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Electron transport in high-field stressed metal-insulator-silicon devices with ultr&tbinnm)
lanthanum oxide layers is investigated. We show that the leakage current flowing through the
structure prior to degradation is direct and Fowler-Nordheim tunneling conduction, while that after
stress exhibits diode-like behavior with series and parallel resistances. In this latter case, a
closed-form expression for the current—voltage characteristic, based on the Lambert W function, is
presented. Current evolution from one regime to the other during constant voltage stress takes place
by means of discrete current steps of nearly identical magnitude, which would be indicative of the
occurrence of multiple dielectric breakdowns across the insulating lay200® American Institute

of Physics[DOI: 10.1063/1.1944890

High-dielectric constanthigh-K) materials are currently tures exhibited by the conduction characteristics 0§Qa
being extensively investigated because of their potential cainder such circumstances. Additionally, we show that during
pabilities to replace silicon dioxidéSiO,) as the gate insu- a constant voltage stress the current evolves in a stepwise
lator in complementary metal-oxide-semiconducfoMOS) manner, revealing the presence of weak spots in the dielec-
technologieé.The main point in using higlc dielectrics re-  tric layer.
sides in the fact that these materials allow reducing the gate For the experiments we used capacitors with oxide thick-
tunneling current, and therefore standby power consumptiomesses of 3.3 nm. L& films were deposited on chemically
while keeping the equivalent oxide thickness as required fotleanedn-type Si(100) substrate$0.02—0.8Q cm) by elec-
device scaling. Among the large list of possible higb; tron beam evaporation at 250 °C. The pressure in the cham-
lanthanum oxidéLa,0O3) seems to be a promising candidate per during the deposition was T0Torr. The films were an-
that has attracted the attention of many research groupsealed in dry-N for 5 min at 400 °C. The physical
worldwide”*° It is worth pointing out that LgO; films are  thicknesses were determined by an ellipsometer Otsuka FE-
considered not only for its high dielectric constant5000. Finally, electrodes with area 7.83.0°° cn? were de-
(K~27°°-30"), but also because the large band §BB  posited by Al evaporation through a shadow mask. Electrical
~4.3' -5.5 eV), the good thermodynamic stabilijattice  measurements were performed at dark conditions and room
energy of 12687 kJ/mpl in contact with silicon temperature using a semiconductor parameter analyzer
SubStrateg’,G and the Compatlblllty with standard microelec- HP4156B. The Vo|tage ramp rate was about 1 V/s with a
tronic fabrication process@sven though the electron trans- voltage stepsize of 5 mV. The sampling rate for the current-
port in La,03 has been the subject of previous repdfts”  time measurements was 50 ms. Figure 1 shows tyjpics
no consensus has been reached about the physical mech@uracteristics measured before and after degradation. In this
nisms involved likely due to the variability of the material particular case, the lower characteristic, i.e., that ascribed to
properties with deposition techniques and growth conditionsynneling conduction, has been used to stress the sample.
In this work, we show that, in a first stage, our samplesyogice that, even though the whole characteristic is shown
exhibit a current de_pendence compa_ltlble with the 'gunnelmgOr comparison purposes, only that part of the curve corre-
mechanism. According to our analysis, for low applied volt-g54nding to the highest fields causes the major damage to the
ages(<1 V) the current is due to direct tunnelif®T), in  sample In order to confirm that this is indeed tunneling con-
agreement with the experimental and simulation results ofyction, Fig. 2 shows the so-called FN plot corrected for a
Yeo et al,” whereas for higher biases the current is due t0sgries resistance effect. As it is well known, FN conduction
Fowler-Nordheim(FN) injection corrected for a series resis- ¢qrresponds to a straight line in this plot. As proposed in Ref.
tance effect. Next, this latter regime is used to stress thgy \ve consider that the effective potential drop over the
sample until breakdown and the resulting current—voltagqnsmating layer isV/—IRgy, WhereV is the applied voltagd,
(I-V) characteristic analyzed within the framework of @e cyrrent andRey a series resistance. The procedure to
diode-like conduction model. If the sample is stressed eveppain R, consists of minimizing the linear correlation co-
further, a new leakage mechanism in parallel with the previeicient associated with the transformed data in the range
ous one comes into play. We present a compact model able ¥, 1.1 t0 2.5 V.Rey plays no role in the DT region. The
reproduce with a high degree of accuracy the essential feay)iq line in Fig. 2 corresponds to Schuegraf’s tunneling
model*? For this measurement we have fouRg\=45.84),
¥Electronic mail: enrique.miranda@uab.es and the tunneling parametems =0.15m, ®=2.2 eV, where
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FIG. 1. Current-voltage characteristics before and after electrical stress.
Symbols correspond to experimental data and the solid line to fitting results
using Eq.(2). The inset shows the equivalent electrical circuit proposed to

deal with the post-breakdown current.

m’, m, and® are the electron effective mass in the insulator,
the free electron mass and the cathode barrier height, resp
tively. Although the barrier height is in close agreement with
a previously reported valugb=2.3 e\), the effective mass
is somewhat smalletm”=0.26m).° Our effective mass is
closer to the values found for other highdielectrics, such
as ALO; (M'=0.11m) and HfO, (m"=0.18n).****However,

Appl. Phys. Lett. 86, 232104 (2005)

V-IR V-IR
I=I0[exp<—BD)—1}+—BD, (1)
nVy Rp

wherel, is a constant often referred to as the reverse satura-
tion current,n is called the ideality factoly;=0.026 mV is

the thermal voltage at room temperature &g andRp are

the postbreakdown series and parallel resistances, respec-
tively. Equation(1) is an implicit equation for the current
that can be solved in terms of the Lambert W function, i.e.,
the solution of the equatiow exp(W)=x. The final expres-

sion for the current as a function of the applied voltage
reads'

| = n_VTW{ loRepRP eXp{ Re(V + 19Rgp) }}
Rep | NVr(Rep+ Rp) nVr(Rgp + Rp)
V-1Rp
Rep+ R
In Fig. 1, we show a fitting(solid line) to a typical -V
characteristic obtained after a single voltage-ramp (fesin

0to 2.5\V). The parameters used in EqR) are 1,=8.9
X 107" A, n=2.5, andRzp=69 (). At this stage, the parallel

(2)

S%sistance plays no role and, for practical purposes, the cor-

responding circuit branch can be regarded as an open circuit.
Notice that the ideality factan=2.5 is somewhat higher than
those found in “macroscopic” diodes, which are commonly
in the range X n<2. In this regard, one should be aware
that we are not dealing with a well-defined junction but with

after the high-field voltage sweep, a completely differenta sort of constriction connecting both electrodes, be it in the
characteristic is observedee Fig. 1 The large leakage cur- form of a percolation path or simply a trap strategically lo-
rent is now attributed to the local loss of the insulating prop-cated within the insulator, as suggested for other dgh-
erty of the LaO; film. It does not scale with the device area dielectrics'® Among the many factors that yield ideality fac-
neither with the oxide thickness, which is consistent with thetors greater than unity we can mention the presence of an
random and local nature of electron transport. Frominterfacial layer’ the recombination of electrons and

0 to 0.7 V, the current depends exponentially on the applietholes’® and size effects of guantum natdre.

voltage, whereas for higher voltages it behaves linearly.

Based on this observation, in order to simulate suel

Now, if the sample is further stressed, for instance using
successive voltage ramps or by the application of a constant

characteristics, we propose an equivalent electrical circuivoltage to the gate, a new current component becomes vis-
formed by a diode with series and parallel resistances. Thible. This leakage current flows in parallel with the diode-
introduction of a parallel resistance will be explained later.like mechanism discussed above and is only detectable for
According to the configuration shown in the inset of Fig. 1,very low biases(<0.3 V). To model this component, we

the current is expressed as:
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FIG. 2. Fowler-Nordheim plot associated with the experimental ¢&ata-

bols) shown in the lower curve of Fig. 1. The solid line corresponds to
Schuegraf's tunneling moddRef 12. FN and DT refer tc the Fawler-

Nordheim and direct tunneling regimes, respectively.

have assumed an ohmic path between the electrodes repre-
sented by the parallel resistan@g, as shown in the inset of
Fig. 1. We have found tha®p is in general in the order of
several K)s and the effect of neglecting this resistance is
clearly illustrated in Fig. 3, where log-log axes were used in
order to magnify the voltage region of interest. For this par-
ticular measurement we have foulh=3.3 k(2 and Rgp
=26 Q. In junction diodes, the excess current at low bias is
commonly ascribed to a generation-recombination mecha-
nism in the depletion regio??. Although it is somewhat
speculative at this stage to connect that problem with ours,
recombination-assisted electron transforand interface
charge trappinﬁ have been proposed to explain the stress-
induced leakage current increase at low fields in,Si3 it
is expected for a more degraded structure, the breakdown
resistance is lower than that obtained after the first voltage-
ramp(see Fig. 1 This is in agreement with the fact that the
constriction resistance depends, roughly speaking, on the in-
verse of the damaged ar€a.

Particularly noteworthy is the manner in which the cur-
rent evolves from the FN to the postbreakdown regime dur-
ing a constant voltage stress. As shown In Fig. 4, the transi-



232104-3 Miranda et al.

10"
o Breakdown
- - - - Eq.(2) with R,=1x10%
10*{ —Eq.2) with R,=3.3 K@
< 10°4
£
g
3 103
5 ] 1,=8.5x10° A
10 n=3.5
P Rgp=26 0
10-6 T = T T
0.01 0.1 1
Voltage [V]

Appl. Phys. Lett. 86, 232104 (2005)

current starts at the same final level reached after the first
degradation stage.

In summary, we have found that after a high-field
Fowler-Nordheim stress, the leakage characteristics of ca-
pacitors with ultrathin LgO; films can be simulated using a
diode-like model with series and parallel resistances. A pro-
longed stress leads to the appearance of multiple leakage
sites of nearly identical characteristics, which may be indica-
tive of the existence of a large number of weak spots in the
oxide layer.

This work was supported by the Semiconductor Technol-
ogy Academic Research Cent€8TARC), MEXT-Special
Coordination Funds for Promoting Science and Technology,
Matsumae International Foundatiddapan, and Ministerio

FIG. 3. Log-log plot of a current-voltage characteristic after a prolongedd® Ciencia y Tecnologi€Spain under Project No. TIC2003-
high-field electrical stress. Symbols are experimental data and the lines af@8213-C02.

obtained using Eq2). Notice the effect of taking into account the parallel

resistanceRp.
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