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Electric-field-induced migration of oxygen ions in epitaxial metallic oxide films:
Non-Debye relaxation and If noise
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We have investigated the kinetics of current-induced change of resistance and conductivity noise in thin
epitaxial metallic films of LaNiQ. The resistance of the film changes at a very low cur¢gmeshold current
densityJ;,~10° A/lcm?). We find that the time dependence associated with the change of resistance shows a
stretched-exponential-type dependence at lower temperature. Above a certain temperaturd@™ scale
(=350 K), this crosses over to a creep-type behaviolTAT*, the time scale shows a drastic drop in the
magnitude, and a long-range diffusion sets in, which leads to an increase in the conductivity noise. The
phenomenon is like a “glass-transition” in the random lattice of oxygen ions. We observe that the stretched
exponential relaxation function, as obtained from time dependence of resistivity change, can explain the
spectral structure as well as the temperature dependence of the low-frequency conductivity noise. The fre-
guency and temperature dependence of noise could clearly identify the various processes, which had been seen
in the current-stressing experiments carried out in the time domain. This establishes a quantitative link between
the dynamics of current-induced resistivity changes and the conductivity noise. Both the phenomena are direct
consequences of the low-frequency dynamics associated with the migration of the oxygen ions. Though done
in the specific context of oxide film@sed in oxide electronigsthis observation has a generic aspect, and the
treatments developed here can be used for establishing a quantitative link between electromigration current
stressing and the conductivity noise in other metallic interconnects as well.

DOI: 10.1103/PhysRevB.64.104304 PACS nunifer66.30.Qa, 72.76:m, 66.30.Lw, 64.70.Pf
[. INTRODUCTION has been studied in films of highs cuprates before, not
much has been done to explore the kinetics of the migration,
In recent years, metallic oxides like LaNjO RuSrQ, in particular, the temperature dependence of the kinetics. An-

Lay sS1p sCo0;, etc. are being used as interconnects or elecother issue that is closely related to the dynamics of the
trodes in the field of oxide electronics. Most of these oxidesmigration of oxygen ions is the existence of rather high con-
belong to theABO; class of oxides, which are structurally ductivity noise (or excess noigein the oxide films. The
similar to highT. superconductors. Oxygen is a particularly power-spectral density of the conductivity noise in these sys-
mobile entity in many of these oxides, and the activationtems has a f/form.3%7 It has been shown recently that the
energy for diffusion is ofters1 eV}?2 The high mobility of ~ onset of long-range diffusion of oxygen in these materials
oxygen species can lead to two generic problems in the udeads to enhancement of the conductivity ndiskhis also

of these oxides as interconnects or electrodes in electronichanges the spectral structure of noise from(&xpected for
applications. First, the conductivity noise in these systemsroad-energy distribution of localized fluctuatots 1/f%/?

can be substantially large, which mainly arises from long-(expected for diffusing fluctuatorsin this paper we have
range diffusion of oxygeA.The second problem is that the established a quantitative connection between these two phe-
current or field induced changes in the resistivities of thenomena through an investigation of the dynamics associated
films can occur over a prolonged period. This phenomenomvith oxygen migration.

of current-induced resistance change, which arises due to We did the experiments on epitaxial films of a typical
electromigration of oxygen ions has been seen before imormal metallic oxide LaNi@_s, which has a cubi®ABO;
films of YB&Cu;O; in which oxygen is the mobile structure. The material is metallic in stoichiometric for (
specied:® These problems are of concern because they car0), and its electrical properties have been investigated
seriously limit the applications of metallic-oxide films and extensively*® Our choice of LaNiQ_ ; as a material for this
cause reliability-linked problems. At somewhat longerstudy has been prompted by the following factors.
current-stressing time t&£100 h), for current density] (1) It is a good metallic oxide in which the oxygen is
~10°—10° Alcm?, the YBa,CusO;_ 5 thin films grown epi-  fairly mobile like that in some of the higfi; cuprates. How-
taxially on SrTiQ, and LaAlQ; fail as a result of electric- ever, it has a much simpler structure and it is isotropic, un-
field-induced stress. Microscopy studies showed large-scalike the cuprates. This makes the material a simple model
material displacement at the failed region—similar to thatmaterial to study these phenomena. It is also used exten-
observed in conventional metallic films during electromigra-sively as an interconnect in oxide electronics.

tion failure® The electric-field-induced resistance changes (2) Most of the observable changes that we want to study
and eventual failure are associated with long-range diffusiongccur close to the room temperature and in finite-time scales
which is expected to show a characteristic kinetics. Thougfftypically ~10* sec). The threshold current density is also
the migration of oxygen ions under an applied electric fieldfairly low, J;,~10°—10* Alcm?.
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FIG. 1. Temperature dependence of resistance of a typical film ) o )
of LaNiO5_ 4 studied in this investigation. The estimatée-0.1. FIG. 2. Atypical resistivity changeXp/p) vs time curve seen

at two temperatures for a measuring current denslty4

x 10* Alcm?. The resistance shows an initial decrease on initiation
and reversal of the currefftermed ag procesg This is followed

by a slow increase ip termed ad procesqsee text

In perovskite oxides witthBO;_ s structure, at room tem-
peratures and at normal pressufe;0 may not represent the
equilibrium oxygen stoichiometry. For a given value &fif

it is not the equilibrium value, the system will try to attain ea)jic and resistance shows a minimum at 130 K similar to
equilibrium, but will be kinetically frozen. This will give rise jisordered systems with weak electron localization. Typical

to a slow dynamics in the system. The conductivity noise iS5 ot the films were determined by comparing their resistivity
likely to probe this dynamics. This dynamics will also be at, .+ puIk samples in whichs can be directly detected by

the basis of any time dependence that will be associated witg) .5 ntitative chemical meafigor the films studied, the esti-
any driven migration of oxygen ions/vacancies. This is th ateds~0.08-0.1.

central issue addressed in the present investigation. We fin
that the observed conductivity noise has a direct relation Witti1n
the dynamics of electric-field-induced migration.

Typical resistanceR vs time t data showing current-
duced changes are plotted in Fig. 2. Immediately after ap-
plying the currentR drops slightly in a scale of few minutes.
Then it starts to increase after passing through a minimum.
[l. EXPERIMENT We call this increase iR the “damage” (d) process. Over

Al th . dh q ith th . several hundred minuteR changes by about2-3 % de-
: t_e expe_rlments reported here are done with thin epl'pending on the temperature and the current derditjhen
taxial films (thickness~150 nm) of LaNiQ_s grown on

LaAlO; substrate by pulsed-laser ablation. Details of growt

and characterization has been given elsewHetEThe films passing through a minimum. We call this dropRrthe “re-

used here have a room-temperature resistivity~1 oo ery (r) process. The time scale involved in therocess
—1.6 m) cm. The films were patterned for resistance andg mch smaller than that involved in tidgprocess, and it is

noise measurements. The resistance measurements Wefge similar to the early resistance drop seen on initial ap-
done using a low-noise bridge with a precision of 1 ppm. Th&,jication of the current. The choice of the namteprocess

noise measurements used a five-probe geortfaind phase- 54 process has no specific reason other than the fact that
@henR drops, some defects are expected to get annealed out

ey —19 /2
duqblhty down to spectral power as IOV\.’ 2510 V /HZ: _indicating a “recovery” while the opposite is true for the
This has been achieved by implementing extensive d'g'tal“damage" process.

signal-processing techniques. The patterned films for noise gjmijarr andd processes were seen in epitaxial films of

detection had an active volunfe~5x10"° cnt’. The de- high-T, cuprates at room temperatifté.was concluded that
tails are given elsewhef@ All the data are taken at thermal the resistance change is a consequence of the oxygen-ion
equilibrium where the temperature was controlled to Withinmigration and while the process heals defects, th@rocess
+5 mK. increases the defects and disorder. This similarity of the
transport kinetics, however, does not necessarily imply the
Ill. RESULTS same underlying physical process in both the materials, al-
though oxygen-ion migration lies at the origin in both. The
current-stressing experiments were done for 270K
In Fig. 1 we show the change jmas a function ofT for <400 K. From the data shown at three characteristic tem-
a typical film used in this investigation. The data are takerperatures in Fig. 3, it is very clear that bathndd processes
using a small measuring current so tdatJ;,. The flm is  become faster a§ is raised. The process becomes so fast

the current was reversed. On reversal of currriglls again
htypically by =<1% and then starts to increase again after

A. Field-induced changes in resistance
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FIG. 3. A resistivity change occurring over a longer time scale. ) )
The processes become fasterTais increased. A creeplike resis-  FIG. 4. Dependence of the fractional resistance chadg®/R)
tance changé R,,ee <t appears fof =350 K, and dominates the ©ON measuring current. At the lowest measuring curreit§

time dependence foF =400 K. The inset shows the fit to the data X 10” Alcm?), the slow change in resistance is accompanied by an
for some characteristic temperatures to E@s-(4). oscillatory change, which is absent at highest currents. Data is taken
at T=340 K.

for T=350 K, that it is barely visible in the scale of our
experiment. This can be seen in the dataTer350 K and
400 K. The resistance change in botandd processes, have later on. It can be seen in Fig. 5 that foE10° Alcr?,

stretched-exponential dependence on time. However for (AR/R), depends strongly od. For J=1C° Alcn?, a pro-

=350 .K’ the time depend'ence. becomes very fast and g.etslgnged current stressing for-24 h leads to permanent fail-
creeplike component with linear dependence on time

(AR/Rxt). A detailed analysis of the time dependence will ure. ForJ<Jy, ,”we observe ar: oscillation IRH
be done later on. A very small but perceptiblel process shows up even

at a very low current as can be seen in Fig. AR(R),
_ ~10% for 5X10°<J<2x10*Alcm?. For J=2
B. Threshold current density X 10* Alem? (AR/R), increases very rapidly. We take this
The measurements shown in Fig. 2 were made with @&s theJy, for substantiald process. For comparison, the
current of 80 mA. This corresponds to a current dendity value ofJ;, is much less than that seen in high cuprates
~4x10* Alem? and an electric fiel~80 V/cm.Jwas so  (J;,=10° A/cm?) as well as that seen in metallic films. In-
chosen that it was not too high to cause an immediate rup-
ture, and at the same time not so low that no perceptible 10°
change occurs. We find that there is a threshold current den-
sity J;, associated with both the recovery and damage pro-
cesses. We have investigated this in detailTat340 K 10 4 4 ) (@RR),
where both processes are perceptible. In Fig. 4 we show the /’ """""
resistance change as a function of time for four current den- \/ R
sities. At a current density~5x 10 Alcm? there is a slow 2| 0
change in the resistance as a function of time but it has an % time (x10° sec)
oscillating component witlh R/R~10"2 riding on the slow
increase. This oscillation is not an experimental noise be- 10° |
cause it is much larger than our resolution {—10 ppm)
and it vanishes forJ=10° A/cm?. At even lower current
density J~5x 10" A/lcm?, there is no change iR with t
within our detection limit. To clearly see how the relative
change AR/R, associated with both and d processes de- 107 10° 10* 10°
pends onJ, we have plotted\R/R as a function of] in Fig. J (A/sz)
5 as obtained from a typic#& vst plot. The initial dip inR
when the current is reversed is taken as a measure af the  FG. 5. Dependence afR/R on measuring current showing the
process(marked asAR; in the inset of Fig. h After the  existence of a threshold current density for both r andd pro-
initial drop, the resistance attains a minimum and increasegesses. The data for therocess is obtained frothR; and that for
again due to thel process. We took the changeRfrom the  thed process fromAR, as stated in the text. Lines are guides to the
minimum, over a period of 1800 sec, as a measure ofithe eye. Inset: The scheme of calculating; andAR, (see text

process. This is marked adR,. A more quantitative analysis
by fitting the data to a time-evolution function has been done
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101 a sample of volumé). Traditionally, the dimensionless pa-
S, (V¥/Hz) : )
v rametery is called Hoog's parametét.However, we do not
10" l - attach much significance to it other than being a convenient
| . way to normalize the noise data. The quantify is directly
1 105 ..d" o calculable because all the quantities in the right-hand side of
e 10" | i «°® Eqg. (1) are obtained from experiment. The inset of Fig. 6
g 107 - & shows the 1f/* nature of the spectral power density. The
=2 e de background noise, which is predominantik A R, is also
= 4 ocmpmom "y ® . . . .
= 10 -’ shown in the inset.y/n increases asl increases. AtT
107 100 10 ~340-350 K it shows a shallow plateau and it increases
f(Hz) o & & again at a faster rate far=350 K. The shallow plateau be-
102 {70709°8 oo oR” e 10Hz comes more visible at lower frequencgee the data at 0.1
m 01Hz Hz.) It is to be emphasized that the plateau is reproducible

and has been seen in many samples. We will see below that
at T~350 K, the time scales associated with the kinetics of

ion migration undergo a rather sharp change. The rise in
FIG. 6. Temperature dependence of the scaled npigeas a Zo:jse ?}t dthls ter_npe_rature lls a s]igr;]ature of this cfgﬁnge.

function of T for three frequencies. The appearance of a shallow etaile qgant[tatlye analysis o .t € tgmperatu_re epen-
plateau in the noise af~350 K at lower frequenciesf&1 Hz) dence.of noise is given in the discussion section below
can be noted. The inset shows thd“lhature of the measured (see Fig. 14
spectral power and the backgroufmben squargswhich is mainly

the 4kgTR thermal noise.

150 200 250 300 350 400
T(K)

IV. DISCUSSION

. A. Kinetics of resistivity change
terestingly, the exact value df,, depends on oxygen content _ o _ _
S as well as onrl. In this paper, in order to keep the issues In order 'tO O.bta.ln quantitative evaluation of the time
addressed to within a meaningful limit, we used films of veryscales, we first fitted thAR(t)[ =R(t) —R(0)] vs t data to
similar 5. We just note that a— 0 (i.e, in well-oxygenated the following functional form:

films), J;, decreases severely. AR(t)= AR, (1) + ARy(1)
C. Low-frequency conductivity noise or “1/f” noise =ARg[1- e*(t/rr)ﬂf] +ARpg[1— e*(t/Td)Bd] + t,

It is well known that the excess noise or conductivity 2

noise, which often has a spectral power depende¥(¢¢ )
«1/f% (a~ 1), can probe the long-timdow-frequency dy- where the subscripts refer to thegrocess and thd process.

namics of the scatterers that make strong contributiop.to BOth AR:(t) and ARy(t) follow stretched-exponential de-
The electric-field-induced resistance change is due to eled@&ndence on timé For ARy(t), a creep componentx()
tromigration of oxygen ions. The slow dynamics of diffusion SNows up aff=350 K, and dominates the time dependence
of oxygen results in large characteristic time scales. Padit higherT. This component enters additively @Rcreep
studies in this material have shown that the resistivity™*t in the expression forARy(t), where v~0 for T
strongly depends on the oxygen defects. In that case the slow 390 K. At low temperaturesT(=330 K), 74 is very large
dynamics associated with oxygen migratiowhich is a compared to the measurement titp@nd hence
vacancy-mediated migratignor even local rearrangements,

will give rise to low-frequency conductivity fluctuations.

Thus a study of noise can complement the electromigratiofior r4>t, where
experiment, because both of them are expected to arise from

the same process. More importantly, we would like to ex- T4
plore whether a quantitative connection can be established K= W-
between the dynamics probed in the time domain by the (ARoq)
current stressing experiment and that probed by the noiskhe data are fitted to Eq$2)—(4) and the parameters are
experiment in the frequency domain. obtained.[Equations(3) and (4) were used tillT=340 K.

In Fig. 6 we show the temperature dependence of th@eyond that we used the full expression given by E).]
spectral power of the observed noise as a functiom.ae  The inset of Fig. 3 shows a few fits to the data as obtained
have expressed the spectral dependence of noise as using the equations above. Figure 7 shows a plak Bf(t)

vs t to show thet?d dependence for thd process, as ex-
pected from Eq(3).
(1) The time scale for the recovery process, follows an
Arrhenius dependence onh [ 7,= 75, eXpE, /ksT)] with an
activation energyE,~0.84 eV and 7, ~1.2x10 ! sec.
This is shown in Fig. 8. The activation energy deduced from

ARy(t)=(t/K)Pd ()

4

@_ fSy(f)Q
n v2 o

wheren is the carrier density§,(f) is the spectral power of
voltage fluctuations at a frequentynd biasV, measured in
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FIG. 7. The time dependence of the resistance change id the FIG. 9. Temperature dependence of the exporgnand 3, .
regime. Fits to the data use Eq. 3. Note that whileg, is essentiallyT independentBy shows a sharp

change aff =T*~350 K. Lines are guides to the eye.

the temperature dependencerpis the same as that seen for

oxygen migration from other techniques like diffusion temperature dependence far=340 K. However atT

experiments as well as from simulation studiés.This  ~350 K, K drops substantially. From the limited tempera-

shows that the process of current-induced chandRtias its ~ ture range we can get a very approximate estimate for the

origin in oxygen-ion migration. The value &R, /R~1%  temperature dependence of, which is found to follow an

are nearly temperature independentTez 335 K. The expo- Arrhenius relation with an activation energyEqy

nent B, is essentially temperature independent, and has a&0.7-0.8 eV, and an attempt time constagj~6x 101

value B3,~0.7 for the films studied by utsee Fig. 9. B,  Sec.Eq4 essentially has the same valueEswithin our ex-

depends strongly on the oxygen-defécand asé—0, 8,  perimental uncertainty anehg/ 7o, ~50.

—0.5. Presumably, when the film is nearly fully oxygenated In Fig. 10 we have also shown thledependence of the

(6—0), the migration of oxygen will involve a correlated creep ratev. This is small neail =350 K and its contribu-

relaxation of a larger length scale because the average segien to the observed resistance change increases rapidly at

ration of oxygen-defect sites is larger. This will give rise to ahigher T. We thus make the interesting observation that at

sequential process, which makes the relaxation strongly nonF~350 K there is a crossover from a stretched-exponential-

Debye type ,<0.5). type relaxation at lower temperature to a creep-type relax-
The temperature dependencergfis shown in Fig. 10. In  ation at higher temperature. The creep rate also follows an

this case we show the temperature dependenée[eée Eq. Arrhenius temperature dependence with activation energy

(4)], which in turn shows th&@ dependence ofy, since the Ecreep=0.8 €V. This again is similar t&, andEy4 and all

T dependence kR is less severe. It has a relatively weak

100
10° 107
7,= Ty, exp| B /KT] ]
£ 10° 20 -
> ~
% 1 0=
/(2 2 S})) 3 >
~ 10 < 10° {Q
e M z
10! | F2
T T T 1
10t 250 300 350 400

ARERARERS T (K)
2.8 29 3.0 3.1 3.2 33
10%/T (K™Y FIG. 10. Temperature dependence of the time segléxK)
and the creep rate, as obtained from the data using E¢®)—(4)
FIG. 8. Arrhenius temperature dependence of the relaxatiorisee text The drop inK and the rapid rise of at T~340 K can be
time 7, on T. The estimated activation energy~0.84 eV. noted. Lines are guides to the eye.
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these are similar to the activation energy for oxygen-ion mi-At even higher temperaturéT&370 K) the exponent be-
gration. Thus the physical mechanism underlying the resiscomes nearlya~2.0 for f<10 2 Hz. This has been dis-
tance change in both the processes is related to the migrati@ussed in detail later on.
of oxygen ions. The stretched-exponential expongptis The observation of a glasslike freezing of the oxygen mi-
shown in Fig. 9. In contrast t8,, B4 has a sharp tempera- gration is a new result. Interestingly, there exists evidence
ture dependence, particularly close to 350 K. We shall disfrom calorimetric studies of glass-transition-like phenomena
cuss the implication of this in the next section. associated with the excess oxygen in a related compound
B. Glasslike freezing: Its implication on stability of oxide films La,NiO,.'* We feel that this new phenomenon will be ex-
, ) tremely important in determining the reliability and stability

The onset of creeplike change fhas a function ot for ¢ oxide films as interconnects or electrodes. The important
T=350 K signals the onset of long-range diffusion. Below|egson from our investigation is that if these oxide intercon-
this temperature, long-range diffusion is frozen in. The sitU-nacts have to be used in application with low noise and sta-
ation is thus similar to the process of glass transition, wher%i”ty against field-induced oxygen-ion migration, the char-
at a certain characteristic temperature range the long-rangg-ieristic temperaturd*, where the“glass-transition” of
diffusion kinetically freezes out on cooling. One can think of oxygen lattice occurs, should be as large as possible, prefer-
this phenomenon as kinetic freezing of long range diffusiorhmy much above the temperature range of application. For
(“glass transition” in the oxygen lattice. Evidence of a T=T*, the change iR is small and the noise is low. For
glass-transition-like freezing in the oxygen lattice Bt T=T*, one expects long-range migration to take place lead-

~350 K can also be seen in thié dependence of the jnq g |arge-scale transport of matter, which will lead to sub-
stretched-exponential exponeBy (Fig. 9. The value of the  giangial change iR, significantly high noise and eventual
exponent B4 is high in the “molten” state T>T* failure of the film.

~350 K), which signifies a nearly Debye-type relaxation as-

sociated with the oxygen migration. However, in the frozen

state =350 K), the value ofgy sharply decreases to C. Physical process and structural aspects
~0.4-0.6 implying a hierarchy of the relaxation process,
similar to that in the frozen state of a structural gl¥sk-
terestingly, in a recent noise study at low temperatures (
<20 K),'® we found clear evidence of low-energy two-level
systems in this material, as generally observed in conve
tional glasse$® In that study we were able to conclude that
these “glasslike” low-energy excitations occur in the ran-
domly frozen lattice of oxygen ions. The observation of ki-

netic freezing aff* ~350 K thus very well connects to the . . e
g Y Arrhenius relationD=Dyexp(—E,/kgT). The activation en-

observation of low-energy excitations in these soliéiote: 0=~ : ) i
ergy measured from diffusion experiments and simulations

As 6 is varied, the oxygen stoichiometry is changed, the~. N o
parameters describing the electromigration also change, arfiV€SEa~0.6-0.8 eV. This is the same as that measured by

when 6—0, T* decreases substantially. us from the noise as well as the electromigration experi-

We find thatrg> 7, at all temperatures fof <T*. Well ~ Ments. In these ~materials the typicaD,~10 )
within the frozen range {<T*), 74/7,=10° and close to ._10 szlﬁﬁf' The typical 7o, associated with process
T* the ratio drops to- 10. This has an interesting analog in IS ~1.2<10 " sec. Thus the root-mean-square dlslezlace-
the relaxation in structural glasses. In structural glasses, tH@€Nt of oxygen in ther process (xg) "~ (6Do7or)"
relaxation involving large-scale structural rearrangements™0-3-0.9 nm=(0.8—-2.5p,, wherea, is the cubic lattice
(called thea relaxation takes place foT=T,, the glass- constant. Thus the movement of atoms in thprocess is
transition temperature. WhilE< T, this freezes out and the localized to within only a few unit cells.
relaxation(called theg relaxation) takes place by localized
atomic rearrangement. In our case also we feel thatrthe
process, likeB relaxation, involves localized atomic rear-
rangements while thd process, likea relaxation, involves
the long-range migratiof. In this section we establish that the stretched-exponential

The effect of long-range diffusion foF=350 K can also relaxation functiong(t), which determines the non-Debye
be seen in the conductivity noise in Fig. 6 as discussed earelaxation observed in the field-induced resistance change,
lier. One can see that at the onset of the long-range diffusioralso governs the low-frequency conductivity noise. Our
the temperature dependence of the noise shows an uptumoise measurement was carried out over *Kf <10 Hz,

The fact that the extra noise observedTat350 K arises corresponding to a time scale spanning approximately over
from the long-range diffusion has been discussed in detail i10 >-1C sec. Sincery>r,, at a given temperaturé we
subsequent sections. We also find that in this temperaturexpect thed process to be important for noise in the lower-
range the spectral structure of the noise changes. Though tlfieequency regime, whereas tiheprocess governs the high-
spectral power retains its approximatef“l/character,a  frequency part. However, close T6° thed process also be-
changes from=1.2 for T=350 K to a— 1.5 for T=350 K.  comes faster, and one expects significant contribution to the

Perovskite oxideABO; has a structural frame work,
which is not made up of a close oxygen packing, unlike
structures of corundum or spinel-type oxides. This allows
rpigh mobility of oxygen ions. Experiments on a broad class
of ABO; oxides have shown that the diffusivity of the cat-
ions is very small compared to that of the oxydeérRecent
molecular-dynamics simulations mBO; have corroborated
with this® The diffusion constanD of oxygen follows the

D. Stretched-exponential correlation function
and low-frequency noise
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noise spectrum from both the processes over the entire ex-
perimentally observed frequency range. 1010 |

From Eqg.(2), we find that for both processes the relax-
ation function ¢(t,7) is a stretched exponential, i.e.,
oy (t, ) =exd — (t/7)"], wherex=r,d. In the analysis for
noise, we assume,(t,7) =exd —(t/7)%], wherer is a dis-
tributed quantity with mear )~ r, and widtho,. (7, is
obtained as the effective time scale in the electromigration-
induced resistivity changelf the processes are statistically
independent, the noise from them will be additive, and the 92 16 |
total noiseS(f,T)=S,(f,T) +S4(f,T). Using the stretched-
exponential autocorrelation function, we gt

107 -

W) (V*/Hz

10-]8 i
* +OC H T T T T T T T
Sx(f,T)zclf dr py( r,T)j dt e i@mfg= (U0 10% 10° 102 10" 10° 10" 10
0 — o0
f (Hz)
:leo d7pu(7,T)7Qp (27f7), 5 FIG. 11. Frequency dependence of low-frequency conductivity

noise recorded af =310 K. The solid line is the fit to the data
whereC, is a constant independent ©andT, p(7,T) is the  using Egs.(5), (6), and(7) with the parameters for the process.
distribution function for the relaxation time, andQg(z) is ~ The dotted line plots the functid,(f)= 1/f*% The inset shows the

the Levy function expressed Zs total contribution of the andd processes.
1 & (=)"™IT(1+8n - it i
U=~ (—1) (1+p )sin(q-rﬁn/Z). ® 7.0. Clearly, the fit is very good fof=0.05 Hz. Forf
ma=1 Nl zi+an =0.05 Hz the predominant contribution to noise is thus from

ther-process. Fof =0.05 Hz, the calculated noigbased on

If we assume the diffusing species to be mutually inde-the r process aloneis lower than the actually observed
pendent, the most natural choice for the distribution functiomoise. In Fig. 11, the frequency dependence of noise in this
px(7,T) is the log-normal distributioA* We thus have regime is shown by the dotted line, having the functional

form of S(f)~ 1/f%2. For thed process84~0.5. Moreover,

1 In(al 7y at T=310 K, the time scale for the processrg> 7, f i,
Ux\/zex Ui wheref i, is thg minimum frequenqy qf the recorded spec-

trum. As mentioned before, in this limi§(f) takes the
The temperature dependencepdfr,T) comes from that of asymptotic formSy(f)~ 1/f1*#a~ 1/§32 whenoy—0. Thus
7. Using Egs.(5), (6), and (7), we can calculate the fre- we identify the extra noise in the reginfes0.05 Hz as a
quency and temperature dependence of the spectral powegsntribution from thed process. It is interesting to note that
densityS(f,T). The values of3, and 7, (x=r andd forthe  for the d process, the distribution widthry of py(7,T) is
r and d process, respectivelyare obtained experimentally extremely narrow ¢4—0), in contrast to ther process,
from the electromigration-induced resistance changes. If th@hich has a significantly larger spread4nThe inset to Fig.
temperature dependenceg{T) is known, we can also cal- 11 shows the combined fit over the entire observed spectrum
culate the temperature dependence of noise. The only uraking both processes into account. The agreement is clearly
known parameter is the width of the distribution, o, excellent over 5 decades in frequency.
which is independent of. We can thus determine the con-
stantsC, and o, at a specificT and use those values to
guantitatively estimat&(f,T) at allf andT.

Certain asymptotic limits of Eq(5) are worth noting. In In the following part of the paper, we would like to cal-
the absence of a distribution of i.e., o,—0, for f>7, ',  culate the frequency dependence of the spectral power at
we haveS(f)~1/f1"#x It is interesting to note that for the different temperatures to identify the contributions of the
Debye casg, =1, and one obtains 7 dependence o(f). d, and the creep processes to the observed noise. In Fig. 12,
Only in the limit of extreme non-Debye casg,(—0), S(f) we have shown the experimentally observed noiseT at
tends to the ¥/form. For an intermediatg, , one thus needs =290 K, 300 K, and 320 K, along with the corresponding
a finite nonzerar, to obtainS(f) ~1/f* with a~1 or close  numerical estimation. The process is the dominant source
to it. of noise forf=0.1 Hz in this temperature range. Throughout

In Fig. 11, we show the power-spectral den$ify) of the  our calculations for the noise from theprocess we have
low-frequency resistance fluctuations in one of thekept o,=7.0, as obtained from the fit a&k=310 K. The
LaNiO;_ s films recorded aff =310 K. At this temperature, value ofC, was varied by< =20% in order to allow for the
the parameters of the process areB,=0.70 and 7, experimental uncertaintyC, was also normalized by the
= 19:€XPE; /ksT)~115.9 sec. The solid line shows the cal- square of the bias across the sample. In Fig(at®l in Fig.
culated frequency dependence with=1.1x 10 ** and o, 13), we had to shift each spectrum in order to restore clarity

py(7,T)d7r=

din(7/7). (7)

E. Spectral signature of oxygen migration
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10°

Sy(f) (arb. unit)
v (x10% cm?®)

290 K
+ 300K
= 320K

0% 10° 10Z 107 10° 1L 102 280 300 320 340 360 380

f (Hz) T(K)
FIG. 14. Temperature dependence of the noise paraméter

FIG. 12. Noise power spectrum in the temperature regime Wher?neasured at three different frequencies. The lines show the numeri-

the r process contributgs predominantly. The solid Iipes ekl thecal estimation based on thmeprocess parameters. The arrows show
r-process estimates using E@S—~(7) andC, ando; obtained from the temperature at which the contribution from thgrocess ex-

the fit a_tT:31_O K. ForT=300 K, the dqtted line shows the total ceeds that from the process.
evaluation taking botlh andd processes into account.

For T=330 K, the contribution in the observed noise
in display. Hence the data are plotted in arbitrary unit. Thespectrum from thel process becomes dominant, as shown by
values ofg; and 7, were already known from the electromi- the solid lines in Fig. 13. AT =330 K, the dashed line is the
gration experiments. A decreases, the excess noise at lowestimate from the process and the dotted line is the sum of
frequencies due to theéprocess becomes insignificant and atthe two contributions. Fof =350 K, the contribution of the
T=290 K, we have fitted the entire frequency spectrum ust process to noise is extremely small aggrocess calcula-
ing the parameters for the process only. With increasing tions fit the entire spectrum. Finally, =370 K, we ob-
temperature, thed process also becomes faster, and oneserve significant excess noise in the frequency rahge
needs to take its contribution into account at lower frequen=<0.01 Hz. We associate this with the irreversible creeplike
cies in order to fit the entire range of observed spectt@s process as observed in the electromigration experiments at
shown in Fig. 11 folT =310 K). This is marked in the figure high temperatures. Far<0.01 Hz the spectrum follows a

as dotted lines. ~1/f? dependence that can arise from the driftRrdue to
the creeplike procesgNote: For thed processoy=~0.01,
10° which is much smaller thaar, .) B4 is known from the elec-
o tromigration experiment. However, due to the ambiguity in
10 | o 9 102 1 determination ofry as mentioned before, we used this as a fit
“ < 107 1 parameter. They obtained from experiment is shown in the
s £ 10 inset of Fig. 13. In the temperature range 350 K, there is
g 107 4 a sharp drop in the valug,. This is very similar to that seen
: in Fig. 10.
g 10% J
@ 100 F. Temperature dependence of noise
A 330 K Thus far we have calculated the spectral structure of noise
0] - 350K at various temperatures. We now use E§s. (6), and(7) to
370K evaluate the temperature dependence of noise parameter
- v(f,T)/n defined in Eq.(1) for different values off. The
105 10¢ 107 102 107 10° 10' 10 result is shown in Fig. 14. The lines through the data points

f (Hz) are calculated using the parameters forthocess. At low
frequencies {=<0.1 Hz), the calculation clearly underesti-
FIG. 13. Noise power spectrum in the temperature regime wherg1ates the observed noise beyohzt 320 K. In this regime
thed process is dominant. The solid lines are fits using Bgjs«(7) ~ Noise is dominated by the process. As observation fre-
with the parameters for thibprocess. Fol =330 K the dashed line quency increases, expectedly, the calculation based on the
shows the corresponding estimate using ithgocess. Inset shows process alone gives better estimate of noise at higher tem-
the temperature dependence of thprocess time scale, obtained ~ peratures. The arrows in the figure identify the temperature
as a fit parameter. The dotted line denotes the upper limit; of scale at which the contribution to noise from ttiorocess
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becomes comparable to that due to thprocess.(Due to  This investigation is focused on some of the generic science
nonavailability of unambiguous temperature dependence ajuestions that lie at the core of this problem.

74, the same procedure as that done for the calculation of the The spectral structure of the noise spectrum, as well as the
noise from ther process could not be carried out for noise T dependence, have been calculated from the relaxation
from thed process. One can also see that there is a percepfunction observed in the electromigration experiment. It is
tible change in the magnitude of noiseTa=350 K and an indeed gratifying to observe that one can evaluate the noise
extra noise contribution arises. This is due to the onset of thGom the time-domain data obtained from an independent
creeplike process. The temperature dependence of the noisgperiment. Though done in the context of an oxide film, the
at different frequencies thus clearly manifests the relativgprocedure followed for both experiment and numerical

contribution of the various processes. evaluation is sufficiently general, and should be applicable
for other related studies as well. We believe that establishing
V. CONCLUSION a direct quantitative link between the electromigration dy-

. ) . ~_namics and the noise spectra will make noise a viable tool to
~In this paper, we have investigated the electric-field-siydy the structural and electrical stability of thin films.
induced changes in metallic-oxide films and the kinetics as-

sociated with the change. This is found to be related to the
migration of oxygen ions. The slow dynamics associated
with this is also the source of conductivity noise in this ma- The authors wish to thank Dr. R. Sreekala, Dr. M.
terial. We found that the temperature dependence of the timBajeswari, and Professor T. Venkatesan of the Center of Su-
scales associated points towards a glasslike freezing in thgerconductivity Research, University of Maryland for pro-
oxygen lattice. The issue of stability of thin metallic-oxide viding the high-quality LaNiQ_; films used in this work.
films towards electromigration is an important issue from theA.G. acknowledges the help of Swastik Kar during the
technological application of these films in oxide electronics.preparation of this manuscript.
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