to trapping-detrapping process, effective thickness fluctuation at locally
damaged region, or on-off modulation of breakdown paths [84]. However, trap filled
limit voltage V7, of SCLC, shown in Fig. 5.12(b), is ascribed to the decrease in
trapping efficiency. Inset in Fig. 5.12(b) shows localized trap level distribution near to
the carrier conduction band edge. These localized trap levels in the band gap of
dielectric can be originated from the atomic defects [85-92]. With zero Kelvin degree
consideration of Fermi level and trap-limited conduction of the SCLC theory,
quasi-Fermi level below the trap levels indicates vacant localized trap levels, which are
effective in reducing the current. Thisis simply because most of the injected carriers
can be trapped at the trap levels. As the injection level increases, i.e., the applied
voltage increases, the quasi-Fermi level moves up and becomes greater than the
localized trap levels, for the case of electron injection. This indicates that all the
localized trap levels are full with charges, loosing their effectiveness in depressing the

current. Then, al the injected charges appear in the carrier conduction band and the
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current increases rapidly to the trap free case. The current of the trap-limited and the

trap free cases obeying SCLC theory is given by [12,13,15]:

2
J= g 'uggV_
8 I3
3)

where, J is the space-charge-limited current, 1 carrier mobility in dielectric film, & film
dielectric constant, € trapping factor, V' applied voltage, and L film thickness.
Trapping factor 6 is 1 for the trap-free case and around 10° for the trap-limited case.
Smaller trapping factor indicates higher efficiency in trapping injected charges and
reducing the current. It is noteworthy that the current is proportional to the square
voltage, irrespective of whether trap-limited or trap free case, in other words, before and
after the abrupt current jump at Vzg;.

From the single trap level case of SCLC, vertical jump in current between regions
IV and V in Fig. 5.10 should be preceded and followed by the sguare voltage law.
However, measured data deviates from the square voltage law in region |11 and leakage
current is proportional to the 4.5 power law of voltage (J~V*°). This kind of J-V
characteristics exactly fits with equation (8) of SCLC in table 1, where (7./T+1)=4.5 is
similar to the reported value [54]. Equation (8) describes J-V characteristics of SCLC
conduction when trap energy is distributed exponentially, while equation (6) describes
those when trap energy is discrete and single.

At high voltage in region VI Schottky-like conduction was observed and the
Schottky plot is presented in Fig. 5.13. From the Schottky conduction model, the
dielectric constant was 27, which is in accordance with that of the C-V curve. A
dielectric constant obtained from the Schottky plot should be between the optical
dielectric constant (ODC, or high-frequency dielectric constant) and static dielectric

constant (SDC), or closeto ODC. If s, the dielectric constant is called self-consistent
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[93,94]. From the Calusius-Mosotti equation, the dielectric constant of a material can
be expressed as a sum of the contributions from the electronic polarizability, the ionic
polarizability, and the dipolar polarizability [95]. ODC arises amost from the
electronic polarizability. This is because dipolar and ionic contributions are small at
optical frequencies. The electronic polarizability of an ion depends on its size, so that
the negative ions are highly polarizable [96-97]. Thus, one would expect that ODC
can be larger than that contributed by only the electronic polarizability. For this reason,
the dielectric constant obtained from the P-F or Schottky plot is between the two
dielectric constants and then called self-consistent. It is found that ODC of the
Lanthana film is about 1.8 by spectroscopic ellipsometry. This value is in agreement
with the value 2.0~2.1 of Kar [98]. Since ODC is 3.2 (=1.8%) and SDC is 27, the
dielectric constant 27 from the Schottky conduction is on the boundary of the two
dielectric constants. This indicates that the dielectric constant 27 is self-consistent.
Furthermore, since the leakage current is measured at the static voltage, the dielectric

constant from the conduction is expected to be closer to SDC.
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Fig. 5.10. Typica low leakage current density of dry-nitrogen annealed L&Os film, in
log(/)-log(V) scale, at room temperature. Thick solid line is experimental result and
other lines are calculated curve. Current-voltage relations are shown near the calculated
curve. 8 istrapping factor [62,101].
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Fig. 5.11. J-V characteristic of LaOs PMOS capacitor for five films annealed at 300°C
in oxygen ambient, showing the abrupt current jump similar to (B) in Fig. 5.10. The
physical film thickness from spectroscopic ellipsometry is 3.6 nm. Gate electrode is Pt
and its areais 1.62x10° cm?.  Trapping factor @ from the SCLC theory is of the order
of 10°.  Abrupt current jumps occur at the voltages from 1.9 to 2 volt.
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Fig. 5.12. Schematic drawing of logarithmic J-V showing (@) SBD and (b) SCLC
conductions. A-SBD and D-SBD denote analog- and digital-SBD, respectively.
Typical A-and D-SBD currents are schematically taken from the reports by E. Miranda
et al. [78,82]. D-SBD voltages fluctuate widely as shown in (a) whereas Vrg IS
constant shown in (b). In (b), square law current with dashed line corresponds to the
trap free case and another square law current with solid line before the steep current
jump corresponds to the trap-limited case, according to SCLC theory. Inset illustrates
the localized trap levels near to the conduction band edge, corresponding to J-V
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behavior in (b).
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Fig. 5.13. Schottky plot of dry-nitrogen annealed films. Solid lines correspond to
experimental results. Dotted line is the best fit to experimental results obeying Schottky
conduction with permittivity of 27.

5.7 Mechanisms proposed for high leakage current

Behavior of high-level leakage current density shown in Fig. 5.14 is similar to the
case of low-level leakage current, except no vertical jump in current. At low voltage
range below 0.2 V, ohmic and voltage square law dominates the current for regions |

and Il respectively. Then, current of region Il is proportional to 4.5 power of the
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voltage following the exponential trap level case of SCLC, which is same to the case of
region 1l in Fig. 5.10. At voltage greater than 0.9 V in region 1V, square voltage law
begins to prevail. Above the voltage of 4 V, i.e. region V, Schottky conduction
describes well the measured data.  This transition form the bulk-limited conduction of
SCLC to emission-limited conduction of Schottky isthe typical behavior at high voltage
regions [99-103].

From the Schottky conduction model, the dielectric constant was 27 similarly to

the low-level leakage current case shown in Figs. 5-10 and 5-13.

ORI i (1 U ()
104eOhm-|< SCLC >|-Schottky>
10° |
1 f
10-2 L
10-4 L
10°
10°

10-10
0.01 0.1 1 10
Vg [V]

Jg [Alem?]

Measured
Schottky

Fig. 5.14. Typical high leakage current density of dry-nitrogen annealed La,O3 film, in
log(J)-log(V) scale, measured at room temperature. Thick solid line is experimental
result and other lines are calculated curve. Current-voltage relations are shown near the
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caculated curve.
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Fig. 5.15. High leakage current density at the low-gate-voltage region with four
different temperatures. Numbers are power terms of the gate voltage V,. Symbols
correspond to experimental results. The solid lines represent a fit with the power law
dependence. n ranges from 4.5 to 6.

TelT

n
~
T

1 2 3 4 5
1000/T (LK)

Fig. 5.16. The temperature dependence of the exponent » as a function of 1000/7 with T
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as the operation temperature. The J-V characteristics of Fig. 5.15 were fitted by J~""".
The solid line represents alinear fit between nand 1/T.
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Fig. 5.17. High leakage currents as a function of 1000/7 with different applied voltages.
Circles are measured data shown in Fig. 5.15 and dotted lines are extrapolation of data.
Leakage currents are plotted in the voltage range from 0.12 to 0.54 V with 30 mV step.
Dotted lines cross at the common intersection point suggested by Gould [104]. At the
point, the current is independent of voltage.

5.8 Temperature dependence of high leakage current

In order to further confirm the above estimations of the conduction mechanisms,
temperature dependence of the high leakage currents were plotted as shown in Fig. 5.15.
It is seen that the slopes of the curves in region Il are temperature dependent such that

as temperature increases the slopes decrease dightly, but the other regions | and 111 are
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practically independent of temperature. This implies SCLC of exponentia trap
distribution in region I1.

For the exponentia trap distribution case of SCLC, current is determined by
T./T+1 power law of voltage, where T, is the characteristic temperature responsible for
trap distribution. 7, determines the shape of the exponential trap level distribution and
should be a linear function of inverse temperature, as shown in Fig. 5.16. This
confirms that |eakage current of region 11l in Fig. 5.14 is associated with SCLC.

Continuous decrease of activation energy of leakage current at voltage less than 0.7
V shown in Fig. 5.9 indicates continuous increase of quasi Fermi level in the band gap
according to SCLC theory. Saturation of decrease in the activation energy above 0.7 V
suggests that SCLC conduction with a shallow trap level [104]. DOS (Density Of
States) tails of conduction band are responsible for SCLC conduction with the shallow
trap level corresponding to region IV in Figs. 5-10 and 5-14. In addition to SCLC,
current could be partialy contributed by emission-limited conductions [99,100]. This
is because Schottky conduction with larger permittivity than that obtained from C-J" was
found in the range of square root oxide field from 0 to 1.5 (MV/cm)®®, as shown in Fig.
5.13.

Figures 5-17 and 5-18 show the common intersection points of log(J/)-1000/7" and
log(J/)-Vg plots for high leakage current respectively. These intersection points are
also indicative of space-charge-limited flow with an exponential trap distribution
[104,105].

The intersection point suggested by Gould [104] shown in Fig. 5.17 is described by
J=¢°LUN.N/J4€ and T=-T.,., where q is el ectronic charge, L film thickness, 1 mohility, N,
density of states of conduction band, N, trap density, and ¢ dielectric constant. uN,. was

obtained from the Arrehnius form of SCLC equation [106] and found to be
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2x10"/V-s-cm.  The intersection point suggested by Sussman [105] shown in Fig. 5.18
is described by V=¢LN,/2¢. From the common intersection points in Figs. 5-17 and

5-18, total trap density N, were obtained as 7.6x10" and 1.4x10%/(cm®eV), respectively.

10°

102 |
< | 0 2.7V
£ 100°C
< 60°C \
>1 | .
~> 20°C

107 | -20°C

J~Vn+1
107
0.1 1.0 10.0

Vg V]

Fig. 5.18. High leakage currents as a function of voltage with different temperatures.

Lines are extrapolation of the measured datain Fig. 5.15. They cross at the common

intersection point suggested by Sussman [105]. At the point, the current is
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independent of temperature.

1022
High Low
g leakage leakage
< 402
m% 1071 current  current
5 ~J
Wi 420 7>~
= 107 ‘ (B) / (A)
_~~<— Exponential
. () distribution
10 | | |
0 01 02 03 04 05
E-Er (eV)

Fig. 5.19. Bulk trap spectroscopy from the J-V behavior of Figs. 5-10 and 5-14 with
differential method. E.-Er is the distance between the conduction band edge and the
quas Fermi level. Solid lines represent trap density. Dotted lines (A), (B), and (C) are
fits of the trap density to the exponential trap distribution.

5.9 Trap spectroscopy of oxide band gap

Figure 5-19 shows the trap level distribution of low and high leakage currents. Trap

level distribution in the oxide band gap is characterized by the differential method of the

SCLC theory [57,59,60].) The steep rise near quasi Fermi level at low applied voltage

might not represent the real trap density of states, which is known as the inaccuracy of
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differential method [107].

For the case of low leakage current, trap density N(E) fit the exponential
distribution with E» between E.-0.31 and E.-0.42 eV, marked with (A). The obtained
trap density around 6x10°%/(cm®eV) from the differential method is slightly greater than
that from V7. This discrepancy can be explained as follows. The differential
method is valid at low temperatures since the method assumes that quasi-Fermi level
distinguishes between filled and empty trap levels [57]. In order to describe
current-voltage relation, ohmic field is approximated by average film field with a
factor-of-two inaccuracy [57,63]. Furthermore, Vye, probes the trap density
throughout the film, while the differential method deals with the trap distribution near
the anode of the film. The difference in the obtained trap densities from V7 and the
difference method may indicate that trap distribution could be spatialy
non-homogenous.

For the case of high leakage current, trap density was fitted into two exponential
distributions marked with (B) and (C), as shown in Fig. 519. The exponentia
distributions of (B) and (C) are between E.-0.14 and E£.-0.2 €V and between F.-0.14 and
E.-0.05 eV, respectively.  Slope of distribution (A) is same to that of (B), which means
the same T, and shape in log(J)-log()), ascan beseen in Fig. 5.3. Thetrap distribution
marked with (C) corresponds to applied voltages greater than 0.6 V. At this high
voltage region, currents deviate from those of the exponential trap distribution case,
corresponding to region IV in Fig. 5.14. Change in sope between two distributions
(B) and (C) implies that contributions of other conductions could be possible. Thisis
because quasi-Fermi level Er expresses steady-state carrier concentration of conduction
band, which is not likely to be affected by emission-limited process. In other words,

leakage current can increase with applied voltage without a significant increase in the
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carrier concentration. This is qualitatively in agreement with the result that Schottky
conduction is responsible for the leakage currents at high applied voltage: regions (V)
and (V1) in Fig. 5.10, and regions (IV) and (V) in Fig. 5.14.

Regarding fit (B), obtained trap density is around 10%/(cm’V), which is in
consistent with that calculated from the common intersection points suggested by
Sussman and Gould. Small discrepancy exists, but is in good agreement because
differential method has a factor-of-two inaccuracy [57].

From the linking of two distributions of low and high level currents, we expect that
localized trap levels exist at E.-E#=0.28V, which correspondsto V7, shown in Fig. 5.10.
These localized trap levels act as single trap level, which results in the vertical jump in
current for the case of low leakage current as shown in Fig. 5.10.

Finally, it should be noted that trap density of low leakage current is greater than

that of high leakage current and this behavior is expected by SCLC theory.
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Fig. 5.20 Schematic drawing of SBD ((a) and (b)) and SCLC ((c) and (d)) processes.

(@) and (c) describe SBD and SCLC processes, in energy, respectively.

(b) and (d)

correspond to (a) and (c), in space, respectively. Al metal gate and n-type silicon
substrate are assumed. Thick arrowed lines express schematic electron conduction

path. Spheres in (b) and (c) represent the traps filled with electron.

Fermi-level

difference corresponds to applied gate bias (V,>0) with zero flat-band voltage. Traps
are assumed to be exponentially in energy from the conduction band edge, as depicted

in (a) and (c).
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5.10 SBD and SCLC*

Fig. 5.20 shows a schematic drawing of SBD and SCLC processes, which can give
us a better understanding on the difference between SBD and SCLC processes. Fig.
5.20(a) and (c) illustrate SBD and SCLC conduction processes, respectively in energy.
Fig. 5.19(b) and (d) describe the same processes in space. Charge transport after
analog SBD can be explained in terms of a number of conduction mechanisms such as
junction-like conduction, variable-range hopping, percolation model, tunneling, and
quantum-point contact models® Among the various models proposed, one of the
closest models to SCLC conduction is believed to be the percolation model, since two
processes are involved with large trap sites. As first suggested by Houssa et al,>®
SBD can be caused by a critical number of traps forming a percolation path. When the
critical number of traps exists in the film, a percolation path can be connected between
cathode and anode, leading to a sudden increase of the current. Before complete
connection, percolation path can be viewed asillustrated in Fig. 5.20(a) and (b).

This situation is similar to the model suggested by Lee et al.,!¥ who explained
SBD in terms of local physically-damaged-region (LPDR) and direct tunneling at the
LPDR. As shown in Fig. 5.20(a) and (b), which illustrates the situation before the
complete connection of percolation path, i.e., the sudden increase of gate current, the

current by SBD due to percolation and LPDR models can be composed of carrier

* This section is not included in the published paper.

& E. Mirandaand J. Sune: Microelectronics Reliability 44 (2004) 1.

® M. Houssa, T. Nigam, P. Mertens, and M. Heyns: J. Appl. Phys. 84 (1998) 4351.

¢ M. Houssa, T. Nigam, P. Merens, and M. Heyns: Appl. Phys. Lett. 73 (1998) 514.

d S Lee, B. Cho, J. Kim, and S. Choi: |IEEE Tech. Dig. Int. Electron Devices Meet. (1994) 605.
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injection into the dielectric thin film, hopping conduction near the injecting electrode,
and tunneling conduction.

On the other hand, components of SCLC conduction are carrier injection to the
thin film, thermal activation of charges to carrier conduction band, and drift current, as
illustrated in Fig. 5.20(c) and (d). The carrier injection of SCLC can also be achieved
by the formation of ohmic contact (Mott-Gurney contact) at the injecting electrode,
which is the basic requirement for the bulk-limited conduction process!¥ However,
thermal equilibrium concentration of electrons in the conduction band of the oxide film
seems to be insufficient to support large gate leakage current, since carrier concentration
in thermal equilibrium in dielectrics is smal.’” In addition to thermal injection,
Schottky conduction can be responsible for the carrier injection at low applied voltage.
This is because Schottky conduction is dominant at low oxide field region'®® and
frequently observed in conduction of Lanthana films. What is more, in case that
insulator film has large traps near to the injecting electrode, thermal injection of carriers
to neighbor trap sites with a limited distance is known to be more efficient.®"
Moreover, if there are La-S silicide bonds close to the substrate, they may play arole of
providing injection path with low activation energy, since high metal concentration to
oxygen concentration leads to silicide bonds at the interface between Lanthana and

silicon substrate, which in turn becomes high interface trap density at the interface, as

a J. Simmons: Handbook of Thin Film Technology, eds. L. Maissel and R. Glang (McGraw-Hill Book
Company, 1970), Chap.14.

® W. Kingery, H. Bowen, and D. Uhlmann: Introduction to ceramics, (John Wiley & Sons Inc., 1976) 2nd
ed., Chap.4 Structural Imperfections.

¢ F. Chiu, J. Wang, J. Lee, and S. Wu, “Leakage currents in amorphous Ta,Os thin films,” 81(10),
6911-15 (1997).

d C. Maiti, S. Maikap, S. Chatterjee, S. Nandi, and S. Samanta, “Hafnium oxide gate dielectrics for
strained-Si;,Ge,,” Solid-State Electronics, 47, 1995-2000 (2003).

€Y. Gartstein and E. Conwell: Chem. Phys. Lett. 255 (1996) 93.

" V. Arkhipov, E. Emelianova, Y. Tak, and H. Bassler: J. Appl. Phys. 84 (1998) 848.
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HfO, @, These processes can lead to a small barrier height for carrier injection, which
is clearly less than the barrier height originated from the carrier conduction band
difference between the insulator and the silicon substrate. This is because trap energy
levels distribute in the band gap of the oxide film and have a tail distribution which is
closer to the Fermi level of the injecting electrode. As a result, we can propose
trap-assisted thermal injection to the conduction band of the dielectric film, as being the
first step of SCLC conduction, asillustrated in Fig. 5.20(c). Trap levelsin the film and
at the interface to the injecting electrode can support a multi-step jump with a small
thermal activation energy. Moreover, it has been reported that shallow trap levels from
the conduction band edge are difficult to be filled by the injected electrons” This
thermal emission is illustrated in Fig. 5.20(c) and also supports trap-assisted thermal
injection of carriers to the insulator carrier conduction band. After reaching to the
carrier conduction band, carriers can flow with electric field in the film.  The electric
field isinduced by the linear combination of ohmic field and space-charge-induced field,

[cde " Therefore, the main difference in carrier conduction

according to SCLC theory
between SBD and SCLC is considered as being in the conduction path energetically:
conduction after SBD is associated with trap energy levels near quasi-Fermi level in the
film, whereas SCLC conduction is involved with carrier conduction band of the film.
Considering that carrier conduction via traps varies in magnitude with cross-sectional

area and length of the connected traps while carrier conduction via carrier conduction

band is uniform, we can speculate that gate current obeying SCLC conduction has an

a H.Wong, K. Ng, N. Zhan, M. Poon, and C. Kok,, “Interface bonding structure of hafnium oxide
prepared by direct sputtering of hafnium in oxygen,” J. Vac. Sci. Technal. B, 22(3), 1094-1110 (2004).

P C. Sah: Solid-State Electronics 33 (1990) 147.

¢ M. Lamp ert and P. Mark: Current Injection in Solids (Academic, New York, 1970).

d D. Lamb: Electrical Conduction Mechanisms in Thin Insulating Films (Methuen and Co. Ltd., London,
1967).

e K. Kao and W. Hwang: Electrical Transport in Solids (Pergamon Press, Oxford, 1981).
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amost same voltage at the abrupt current jump, single step jump, same current
magnitude after the jump, and the same square-law dependence of current on voltage

after the jump, in general.

5.11 Conclusion

Leakage current conduction mechanism of the ex-situ dry-nitrogen annealed La,03
thin films were analyzed based on SCLC theory. It was found that SCLC and Schottky
conductions are the major mechanisms of the leakage conduction. Trap densities in
the oxide band gap composed of both exponential and localized distributions were

extracted by using of the differential method.
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6.1 Introduction

Lanthana (L&0Os) thin film of the rare earth oxides (REOs) is being focused for the
gate dielectrics of MOSFET in the next generation of HfO, due to low leakage currents
with sub-nm equivalent oxide thickness (EOT) region [1]. In fact, there have been
severa reports that Lanthana thin film has an outstanding low leakage current [2,3]. It
iIs mandatory to understand the detailed conduction mechanism to ensure the low
leakage current and the reliability. However, little is known about the mechanism.
Recently, several studies have been made on the leakage currents of the film [2,3,4,5].
For the vacuum annealed Lanthana films, we reported that gate leakage currents are

governed by the SCLC conduction [3].

Among the REOs, it has been reported that the conduction process of Nd,O3 can
be explained by the space-charge-limited current (SCLC) theory with exponential or
uniform trap distribution [6]. The SCLC mechanism relies on the trap density
distributed energetically and spatially in the oxide film [7,8]. So far numerous
attempts have been conducted to interpret the leakage current behavior of thin films
within the frame of SCLC. Such films are: porous SiO, [9,10,11], TiO, [12], organic
materials [13], porous silicon [14,15], SiIO./Nitride [16], SITiO3z [17], and TaOs [18].
In general, trap level distribution is described by one of the following ways: 1) discrete
level [19], 2) exponential distribution [20], 3) Gaussian distribution [21], and 4) uniform
distribution [7,20]. Since these trap density distribution are often diffused in nature
and exponentia trap distribution can express the other distributions by adjusting the two

parameters of the trap density and the characteristic constant of the distribution, SCLC
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with the exponentia trap distribution can be useful as the first evaluation method [2,3].

Additionally, large density of trapping sites for electron has been reported in
various deposited oxide films [22]. A loca variation in the density of the trapping
sites may be caused by an unoptimized deposition and/or following annealing processes.
This could lead to the variation in the leakage current rather than in the capacitance,

since the capacitance isrelatively insensitive to the local defectsin the film.

In this chapter, we report the result of detailed analysis in the conduction
mechanisms of the as-deposited Lanthana films compared to ex-situ annealed films with

nitrogen gas flow.

Lanthana (La,O3) films were deposited by E-beam evaporation on n-Si (100).
Conduction mechanisms for the as-deposited film have been investigated. In order to
study the annealing effect of the as-deposited films on the conduction mechanisms,
some films were annealed in an ex-situ way at different temperatures with nitrogen or
oxygen gas flow for 5 min. From current-voltage measurement of the as-deposited
films, extremely low gate oxide leakage currents were observed while some films
showed variation in the scale of the currents. It is shown that all the currents of
as-deposited films obey the same conduction mechanisms irrelevant of the magnitude of
the leakage currents. From the electric field and temperature dependences of the
currents of the gate oxide, it is shown that the main conduction mechanisms are the
space-charge-limited current (SCLC) at low oxide field region and Fowler-Nordheim
(F-N) conduction at high oxide field region. It is aso shown that conduction

mechanisms of the nitrogen annealed films were basically the same as those of the
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as-deposited films although the magnitude of the conduction current and flat-band

voltage (Vrg) are different.

6.2 Experiment

Lanthana thin films were deposited on HF dipped n-Si (100) substrate (ph-doped,
0.8-1.2 Qcm) by E-beam evaporation at 250°C using MBE equipment. The pressures
in the chamber before and during depositions were about 10° and 10° Torr,
respectively. Then, wafers were annealed in the rapid thermal annealing (RTA)
chamber with a flow of 1.2 liter/min of dry-nitrogen or oxygen gas (99.999% purity).
Annealing was carried out during 5 min at various temperatures. Gas lines and RTA
chamber were carefully vacuumed to avoid diffusion of oxygen gas into the films prior
to the nitrogen annealing. An exposure time to the air before annealing was kept less
than 1 hour. After post-deposition anneal (PDA), the top gate electrode of metal dot
was formed by metal evaporation with a meta shadow mask using bell-jar type
evaporator at about 10° Torr.  The bottom electrode for MOS capacitor was formed by
the same meta evaporation method, on the backside of the silicon substrate.
Capacitance vs. gate voltage (C-V) and gate oxide leakage current vs. gate voltage (J-V)
measurements were performed using a HP4284A multi-frequency LCR meter and a
HP4156C Semiconductor Parameter Analyzer. The ramp-up speed of gate voltage in
JV measurement was 10 sec/V to achieve steady-state of the oxide leakage current
since occupied trap level with electron have a release time depending on trap level [7].
For all I-V experiments, a positive bias was applied on the gate, so that electrons were

injected from the silicon substrate into the film. Typical electrical results were taken
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from 50 to 200 samples for all fabrication conditions and their reproducibility was
confirmed. The physical film thickness was optically extracted by Otsuka FE-5000
ellipsometer using a Cauchy model [23] and a single layer approximation. Incident
angle was fixed to 70°. Photon energy varied from 1.55 to 4.14 eV for data fitting.

Film thickness without PDA corresponds to the as-deposited film thickness.
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Fig. 6.1. Normalized film thickness as a function of annealing temperatures for nitrogen

(@ and oxygen (b) PDAs. Film thicknesses measured using spectroscopic
ellipsometry were normalized with respect to that of as-deposited film.

188



Chapter 6. Gate Leakage Current Variation of Lanthana MOS Capacitor

¥ Interfacial Layer
Thickness < 0.3 nm

Fig. 6.2. High resolution transmission electron micrograph of the Lanthana film
annealed at 300°C in nitrogen ambient. This film corresponds to the sample whose
thickness for the as-deposited case is 13.1 nm, shown in Fig. 6.1. From the
micrograph, Lanthana film thickness is 10.2 nm, which is consistent with the 10.5 nm
from the spectroscopic ellipsometer.
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Fig. 6.3. Refractive index (a) and film density (b) obtained from the Lorentz-Lorenz
relationship, as a function of the annealing temperature, for nitrogen and oxygen
ambient PDAs. The refractive indexes were extracted by the Cauchy model at 4.14 eV
(300 nm). Temperature 0°C corresponds to the as-deposited film case.
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the frequency range from 1K to IMHz. Symbols represent experimental results for
films without PDA (cross), and with 300°C (circle), and 400°C (triangle) PDA
temperatures.  Solid lines represent theoretical values without consideration of
interface state density using NCSU-CV program.
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Fig. 6.5. EOT of Lanthana films as a function of the physical thickness without and
with different PDA temperatures: (@) nitrogen ambient and (b) oxygen ambient. Solid
lines are fits to symbols corresponding to the experimental results. Relative dielectric
constants were found to be 17.7 and 13.6 for (&) nitrogen and (b) oxygen ambient PDAS,
which wasirrelevant of PDA conditions.
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6.3 Spectroscopic ellipsometry characteristicand TEM

micrograph

Fig. 6.1 shows normalized physical film thicknesses obtained by ellipsometry of
various PDA temperatures with (@) nitrogen and (b) oxygen ambients. The
normalization of the film thickness was carried out with respect to the as-deposited film
thickness. With an application of PDA, the film thickness decreased, which indicates
the film was densified, and remained practically constant when PDA temperature is less
than 400°C for both nitrogen and oxygen ambiences. The structure of the Lanthana
film annealed at 300°C in oxygen ambient was confirmed by High resolution electron
micrograph (TEM). A typical image displays a fairly smooth interface between the
substrate and the interfacial layer as shown in Fig. 6.3. It should be noted that the
thickness of the interfacia layer is less than 3 nm, which implies that the interfacial
layer can be minimized by the optimized the annealing condition. As PDA
temperature increased further, however, the film thickness increased. @ This
phenomenon was enhanced more for the case of thinner films, especialy with oxygen
PDA. This increase in the thickness can be explained in terms of interfacia layer
growth between silicon and Lanthana films. Several studies have been reported that
the interfacial layers were La-silicate without phase separation between silicon dioxide
and Lanthana [24,25,27]. The origin of the interfacial layer growth is not understood
at present, but is thought to be associated with silicon oxidation and/or La reduction
processes near the interface. This view is reasonable because the interfacial growth
was aso observed for the case of ultra-high vacuum PDA [3]. Moreover, this

reduction process is also known to be responsible for positive charge of the Lanthana

193



Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

film [28].

Densification of the films with PDA temperatures can be evaluated by the film
density obtained from the Lorentz-Lorenz relationship, in the similar fashion of SIO,
thin film case [29]. From the refractive index n, the film density can be determined by
the Clausius-Mossotti or Lorentz-Lorenz relationship [23].

n?-1

n’+2

pP=K (Eq.6.1)

where K is a constant, which can be evaluated using the values of bulk Lanthana. For
Lanthana, n=2.08 and p=6.5g/cm” [30], then K=12.8. Refractive indexes measured by
the spectroscopic elipsometry and film densities determined from Eq. (1) are shown in
Fig. 6.3. The refractive index (Fig. 6.3(a)) and the density (Fig. 6.3(b)) show
maximum values at the annealing temperature of 300°C, irrespective of nitrogen or
oxygen ambients and film thicknesses. The increase of the film density at 300°C
compared to that of the as-deposited films indicates the densification. However, as
annealing temperature increases further, the film density begins to decrease. This
decrease of the film density could be due to the interfacial layer with a lower dielectric
constant than the Lanthana film and the oxygen defects. The low dielectric constant of
the interfacia layer is reasonable since the interfacial layer between the Lanthana film
and the silicon substrate is reported as a silicate without a phase separation
[24,25,26,27,28,30,31,32,33]. Then the dielectric constant of the silicate layer can be
described by the general empirical relationship called the logarithmic mixture-rule [23].
This rule gives a value intermediate between the two extremes: one is when layers are
paralel to the capacitor plates and the other is when layers are arranged normal to the

capacitor plates. In other words, one can expect an intermediate dielectric constant of
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the interlayer layer between the values of pure Lanthana film and SiO,, from the
logarithmic mixture-rule. The oxygen defects, causing positive fixed charges, are also
reasonable because AV g is increased in the negative direction with higher annealing

temperature, as shown in Fig. 6.6.

6.4 Capacitance characteristic

Fig. 6.4 shows typical C-V characteristic of the nitrogen and oxygen PDA filmsin
the thinner film thickness case; physical thicknesses of the as-deposited film were 3.7
and 4.0 nm, respectively. Solid lines represent the theoretical capacitances with taking
into account of quantum effect using NCSU-CV program [34]. One can see that solid
lines exactly fit the experimenta results, indicating that the interface state density is
negligible for both as-deposited and 300°C PDA cases and becomes significant when
PDA temperature increases to 400°C. This is more significant in the case of oxygen
PDA.

Fig. 6.5 shows equivalent oxide thickness (EOT) as a function of physical film
thickness for nitrogen (Fig. 6.5(a)) and oxygen (Fig. 6.5(b)) ambient PDAs. Intercept
of fitted lines to vertical axis at zero film thickness, which describes interfacial layer
thickness, is found to be non-zero. The EOT of the interfacia layer of as-deposited
films was found to be 0.25 and 0.47 nm, as shown in Fig. 6.5(a) and 6-5(b) respectively.
These values are in agreement with the physical thickness of the previous report [27,28]
and comparable to the ZrO, case [35]. For the case of nitrogen ambient PDA, as
shown in Fig. 6.5(a), the relation between the EOT and the physical thickness do not

change significantly among the samples with non-PDA and different temperature PDAS.
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EOT vs. physical thickness plots distributed aimost on the single line as shown in Fig.
6.5(a). Thissuggests that the interfacial layer thickness does not change by increasing
annealing temperature up to 500°C.  On the other hand, for the case of oxygen ambient
PDA, as shown in Fig. 6.5(b), EOTs were increased with an increase of PDA
temperature and fitted to linear lines with an equal slope.  Intercepts to the vertical axis,
corresponding to the interfacial layer thickness, increased with increase in PDA
temperature. The dlope of the EOT vs. physical thickness plot corresponds to the
dielectric constant of the Lanthana film itself above the interfacial layer. The same
slopes with different PDAs and non-PDA suggest that PDA does not alter the Lanthana
dielectric constant but result in the growth of the interfacial layer. Additionally, small
deviation of EOT vs. the physica film thickness for the nitrogen PDA might be the
result of uncontrolled very small content of oxygen gasin the nitrogen ambient.

Fig. 6.6 shows flat-band voltage shift (AVgg) as afunction of PDA temperature (Fig.
6.6(a)) and physical film thickness (Fig. 6.6(b)). AVgs increased in the negative
direction with increase in PDA temperature for the case of oxygen PDA, while became
saturated for the case of nitrogen PDA, as shown in Fig. 6.6(a). From the relation of
AV g with the film thickness as shown in Fig. 6.6(b), both nitrogen and oxygen PDAs at
300°C decrease the physical thickness and increase the |AVgs|. Higher temperature
PDA above 300°C with oxygen ambient leads to the increase in the physical thickness
and |[AVgg|.  On the other hand, the nitrogen PDA results in the very small increase in
the both physical thickness and |[AVs|.  Therefore, densification and AV g are found to
be trade-off, and PDA temperature less than 400°C is believed to be the optimized
condition for achieving the film densification and the minimum of |AV gg|.

If the total or part of the Lanthana film is oxidized at higher annealing temperature

in the oxygen ambient, the number of oxygen defects will be decreased and then [AV gg|

196



Chapter 6. Gate Leakage Current Variation of Lanthana MOS Capacitor

will be decreased. This is because negative AVeg and positive fixed charges are
mainly caused by oxygen defects[3]. However, thisis contrary to the results shown in
Fig. 6.6(a)

Additionally, low temperature annealing is requited to suppress the interfacial layer
growth, asdepicted in Fig. 6.1. In fact, the excellent low leakage current was observed

at 200°C PDA with nitrogen ambient [2].
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Fig. 6.7. Gate leakage currents of Lanthana samples 1, 2, and 3 in comparison to the
theoretical direct tunneling currents of SIO,, nitrided SiO,, and SizNs. Data for SIO,,
nitrided SIO,, and SizN, are taken from Ref. 6-1 and re-calculated at [V¢|=0.5V to avoid
the comparison of F-N tunneling region. Annealing after Lanthana film deposition

was not carried out. Relative diglectric constant and Vg of the Lanthana films were
found to be 13.6 and -0.64 V, respectively.
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Fig. 6.9. Gate leakage current of 4 nm film of Al gate electrode, as a function of gate
voltage. Samples correspond to those shown in Fig. 6.7. Solid lines are the best fits
to experimental results. Conduction models and current-voltage relation are described
near the fitted lines. Gate area is 3.14x10* cm?. Symbols in (a) correspond to
experimental results of three samples showing variation in the currents at 60°C.
Symbols in (b) correspond to the one sample marked with sample 1 in (a) at different
measurement temperatures. Power term n of gate voltage of (a) is 3.6 for three
samples. n powers in (c) are 3.6, 2.7, and 2.0 at 60, 100, and 140°C measurement
temperatures, respectively.
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6.5 Leakage current characteristic

Fig. 6.7 shows gate leakage currents of three Lanthana samples as a function of
EOT in comparison to other dielectrics, such as SIO,, nitrided SIO,, and SisN4. Three
Lanthana samples have the same Al gate electrode on the same chip, which means that
they are fabricated on the same chip at the sametime. One can see that |eakage current
of the sample 3 is much lower than the theoretical tunneling currents of other dielectrics,
whereas there is a significantly large variation in the magnitude of the leakage currents
in the case of samples 1 and 2. The physical thicknesses of all the three samples are
found to be 4 nm and the same from the exactly same C-V curves of the samples as that
shown in Fig. 6.8.

Fig. 6.9 shows leakage current vs. gate voltage at 60°C, for three different samples
which correspond to the samples shown in Fig. 6.7. From the fact that the leakage
currents of al the three samples are the same in the gate voltage region above 1 V where
Fowler-Nordheim (F-N) mechanism governs, it is also found that the physical film
thickness of the three samples are the same. It should be also noted that the interface
state density seems to be negligible from the comparison between experimental and
theoretical C-V curves as depicted in Fig. 6.4(b).

The conduction mechanisms responsible for the three samples, however, were
found to be essentially same, and associated with ohmic, SCLC, and F-N conductions.
According to SCLC theory [7,8,36], the J-V characteristics should initially be ohmic
(V) a low gate voltage as shown in Fig. 6.9(a). Following the ohmic region,
currents fitted with the square gate voltage law (3~V?) as shown in Fig. 6.9(a) and

governed by SCLC. After the currents governed by the square gate voltage, currents
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were found to be associated with the n power law of J-V relation (V™!

) as shown in
Fig. 6.9(a). nwasfound to be 3.6 for al the three samples. This power law relation
of J-V can be explained by the exponential trap distribution case of SCLC [7,8]. The
SCLC with the exponential trap distribution was also suggested by the temperature
dependency as shown in Fig. 6.9(b). According to Sussman [37], the extrapolations of
the fitted lines corresponding to the SCLC conduction of the exponential trap level
distribution, with different temperatures, meet at the single point as shown in Fig. 6.9(b).
Thisis agood indication of SCLC with the exponential trap distribution. Since ohmic
and SCLC conductions are closely related to the oxide trap density, the variation of the
leakage current could be associated with the variation of the trap density. Traps are
thought to be introduced during the PDA because the AV g of the annealed film is more
negative than the as-deposited film case, as shown in Fig. 6.6(a). Furthermore, it can
be suggested that the traps can be generated by the deposition process (evaporation
process) itself because the equilibrium vapor pressure of La is greater than that of
Lanthana at the same temperature [38]. When Lanthana source is heated enough by

e-beam, La atoms, as well as Lanthana molecules, can be evaporated and deposited to

the silicon substrate. These La atomsin the film can function as positive charges.

When the gate voltage is around 1 V corresponding to 4.1 MV/cm, F-N conduction
occurred. The barrier height, defined as the energy difference of the conduction band
edges between Lanthana film and silicon substrate, was found to be 2.14 eV with 0.26
effective mass [1]. This barrier height is closer to the theoretical value 2.3 eV of
Lanthana film, rather than 3.1 eV of SIO, [1]. This means that the interfacial layer is
transparent for tunneling because it istoo thin, which is consistent with the report on the

Schottky diode where the oxide interfacial layer greater than 3 nm looses its
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effectiveness [39]. The F-N conduction at high oxide field region is consistent with
the previous result [4]. It should be noted that the currents of the three samples
become exactly same at high voltage region and governed by the same F-N conduction.
This clearly indicates that conduction process associated with the currents at high gate
voltage region can be different from those associated with variation in the currents at
low gate voltage region. In addition, the current variation is not originated from the
film thickness non-uniformity which can be caused by silicon diffusion into Lanthana
film [28]. On the other hand, experimental results deviate from SCLC and F-N
conductions as shown in Fig. 6.9(c) marked with the shaded region. This can be
explained in terms of the release of the trapped charge during the SCLC conduction,
which is triggered by the high oxide field and the internal emission from trap levelsinto
oxide conduction band.  For this reason, the currents are enhanced greater than the sum

of both SCLC and F-N conductions.

When the gate voltage is further increased over 1 V, currents becomes saturated.
This is caused by a series resistance effect. The series resistance responsible for the
saturation can be obtained by means of the graphical method [40]. Voltage drop (AV)
from the ideal current of F-N conduction is defined as shown in Fig. 6.10(a). AV is
plotted as a function of the leakage current as shown in Fig. 6.10(b) and the linear
relationship was observed. Thus, the series resistance Rs can be determined from the

slope of the straight line and found to be about 15 Q.

Fig. 6.11 shows the gate leakage current characteristic of the film with 7 nm
thickness, nitrogen PDA, and Pt gate electrode. It is found that conduction models

except the F-N conduction are similar to those of the as-deposited films. The reason
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for the absence of the F-N conduction at the nitrogen annealed film is due to the lower
oxide field, compared to the as-deposited film case, which comes from the difference in

gate electrode materials.

6.6 Conclusion

The conduction mechanisms of the as-deposited and nitrogen-annealed Lanthana
thin films were analyzed and compared. The conductions are found to be associated
with the SCLC at the low oxide field region and the F-N current at the high field region.
It is also found that the variation in the scale of the leakage currents at low oxide field is
not caused by the film thickness non-uniformity and the interface-state density, but by
the amount of traps incorporated during deposition and/or annealing. This is because
the SCLC conduction, which is dominant at the low oxide field region, is determined by
the trap distribution in the oxide film. From the barrier height of the F-N current, the

thin interfacial layer seemsto be ineffective to reduce the tunneling current.
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Fig. 6.11. Gate leakage current of 7.7 nm film of Pt gate electrode, as a function of gate
voltage. The film was annealed with 400°C nitrogen PDA for 5 min. Relative
dielectric constant and Vg of the film were found to be 16.6 and 0.88 V, respectively.
Gate area is 3.14x10* cm®.  Symbols correspond to experimental results of different
measurement temperatures. Solid lines are the best fits to experimental results.
Conduction model and current-voltage relation are described near the fitted lines. n
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7.1 Introduction

Up to now, Lanthana MOS capacitors were evaluated for the C-V and JV
characteristics of the Lanthanafilm. Even though the Lanthana MOS capacitor has the
small interface state density Dj;, Dj; can affect the conduction mechanism, such as
interfacial state assisted tunneling conduction [1,2,3,4]. Furthermore, it is known that
the frequency dispersion in C-V behavior comes mostly from the substrate resistance.
With the metal substrate, we can evaluate the Lanthana film without the interface state
density. This is because the metal substrate does not have the band gap like
semiconductor, so that the carrier trapping and detrapping behavior does not occur. In
other words, the interface state density between the Lanthana and metal are function of
the metal Fermi level and the interface state is filled and emptied with the carrier from
the carrier reservoir of the metal

This chapter includes the C-V and JV characteristics of the Lanthana MIM

structure.

7.2 Experiment

Silicon substrate was cleaned by HP dipping and Pt film was deposited by e-beam
evaporation method. The deposited Pt film thickness was estimated as about 150 nm.
Pt will react with the silicon substrate by the following heat process, making PtSi
slicide. This silicide functions as the metal substrate with a low resistance. The

background pressure during the depositions was 4x10* Pa.  After marking of the
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sample ID, the Si/Pt substrate was cleaned by the solution of H,O, 10ml and H3PO,
40ml to remove the organic contaminates. Lanthana films were deposited on the Si/Pt
substrate as well as HF dipped n-Si (100) substrate (HF-last) by E-beam evaporation at
250°C using MBE equipment. The pressure in the chamber before and during
depositions was about 10° Torr. Then, wafers were annealed in the RTA (Rapid
Thermal Annealing) chamber with 1.2 liter/min flow rate of dry-nitrogen gas.
Annealing was carried out for 5 min at various temperatures. Gas lines and RTA
chamber were carefully vacuumed to minimize the oxygen gas prior to annealing.
After annealing, Pt or Al electrode was formed. An exposure time to the air before
gate metal deposition was less than 1 hour. C-V and JV measurements were
performed using a HP4284A multi-frequency LCR meter and a HP4156C
Semiconductor Parameter Analyzer, respectively. The film thickness was confirmed

by Otsuka FE-5000 ellipsometer.

7.3 C-V characteristic

Fig. 7.1 shows the typical C-V characteristic of the Lanthana MIM film structure.
The measured capacitance was amost flat with respect to the applied gate voltage,
which means that the carrier concentration with the gate voltage is small.

Fig. 7.2 shows transmission electron micrograph for the films annealed at 300°C
and 700°C. One can see that the interfacial layer between Lanthana and PtSi substrate
becomes thicker at higher PDA temperature. This point isalso seenin Fig. 7.3 and 7-4.
Higher PDA temperature leads to the lower capacitance and the dielectric constant.

Compared to the MOS case, MIM structure has higher dielectric constant. Since the
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top gate structure is same between the MOS and MIM structures, this is due to the
difference in the substrate, which could result in the different deposition rate of the
Lanthana film and the interfacial layer thickness. In the MIM films, the Pt gate
electrode case shows higher dielectric constant than the Al gate electrode case. This
could be associated with the reaction between Al and Lanthana, which creates the
Aluminum oxide layer at the interface. For this reason, the capacitance of the Pt gate

electrodeis alittle higher than that of the Pt electrode.

7.4 Typical J-V characteristic

Figure 7-5 shows the typical JV characteristic of the Lanthana MIM structures.
The films shown in Fig. 7.5 were deposited and annealed at the same time, so that the
four types of JV behavior correspond to the variation in the film property itself. This
is true because the MIM structure gives very small parasitic resistance connected to the
insulator. If the film is broken down at the deposition due to the various reasons, J-V
will have ohmic conduction after a current jump of the hard breakdown case as depicted
in Fig. 7.5(d).

Fig. 7.5 (a) and (b) show the discontinuous current at the almost same voltage. If
the jump is originated from the soft breakdown, the voltage of the jump, the number of
jump steps, and the current magnitude after the jump will show statistical fluctuation.
However, Fig. 7.5 (a) and (b) show the small variation of the current jump and single
step, athough the current magnitude is different.  To find the conduction mechanism,
JV relationship before and after the jump should be checked. Fig. 7.5 (a) and (b)

show the same power law relationship of J on V: J~V2 This means that the current
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including the jump can be described by the SCLC theory. This point can be reasonable
since the square law of J-V before and after the abrupt current increase is the case of
localized trap levelsin oxide band gap [5,6,7].

Figure 7-5 (c) shows the low leakage current compared to Fig. 7.5 (a) and (b). It
should be noted that, at low voltage, current versus voltage relationship is same as those
of Fig. 7.5(a) and (b). Instead of the current jump, gate leakage current is proportional
to the 3 power of the gate voltage. This indicates that the trap level distribution is
distributed exponentially energetically and not localized like in Fig. 7.5 (a) and (b),
from the SCLC theory. At high voltage, F-N conduction governs the gate current.
Since the F-N conduction is related to the band structure of the insulator film, is can be

true that the film isrelatively free from the localized defects and conducting path.

7.5 Conclusion

It is found that the capacitance of Lanthana film can be decreased by the reaction
layer between metal gate and the Lanthana film, such as the Al gate case. Regarding
the capacitance, Pt electrode is better than Al electrode in the capacitance of the
Lanthana film.

It has been reported that gate leakage current of Lanthana MIM capacitor is
dominated by the ohmic and SCLC conductions at low voltage and F-N conduction at
high voltage. The abrupt current jump like soft breakdown is well explained by the
SCLC theory. This suggests that the square law relationship of the gate leakage

current on the gate voltage can support the SCLC conduction mechanism.
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Fig. 7.1. Typical C-V characteristic of the MIM (Pt/Lanthana/PtSi) films, annealed at

different temperatures compared to the as-deposited film. Capacitance was measured
at 1 MHz. Gate electrode areawas 3.14x10™* cm?.

Fig. 7.2. TEM micrograph of the Lanthana MIM films annealed at (a) 300°C and (b)
700°C for 5 min in nitrogen ambient.
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8.1 Introduction

Effective mobility and 1/f noise of Lanthana gate NMOSFET were compared to
SiO, NMOSFET case. Lanthana gate transistor shows low subthreshold swing 85
mV/dec., well saturated drain current behavior, and high effective mobility 290 cm?/V-s,
comparable to SiO; case, athough film trap density (Nor) is high. Effective mobility
was well correlated with Nor.  Flicker noise level and trap density Nor of LapO3 gate

NMQOSFET is on the same order of the SIO, transistor case.

8.2 Experiment

Figure 8-1(a) shows the key steps for the fabrication of Lanthana gate NMOSFET.
Lanthana thin films were deposited on silicon substrate with isolation and source/drain
structures by e-beam evaporator after HF-dip or H,O,- H3PO,-solution dip to form
chemical oxide functions as an interfacia layer (hereafter, we called HF-last and
CO-last respectively). Pressure at the deposition was around 108-10"° Torr under the
heating of wafers up to 250°C. The samples were then annealed by RTA (Rapid
Thermal Anneal) chamber with oxygen or nitrogen gas. Especialy for the case of
nitrogen annealing, tube and gas lines were vacuumed carefully prior to flow the
nitrogen gas to escape oxidation during nitrogen annealing.  For comparison, two types
of SIO, NMOSFET were fabricated: one is furnace-SiO, and the other is RTA-SO..
Furnace-SiO, was fabricated at the diffusion furnace with dry oxygen gas and chlorine

gas at 950°C. RTA-SIO, was grown at RTA chamber at temperatures between 800 and
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900°C. Physical thickness of thin films were measured by ellipsometer. Figure
8-1(b) shows top view of the MOSFET. The gate length of the MOSFET was 2.5, 5,

and 10 pum.

8.3 Threshold voltage and drain current

Figure 8-2 shows threshold voltage and 1d-Vgs of Lanthana gate NMOSFET.
Low subthreshold swing 85 mV/dec and flat saturation region of 1d-V gs were obtained.
Figure 8-3 shows the PDA temperature dependence of threshold voltage (Vy,) of the
Lanthana NMOSFET. Vg, of HF-last gate oxide NMOSFET shows that threshold
voltage decreased with increase in the PDA temperature, while V, of the CO-last case
increased. Eventually, at 500°C PDA temperature, two types of NMOSFET showed
the same threshold voltage. Gate oxides shown in Fig. 8.3 were deposited at the same,
so that the intrinsic property of the Lanthana film itself is expected to be equal.
Furthermore, the thickness of the interfacial layer formed chemically could not make
the difference in Vi, between the CO-last and HF-last films of MOSFETS. This is
because the interfacial layer thickness (EOT ~0.5 nm) is so small compared to the
deposited Lanthana film thickness (EOT 1.7nm). For HF-last gate oxide, the decrease
of Vi, can be due to the interfacial layer growth between Lanthana film and silicon
substrate, which leads to the oxygen deficient near the grown interfacial layer and
makes flat band voltage more negative. On the contrary, for CO-last gate oxide, the
increase of V, can be due to the densification of interfacial layer which exists before the
deposition. This estimation can be reasonable since the interface of the Lanthana film

is covered with the chemical oxide and oxygen in the Lanthana film is difficult to bond
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with silicon in the chemical oxide thermodynamically. This point is different from the
HF-last film case. Thus, As CO-last Lanthana film becomes densified with higher
temperature, so the absolute values of flat band voltage and Vy, are decreased

approaching the ideal value.

8.4 Channel mobility

Figure 8-4 shows effective channel mobility as a function of effective vertical field
in the inversion channel, for HF-last and Co-last Lanthana gate oxides. The peak
mobilities of the Lanthana NMOSFET were 290 and 241 cm?/V-s for HF-last and
CO-last cases, respectively. When the effective channel field is greater than the 1.5
MV /cm, the effective mobility of the experiment coincide with the universal mobility.
Higher PDA temperature results in higher mobility for the both cases.

To compare the mobility of the HF-last and CO-last cases, the effective mobility
and the oxide trap density N obtained from the noise measurement are plotted as a
function of the flat band voltage shift AV in Fig. 8.5. In the case of CO-last, the
mobility increased as AVgs decrease, while in the case of HF-last increased. This
reverse behavior can be explained in terms of Ny, as shown in Fig. 8.6.  For both types
of films, mobility was strongly correlated with Nor.  Mobility increase due to decrease
of Nor isin the same fashion of SIO, case as show in Fig. 8.6(b).

Figure 8-7 shows effective mobility of Lanthana NMOSFET as a function of
oxygen PDA temperatures, for HF-last and CO-last cases. With the change of gate

oxide EOT, the effective mobility is nearly same for the both cases.
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8.5 1/f noise

Figure 8-8 shows noise spectral density of Lanthana and SIO, NMOSFETs. The

number fluctuation model of 1/f nose is suggested by McWhorter [2]:

2
Sip g
— m S

Voltage noise spectral density is related to the oxide trap [3]:

— qszANm‘

S =4 77 ot
' ewLct f

(Eq. 8.2)

By plotting Syg with Nor, one can find the linear relationship as shown in Fig. 8.9 and
evauate the oxide trap density Not.  Figure 8-9 shows normalized drain current noise
Sp/lp? of Lanthana and SiO, NMOSFET for both linear and saturation regions to

extract trap density Nor [4].

8.6 Conclusion

Lanthana NMOSFETs with EOT values from 0.66 to 3.1 nm were fabricated using
e-beam evaporation of Lanthana and process dependence on their mobility and 1/f noise
were evaluated for the first time. It was found that La203 NMOSFET mobility was
effectively correlated with NOT from Sip/lp®.  Mobility of CO-last film was increased
by decrease of AVgs. Low subthreshold swing 85 mV/dec. and very high drain current

drive more than 45 pA/um @ Lg=10um was confirmed at EOT=1.7 nm. Although,
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the vertical effective field became very high because of the negative flat-band shift, the
effective mobility and 1/f noise of Lanthana NMOSFETSs were considerably good and
comparable level of SiO, depending on the conditions. Further optimization of the
annealing condition would be necessary, but the above results obtained in this MOSFET
experiments suggest that Lanthanais a strong candidate for post HfO, high-k dielectrics

with EOT values of lessthan 1 nm.
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Fig. 8.1. Process flow (a) and micrograph (b) of MOSFET
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Fig. 8.2. Typicd NMOSFET features with Lanthana as a gate dielectric: (a)
subthreshold swing for four drain voltages and (b) drain saturation current.
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Fig. 8.3. Threshold voltages of Lanthana NMOSFET as a function of annealing
temperature, for two types of gate oxide films fabricated with different surface
treatments of the silicon substrate: HF-cleaned and chemical oxide formed. Annealing
was carried out in nitrogen ambient for 5 min.
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Fig. 8.4. Effective mobility of Lanthana NMOSFET as a function of nitrogen PDA
temperatures, fabricated with two different surface treatments of the silicon substrate:
(a) HF-cleaned and (b) chemical oxide formed.
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Fig. 8.5. Effective mobilities (a) at effective channel field 1 MV/cm and oxide trap
density N (b) obtained from flicker noise, as afunction of flat band voltage shift AV gs.
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Fig. 8.6. Correlation between effective mobility g and trap density Ny of Fig. 8.5.
Mobilities of Lanthana NMOSFET are compared with those of RTA-SIO, NMOSFET
in (b).
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Fig. 8.7. Effective mobility of Lanthana NMOSFET as a function of oxygen PDA
temperatures, fabricated with two different surface treatments of the silicon substrate:
(a) HF-cleaned and (b) chemical oxide formed.
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NMOSFET of the equivalent EOT. Numbersin parenthesis are EOT.
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Fig. 89. Normalized drain current noise spectral density Sp as a function of
normalized transconductance at both linear and saturation regions of SiO, and Lanthana
NMOSFETs. Slopes of each curves correspond to Sy and Not can be evaluated from
the equation of Syc.
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9.1 Conduction mechanisms on La,O3 gate oxide

Alternative dielectric for gate oxide is required for the fast and small devices of
the future. Conduction mechanisms for Lanthana film as a promising alternative gate
dielectric were studied for oxide thickness ranging from 3.5 to 14 nm in physical
thickness. Lanthana films were annealed in oxygen or nitrogen ambient at
temperatures from 200 to 900°C for 5 min.

From the spectroscopic ellipsometry and C-V characteristics, it is found that the
fixed oxide charge was al positive and caused by the reduction process near the
interface between the Lanthana and silicon substrate. This, in turn, results in trapping
sites efficient for electron, which plays an important role in the conduction process. It
is also found that positive charges can be generated in the bulk and interface to the gate
electrode, asillustrated in Fig. 9.1. Additionally, it is interesting to note that achieving
the negligible interface state density of Lanthana film to the silicon substrate is not
difficult, almost independent of the existence of the interfacia layer.

The observed conduction mechanisms were ohmic and SCLC at low gate voltage
region, and F-N, Schottky, and P-F conductions at high voltage region. It should be
worth noting that ohmic, SCLC, and P-F conductions are related with the trap sites in
the oxide. Furthermore, even if the current variation occurred, the conduction
mechanisms were found to basically be same. It should be noted that the identified
conduction mechanismsin LaOs film are very similar to those in other high-k materials,
which are summarized in appendix 8.

Among the identified conduction mechanisms, ohmic, SCLC, and F-N
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conductions are considered to be originated in the intrinsic property of Lanthana film
from the fact that conduction mechanisms responsible for MIM capacitors were similar
to those of MOS capacitors.

From the investigation of Lanthana gate MOSFET, the subthreshold swing 85
mV/dec, the pretty flat saturation region in 1d-Vg, and the maximum effective channel
mobility 290 cm?/V-s from split C-V were obtained. With the comparison of the oxide
trap density from 1/f noise measurement to the effective channel mobility, chemical
oxide layer formed before Lanthana deposition can be though of as trapping sites with
positive charges.

Finally, regarding suggestion to the low gate leakage current of Lanthana film, it
should be mentioned that gate leakage current can be minimized depending on the
prevalent conduction mechanisms. If the tunneling conductions, such as direct and
F-N tunneling, are important, the gate current can be decreased as much as the film is
thin. If the SCLC conduction, among the trap-related conductions, is dominant, the

gate current can be reduced by the amount of trap sites, asillustrated in Fig. 9.2.
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Fig. 9.1. Proposed mechanisms for positive charge creation
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Fig. 9.2. Lampert triangle: the more trap levels, the less leakage current density. Vq.r
expresses the transition point between J~V and J>V™?Y.  n describes the trap energy
level distribution in the oxide band gap. L and N; denote film thickness and oxide trap
density, respectively.
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9.2 Recommendation for future work

There are numerous attempts to remove the interfacia layer growth between
Lanthana and silicon substrate. However, it seems to be difficult because Lanthana
film is porous enough for oxygen or silicon to diffuse into the Lanthanafilm. The best
way is two-fold. First is to protect the silicon surface to remove the chance of the
oxidation reaction before Lanthana film deposition. Second is to protect the deposited
Lanthana film in-situ in the vacuum chamber to remove the oxygen vaporizing and the
diffusion into the silicon substrate. Additionally, since stoichiometry film does not
have the interfacial layer, an epitaxial growth of Lanthana film on the silicon substrate
can be a solution.

Regarding the flat-band voltage shift of Lanthana film, since the shift is caused by
the oxygen deficiency, any deposition method at the ultra high vacuum chamber could
not be recommended. This is because the deposited film in the ultra high vacuum state
is easy to loose its oxygen atom. This can probably explain the positive fixed oxide
charges which is always in the as-deposited Lanthana films.

As for the application of Lanthana film, Lanthana MOSFET on germanium
substrate can be promising as well, since thermally grown oxide of germanium substrate

is known to be thermally unstable and water-soluble.
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9.3 Discussion to the future of La,O3 gate oxide

In 2001, the very low gate leakage current at thin CET of Lanthana film has been
reported [1,2]. Sincethen, severa studies have been made, so that the Lanthanafilmis
being focused as a replacement of gate dielectric in the next generation of HfO, gate
film, due to high dielectric constant and low leakage current. As regards the
conduction process, as stated in 9.2, Lanthana film has similarities compared to other
high-k films including HfO,, which is summarized in appendix 8. One can speculate
that the similarities come from the growing method, that is, all the films are made by
deposition method. Lanthana film has some challenges. flat-band voltage shift, low
channel mobility, hygroscopic behavior, and quality variation. Asfor flat-band voltage
shift, a change in annealing process and steps after film deposition can improveit. As
shown in Fig. 9.3, PMA process recover the flat-band voltage to its origina value,
although it also shifts the flat-band voltage in the opposite direction. Regarding
channel mobility, optimization in annealing can make a better channel mobility, as
shown in Fig. 9.4. Since Lanthana film is easy to absorb moisture in the air, it is
recommended that the film should be kept in vacuum or dry ambient after deposition.
Besides, addition of some impurity materials and stacked structure are being studied in
the same reason.

To sum up, Lanthana film has a prominent property as a gate dielectric,
theoretically, athough we have many challenges to reaize it, experimentally and

reproducibly.
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Fig. 9.4. Effective mobility of MOSFET with conventional SIO, and L&Os (with or
without PDA) asthe gate dielectric [3].
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1. Native oxide growth while keeping in vacuum
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Fig.A-1. Native oxide thickness as a function of substrate temperature (a) and schematic
view of partial growth (b).



Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

2. Substrate temperature at heating and cooling of the

substrate
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Fig. A-2 Temperature change of the substrate in deposition chamber for (a) heating and
(b) cooling. No controller exists for cooling.
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3. Capacitance and flat-band voltage shift with long
time PDA in nitrogen ambient
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Fig. A-3 Capacitance and flat band voltage shift AVgg of Lanthana MOS capacitor with
long time PDA in nitrogen ambient
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4. C/C++ Codefor conduction model fitting

/*****************************************************************************
>/
#def i ne MOUDLENAME " MosDi odeRegressor ()"

#i ncl ude "usrfunc. h"
uFuncTabl eTag uMosDi odeRegr essor Tag={
" MosDi odeRegressor(J-V)",
"t ype=MosDi odeRegr essor ¥n"
"ar gunent =PF xyt=(1, 2,40)(1, 3,80)(1,4,120) unit=5 range=-2e6, 2e6, 0. 97",
"TY.Kin ¥n"
"2003. 0522- 0721, 0807, 0820, 0825- 0829, 0921- 1008, 1112 ¥n"
"2004. 0114- 15, 0211, 0326, 0409- 0410, 0611 ¥n"
" ¥n"
"[ 1 nput] ¥n"
" ARGUVENT=<MODEL > ¥n"
"I OHM (Chmi ¢ Conduction) : |J|=a*|V| ¥n"
I OHMR (Chmic Conduction ) : |J|=a*|V|+yi ¥n"
"1 SCLCEXP (SCLC with exponential trap level distribution) : |J|=a*|V|"(b+1l) ¥n"
"I SCLCUNI (SCLCwith uniformtrap level distribution) : |J|=a*|V|*exp(b*|V|) ¥n"
I SCLCSQR (Space-Charge-Linmted Current with sgaure | awof voltage) : | J]| =a*|V| "2
¥n"

"I LAMPERT (M xed Model of GChmic and SCLC) : |J|=a*|V|+b*|V|"2 ¥n"
"1 CUBE (SCLC) : |J]|=a*|V|"3 ¥n"

"l DT (Direct Tunnel i ng)

| J| =a*si nh(b*| Eox| ), b=3. 125e- 7*sq( Tox) *sqrt ((nm¥/ nD)/ Barri er Hei ght) ¥n"

"l DTLEE2 (Direct Tunnel i ng)

| J] =a* Eox"2*exp(- b/ | Eox| *(1- (1-| Eox| *c)~(2/3))), c=Tox/ BH ¥n"

"I FN (Fl ower - Nor dhei m Tunnel i ng) : | J| =a*| Eox| ~2*exp(-b/| Eox|) ¥n"
"I POOLE : | J| =a*exp(b*| Eox|) ¥n"

"1 SCHOTTKY (Ri chardson-Schottky) : |J|=a*exp(b*| Eox|"0.5) ¥n"
"I PF (Pool e-Frenkel) : |J|=a*| Eox| *exp(b*| Eox| ~0. 5) ¥n"

"1 STAT (Shal | ow Trap- Assi sted Tunneling) : |J]|=a(1-b/|Eox|)*exp(-c/|Eox|)/| Eox|
¥n"

"1 DTAT (Deep Trap-Assisted Tunneling) : |J|=al|Eox|*exp(-b/]|Eox]|) ¥n"
"I Note 1) When <MODEL> is '*', every nodel is analyzed. ¥n"
"I Note 2) J [=] Acn2, V[=] V, Eox [=] VW cm ¥n"
"XYT=(X, Y, T) (X1, X2, Y, T)... (X Y,T) ¥n"

"I The first in parentheses is X vector index, which should be V[V] or Eox [V/cn],
and nonot onic. ¥n"

"I The second is Y colum index, which should be J [A/cnt2]. ¥n"
"I The third is tenperature in Celcius degree, neither z-index nor floating. ¥n"
"'>>>>>>>>>>> (\Vg, Jg, Tenperature) (Vg, Eox, Jg, Tenper at ure) <<<<<<<<<< "

" ARGUMENT3=TOX, MRATI O ¥n"

"I TOX [nn] : Physical thickness of insulator. (for DT) ¥n"

"I MRATIO [] (=n*/nmD) : Effective electron nass ratio. (for DT and FN) ¥n"
" OPTI ON= NOT- USED ¥n"

" SUBOPTI ON| UNI T=<N> ¥n"

"I' N[integer] : Defines mnimmnunber of data point to fit. ¥n"
"l Should be greater than 3 at |east. Default is 5. ¥n"

" RANGE=[ <L>, <H>, <G| (<L>, <H>, <G) ] ¥n"
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"I L [double|*] : Lower limt X for fitting. <*> neans data mi ni num ¥n"
"l H[double|*] : Upper limt X for fitting. <*> neans data m ni num ¥n"
"l G[double|*] : Lower limt of ¥"CGoodnessOfFit¥". Usually 1> and >0.95 ¥n"
" ¥n"

"[ Qut put ] ¥n"

"l See Log wi ndow.

I

/*****************************************************************************

*/

4i
i
i
i
i
i
i
i

ncl ude <nmath. h>

ncl ude <string. h>

ncl ude "usrfunc. h"

ncl ude "nrecipe. h"

ncl ude "nunber. h"

ncl ude "tool s. h"

ncl ude "str. h"

ncl ude "seni conductor. h”

extern int Echo();

extern int GetFittingRange(
VECTOR vX,int nR ,int nRh,int nFitTotal, doubl e dL, double dH
int *nL,int *nH

)

#if 1defined(SI Q)
#define SIGN(x) ((x)>=0 ? 1:-1)

#endi f
/*
DT_HESTO P. Hesto,Instabilities in silicon devices vol. 1, 1986, p. 291, Eq. (5. 28)
DT_LEE 2000, 198-99, W Lee, Synp. VLSI Tech
DT_SCHUEGRAF 1992, 18- 19, K. Schuegr af , Synp. VLSI Tech.
*/
static char *qConducti onModel s[]={
" OHM',
" OHMR"
" SCLCEXP"
"SCLCUNI ",
" SCLCSQR"
" LAMPERT",
" CUBE",
"Dr",//"DT_HESTO', " DT_SCHUEGRAF", " DT_LEE"
"DTLEE2",
"FN',
" POOLE"
" SCHOTTKY",
"PF",
" STAT",
" DTAT"
b
#defi ne MODEL_OHM 0
#defi ne MODEL_CHWR 1

#defi ne MODEL_SCLCEXPONENTI AL 2
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#defi ne MODEL_SCLCUNI FORM 3
#def i ne MODEL_SCLCSQUARE 4
#defi ne MODEL_LAMPERT 5
#defi ne MODEL_SCLCCUBE 6

#defi ne MODEL_DT 7
#defi ne MODEL_DT LEE2 8
#defi ne MODEL_FN 9

#defi ne MODEL_POOLE 10
#defi ne MODEL_SCHOTTKY 11

#defi ne MODEL_PF 12
#def i ne MODEL_STAT 13
#def i ne MODEL_DTAT 14

/*****************************************************************************

*/

static int GetModel Total ()
{
return noof (qConducti onhbdel s);

}

static const char *qGet Mbdel Nane( int nModel Index ) /* STATIC */
{

i nt nModel s;

nModel s=Cet Model Total () ;
i f (nModel I ndex<0| | nMbdel | ndex>nModel s) return CNULL;
return gConducti onModel s[ nhModel | ndex] ;

}

static int GetMdel I ndex( const char *pModel )
{

i nt nMbdel OptionTot al , nMbdel | ndex;

char gNane[ 128];

const char *qModel Nane;

st rcpy2buf (gNane, pModel , noof (gNane) ) ;

strtoupper (qNane) ;

nModel Opti onTot al =Get Model Tot al () ;

for (nModel | ndex=0; nModel | ndex<nMbdel Opti onTot al ; nMbdel | ndex++) {
gModel Nanme=qGet Model Nane( nMbdel | ndex) ;
i f (strequ(gName, gModel Nane)) return nhbdel | ndex;

}

return -1,

[* J=a*Eox+(yi) -> y=a[l]*x or y=a[l]+a[2]*x */
static void _OHM x, a, y, dyda, na)

doubl e x,a[], *y,dyda[];

int na;

{

248



Appendix

if (na==1) {
*y=a[ 1] *x;
dyda[ 1] =x;

} else /* if (na==2) */ {
*y=a[ 1] +a[ 2] *x;
dyda[ 1] =1. ;
dyda[ 2] =x;

}

/* J=a*Eox™(b+1) -> In(Jd)=lIn(a)+b+l)*Eox -> y=a[l] +a[2]*x */
static void _SCLCEXPONENTI AL(x, a, Yy, dyda, na)
doubl e x,a[],*y,dyda[];
int na;
{
_OHM x, a, y, dyda, na);
}

/* D.R Lanb, "El ectrical Conduction Mechanisns in Thin Insulating Filns,"
* 1967, p. 30, Eq. (4. 28)
* J=a*Eox*exp(b*Eox) -> I n(J/Eox)=ln(a)+b*Eox -> y=a[l]+a[2]*x */
static void _SCLCUNI FORM x, a, y, dyda, na)
doubl e x,a[], *y,dyda[];
int na;
{
“y=a[ 1] +a[ 2] *Xx;
dyda[ 1] =1;
dyda[ 2] =x;
}

[* J=a*Eox"2 -> In(Jd)=ln(a)+2*I n(Eox) -> y=a[1] +2*x */
static void _SCLCSHALLOW X, a, y, dyda, na)
doubl e x,a[],*y,dyda[];
int na;
{
*y=a[ 1] +2*x;
dyda[ 1] =1;
}

[ * J=a*Eox+b*Eox”"2 -> y=a[ 1] *x+a[ 2] *x"2 */
static void _LAMPERT(X, a, Yy, dyda, na)
doubl e x,a[],*y,dyda[];
int na;
{
doubl e xx=x*x
*y=a[ 1] *x+a[ 2] * xx
dyda[ 1] =x;
dyda[ 2] =xx;
}

/[* J=a*Eox"3 -> In(J)=ln(a)+3*I n(Eox) -> y=a[1] +3*x */
static void _SCLCCUBE(x, a, Yy, dyda, na)

doubl e x,a[],*y,dyda[];

int na;

{
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*y=a[ 1] +3*x
dyda[ 1] =1;
}

/* P.Hesto,Instabilities in silicon devices vol.1, 1986, p. 291, Eq. (5. 28)
* J=a*si nh(b*Fox) -> I n(J)=ln(a)+l n(sinh(b*Fox)) -> y=a[1]+I n(sinh(a[2]*x))
* where Fox=3.125e7*s"2*Eox and b=sqrt (MassRati o/ Barri er Hei ght)

*/

static void _DT(x, a,y, dyda, na)

doubl e x,a[], *y,dyda[];
int na;

{

*y=a[ 1] +l og(si nh(a[ 2] *x));

dyda[ 1] =1;

dyda[ 2] =x*cosh(a[ 2] *x) / si nh(a[ 2] *x) ;
}

/* Approxi mated Form of Lee Model [20041221]
* Lee nodel :
* 2000, 198-99, W Lee, Synp. VLSI Tech. pdf
* 2000, 21(11), 540- 42, Y. Yeo, | EEE El ec. Dev. Lett. pdf
* 1999, 20(6), 268-70, W Lee, | EEE El ec. Dev. Lett. pdf
* Approxi mation of Lee nodel
* E Mranda. Submitted to APL 2004.
* 1999, 86(1), 480- 86, C. Chanel i ere, J. Appl . Phys. pdf
* Coding form
* | J| =a*Eox"2*exp(-b/| Eox| *(1-(1-| Eox| *c)~(2/3))), c=Tox/ BH
* ->1n(]J]/Eox"2)=In(a)-b/|Eox|*(1-(1-]| Eox|*c)"(2/3))
* ->y=a[1]-a[2] /| x| *(1-(1-| x| *a[3])"(2/3))
* y=In(|J|/Eox"2), x=|Eox|, a[l]=In(a), a[2]=b, a[3]=c
*/
static void _DTLEE2(X, a, y, dyda, na)
doubl e x,a[],*y,dyda[];
int na;
{
doubl e z,z23,z13

z=1-x*a[ 3];

[* 1f z<0, current will not be DT but FN

* So, following is under the assunption of positive z.

*/

z23=exp(1./3*1og(z*z)); /* Be carefule that wong is "=exp(1/3*log(z*z));" */

z13=sqrt(1/z23);

*y=a[ 1] -a[ 2] / x*(1-z23);

dyda[ 1] =1;

dyda[ 2] =-1./x*(1-2z23);

dyda[ 3] =2./3*a[2]*z13; /* Be carefule that wong is "=2/3*a[2]*z1;" */
}

/* P.Hesto,"Instabilities in silicon devices vol.1", 1986

* p. 291, Eq. (5. 30)

* J=a*Eox"2*exp(-b/ Eox) -> In(J/ Eox"2)=ln(a)-b/Eox -> y=a[l]-a[2]*x */
static void _FN(x, a,y, dyda, na)

doubl e x,a[], *y,dyda[];

int na;
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*y=a[ 1] -a[ 2] *x;
dyda[ 1] =1. ;
dyda[ 2] =-x;

}

/* "A general bulk-limted transport analysis of a 10 nmthick oxide
* stress-induced | eakage current," B. De Salvo et al.
* Solid-State El ectronics 44(2000)895-903
* J=a*exp(b*Eox) -> In(J)=lIn(a)+b*Eox -> y=a[1l] +a[ 2] *x */
static void _POOLE(x, a,y, dyda, na)
doubl e x,a[],*y,dyda[];
int na;
{
_OHM x, a, y, dyda, na);
}

/* P.Hesto,"Instabilities in silicon devices vol.1", 1986
* p. 287, Eq. (5. 22)
* J=a*exp(b*Eox"0.5) -> In(J)=ln(a)+b*Eox"0.5 -> y=a[1l]+a[ 2] *x */
static void _SCHOTTKY(x, a, y, dyda, na)
doubl e x,a[],*y,dyda[];
int na;
{
_OHM x, a, y, dyda, na) ;
}

/* P.Hesto,"Instabilities in silicon devices vol.1", 1986
* p. 304, Eq. (5. 55)
* J=a* Eox*exp(b*Eox"0.5) -> |In(J/Eox)=ln(a)+b*Eox"0.5 -> y=a[1l]+a[2]*x */
static void _PF(Xx, a,y, dyda, na)
doubl e x,a[],*y,dyda[];
int na;
{
_OHM x, a, y, dyda, na) ;
}

/*

[ Yang1996] B. Yang et al., "Mdelling of trap-assisted electronic
conduction in thin thermally nitrided oxide filns,"
Solid-State El ectronics 39[ 3] 385-390(1996).

| J| =a(1-b/| Eox|)*exp(-c/| Eox|)/| Eox| ->

| J*Eox| =a( 1- b/ | Eox| ) *exp(-c/| Eox|) -->

I n(| J*Eox| )=l n(a)+l n(1-b/| Eox|)-c/| EBox| --->

y=a[ 1] +I n(1-a[ 2] *x)-a[ 3] *x

*/

static void _STAT(x, a,y, dyda, na)

doubl e x,a[], *y,dyda[];

int na;

{
“y=a[ 1] +l og(1-a[ 2] *x) - a[ 3] *x;
dyda[ 1] =1;
dyda[ 2] =-x/ (1-a[ 2] *X);
dyda[ 3] =-x;

}

251



Analysis of Electrical Conduction in Rare Earth Gate Dielectrics

/*

[ Fl ei scher1993] S.Fleischer and P.T.Lai, “A new nethod for extracting
the trap energy in insulators,” J.Appl.Phys. 73[7]3348-51(1993).
| J| =a/ | Eox| *exp(-b/| Eox|) ->

I n(|J*Eox| )=l n(a)-b/| Eox| -->

y=a[ 1] +a[ 2] *x

*/

static void _DTAT(x, a, Yy, dyda, na)

doubl e x,a[],*y,dyda[];

int na;
{

_OHM x, a, y, dyda, na);

}

static int ConplyFittingVectorsWthMdel (
i nt nMbdel , VECTOR vX, VECTOR VY,
int nL,int nH
doubl e dTox // Physical Tox [cni

int j;
doubl e dX, dv;

switch (nhbdel) {

case MODEL_OHM :

case MODEL_CHWR :

[* J=a*|V|+yi -> y=a[l]*x+a[2] */
for (j=nL;j<=nHj++) vX[j]=Ffabs(vXj]); /* 20031006 */
br eak;

case MODEL_SCLCEXPONENTI AL :

[* 13 =a*| V| *(b+1) -> In(]J|)=In(a)+(b+1)*In(|V]) -> y=a[l]+a[2]*x */
for (j=nL;j<=nHj++) {

vX[j1=log(fabs(vXj]));
vY[j]=log(fabs(vY[j]));
}
br eak;

case MODEL_SCLCUN FORM :

[* 13l =a*| V| *exp(b*[V]) ->1In(|J|/|V])=In(a)+b*|V] -> y=a[l]+a[2]*x */
for (j=nL;j<=nHj++) vX[j]=Ffabs(vXj]); /* 20031006 */
for (j=nL;j<=nHj++) vY[j]=log(fabs(vY[j]/VvX[j]));
br eak;

case MODEL_SCLCSQUARE :

[* | J]=a*|V|"2 -> In(|J])=In(a)+2*In(|V|) -> y=a[1l] +2*x */
for (j=nL;j<=nHj++) {

vX[j1=log(fabs(vXjl));
vY[j]l=log(fabs(vY[j]));
}
br eak;

case MODEL_LAMPERT :

[* J=a*| Eox| +b*| Eox| *2 -> y=a[ 1] *x+a[ 2] *x"2 */
for (j=nL;j<=nHj++) vX[j]=fabs(vXj]); /* 20031006 */
br eak;

case MODEL_SCLCCUBE :

[* | J]l=a*|V|*3 ->In(|J])=In(a)+3*In(|V|) -> y=a[1] +3*x */
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for (j=nL;j<=nHj++) {
vX[j1=log(fabs(vXj]));
vY[jl=log(fabs(vY[j]));
}
br eak;
case MODEL_DT :
/* P.Hesto,"Instabilities in silicon devices vol.1", 1986, p. 291, Eq. (5. 28)
* J=a*si nh(b*| Eox|) -> In(|J])=In(a)+l n(sinh(b*| Eox|))
y=a[ 1] +l n(si nh(a[ 2] *x))
* where Fox=3.125e7*s"2*Eox and b=sqrt(MassRati o/ Barri er Hei ght)
*/
for (j=nL;j<=nHj++) {
vX[j]=fabs(vXj])*3.125e7*dTox*dTox; //Fox=3.125e7*s"2* Eox
vY[j]=log(fabs(vY[j]));
}
br eak;
case MODEL_DT_LEE2 :
[* | J| =a*Eox"2*exp(-b/| Eox| *(1-(1-| Eox| *c)~(2/3))), c=Tox/ BH
* ->1n(|J]/Eox"2)=In(a)-b/|Eox|*(1-(1-]Eox|*c)"(2/3))
* ->y=a[1]-a[2] /| x| *(1-(1-| x| *a[3])"(2/3))
* y=In(|J|/Eox"2), x=|Eox|, a[l]=In(a), a[2]=b, a[3]=c
*/
for (j=nL;j<=nHj++) {
dX=vX[j1;
dy=vY[j];
vX[j]=fabs(dX);
vY[j]=log(fabs(dY/ (dX*dX)));
}
br eak;
case MODEL_FN :
[ * | J| =a*| Eox| *2*exp(- b/ | Eox|) -> In(|J| /]| Eox|"2)=Iln(a)-b/| Eox|
y=a[ 1] -a[ 2] *x */
for (j=nL;j<=nHj++) {
dX=vX[j1;
dy=vY[j];
vX[j]=fabs(1/dX);
vY[j]=log(fabs(dY/ (dX*dX)));
}
br eak;
case MODEL_POOLE :
[* | J] =a*exp(b*| Eox|) -> In(|J])=lIn(a)+b*| Eox| -> y=a[l]+a[2]*x */
for (j=nL;j<=nHj++) vX[j]=Ffabs(vXj]); /* 20031006 */
for (j=nL;j<=nHj++) vY[j]=log(fabs(vY[j]));
br eak;
case MODEL_SCHOTTKY :
[* | J| =a*exp(b*| Eox| *0.5) -> In(|J]|)=In(a)+b*| Eox|"0.5 -> y=a[1] +a[ 2] *x */
for (j=nL;j<=nHj++) {
ITvX[j]=pow(fabs(vX[j]),0.5)*SIGN(vX[j]);
vX[j]=pow fabs(vX[j]),0.5); /* 20031004 */
vY[j]l=log(fabs(vY[j]));
}
br eak;
case MODEL_PF :
[ * | J] =a*| Eox| *exp( b*| Eox| ~0. 5) -> In(]J|/]|Eox|)=In(a)+b*| Eox| ~0.5
y=a[ 1] +a[ 2] *x */
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for (j=nL;j<=nHj++) {
dX=fabs(vXj]);
dy=vY[j];
[1vX[j]=powm(dX, 0.5)*SIGN(vX[j]); /* 20030827 */
vX[j]=pow(dX, 0.5); /* 20031004 */
vY[j]=log(dY/dX);
}
br eak;
case MODEL_STAT :
for (j=nL;j<=nHj++) {
vY[jl=log(fabs(vY[jl1*vX[j]));
vX[j]1=1/fabs(vX[j]);
}
br eak;
case MODEL_DTAT :
for (j=nL;j<=nHj++) {
vY[jl=log(fabs(vY[jl1*vX[j]));
vX[j]=-1/fabs(vXj]);
}

br eak;

}

return nH nL+1,;

}

static int EchoXYTArgunent sl nParent hesis( //20041221
const char *qgXYT, const char *qDelimter,int nlndex,
int *nXl,int *nX2,int *nY,
doubl e *dKel vin

int i,nCount;
char *pXYT, *pTok;

pXYT=( char *) gXYT;

for (i=0;i<nlndex;i++) {
pXYT=strchr (pXYT,"' (');
PXYT++;

}

nCount =strt okcount (pXYT, gDelim ter);
i f (nCount<=2||nCount>=4) return FALSE;

nl ndex=0;

*nXl=at oi (pTok=strtokbyi ndex(pXYT, qDel i m ter, nl ndex++));

freeEx(pTok);

*nX2=nCount ==4 ? at oi (pTok=strtokbyi ndex(pXYT, gDel i m ter, nl ndex++)): 0;
freeEx(pTok);

*nY=at oi (pTok=strtokbyi ndex(pXYT, qDel i m ter, nl ndex++));

freeEx(pTok);

*dKel vi n=at of (pTok=st rt okbyi ndex( pXYT, gDel i mi t er, nl ndex++));
freeEx(pTok);

*dKel vi n+=KKel vi n;

switch (nCount) {
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case 3 : Echo("xyt(Vg, Jg, Temp) =%, %, % 1f K ", *nX1, *nY, *dKel vi n) ; br eak;

case 4 : Echo( " xxyt ( Vg, Eox, Jg, Tenp) =%, %, %, % 1f K
", *nX1, *nX2, *nY, *dKel vi n) ; br eak;

}

return nCount;

}

i nt MosDi odeRegressor ( ARGUMENTS )
ARGULI ST
{
int j,k;
i nt nMbdel Tot al , nModel | ndex, i Model | ndex;
i nt nXYT, i XYT, nFi t Tot al , nXCol , nX2Col , nYCol , nRLAnswer , nRHAnswer ;
i nt aBoundary[ 3], nBoundary, i Boundary; /* 20031004 */
char *pArgunent, *pXYT, *qDelimter=", ()", *pTok, *pL, *pH;
doubl e
dKel vin/*[ K] */,dTox/*[cm */,dMRati o/ *[]=m(*)/ m(0)*/, dL, dH, dR2, dR2At Least ;
VECTOR vXDat a, vYDat a, vXCopy, vYCopy, VXM rror,vYM rror;
i nt nVLow, nVHi gh;

/* Version */
Echo(" V.1.9¥n");

/* Check "ARGUMENT" */ {
i nt nhbdel OptionTot al ;
char *pAddr;
nModel Opti onTot al =Get Model Tot al () ;
if (strequ( ARGUMENT, "*")) {
nModel Tot al =nMbdel Opti onTot al ;
pAr gunent =st r dpl ( qGet Model Nane(0));
for (j=1;j<nMdel Total;j++) {
pAddr =st rvcat (pArgunent, ", ", qGet Model Nanme(j ), 0);
freeEx( pArgunent);
pPAr gunent =pAddr ;
}
} else {
nModel Tot al =strt okcount ( ARGUVENT, gDel i mi ter);
for (j=0;j<nMdel Total;j++) {
pTok=strt okbyi ndex( ARGUMENT, qDel imter,j);
k=CGet Model | ndex( pTok) ;
freeEx(pTok);
if (k<0) {
pTok=itostr2(j+1,"%l");
Echo(0, "%¥n% nodel at your expression of <ARGUMENT=> is invalid:

¥nos",
MOUDLENAME, pTok, ARGUVENT) ;
freeEx(pTok);
return FALSE;
}
}
pAr gurment =st r dpl ( ARGUVENT) ;
}
}

/* Check "XYT" */
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PXYT=ARGUMENT2[ 0] ! =" (* ? strvcat (" (", ARGUMENT2,")", 0): strdpl (ARGUVENT2) ;
if (chrcount(pXYT,' (')!=chrcount (pXYT,"')")) {
Echo(0, "%¥nNot paired parentheses at the expression of <XYZ=>¥n",
MOUDLENANME) ;
free(pXyT);
return FALSE;
}
nXYT=st rt okcount (pXYT, gDel im ter);
if (nXYT9B) {
Echo(0, "%¥nTotal nunber is not anuliple of 3 at the expression of <XYT=>¥n",
MOUDLENAME) ;
free(pXyT);
return FALSE;
} else {
nXYT/ =3;
}
[ * Check "NSUBOPTI ON' */
nFi t Tot al =NSUBOPTI ON<5 ? 5: NSUBOPTI ON;
/* Check "RANGE" */
if (strtokcount (SWEEP, gDelimter)!=3) {
Echo(0, "%¥nParaneters are not counted to 3 at the expressi on of <RANGE=>¥n",
MOUDLENAME) ;
return FALSE;
}
pTok=strt okbyi ndex( SWEEP, gDel im ter, 2);
dR2At Least =pTok[ 0] ! ="*' ? atof (pTok):0.5; //20031112
freeEx(pTok);
[ * Check "ARGUMENT3" */
i f ( ARGUMENT3&&* ARGUMENT3
&&st rt okcount (ARGUMVENT3, qDel i miter)==2) {

dTox/ *[ cm */ =at of (pTok=st rt okbyi ndex( ARGUMENT3, qDel i mi ter, 0)) *1le-7; freeEx(pTok
)
dMRat i o=at of (pTok=st rt okbyi ndex( ARGUMVENT3, gDel imiter, 1)) ; freeEx(pTok);
} else {
dTox=le-7;
dMRat i 0=0. 5;
Echo(" Following paranmeters are defined arbitrarily: Tox[ nnj =% 2f
¥/ nD=% 3f ¥n",
dTox*1e7, dMRat i 0) ;
}

/* Echo */
Echo(" Mdel =% nmin.fit=% r2=% (tox[nn]=% 2f nt/nD=% 3f) ¥n",
ARGUMENT, nFi t Tot al , dR2At Least, dTox*1e7, dMRat i 0) ;

/* Conpute */
for (i XYT=1;i XYT<=nXYT; i XYT++) {
i nt nLBoundary, nHBoundary, nGuess;
doubl e vQuess[ 8], vAnswer [ 8];
/I nXCol , nX2Col , nYCol <-- (Vg,Jg, Tenp) or (Vg, Eox, Jg, Tenp)
Echo(" [%] ",i XYT);
k=EchoXYTAr gunent sl nPar ent hesi s(
(const char*) pXYT, gDel i m ter, i XYT, &XCol , & X2Col , & YCol , &dKel vi n) ;
i f ((k==3&&(nXCol <NCL]| | nXCol >NCH| | nYCol <NCL| | nYCol >NCH)) ||
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(k==4&&( nXCol <NCL| | nXCol >NCH| | nX2Col <NCL| | nX2Col >NCH| | nYCol <NCL| | nYCol >NCH) ) ) {
Echo(0,
"os¥nX(%l) (%d) or Y(%l) index is out of range."
"conpared to matrix colums [%..%l] by the command of <XYT=>.¥n",
MOUDLENAME, nXCol , nX2Col , nYCol , NCL, NCH) ;
free(pXyT);
return FALSE;
}
/* Allocate vXData,vYData,vXMrror,vYMrror, vXCopy, vYCopy */
Mzet Saf eVect or Pai r (* MI'X, TRUE, NRL, NRH, nXCol , nYCol ,
& XDat a, & YDat a, &1LBoundar y, & HBoundary) ;
vXM rror=VDupl i cat e(vXDat a, nLBoundar y, nHBoundary) ;
vYM rror=VDupl i cat e(vYDat a, nLBoundar y, nHBoundary) ;
vXCopy=VDupl i cat e( vXDat a, nLBoundar y, nHBoundary) ;
vYCopy=VDupl i cat e( vYDat a, nLBoundar y, nHBoundary) ;
nVLow=nLBoundary;
nVH gh=nHBoundary;
/* Find out proper data range */
VGet M nMaxVal ue( vXDat a, nLBoundary, nHBoundary, &dL, &lH) ;
pTok=strt okbyi ndex( SWEEP, gDel im ter, 0);
if (pTok[O]!="*") dL=atof (pTok);
freeEx(pTok);
pTok=strt okbyi ndex( SWEEP, gDel imi ter, 1);
if (pTok[O]!="*") dH=at of (pTok);
freeEx(pTok);
if (!CGetFittingRange(vXData, nLBoundary, nHBoundary, nFitTotal, dL, dH,
&nnLBoundary, &HBoundary)) {
Echo("No valid range. ¥n");
goto N,
}
i f ((nHBoundar y- nLBoundar y+1) <nFi t Tot al )
nFi t Tot al =nHBoundar y- nLBoundar y+1;
/* Echo various paraneters */
pL=dtostr(dL, "% 1z");
pH=dt ostr(dH, "% 1z");
Echo("range(%lpt s) =%, %6¥n", nHBoundar y- nLBoundar y+1, pL, pH) ;
freeEx(pL);
freeEx(pH);
/* Check Eox whether the change in sign is. [20031004] */
nBoundar y=2;
aBoundar y[ 0] =nLBoundary;
aBoundar y[ 1] =nHBoundary;
for (j=nLBoundary;j<nHBoundary;j++) {
if (SIGN(vXCopy[j])!=SI GN(vXCopy[j+1])) {
nBoundar y=3;
aBoundary[ 1] 5j +1;
aBoundar y[ 2] =nHBoundary;
br eak;
}
}
/* Fit by nmodel */
for (i Modellndex=0;i Mdel | ndex<nModel Tot al ;i Model | ndex++) { /* 20030820 */
int nLFit,nHFit;
void (*pFunc)();
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/* Set Model ID */

pTok=strt okbyi ndex( pArgunent, qDel i mi ter, i Model | ndex) ;
nModel | ndex=Get Model | ndex( pTok) ;
freeEx(pTok);

/* Handl e Boundary issue */

i Boundar y=0;

nLFi t =aBoundar y[ i Boundar y++] ;

nHFi t =aBoundar y[ i Boundary] ;

i f (nBoundary==3&& Boundary==1) nHFit--;
/* Vector Copy */

VCopy (VXM rror, vXData, nLFit, nHFi t);
VCopy(vYM rror,vYData, nLFit, nHFit);
VCopy (VXM rror, vXCopy, nLFit, nHFi t);
VCopy(vYM rror, vYCopy, nLFit, nHFi t);

/I vXDat a, vYDat a, nHFi t

Conpl yFi tti ngVect or sWthModel (nMbdel | ndex, vXDat a, vYDat a, nLFi t, nHFi t, dTox) ;

/I nGuess

swi tch (nModel | ndex) {

case MODEL_CHM pFunc=_0OHM nGuess=1; br eak;
case MODEL_CHWR: pFunc=_OHM nQuess=2; br eak;

case MODEL_SCLCEXPONENTI AL: pFunc=_SCLCEXPONENTI AL; nGQuess=2; br eak;
case MODEL_SCLCUNI FORM pFunc=_SCLCUNI FORM nCGuess=2; br eak;

case MODEL_SCLCSQUARE: pFunc=_SCLCSHALLOW nGuess=1; br eak;

case MODEL_LAWMPERT: pFunc=_LAMPERT; nGuess=2; break;

case MODEL_SCLCCUBE: pFunc=_SCLCCUBE; nGuess=1; br eak;

case MODEL_DT: pFunc=_DT; nGuess=2; br eak;

case MODEL_DT_LEE2: pFunc=_DTLEE2; nGuess=3; br eak;

case MODEL_FN: pFunc=_FN; nGuess=2; br eak;

case MODEL_POOLE: pFunc=_PQOOLE; nGuess=2; br eak;

case MODEL_SCHOTTKY: pFunc=_SCHOTTKY; nGuess=2; break;

case MODEL_PF: pFunc=_PF; nGuess=2; br eak;
case MODEL_STAT: pFunc=_STAT,; nGuess=3; br eak;
case MODEL_DTAT: pFunc=_DTAT,; nGuess=2; br eak;
}

/* Fit first and expand. 20040110 */ {

VECTOR VAns;

VChangeBase2( & XDat a, & YDat a, nLFi t, 1) ;
for (k=1; k<=nGuess; k++) vQuess[k]=1; /* 20040614 */
dR2=xxnr qm n(vXDat a, vYDat a, nHFi t - nLFi t +1, vGuess, nQuess, pFunc,
nFi t Tot al , dR2At Least ,
& Ans, &RLAnswer , &nRHAnswer ) ;
nRLAnswer +=(nLFit-1);
nRHAnswer +=(nLFi t-1);
VChangeBase2( & XDat a, & YDat a, 1, nLFi t);
for (k=1;k<=nGuess; k++) vAnswer[k]=vAns[K];
VDest roy(VAns, 1, nGuess) ;
i f (dR2<dR2At Least) { /* 20031006 */
i f ((iBoundary+1)<nBoundary) goto B;
/* else */ continue;
}

}
/* | gave up applying this nodule. 2004.2.11 TT

* Check the cal cul ated current divergence with respect to data.

If then, worthless. However, be careful this method is not conplete.
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Still have an hol e.
Check cal culate current with extracted coeffs conpared to the
orgi nal data, always.
20031003-4 * {
i nt nCount =0;
doubl e dBase=12., dYdat a, dYcal c, dY, J, Eox, a, b;
a=vAnswer[ 1] ;
b=vAnswer|[ 2] ;
dYdat a=dYcal c=0. ;
for (j=nLFit;j<=nHFit;j++) {
Eox=(vXCopy[j]);
dY=l og(fabs(vYCopy[j])) +dBase;
switch (nModel | ndex) {
case MODEL_OHM : J=nCuess==1 ? a*Eox: a+b*Eox; br eak;
case MODEL_SCLCEXPONENTI AL : J=a*pow Eox, b+1.); break;
case MODEL_SCLCUN FORM : J=a* Eox* exp( b* Eox) ; br eak;
case MODEL_SCLCSQUARE : J=a*pow( Eox, 2.); break;
case MODEL_LAMPERT : J=a*Eox+b*pow( Eox, 2.); break;

case MODEL_SCLCCUBE : J=a*pow Eox, 3.); break;
case MODEL_DT : J=a*si nh(3. 13e7*b*f abs(Eox)) ; br eak;
case MODEL_FN : J=a*pow Eox, 2. ) *exp(- b/ Eox); break;
case MODEL_POOLE : J=a*exp( b*Eox) ; br eak;
case MODEL_SCHOTTKY : J=a*exp(b*sqrt(Eox)); break;
case MODEL_PF : J=a*Eox*exp(b*sqrt ( Eox)) ; br eak;
}
J=SIGN(J)>0 ? | og(fabs(J))+dBase: | og(fabs(J))-dBase;
if (J3>dY) {
dYydat a+=dY;
dYcal c+=J;
nCount ++;
}
}
if (nCount) {

dYdat a/ =nCount ;
dYcal ¢/ =nCount ;
if ((dYcal c-dYdata)>=0.5) dR2=0.; // 0.5 order

*/
/* Print out */ if (dR2>=dR2At Least) {
const char *qgNane=qGet Mbdel Nane( nMbdel | ndex) ;
char cEoxSi gn=SI G\N(vXCopy[nLFit])>0 2 "+':"'-";
swi tch (nModel I ndex) {
case MODEL_OHM :
Echo(" % % a=% 2e", gNane, cEoxSi gn, vAnswer[1]);
br eak;
case MODEL_OHWR :
Echo(" % % a=% 2e yi =% 2e", gNane, cEoxSi gn, vAnswer [ 2], vAnswer [ 1]);
br eak;
case MODEL_SCLCEXPONENTI AL:
vAnswer [ 1] =exp(vAnswer [ 1]);
vAnswer [ 2] - =1;
Echo(" % % a=% 2e b=% 2e", qNane, cEoxSi gn, vAnswer [ 1], vAnswer [ 2]);
br eak;
case MODEL_SCLCUN FORM
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vAnswer [ 1] =exp(vAnswer[1]);
Echo(" % % a=% 2e b=% 2e", qNane, cEoxSi gn, vAnswer [ 1], vVAnswer [ 2] ) ;
br eak;
case MODEL_SCLCSQUARE:
case MODEL_SCLCCUBE:
vAnswer [ 1] =exp(VvAnswer[1]);
Echo(" % % a=% 2e", gNane, cEoxSi gn, vAnswer[1]);
br eak;
case MODEL_LAMPERT:
vAnswer [ 1] =exp(vAnswer[1]);
Echo(" % % a=% 2e b=% 2e", qNane, cEoxSi gn, vAnswer [ 1], vVAnswer [ 2] ) ;
br eak;
case MODEL_DT:
vAnswer [ 1] =exp(vAnswer[1]);

Echo(" % % a=% 2e
b=% 2e", gNane, cEoxSi gn, vAnswer [ 1], vAnswer [ 2] *3. 125e7*dTox*dTox) ;
br eak;

case MODEL_DT_LEEZ2:
case MODEL_FN:
case MODEL_POOLE:
case MODEL_SCHOTTKY:
case MODEL_PF:
vAnswer [ 1] =exp(VvAnswer[1]);
Echo(" % % a=% 2e b=% 2e", qNane, cEoxSi gn, vAnswer [ 1], vAnswer [ 2] ) ;
br eak;
case MODEL_STAT:
vAnswer [ 1] =exp(vAnswer[1]);

Echo(" % % a=% 2e b(>0) =% 2e
c(>0) =% 2e", qNane, cEoxSi gn, vAnswer [ 1], vAnswer [ 2] , vVAnswer [ 3] ) ;
br eak;

case MODEL_DTAT:
vAnswer [ 1] =exp(vAnswer[1]);
Echo(" % % a=% 2e b=% 2e", qNane, cEoxSi gn, vAnswer [ 1], vVAnswer [ 2] ) ;
br eak;

}

pL=dt ost r (vXCopy[ nRLAnswer ] <vXCopy[ nRHAnswer ] ?vXCopy[ nRLAnswer ] : vXCopy[ nRHAnsw
er],"%1z");

pH=dt ost r (vXCopy[ nRLAnswer | >vXCopy[ nRHAnswer | ?vXCopy[ nRLAnswer ] : vXCopy[ nRHAnsw
er],"%1z");

Echo(" r2=% 3f from % pts
(%.. %) ¥n", dR2, nRHAnswer - nRLAnswer +1, pL, pH) ;

freeEx(plL);

freeEx(pH);

/* Check validity */
i f (nModel | ndex==MODEL_SCLCEXPONENTI AL) {

Echo(" Tc[ K] =% 1f ¥n", vAnswer[ 2] *dKel vin);
} else if (nModel | ndex==MODEL_DT) {

/* vAnswer[2] <= a[2]=sqrt(MassRatio/BarrierHeight) */

doubl e dBarrier=dMRati o/ SQUARE(vAnswer [ 2]);

Echo(" t ox[ nn] =% 2f (ar g) nt/ nD=% 2f (ar g) barrier[eV] =% 3g

Eox(ohm [ M/ cm =% 2g ¥n",
dTox*1le7, dMRati o, dBarri er, le-6/ (3. 125e7*dTox*dTox*vAnswer[2]));

} else if (nModel | ndex==MODEL_DT_LEE2) {
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doubl e dBarrier=vAnswer[ 3] *dTox;
Echo(" tox[nm =% 2f (arg) BH eV] =% 3g ¥n", dTox*1le7,dBarrier);
} else if (nModel I ndex==MODEL_FN) { /* J=a[ 1] *Eox"2*exp(-a[ 2]/ Eox) */
doubl e dK, dRati o, dBarri er;
dK=vAnswer [ 1] *pow( VAnswer[ 2], 2./ 3);

dRat i 0=4./ 9* pow 8* Pl * KPl anck* dK/ SQUARE( Qel ectron), 3.)/ SQUARE(10. 25e7) ;
dBarrier=!_isnan(dRati 0) ?
pow(fabs(vAnswer[2])/(2./3*10. 25e7*sqrt(dRatio)),2./3):0.;
if (!_isnan(dRati o) &&le-3<dRati o&&dRati 0<10)
Echo(" m/nmD=% 2f barrier[eV]=% 2f¥n",dRati o,dBarrier);
/el se
Echo(" nm¥/nmD=% 2f (arg) BH eV] =% 2f ¥n",

dMRat i o, pow( f abs(vAnswer[2])/(2./3%10. 25e7*sqrt (dMRatio)),2./3));
} else if (nModel | ndex==MODEL_PQOCLE) ({
doubl e dTrapCenter Di stance;

dTrapCent er Di st ance=vAnswer [ 2]/ 0. 5*Get Ther mal Vol t age( dKel vi n) / cnover A;
Echo(" d[ Al =% 29
Nt[/cmt3] ~% 2g¥n", dTrapCent er Di st ance, 1/ pow( dTr apCent er Di st ance*cnover A, 3));
} else if (nModel | ndex==MODEL_PF) {
doubl e dBet a, dRDC,
dBet a=vAnswer [ 2] * Get Ther nal Vol t age( dKel vi n);
dRDC=Qel ectron/ (Pl *VacPerm ttivity*pow(dBeta, 2));
Echo(" betaPF[ (Vcm) ~0. 5] =% 2e RD(C ] =% 1f ¥n", dBet a, dRDC) ;
} else if (nModel | ndex==MODEL_SCHOTTKY) {
doubl e dBet a, dRDC;
dBet a=vAnswer [ 2] * Get Ther nal Vol t age( dKel vi n);
dRDC=Qel ectron/ (4*Pl *VacPerm ttivity*pow(dBeta, 2));
Echo(" bet aS[ (Vcm ~0. 5] =% 2e RDC[ ] =% 1f RDC/ 4[] =% 1f
¥n", dBet a, dRDC, dRDC/ 4) ;
/* Modified PF Equation : RDC 4
1) M Stuart,"Electrode-Linited to Bulk-Linmted Conduction in
Silicon Oxide Filns,"
Phys. St at. Sol . 23, 595(1967) .
2) J. G Si mons, Phys. Rev, 155, 657(1967) .
*/
} else if (nModel | ndex==MODEL_STAT) {
if (vAnswer[3]>0) {
doubl e dBarrier;

dBarrier=vAnswer[ 3]/ (4*sqrt(2*dMRrat i o* MFr eeEl ectron)/ ( 3* KReducedPl anck* Qel ectr
on));

dBarrier=pow(dBarrier,2./3)/ Qelectron;

Echo(" barrier[eV] =% 3f (% 3f)¥n", vAnswer [ 2] *dTox, dBarri er);

} else {
Echo(" barrier[eV] =% 3f ¥n", vAnswer [ 2] *dTox) ;
}
} else if (nMdel | ndex==MODEL_DTAT) {
doubl e

dA=4*sqrt (2*Qel ectron*dMRat i o* MFr eeEl ectron) / ( 3* KReducedPl anck) ;
doubl e dBarrier=pow( vAnswer[2]/dA 2./3);
Echo(" barrier[eV]=% 3f¥n",dBarrier);
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}
/* Adjust fitted range to | ook up overlap regi on. 20031006 */ {
/*
i nt nLFi t New=nRHAnswer - ( nFi t Tot al >>1) +2;
i nt nHFi t New=nLFi t New+nFi t Tot al - 1;
i f (nRLAnswer <nLFi t New&&nHFi t New<=nHFi t) {
nLFi t =nLFi t New;
nHFi t =nHFi t New;
goto R
}
*/
/* Make it nore sinple and effective. 20040110 */
j =nRHAnswer +( nFi t Tot al >>1) - nFi t Tot al ;
i f (nRLAnswer <j &&( nRLAnswer +nFi t Tot al ) <=aBoundar y[i Boundary]) {
nLFit=j;
goto R
}
}

/* 20031005 */
i f ((iBoundary+1)<nBoundary)
goto B;
}
/* Deal | ocate vXDat a, vYDat a, vXCopy */
N: VDest r oy( vXDat a, nVLow, nVHi gh) ;

VDest r oy(vYDat a, nVLow, nVHi gh) ;
VDest roy(VvXM rror, nVLow, nVHi gh) ;
VDestroy(vYM rror, nVLow, nVHi gh) ;
VDest r oy ( vXCopy, nVLow, nVHi gh) ;
VDest r oy(vYCopy, nVLow, nVHi gh) ;

}

freeEx(pArgunent);
return TRUE;

}

/*****************************************************************************
*/
/* MosDi odeRegressor.c */
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5. Schematic of 1/f Noise M easur ement
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6. Materials an Equipmentsin Experiment

Aluminum wire: 99.999% 0.1mm, made by Newmet Koch (A Division New Metals &

ChemicalsLtd.)

La,O; Target Fillet : made by ShinEtsu

Material Method  Purity Material Method Purity
LapO3 - >00.999Wt% | HopO03  GDMS <1 ppm
Y203 GDMS <1ppm EroO3 GDMS <1ppm
CeOo GDMS 1 ppm TmpO; GDMS <1 ppm
Pre011 GDMS <1 ppm Y b,0s GDMS <1 ppm
Nd2O3 GDMS <1 ppm Lu,Os GDMS <1 ppm
Smp03 GDMS <1 ppm Ca GDMS 3 ppm
Eu0O3 GDMS <1 ppm Fe GDMS <1 ppm
Gdy03 GDMS <1 ppm Si GDMS 10 ppm
ThsO7 GDMS <1ppm

Dy,O3 GDMS  <lppm densty glem® 4111
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7. ODC and SDC in Conduction M echanisms

. DC .
Type Film DG o b Article
J. Frenkel, Physical Review, 54, 647-48 (1938)
) ) ) P L._ Maissel and R. Glang, Handbook of Thin Film Technology, McGraw-
Hill Book Company, 1970, p.14-29.
R. Hill, Philosophical Magazine, 23, 59-86 (1971)
so i i ™ J. Simmons, Physical Review, 155(3), 657-60 (1967)
A. Jonscher and A. Ansari, Philosophical Magazine, 8(23), 205-23 (1971)
SiO, - - 3.8(PFP) 1. Johansen, J. Appl. Phys., 37(2), 499-507 (1966)
obC g, ; ; ) A. Servini and K. Jonscher, Thin Solid Films, 3, 341-65 (1969)
SigN, - - (PF) J Yeargan and H. Taylor, J. Appl. Phys,, 39(12), 5600-04 (1968)
BaTa0, 2429 - 1.8-2.1 (SE) Y. Kimet al., Solid-S. Elec., 43, 1189-93 (1999)
4.8 - 3.8-5.4 (PF) C. Isobe and M. Saito, Appl. Phys. Lett., 56(10), 907-09 (1990)
Ta,0y - - (PP C. Chaneliereer al., J. Appl. Phys.,, 86(1), 480-86 (1999)
22 - 2.26-244(PF) M. Houssaet al., J. Appl. Phys., 86(11), 6462-67 (1999)
Zr0O, - - (PP S. Ramanathan et al., J. Appl. Phys., 91(7), 4521-27 (2002)
Type Film be Article
ODC SDC CcDC
Sioc - 30 3.18 (PF) K.Yiang et al., Appl. Phys. Lett., 83(3),526-28 (2003)
. BaTiO, - 9.9 11.2 (SE) R.Avilaet al., Thin Solid Films, 348,44-48 (1999)
Ta,0; - 24.3 24.4 (PF) F.Chiu et al., J. Appl. Phys, 81(10),6911-15 (1997)
Y,0, - 9.3-9.6 10 (SE) D.Basak and K. Sen,Thin Solid Films, 254,181-86 (1995)
Si:N, 4 7 5.5 (PF) S. Sze, J. Appl. Phys., 38(7), 2951-56 (1967)
SiO,/SiN, - 75 6 (PF) S. Berberich et al., Diamond and Related Materials, 8(2-5), 305-8 (1999)
26 2.869(PF) C.Liueral, Materials Sci. and Eng. B, 106(3), 234-241 (2004)
Saif- 49 267 11.1 (PF) G. Oehriein, J. Appl. Phys, 59(5), 1587-95 (1986)
g;:;n?c‘t) T80, 8 4 14(PH) S. Chatterjee et al., J. Phys. D: Appl.Phys., 36, 901-07 (2003)
4 ﬁg ) J. Lee et al., Materials Chemistry and Physics, 77(1), 242-47 (2003)

eom<=CDC(PF)<sc_v(1M Hz)

E. Atanassovaet al., Microelectronics Reliability, 45(1), 123-35 (2005)

SITiO,

2.42

2 (SB)

C. Peng et al., Appl. Phys. Lett., 63(8), 1038-40 (1993)

ODC = Optical Dielectric Constant / SDC = Static Dielectric Constant

PF = Poole-Frenkel Conduction / SE = Schottky Emission

8The dynamic dielectric constant obtained from the P-F plot should be between optical
and static dielectric constants. If so, the value is self-consistent.
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8. Conduction mechanismsfound in high-k dielectrics

Oxide Conduction  Fabrication Article
SE,PF,FN VD W.Zhu et al.,|IEEE IEDM ,463-66(2001).
SE,PF,FN VD W.Zhu et al., |EEE Elec.Dev.Lett.,23[2],97-99(2002).

HfO, FN E-beam evaporation  H.lkedaet al., Jon.J.Appl.Phys.,42,1949-53(2003).
SILC lon-beam sputtering  D.Han et al.,Microelectronic Eng.,66,643-47(2003).
DT Plasma deposition C.Hinkle et a.,Microelectronic Eng.,72,257-62(2004).
PF,FN PLD T.Yamaguchi et.al.,|EEE IEDM,19-22 (2000).
SE@LF PF@HF  RTCVD J.Chang and Y .Lin,Appl.Phys.Lett.,79[22],3666-68(2001).

210 TAT ALCVD S.Jeon et al.,Jpn.J.Appl.Phys.,41,2390-93(2002).

2 PF UV-ozone oxidation ~ S.Ramanathan et al.,J.Appl.Phys.,91[7],4521-27(2002).

PF Reactive sputtering ~ W.Chim et al.,J.Appl.Phys.,93[8],4788-93(2003).
PF,FN PLD T.Yamaguchi et al.,|EEE Trans.Elec.Dev.,51(5),774-79(2004).
SCLC Al oxidation T.Hickmott,J.Appl.Phys.,33[9],2669-82(1962).

ALO SCLC Al oxidation H.Birey,J. Appl.Phys.,49[5],2898-2904(1978).

™8 sCLC Al oxidation R.Gould and C.Hogarth, Thin Solid Films, 51, 237-50(1978).

PF AIN oxidation J.Kolodzey et al., |IEEE Trans. Elec. Dev., 47[1],121-28(2000).

SE = Schottky emission
JVD = Jet-vapor-deposition

PLD = Pulsed-laser-ablation deposition

RTCVD = Rapid thermal chemical vapor deposition
ALCVD = Atomic layer CVD
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