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Electrical Conduction and Dielectric Breakdown in
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Abstract—t eakage currents and dielectric breakdown were strength of the applied electric field, casting doubt on the suit-
studied in MIS capacitors of metal—aluminum oxide—silicon. ability of high field stressing alone to predict the long-term
The aluminum oxide was produced by thermally oxidizing AN e iapility of circuits normally operating at lower fields [7].

at 800-1100°C under dry O conditions. The AIN films were Hiah t i t heati d ¢ 8 d
deposited by RF magnetron sputtering on p-type Si (100) sub- igh tunneling currents cause heating and waste power [8], an

strates. Thermal oxidation produced AbO3 with a thickness and  SiOz2 may have difficulty sustaining further scaling reductions in
structure that depended on the process time and temperature. The thickness. Oxide scaling to zero thickness produces essentially
(I\j/”SI ﬁapacito(rjs_exhib_ited thetebarag yesiaisie @nacﬁ‘}@@!ﬂaﬁj@ﬁally hard [15][16]. Simulations
epletion, and inversion on ; gﬁgﬁ ce. The
best electrical properties werlho I%E%:mw e Hafﬁ'@clJ[F ?#gilN was
fully oxidized to Al 03 with no residual AIN. The MIS flatband
voltage was near 0 V, the net oxide trapped charge densitfox,
was less than 18! cm~2, and the interface trap density, D,
was less than 18 cm~—2 eV~1. At an oxide electric field of 0.3
MV/cm, the leakage current density was less than 107 A cm—2,
with a resistivity greater than 102 Q-cm. The critical field for
dielectric breakdown ranged from 4 to 5 MV/cm. The temperature
dependence of the current versus electric field indicated that the
conduction mechanism was Frenkel-Poole emission, which has the
interesting property that higher temperatures reduce the current.
This may be important for the reliability of circuits operating
under extreme conditions. The dielectric constant ranged from 3
to 9. The excellent electronic quality of aluminum oxide may be
attractive for field effect transistor applications.

Index Terms—Dielectric breakdown, MIS capacitors, MOS ca-

pacitors, semiconductor-insulator interfaces. 203 may be useful in the gates of flash

memory circuits because its higher dielectric constant increases
the capacitive coupling and increases circuit speed by three or-
. INTRODUCTION ders of magnitude, compared to using $i@7]. Unoxidized

VER the past decade, the gate oxides of field effect irafIN has been used as a transistor gate dielectric on Si[18]. Pre-
sistors in commercial integrated circuits have been scalé@us studies of micron thick AN films deposited by plasma
to below 4 nm thick to increase the gate capacitance and gthanced chemical vapor deposition indicated resistance to ox-
transistor gain. In thin layers, the problems associated with g#gtion up to 900C, with Al03 forming above 1100C [19].
electrode breakdown and leakage currents are crucial becafis@eneral, the defect density of deposited insulators is higher
of quantum mechanical tunneling. Under high electric fielthan that of thermally grown insulators. _
stressing, silicon dioxide degrades by the formation of traps, This paper describes measurements of dielectric breakdown,
leading to lower breakdown fields [1]-[4]. After prolonged®akage, and tunneling in A3 produced by thermally oxi-
periods at relatively lower fields, Sidnay fail catastrophically dizing thin films of AIN on p-type Si substrates, as described
by the mechanism of time dependent dielectric breakdokeviously [20]-[22]. We report on the defect density, dielectric
(TDDB), which is still not well understood [4]-[6]. EvidenceConstant, resistivity, and breakdown strength. In principle, alu-
indicates that the breakdown mechanism changes with fféum oxide could be produced by other techniques including
the reactive sputtering of Al metal in an oxygen atmosphere
M , _ o _ E£23], and spray pyrolysis [24]. The optimum oxide process for
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TABLE I
THE DIELECTRIC PROPERTIES OFOXIDIZED AIN THIN FILMS OBTAINED FROM C'—V AND I-V MEASUREMENTS OFMIS CAPACITORS PRESENTED ARE THE
SAMPLE NUMBER, OXIDE CAPACITANCE PERAREA, DIELECTRIC CONSTANT, FLATBAND VOLTAGE, NET OXIDE TRAPPEDCHARGE, DENSITY OF INTERFACE TRAPS
RESISTIVITY AT 0.3 MV/cm, AND BREAKDOWN FIELD OF THE ALUMINUM OXIDE

Sample Cox Kox VFB (Qox)/q Dit Pox Egp
(@F-em’2) W) (em2) (em2 ev'h (Q-cm) | (MV/em)
1006012 13.04 845 | -167 | taex10'l | 226x1010 | 22x1013 4.6
100601b 132 79 | -296 36x101 ! 131 x10'° -
100601¢ 205 977 | +113 6.6x10!! 150x10't | 4.2x1012 423
100601d 275 9.1 181 | 2.84x10!12 | 1.04x1010 | 1.6x10!3 5.67
100601e 30 88 | -19.4 | 285x10'2 - - -
012301a 2.9x1012 499
012301b 53 6.0 3 70x101t | 725x1010 | 3.5x10!2 4.94
012301c 1.3x1012 5.32
S09001 1.9x1013 10.3
$09002 2.8x1013
S09003 3.5x10!3 8.27

10 _' ] visual microscopy on the metal surface, and it is possible that
localized current surges evaporated small regions of the Al metal
sl 3 contact from the surface, preventing further conduction through
< 10 1 that spot.
g 1 E In comparison, the Si®sample had relatively low current
& 107°¢ 1 up to 5 MV/cm, followed by increasing current with dielec-
g — lc060la 1 tric breakdown near 10 MV/cm, in agreement with the accepted
107} T e breakdown field of 10 MV/cm for thick Sie{10]. Although the
——S09001 ] breakdownfield of aluminum oxide was lower than for SO
——012301¢ L L.
107 L . . . . . the breakdowrvoltagemay be similar for optimized MIS de-
0 2 4 6 8 10 vices having the same capacitance because of the higher dielec-
E,, (Mv/cm) tric constant of aluminum oxide.

Fig. 2. The dependence of leakage current density on oxide electric field for Analysis of Leakage Current and Dielectric Breakdown

MIS capacitors with AIN oxidized at 110 for 2 h, 1000 C for 1 h, and 90@ To det . th hvsical hani ible f
for 1 h (samples 100 6014, c, and d, respectively), thinner AIN oxidized &(200 0 determine € pnysical mechanisms responsible for

for 3 h (012 301c), and Sigoxidized at 900C for 1 h (SO-9001). Properties leakage, the dependence of current on electric field was com-

are given in Tables | and Il., and the shapes of the curves are discussed indaged for two transport mechanisms known to be important for

text. Dielectric breakdown occurred in the range from 4 to 5 MV/cm for th . . . . .

Al0s3, and near 10 MV/cm for the SiD unneling in insulators: Fowler—Nordheim (FN) tunneling and
Frenkel-Poole emission.

A cm~2 at fields under 0.3 MV/cm, corresponding to resistivis The FN mechanism describes the tunneling of electrons from

. L the metal into the conduction band of an insulator, with a de-
ties pox greater than 1§ Q-cm. The resistivities agreed reason-

ably with the published value for sapphire ££@-cm) but the pendence of current density on oxide electric field strerdgth

breakdown strength of the samples was higher than the vaﬁj“éen by [10]

accepted for bulk sapphire (0.5 MV/cm) [31]. Jin = aF2_exp[—b/Eox). 2)
Sample 100 601c has a current density that increased and then

saturated at about 4 x 10 A cm~? at fields near 1-3 MV/cm, The constants andb are

and then increased again. This behavior is under study, but has

been observed in ultrathin SiQayers for which the constant

current plateaus were attributed to phonon-assisted tunneling, jty

neutral traps [2]. Another possibility for the current plateaus is

series resistance in the test structure. For sample 100 601c, the b =87(2m*)?(q¢)*? /(3hq)

increase in current at_low fie_Ids may be due to breakdowr_l at 268(m*/m0)1/2(¢b)3/2 MV/em 4)

defects or weak spots in the dielectric, followed by a mechanism

of self-healing [34], [35]. Small dark spots were observed by

a = ¢*/(8xhdy) = 1.538 x 107%(¢y) "AV T2 (3)
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Fig. 3. The current density versus electric field characteristics at roomd- 4- The current density versus electric field characteristics of aRi0S

temperature for two aluminum oxide MIS capacitors (sample 100 60f@pacitor (sample SO-9001 oxidized at 9@for 1 h). Data are pre_sz_ented as
oxidized at 1000C for 1 h and sample 012 301c oxidized at 9@for 3 h). & FN plot showing the dependence of leakage current density divided by the

Data are presented as a Frenkel—Poole plot showing the dependence of)ﬁi\ e electric field squared versus the reciprocal electric field. The linear slope
leakage current density divided by the oxide electric field versus the square risgplies FN tunneling in SiQ
of electric field. The linear slopes imply Frenkel-Poole emission in thOAI

h Planck’s constant; 1onente

q magnitude of the electron charge; E 100 ¢

q¢,  energy barrier height between the oxide and the metal é’

contact (about 3.19 eV for Al on SiJ36]); ]

m*  electron effective mass for tunneling; 107y

m, electron rest mass. =
For SiQ, the effective mass of a tunneling electron ranges from i " 100°%C]
m* = 0.3m, [37] to 0.5mq [1]. — —

Frenkel-Poole emission describes the field enhanced thermal . e e
excitation of trapped electrons into the oxide conduction band, ¢ W ﬂ
with a dependence of current density on oxide electric field
given by [10] Fig. 5. Frenkel-Poole plot showing the current density versus oxide electric

field characteristics at four measurement temperatures for an aluminum oxide
MIS capacitor (sample 100 601c oxidized at 16QCfor 1 h). Linear slopes and
the strong dependence on temperature imply Frenkel-Poole emission.

JFP = CEOX exp[((don)l/2 - ¢t)Q/ka] (5)
where capacitor of aluminum metal—Sjo-Si. The linear slope cov-
ks, Boltzmann’s constant; ering several orders of magnitude corroborates FN tunneling in
r measurement temperature; SiO,. When presented as a FN plot, the aluminum oxide data
c aconstant that depedds on the trap den¥it{88][39]; was not linear, implying that FN tunneling did not occur in the
d  q/me;; aluminum oxide.

& total electric permittivity of the insulator.
The energyg¢: is the depth of the oxide trap potential wellD: Temperature Dependence of Current-Voltage
which differs from the barrier height for FN tunneling in (2). Characteristics

Unlike FN tunneling, Frenkel-Poole emission is explicitly For further insight into the aluminum oxide conduction,
temperature dependent; higher temperatures reduce the cunttemttemperature variation of thé—F characteristics is pre-
and the effect of the field on the current. Both tunneling mechaented as a Frenkel-Poole plot in Fig. 5. Linear regions imply
nisms, however, are affected by the temperature dependencEreihkel-Poole emission, with the current decreasing expo-
the bandgap, the barrier heights, and the carrier occupation stantially with temperature, as given by (5), with the effect of
tistics. the electric field on the current being opposite to the effect of

Fig. 3 shows a Frenkel-Poole plot [40] of current densitihe trap depth. The terms in the numerator of the exponent in
versus oxide electric field for two aluminum oxide samples db) can be considered as a field dependent effective activation
different thicknesses at room temperature. Linear slopes imgyergy,E,.; = ¢(dE.x)'/? — q¢;.
Frenkel-Poole emission, which occurs at higher fields for theFig. 6 presents an Arrhenius plot for the sample of Fig. 5,
thinner aluminum oxide sample (012301c). Frenkel-Podler currents at several electric fields below breakdown. The
emission is responsible for tunneling in3Si [40]. Included thermally activated behavior is consistent with Frenkel-Poole
purely for comparison, Fig. 4 shows a FN plot [28], [41] oemission. The effective activation energy is related to the
current density versus oxide field for a conventional MOBotential well depthg¢, of the oxide traps and the square
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10° starting layers of AIN for oxidation. The role of small amounts
of N in oxidized AIN is unclear, but may be beneficial. It is well

T 1s known that annealing Sigdn an N ambient reduces the defect
S 10 density [29], and that the nitriding of Spising NbO improves
§ circuit reliability [42], [43]. The carrier confinement properties
X an7 of Al,Og are expected to be similar to those of Slé@cause the
uj 10 bandgap of AlO3is 8.7 eV [44], close to the 8-9 eV bandgap
- of SiOp.

108

33 34 35 36 37 38 39 V. CONCLUSIONS
1/KT (1/eV)

Aluminum oxide (AbO3) was produced by thermally

Fig. 6. Arrhenius plot of the aluminum oxide current at different values 0(?_)(|d|2|ﬂg AIN on Si ‘?’UbStrates 95'”9 OXIdatlon_ conditions
electric field below breakdown for the sample of Fig. 5 (100 601c). Solid lingsimilar to those for Si@ MIS devices were fabricated and
are the best fits to the experimental points. The slope implies thermally activaigdd ¢’V characteristics that exhibited the voltage-controlled
behavior, as discussed in the text. charge regimes of accumulation, depletion and inversion on Si
surfaces, with low defect densities. The best samples had net
oxide trapped charge densities belowt1@m=2, similar to
device-grade Si@ The dielectric constants ranged from 3 to

0-80 9, implying that properly prepared #D3 can be thicker than

0.40 ; SiO, for the same gate capacitance. Prior to breakdown, the
'?; 0.00 | . conduction mechanism in AD3 was Frenkel-Poole emission,
Ts 0.40 [ ] which is qualitatively different from breakdown in SiOThe
"y results showed that AD3 has device-grade characteristics and

-0.80 By = 15676V ] holds great promise for applications including gate dielectrics

-1.20 | ] for field effect transistors.

-1.60 . : ' . L
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root of electric field. Fig. 7 show a graphical determination

yielding q¢; = 1.6 eV. It is not yet clear if this energy is

valid generally for aluminum oxide, or just for the particular [
samples measured here. For comparison, a 1.3 eV trap energy
is reported for §N4 [40]. 2l

IV. DISCUSSION

At fields below breakdown, the Frenkel-Poole emission in 3]

Al»03 is fundamentally different from conduction in SiO
which exhibits FN tunneling. The decrease in current with [4]
increasing temperature in AD3 may be important for circuit [5]
reliability under extreme conditions.

The dielectric constant of AD3 is generally higher than 6]
for SiOy, so that gate dielectrics can be thicker for the same
stored charge. For insulators less than 3 nm thick, tunneling7]
occurs directly through the oxide with a probability that de-
creases exponentially with thickness. Thicker high dielectric
gate insulators may be less susceptible to catastrophic failurgs]
and breakdown.

In principle, epitaxial techniques such as molecular beam eph[g]
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