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Abstract—Based on the energy-dispersion relation in each plex fabrication process of transistors, most studies have been
region of the gate-dielectric-silicon system, a tunneling model conducted on MOSCAPs. The uncertainty of the material prop-
is developed to understand the gate current as a function of gieg especially for the thin films, imposes another difficulty in

voltage and temperature. The gate capacitance is self-consistentlyt f understanding th . tal Its. In thi K
calculated from Schrédinger and Poisson equations subject to the €IS of Unaerstanding the Experimental ITESUILS. 1n this WOrK,

Fermi—Dirac statistics, using the same band structure in the silicon throughC,—V,and I,-V; simulations, the material properties
as used for tunneling injection. Franz two-band dispersion is of ZrO,-NMOSCAPSs are extracted in the accumulation region.
assumed in the dielectric bandgap. Using a Wentzel-Kramer—Bril- High-K materials, not coincidentally, generally have smaller

louin (WKB)-based approach, direct and Fowler—Nordheim (FN) . . .
tunneling and thermionic emission are considered simultaneously. band gaps and smaller band offsets with silicon than,SiO

The model is implemented for both the silicon conduction and [7]. In addition to direct tunneling, Fowler-Nordheim (FN)
valence bands and both gate- and substrate-injected currents. tunneling can be important because of the smaller band offsets.
ZrO ; NMOSFETSs were studied through temperature-dependent The thermionic emission also needs to be considered for ma-
Cy-V, and I,-V, simulations. The extracted band gaps and band ej5|5 with extremely small band offsets and for transistors in
offsets of the ZrO,- and interfacial-Zr-silicate-layer are found . . s

to be comparable with the reported values. The gate currents in which h(_)t carriers are of concern. Gate currents from_ the silicon
Zr0 ,-NMOSCAPs are found to be primarily contributed from  conduction band and valence band may be nonnegligible at the
the silicon conduction band and tunneling appears to be the most same time. Furthermore, an interfacial layer is generally found
probable primary mechanism through the dielectric. Oscillations  petween the high-K layer and the silicon substrate. These all

of gate currents and kinks of gate capacitance were observed near g5 gifficulties in terms of understanding the experimental
flat-band in the experiments. These phenomena might be caused gate currents

by the interface states.

With increasing normal fields as a result of high doping con-
centrations and reduced EOTs, quantum confinement effects
can no longer be neglected [8]-[11]. In this paper, we report
a Wentzel-Kramer—Brillouin (WKB)-based gate current model
. INTRODUCTION that considers quantum confinement effects and is applied to the

iO, has been used as the gate dielectric because ofifgersion and accumulation regions and both the conduction and

rocess ad\/antages and good interface properties Wm{ence band components. Direct, FN tunneling and thermionic
silicon. As gate lengths have been reduced, the, $i@kness emission are considered simultaneously.

also has been reduced to maintain gate control over the channelhe gate capacitance has been used for extracting the
However, in the deep submicron regime, the direct tunnelifgOTs [8]-[10], beyond which the capacitance-voltage be-
current limits this scaling process [1]-[3]. In order to overcomieavior should be modeled concurrently with current-voltage.
this limitation, high-K (or high dielectric constant) materialsSThe charge redistribution in the gate-dielectric-silicon struc-
are being introduced to achieve a greater physical thicknésse must be determined self-consistently by solving the

and thus reduce the direct tunneling current while retainingRoisson-Schrédinger equations. The gate capacitance provides
low equivalent oxide thickness (EOT). an experimental probe of the charge distribution at different
Different materials such as ZgGnd HfQ, have been shown gate voltages and this is key to modeling the gate current.

[4]-[6] promise for transistor application. Owing to the comTemperature-dependence study of gate currents and gate ca-

pacitance of MOS capacitors with SiGhows this correlation:
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In Section I, the key features of the model and the model e
validation using Si@will be presented. The experimental anal- Cond. Band < unbound
ysis of ZrQ,-NMOSCAPs and parameter extraction will be dis- component / < Stectron
cussed in Section IlI. Finally, we will summarize this work in {e- e
Section V. / ‘?—/ bound
electron
EI,SI

Il. M ODELING
The independent particle approach [13] is adopted to model Ee' A;d_—-

the tunneling currents through the gate dielectric. If the energy =~ =weeeeeds < electron
dispersion relationk{ verusk) in each region is available, the Eigne

tunneling probability is obtained by a WKB method. In the

originally proposed approach, the wave number vector parallel Val, Band /

to region interfacesy, is required to be conserved. However, component

well-known inconsistencies between the assumption and exper-

iment are found between gate currents in SMOS devices

fabricated on Si(110) and Si(111) [14] and this issue has not

been resolved. In this work, simultaneous agreement of gate cur-

rent simulation with experiment in inversion and accumulation

is achieved for Si@devices fabricated on Si(100) with con- P°'y:§£":ﬂ°"
served. The primary effect of using this assumption or not seems ~N
to be primarily to decrease the calculated band-edge masses. | ————=

A physical picture of this model can be described in terms
of electrons tunneling from the silicon substrate to the gate (see
Fig. 1). The incident component of the electron wave function,
subject to the band structur& (k. k,,, k.) tunnels through the
barrier and contributes to the transmitted currents. The energy-
dispersion relation in the dielectric bandgap and available states
in the gate determine the transmission probability. The conti-
nuity of electron flux allows the gate-injected electron current
to be calculated by the transmission of electrons into the silic
at silicon-dielectric interface.

The carrier states in the silicon channel are roughly divided ) - ] o
into bound states and unbound states. Bound states are quaAhe tunneling probability’(E, k) ) through the dielectric is
tized states inside the quantum well formed by the silicon barfeglculated by the WKB method [22] whéd < 0
edge. Subband structures and envelope functions are obtained .
by solving the Schrddinger equatiorkirspace using a full-band —InT (E. k) = / |k.| dz (3]
formalism [15], [25]. Those states outside the quantum well are
approximated as free and unbound and the energy-dispersio,
the silicon-dielectric interface is approximated by the bulk-sil-
icon band structure. B2 = k2 _ )2 3)

The apparent energy dispersion “seen” by the tunneling ? I
electron in the dielectric band gap is approximated by Franzg . a2
two-band model [16]

(2)

Normalized wave funciion

Quantum confinement
effect

poly gate Si substrate

(®)

. 1. Band diagrams of a gate-dielectric-silicon system being biased in the
‘ersion region for (a) gate current model and (b) gate capacitance model.

dielectric

is calculated from Franz dispersion ahgconserva-
tion is applied.
The total energyF is used, thus direct, FN tunneling and

1 h? h? e oS . ;
— = 1) thermionic emission are considered simultaneously:
2~ 2m.(E—E.) | 2m, (E, — E) @ _ on ar S
» direct tunneling%; < 0 across the whole dielectric;
where « FN tunneling:k? passes through 0 within the dielectric;
E total energy of the electron; « thermionic emissiont? > 0 across the whole dielectric.

m. andm, band-edgesffective masses for the conductioriThese mechanisms are all considered elastic as the total energy
and valence bands, respectively, of the dieleand & are conserved during transport through the dielectric.
tric; The image force is lower in higher-K materials and reduced by

E.andFE, energies of the respective band-edges. the quantum mechanical repulsion of both bound and unbound

Such dispersion relation has previously been shown to be effeasriers from the interface. Thus, its effect on barrier lowering
tive approximation for conventional oxides [17], [18}. and is not considered.

m,, are unknown parameters to be extracted by comparing gaté-inally, the total gate current densify; is calculated as
current simulation with experiment. Table | summarizes the dif-

ference between this work and others of tunneling through SiO Jg = Jsi-conduction + JSi-valence (4)
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TABLE |
COMPARISON BETWEEN THIS WORK AND OTHER MODELS OF TUNNELING
THROUGH GATE SILICON DIOXIDE. EMA STANDS FOR EFFECTIVE
MASS APPROXIMATION

1971

Whereq-;1 is approximated by the surface impact frequency for
a two-dimensional (2-D) subband[21]

-1
. . nf=(g) ®)
This Work | Parabolic | IBM’s NC IE ) bband P
EMA EMA state’s
EMA with the action integral between the classical turning points
Reference | N/A Ref. Ref. 19 | Ref. 9
20,21 I= j'{ k) d 9)
Numerical| WKB, Resonance| Transfer | WKB, <’:ll’1d1
- self- Matrix non-
pproach zzlrfsistent c?)nsistent self- ’ self- kg“)(z) :ﬁ\/sz (EN ~ Bhandwin. () (10)
consistent| consistent
x yes o o o where the contour integral is around the quantum well formed
cg;lserved in the channel,E, is the minimum energy ofith subband;
Eyand min. is the band-edge in which the subbands formed; and
Dielectric | Franz- parabolic | Franz- | Franz- m.. is the effective mass along the tunneling direction
Modeled | type like type type m, = 0.2m, andm, = 0.9m,. are used for the conduc-
tion-band longitudinal and transverse valleys, respectively,

Dielectric | SiO, SiO, Si0, Si0, where m. is the free electron mass. Because the effective
treated | High-K mass approximation is not very accurate for the valence
Transport | Direct, Direct | Direct | Direct band,m. then is treated as a subband-independent adjustable
modeled | FN tunneling | tunneling | tunneling parameter. From comparison of gate current simulation with

tunneling experiment for a SiQ-PMOSFET in inversion, it is found that

;rlzfg’;zmc m. = 0.10 ~ 0.25m. gives good agreement (see Fig. 2).

The SiG thickness is extracted by comparison 6f—V,
simulation with experiment in accumulation (see Fig. 2).
Similar agreement is also achieved for a SIIMOSFET,

where Jsi-conduction 1S from the conduction-band longitudinal . . . -
valleys. With k) -conservation, the effective barrier for '[ransyvhICh was fabricated on Si(100) (see Fig. 3). The gate current

A . : .. ~simulation agrees well with experiment both in inversion
verse valleys is higher and tunneling from them is negligible. 9 P

. ; . nd accumulation. The band gap and conduction band offset
Each component;, where: designates the band, is calculate(\‘l?vit silicon of Si0, are 9.0 eV and 3.15 eV, respectively.

separa_tely for unbou_nd states and bound states. For unbmllpne band-edge effective masses are adjustable parameters but
states in the conduction band : o .
- remain the same for the silicon conduction band and valence
2q / dE, band components, respectively, whether for substrate-injected
B omin.c or gate-injected currents. More details about gate currents in
oo
/k—(0,0)

Ji,unbound = (271_)3
5 SiO, devices will be discussed in a future paper.
AT (E, k) (frp gate — frpsi) ()
and for unbound states in the valence band

Near the flat-band regionV, ~ —0.8 V in Fig. 3, the
quantum well is wide and shallow. Quantization effects due to
the quantum well formed by the band-edge become less im-

2q B max, portant. Thus, a clear division between the bound and unbound
Ji,unbound = W /_ - dE; states can cause significant errors in gate current calculation,
~00 which result in abnormal,—V,, behavior in simulation. The
/ dkﬁT (E.k)) (frD.gate — frp,si) (6) error may originate from either the impact frequency or the
k) =(0,0) supply of carriers. Below flat-band, only energetic carries
where can tunnel elastically, greatly reducing the calculated current.

frD.gate @and frp i Fermi-Dirac distribution functions In practice, other mechanisms may dominate. A possible
for the gate and silicon substrate/nechanism might be related to the interface states, which is
respectively; not considered in the model. Near flat-band, the carrier density
lowest (highest) unbound state in thdés much lower than in accumulation or inversion. The trapped
conduction (valence) band; charges can contribute appreciably to the total gate currents;
q charge of electron. empty traps may assist the carrier tunneling into/out of the
While for bound states silicon substrate. Contribution from the overlap regions with
2 = the source and drain may also be important in that region.
Jibound = WZT” Gate current characteristics at different temperatures are
I
/’ﬂ:’“.min

Ez,min,c (Ez,max,v>

shown in Fig. 4. NMOSFETSs with single-layer dielectric of 3.9
with different thicknesses and barrier heights are simulated.

dk3T (B, k ate — ) (7 _
I ( ' ”) (frDgate = frosi)  (7) The flat-band voltages of these devices are-0.8 V. When
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Fig. 2. Comparison of gate current and gate capacitance simulation with the experimental data fofPMEBISFET. EOT~ 20 A is found fromC,-V/,
simulation. Area= 10~* cm~2 with W/L = 1.
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Fig. 3. Comparison of gate current and gate capacitance simulation with the experimental data foNM&SFET. EOT~ 20 A is found fromC,—V/,
simulation. Area= 10~* cm~2 with W/L = 1.

the potential barrier of dielectric is high and/or thin, direct More energetic carriers see a relatively small barrier. There-
tunneling prevails. However, when the potential barrier i®re, the hotter the carrier distribution, the greater the tunneling.
low, transition from direct to FN tunneling is seen. With th&his field-assisted thermionic effect is particularly significant
potential barrier of 1.0 eV high and 40 wide, such transition when the barrier is low and/or thick (see Fig. 4). Polarity ef-
occurs around’, = —2 V in accumulation and’;, = 0.8 Vin  fects are also seen in the temperature-dependence of gate cur-

inversion.

rent, which is stronger in accumulation than in inversion. Such
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Fig. 4. Simulated/,—V, at 25°C and 125°C for n-channel MOSFETs with different dielectric thicknesses and conduction band offsets with silicon. Single
layer of dielectric of dielectric constant of 3.9 is assumed in the devices.

effects are not due to the transport in the dielectric but the chafigahe experimental data. For the fabrication process described
supply and asymmetry of the gate stack. above, it was found that the substrate doping concentration
is 5x 10" cm™3, the metal work function is 4.50 eV for
sample A and 4.45 eV for sample B, the EOT of sample
A is 10.8 A and 13.6A for sample B. The difference of
TaN/ZrO,/p-Si NMOSCAPs of area of & 107> cm? were metal work functions indicates slightly different fixed charge
fabricated on Si(100) wafers with resistivity of 5-25cm. The densities at the dielectric-silicon interfaces for A and B. The
Zr was deposited via dc magnetron sputtering in an argon aflat-band voltages are: —0.55 V and~ —0.60 V for samples
bient at room temperature. After deposition, the wafers wefe and B, respectively.
rapid thermal annealed (RTA) in-Nat temperatures ranging If abrupt interfaces are assumed, the EOT of the dielectric
from 500°C to 800°C at atmospheric pressure. TaN was dstack can be calculated by
magnetron sputter-deposited in Ar ang & room temperature
and dry etched to form t_he top electrode. FinaIIy,. aluminum was EOT = {0, X €Si0, St x €Si0y (11)
deposited on the backside of the wafers for ohmic contacts prior T €2:0, €int
to measurements.
Two samples of different thicknesses of Zr@ere fabri- wherees;o,, €z;0, ande;,; are dielectric constants of SiQ
cated, labeled as “A” and “B.” According to TEM analysis, aZrO-, and Zr-silicate, respectivelygio, = 3.9.
interfacial Zr-silicate layer exists between the Zffayer and From ranges of dielectric-layer thicknesses, EOTs from
the silicon substrate as reported in [23]. The physical thickneSg—V, simulation,ez,0, = 20 and to satisfy (11) for both
of each layer is found as: for sample #,0, = 31 ~ 39 A samples A and Bs;,,; ~ 5.5 is found. The physical thickness of
andti,; = 6 ~ 10 A for sample Btz.0, = 36 ~ 40 A, and each layer is determined as;o, = 33.6 A andt;,, = 6.0 A
tine = 7 ~ 9 A, wheretz,o, andt;,, are physical thicknessesfor sample A and.o, = 38.5 A andt;,, = 8.6 A for sample
of the ZrG, and interfacial silicate layers, respectively. Becaud® These values are within ranges obtained from TEM but
of the thickness variation, the experimental data being analyzae not the medium values. To satisfy (11) with the medium
for either sample were measured from the same device. The datlues will result in negative;,; and smallez,o2 (~ 4.18).
shown is representative of the entire wafer. With limited experimental information available, the above
To analyze the devices§],—V, simulation is first compared approximation is the most reasonable. These parameters, along
with the experimental data to extract the related device structuwdth the ones obtained fror@',—V; simulation, are used later
parameters (see Fig. 5). At this step, EOT is the only physidal gate current simulation.
parameter that can be extracted and is required for the dielectri@emperature-dependence of gate current is shown in Fig. 6.
stack. The interface state effects are neglected. Effects of fix@dmple A, withtz,o, + tint = 39.6 A, shows temperature-
charges are compensated by adjusting the metal work functiofirtdependence in accumulation but temperature-dependence in

I1l. EXPERIMENTAL ANALYSIS
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Fig. 5. Comparison of’,—V, simulation with the experimental data in accumulation for ZIMOSCAPs with different dielectric thicknesses, samples
A and B.

inversion. Sample B, wittyz.o, + tin = 47.1 A, shows weak by a factor proportional texp(AFE;/(kgT)), wherekpT is
temperature-dependence in accumulation. the thermal energy and\ F; is the decrease of the trapping

In principle, the temperature-dependence could be cagmetential barrier due to the electric field. The barrier is fur-
tributed from either the transport mechanism, or by the chartieer decreased if the electric field is increased. Thus, stronger
distribution in the system, or both. In an NMOSCAP, electrorfgeld/voltage-dependence of current is to be expected at low
in the conduction band are minority carriers in the silicotemperatures. Such characteristic was not observed in the gate
channel. Without a source/drain as external supply, its conce&nxrents of ZrQ-NMOSCAPS in our experiments. We believe,
tration cannot be maintained at the thermodynamic-equilibriutherefore, the temperature-dependence observed in sample B is
value. As the temperature is increased, substantially maret primarily attributed by the the Frenkel-Poole mechanism.
minority carriers are available and, as a result, the gate current&lthough simulation and experiment agree quite well, itis not
show strong temperature-dependence in inversion. This strampclusively clear that direct tunneling or FN tunneling, which
temperature-dependence contrasts markedly to the much waekthe temperature-independent conductions being modeled in
temperature-dependence for the field-assisted thermiotiis work, isthe primary transport mechanism. This is due to the
current for accumulation shown in Fig. 4, thus is attributed tancertainties about the device structural information, especially
the temperature-dependence of the charge distribution. Tthese of the dielectric stack. Other temperature-insensitive or
strong temperature-dependence in inversion also indicates thaakly dependent transport mechanisms such as trap-assisted
the gate current is primarily from the conduction band. tunneling remain possibilities.

Yamaguchiet al. reported that band gaps of ZyGand Comparison between simulation and experiment of gate cur-
Zr-silicate layers are 5.7 eV and 4.5 eV, respectively, from XR8nts at different temperatures is shown in Fig. 8. In simulation,
analysis for sputter-deposited films [23]. Using these valud#ise gate current of sample B has stronger temperature-depen-
in Franz dispersion, the gate current simulation agrees we#nce than sample A, consistent with the model for thicker
with experiment for both samples (see Fig. 7). The conductitwarriers (see Fig. 4). However, the temperature-dependence
band offsets of Zr@ and Zr-silicate are found as 1.45 eVpredicted by the model is weaker than experiment. Thus, some
and 1.0 eV, respectively. The band-edge effective masses taermally assisting process(es) should be involved, but its in-
m. = m, = 0.35m, for both ZrG, and Zr-silicate. fluence is weak. Such thermal processes can either be related

Yamaguchi assumed Frenkel-Poole conduction through ttoethe transport through the dielectric or the supply of carriers.
dielectric stack and reported the conduction band offsets wifhit is related to the transport, it should be weakly dependent
silicon of the ZrQ and Zr-silicate layers as 1.5 eV and 1.0 e\on the electric field in the dielectric.
respectively. For Frenkel-Poole conduction [24], the conducting At low gate voltages, oscillations of gate currents were ob-
electrons are thermally emitted out of the traps in the dieleserved near the flat-band and depletion region. KinksjrV,
tric. The trapping potential barrier will be reduced if an eleowvere also observed. These might be caused by the interface
tric field is applied. As a result, the current will be increasestates between regions (gate/dielectric or dielectric/silicon). The
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Fig. 6. Gate currents of ZrFONMOSCAPs at different temperatures: (a) sample A, with,.,, + tin. = 39.6 A and (b) sample B, Withz.0, + tine = 47.1 A,

high-density of interface states might significantly affect ththin films and few charges are trapped or fresh traps are created
gate capacitance and gate current by trapping or detrappingwithin the dielectric stack. This is yet another piece of circum-
electrons in the absence of inversion or accumulation layers stantial evidence of the unimportance of Frenkel-Poole transport
The I, -V, characteristics from sample A were measureid these samples, at least in accumulation.
at 25°C before and after thermal and electrical stresses. Gatel'he comparison of gate current simulation with experiment
voltages from—3 V to 3 V were applied at temperatures ofor a TaN/HfQ,/p-Si capacitor is shown in Fig. 9. The simu-
25°C-125°C. The measured gate current is similar to that détion agrees well with experiment in accumulation. The EOT
the fresh device [see Fig. 6(a)]. This implies good quality of the ~ 10.5 A obtained fromC,—V, simulation.E, = 5.7 eV,
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Fig. 7. Comparison of gate current and gate capacitance simulations with the experimental data for samples A and B.
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Fig. 8. Comparison of simulation and experiment for gate currents at different temperatures for samples A and B.

AFE. = 1.6 eV andm. = m, = 0.32m, are used in the Franz gate dielectric. Both gate-injected or substrate-injected currents
dispersion for the Hf@layer andE;, = 4.5eV,AE, = 1.2eV are modeled for the silicon conduction-band and valence-band
andm. = m, = 0.5m, for the interfacial layer. components. Subject to the energy dispersion relation in each
region of the gate-dielectric-silicon system and available carriers
and empty states in either side of the dielectric, the gate current
is determined. The energy dispersion in the dielectric band gap
A gate current model has been developed taking into accoistapproximated by Franz dispersion. The subband structures
the quantum confinement effects in the silicon channel, diremhd carrier distribution in energy and position in the silicon
and FN tunneling and thermionic emission transport through theannel are obtained by solving the Schroédinger and Poisson

IV. SUMMARY AND CONCLUSIONS
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Fig. 9. Comparison of gate current simulation with experimental data for a TaN/pH8i capacitor.

equations self-consistently, both for gate capacitance and gate

current calculations. A self-consistefilt,, I, -V, model thus  [1]
is established. This model was validated using-Sili2lectric
devices and good agreement with experiment is achieved.
Device structure information of ZEONMOSCAPS is ex-  [3]
tracted in accumulation using, -V, and I, -V, simulation. 0

The simulation agrees well with the experiment for different
thicknesses of dielectric stack, using consistent parameters.
The extracted band gaps and band offsets with silicon areg
comparable with those that have been reported. The gate
current simulation of a HHONMOSCAP also agrees well with
the experiment. [6
Characteristics of gate current transport mechanism of

ZrO,-NMOSCAPs were studied. The temperature-dependence
study shows that the gate current is primarily contributed from
the silicon conduction band and tunneling is the most likely pri- [7]
mary transport mechanism. However, other tunneling processe,
such as trap-assisted tunneling may be possible. More temper-
ature-dependent processes are also not completely excluded,
but their effects are weak. Interface states between differentg,
regions might significantly affect the gate capacitance and gate
current at low voltages. Kinks in gate capacitance-voltage and
oscillations of gate currents were observed. The gate currepo)
does not change much after the device is stressed electrically
and thermally. This indicates good quality of the film and few,, ;.
charges or traps created in the dielectric stack as a result of the
stress.

[12]
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