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J. Phys.: Condens. Matter 4 (1992) 80534072. Printed in the UK 

Noise in grown alumina tunnelling barriers 

A M Speakman and C J Adkms 
Cavendish Laboratory, Madingley Road, Cambridge CB3 OHE, UK 

Receivsd 28 May 1992, in final form 21 July 1992 

AbslracL Conductance noise was measured in tunnel junciions with alumina barriers 
grown by plasma oxidation or thermal oxidation in almospheres containing different 
amounls of water. Noise measurements were made in ihe frequency range 7 Hz-70 kHz, 
under biases - I  V to + 1  V, and at temperatures 1 K to 4.2 K In  junctions with barriers 
gmwn under dry conditions, shot noise dominatcd at all frequencies. In  junctions wilh 
barriem' grown in the presence of water, noise power at low frequencies was four orders 
of magnitude larger than shot noise; i t  had an approximately 1 1  f frequency variation 
and a strong bias dependence, but was temperature independent below 4.2 K We show 
that the resulu arc not quanlilatively consistent wilh models involving modulation of the 
tunnelling barrier. We develop a new model, based on switching of resonant channels, 
that is able to explain the levels of noise observed. 

1. Intmduction 

Grown aluminium oxide is the classic tunnelling barrier because of the ease with 
which continuous layers with low leakage (non-tunnelling) current are formed, at 
thichesses suitable for tunnel barriers. Oxide films are grown on aluminium either 
by exposure to atmosphere (thermal oxidation) or by exposure to an oxygen glow 
discharge (plasma oxidation). The growth rate decreases with oxide thickness, so 
the process is self-limiting. Several studies have been reported which compare the 
conductance spectra of thermal and plasma grown oxide barriers, prepared in at- 
mospheres of varying humidity (Bowser and Weinberg 1977, Dragoset el ol 1982). 
Inelastic electron tunnelling spectra confirm the accepted picture of an amorphous 
alumina (AZO3) barrier with OH- surface contaminants. The IET spectra published 
in the above reports become noticeably noisier as the degree of water contamination 
increases. However, no direct noise measurements have previously been reported for 
this type of tunnel barrier. 

In this study, electrical noise (fluctations in conductance) was measured in tunnel 
junctions with alumina barriers grown by plasma oxidation or thermal oxidation in 
atmospheres containing different amounts of water. Conductance measurements were 
made on the same junctions. A valid interpretation of the noise data must be 
consistent with that of the conductance spectra. 

2. Sample preparation 

In each preparation, three junctions of areas 100 p n  x 100 pm, 100 pm x 150 p m  
and 200 p m  x 200 p m  were prepared simultaneously on a single substrate. Base 
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aluminium clectrodes were deposited by vacuum evaporation, and an oxide layer was 
grown upon them to form the tunnel barrier. Oxidation times and conditions were 
chosen to give sample resistances of about 2 kQ. 

A M Speakntan and C J Adkins 

Four different oxidation techniques were used. 

(i) Plasma oxidation by exposure to a 100 mA, 1 kV discharge in 0.15 mbar of 
oxygen for one hour in the evaporator. 

The vacuum chamber was pre-cleaned by a glow discharge so that when the 
discharge was turned on again for plasma oxidation, the glow was pale greyblue, 
showing that the oxygen discharge was clean and dry. ET spectra of completed 
junctions (section 4) showed that plasma oxides had much less hydrocarbon and OH 
contamination than thermal oxides (types (ii) to (iv)). 

(ii) Exposure to room air for 1 hour. 
(iu) Exposure to moist room air for 1 hour-over a beaker of water at room 

temperature. 
(iv) Exposure to water vapour for several seconds--vapour from water at SOT 

was allowed to condense visibly on the substrate. 

Some of the clean junctions (oxide type i) were doped with water or organic impu- 
rities by exposure of the clean oxide surface to moist room air or formic acid vapour. 
After preparation of the barrier, the vacuum chamber was pumped down again, and 
lead or aluminium top clectrodes were deposited across the base electrodes. 

On removal from the vacuum chamber, the set of three junctions on one sub- 
strate was immediately slotted into an edge connector mounted on an insert. This was 
dipped into liquid helium for measurementS at 4.2 K, or cooled in a pumped helium 
cryostat for measurements down to 1 K. The insert was wired to enable switching be- 
tween the three junctions without removal from the cryostat. Over a period of several 
days in helium, there was no ageing of the junction resistance, and all conductance 
and noise measurements were repeatable. 

3. Measurement techniques 

3.1. Conductance measurenients 

Differential conductance dZ/dV and conductance derivative d 2 i / d V Z  were mca- 
s u r a  as a function of bias at 4.2 K. The measurement system is described fully by 
Speakman (1991). It uses operational amplifiers to maintain a voltage bias and small 
modulation voltage across a four-terminal tunnel junction in a bridge circuit. The first 
and second harmonic current components, proportional to d i / d V  and d 2 i / d V 2 ,  
are detected by a lock-in amplifier across the bridge. The voltage source and lock-in 
amplifier are under computcr control, and spectra are recorued automatically. The 
dZ/dV versus bias curbe gives an indication of the tunnel barrier height, width and 
asymmetry, and peaks in the d 2 1 / d V z  spectrum show any dominant energies lost by 
tunnelling electrons to phonons or vibrational modes of impurity molecules. 

3.2. Noise. measurenlents 

The junction was biased with a DC current I,, and the noise voltage across it was 
measured differentially using an EG&G PAR model 5301 lock-in amplifier in noise 
mode. In this mode, the phase sensitive detector output is rectified and smoothed, 
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and the 5301 gives a reading of the input voltage noise vn (in V Hz-'/*) at the 
reference frequency f in a bandwidth 1/.r whcre 7 is the lock-in time constant. 
The noise measurement option is available for T = 300 ms (1 Hz equivalent noise 
bandwidth) and T = 30 ms (10 Hz ENBW), and the smoothing time, which is the time 
necessary to make a measurement, is preset at approximately 5 min for 7 = 300 ms 
and 30 s for T = 30 ms. 

Background noise was measured at zero bias current for junctions with aluminium 
top electrodes, and at a small bias current for junctions with lead top electrodes, to 
move the junction voltage away from the lead superconducting gap region around 
zero bias. Samples of resistance 400 n to 4 I& had background noise levels within 
the range 10-20 nV Hz-'/? at all measurement frequencies. This is insignificant 
compared with sample l /f  noise at low frequencies (figure 3(a)), but background 
subtraction was neccssary at higher frequencies when shot noise was dominant (fig- 
ure 3(b)). 

At each bias current I,, and frcquency f, thc noise gencrated in the junction, 
v , ( f ,  Ib), was calculated by subtracting the background noise across the junction 
u,(f,O) from the measured noise u , ( f ,  I,) using 

4. Conductance results 

For junctions with lead top electrodes, the structure in d I / d V  near zero bias due to 
the superconducting gap of lead was the same strength for oxides prepared using any 
of the four oxidation techniques. This shows that the dominant transport process at 
low bias was electron tunnelling in all junctions. 

Conductance curvcs for barriers prepared using different oxidation techniques are 
shown in figure 1 for junctions with lead top elcctrodes and in figure 2 for junctions 
with aluminium top electrodes. In these and subsequent data, positive bias means 
that the base electrode is biased positively with respect to the top electrode. All 
curves are asymmetric, the conductance being greatcr on the positive bias side. The 
asymmetry of the conductance curve is a measure of the asymmctry of the tunnel 
barrier. In the trapezoidal barrier model of Brinkman er a1 (1970), the barrier height 
q52 at the top electrode is greater than the height Qi at the base electrodc. It has 
been suggested that the large asymmctry for junctions with lead top electrodes is due 
to hydroxyl groups attached to the surface of thc oxide film (Dragosct et a1 1982). 
IET spectra showed that more OH was present in thermal oxides, which explains the 
greater asymmetry of the conductance curves of thermal oxides compared to that 
of a dry plasma oxide (figure 1). The asymmetry is not so large in junctions with 
aluminium top electrodes. Aluminium has a smaller atomic size than lead, and is 
more reactive, so that the top elcctrode metal penetrates (or may decompose) any 
OH on the oxide surface (Sleigh el al 1989). For thc same reason, doping by exposure 
to moist air or formic acid vapour after oxidation did not affect the conductance of 
junctions with aluminium top electrodes. When the top electrode was lead, doping 
increased the junction resistance and the asymmetry of the conductance curve, and 
also gave rise to peaks in the d 2 i / d V 2  spectrum as described below. 

Increased curvature of the conductance curve for barriers grown under wetter 
conditions occurs in junctions with either lead or aluminium top electrodes and so 
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Figure 1. Differcnlial conductance of junctions with Pb lop eleclrodm, normalized to the 
value at -20 m V  bias. The  value^ of d V / d I  at  20 mV wcrc: (i) 3.7 kR, (ii) 2.0 MI, 
(iii) 15.7 Kl, (iv) 20 !&. ?he roman numcrals reier to tllr oxide type 

depends on the 'bulk' barrier material rather than on any surface molecules. The in- 
creased curvature could result from an increased inelastic contribution to the tunnel 
current: I f  tunnelling elcctrons excite atomic vibrations with a wide energy spread 
within the barrier, the number of inelastic tunnelling channels incrcases with increas- 
ing bias, so this adds to the curvature of the conductance curve. It  is proposed later 
that inelastic tunnelling in barriers g row under wetter conditions gives rise to the 
1 / f noise observed in these junctions (section 6) .  

As expected, second-derivative (d ' l /d  V ? )  spectra had alumina phonon peaks, 
and when the top electrode was lead there were also pcaks due to the excitation 
of surface hydroxide and hydrocarbon molecules. However, for oxide barriers grown 
under wetter conditions, inelastic electron tunnelling peaks bccame 'washed out'. In 
these junctions, tunnelling electrons lose energy to atomic vibrations with a wide 
energy spread within the barrier, so that threshold energies for excitation oC surface 
molecules or the alumina phonon are Itss well resolved. 

5. Noise results 

Noise in clean junctions was essentially shot noise only over the whole range of 
frequency and bias; but excess noise was found when barriers were grown in the 
presence of water. Figure 3 shows the variation of voltage noise U, with bias a t  4.2 K 
for an oxide barrier grown in moist air with an aluminium top electrode. These results 
illustrate most of the features of the noise measured in all types of junction. At high 
frequencies and low bias, v, k mainly shot noise. This is shown in figure 4, where 
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Figure 2. Differential conductance of junctions with AI top electrodes, normalized a1 
zero bias. The values of d V / d I  at zero bias were: (i) 360 R (undoped), (ii) 740 R 
(doped), (iii) 1.3 1;R. The roman numerals refer to Ihe oxide type. 

the results are plotted as current noise, u,/Z,, as calculated from the high-frequency 
data of figure 3. Here, 2, is the AC junction impedance given by 

Z,(w,V) = ( ( d I / d V )  + juCS/-' 

where C, is the junction capacitance. The calculated shot noise, i, = m, is 
shown in figure 4(b). 

Shot noise is a fundamental and irreducible form of current noise in tunnel junc- 
tions, but the junctions had varying amounts of additional noise with an approximately 
I/ f frequency variation. In the Collowing, this excess noise is analysed in terms of 
a fluctuating tunnel conductance which gives rise to a noise voltage when a steady 
current passes through the junction. 

5.1. Noise viewed as fluctuations of conductance 

In section 6 we shall consider a model in which the noise is taken to originate in 
fluctuations of junction conductance. Here we show how equivalent' conductance 
noise is calculated from measured voltage noise. 

Under current bias I , ,  time variation of DC junction conductance, 

G,(V,O = C , ( V ) + g ( V , t )  

gives rise to a varying junction voltage 

V(i) = v, + u ( t )  
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Figure 3. Vollage noise a1 4.2 K (afler background subtraclion) for an oxide of type iii 
with an Al lop electrode. For this junclion, d V / d I  (0 mV) = 1.3 kR, C. = 0.6  nE 

where 

Ib  = G,(V,t)V(1)+C,dV(t)/dt = [Gs(l’) t ~(V,t)l[Vo + dt)]+C,dV(t) /dt  
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Figure 4. Ihe results of figure 3 plotted as currenl noise. Ihe curve in @) show the 
calculaled shol noise. Shot noise is negligible at the lower frequencies. 

sGs(V,)Vo tIG,(V,) t V n d G , / d V ] ~ ( ~ ) + C , d ~ ( t ) / d ~ + V , ~ ( V n , t )  

= G,(V,)V, + ( d l / d V ) v ( t )  t C , d d t ) / d t  t V,g(V,,t). 
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%king the Fourier transform, 0 = (dl/dl')u, + jwC,u, + l',g,, so 
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g./IdI/dV+jwC,I = un/lG 

gives the conductance noise g, (Q-l Hz-'/*) in terms of the measured voltage noise 
U, (V Hz-l/*). The fractional conductance noise is 

g,/G, = ( Id I /dV t j G l / G , ) v , / V o  = un/ZJb. (1) 

Figure 5 shows the results of this calculation for the junction of figure 3. 
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Figure 5. The resulls of figure 3 plotted as fracrionai conductance noise, calculated using 
equation (1). 

5.2. Charactektics of the noise 

5.21. Dependence on santple preparation. The tractional conductance noise g,/G,, 
increased from i to iv in the oxidation methods listed in section 2 Noise in the 
clean junctions (oxide type i) was close to shot noise lcvcl over the whole range of 
frequency and bias. In figure 5 (oxide type iii), g,/G, is an-order of magnitude larger 
than that measured for type ii oxides, but a factor of 3 less than measurements on 
type iv oxides. The noise level g,/G, and its frequency and bias variation dcpended 
only on the sample oxidation method, not on the top electrode metal (aluminium or 
lead). Doping clean junctions with organic molecules or water after oxidation did 
not give rise to any extra l / f  noise in junctions with aluminium top electrodes (and 
did not affect the junction conductance or IET spectra). The conductance of Clean 
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5.24. Biar Variation. When I / f  noise was dominant, the conductance noise g, 
increased strongly with bias. This implies that the bias current used to measure gn, 
itself excites the noise. For junctions with lead tap elcctrodes, the voltage noise TJ, was 
polarity dependent due to the asymmetry of the conductance curve, d l / d V  versus 
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bias, but the conductance noise curve was approximately symmetric. The conductance 
noise is thus driven by the bias current, and the voltage noise is the result of the 
steady bias current passing through the noisy conductance. Noise increased smoothly 
with bias and the g , / G ,  versus bias curves (figure 5) can be fitted by a low order 
polynomial. 

5.25. Tentperuture variation. The bias variation of the noise was investigated only a t  
4.2 K, but some samples were cooled in the cryostat, and background noise and noise 
at 0.5 V bias were measured over the whole frequency range 7 Hz to 70 kHz, at several 
different temperatures between 4.2 K and 1 IC Within the limits of experimental 
error, the voltage noise U” and hence the conductance noise g, did not vary with 
temperature in this range. 
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6. Models for the 1 / f noise 

6.1. Inlroduction 

Fluctuations which have spectral densities varying approximately as 1 /  f over a large 
frequency range have been observed in a wide variety of dissimilar physical systems, 
from the loudness of a piece of classical music to the flow of traffic on Japanese 
motorways. In electronic devices, 1/ J noise has been explained in terms of an 
ensemble of microscopic fluctuators with a broad distribution of fluctuation rates 
(Dutta and Horn 1981). Each fluctuator has a Lorentzian noise spectrum centred 
on its characteristic fluctuation frequency and summation over an appropriate distri- 
bution of characteristic frequencies gives rise to 1 / J noise. Evidence for this origin 
of I/ f noise has been provided by noise measurements on very-small-area tunnel 
junctions at low tempcrature and low bias when only a small number of fluctuators 
is active (Rogers and Buhrman 1984). The noise spectrum is then rcsolved into a 
number of Lorentzian lines which merge into a broad I /  f spectrum as  the number 
of contributing fluctuators is increased by increasing the temperature or  the junction 
area. 

In order that the noise increases with decrcasing frequency, the distribution of 
characteristic fluctuation frequencies must extend down to the lowest measurement 
frequency. Low-frequency 1/ f noise implies the existence of slow fluctuators. In the 
theory of Rogers and Buhrman, the fluctuators are elecrron traps in the tunnel barrier 
(Nb,O,) which cause barrier height fluctuations, and thus conductance fluctuations, 
as electrons are captured and released. However, this model is appropriate only at 
low bias (< 20 mV in their experiments), when it  is possible for traps to have energies 
between the two electrode Fermi energies when empty but below both Fermi energies 
when occupied. The energy shift is due to lattice distortion causcd by interaction 
between the trapped charge and nearby ions. Electron release thus requires either 
thermal activation or ionic tunnelling, and the release time is slow enough to account 
for the low characteristic frequencies of the traps. In the present experiments, noise 
above the background and shot noise level was observed only at biases of 100 mV 
or  more. Slow electronic release times are not possible for states in thc barrier at 
these cncrgies since the electron does not require activation to tunnel out into states 
in the positive electrode, and the coupling with clectrode states will be similar to 
that responsible for tunnelling across the barrier, which results in transition times less 
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than 1 ps (Schafer and Adkins 1991). The low-frequency noise cannot therefore be 
the result of charge trapping in the barrier. 

Fluctuations in the barrier charge distribution could also occur through ionic mo- 
tion and this can have characteristic frequencies as low as the lowest measurement 
frequency. Atomic motions with a wide range of excitation energies and relaxation 
times are necessary to explain the low-temperature properties of structurally disor- 
dered materials. In these materials, ions are not constrained to their positions in 
a crystal lattice, but can hop between neighbouring energy minima. The two-level 
system model (Phillips 1987) proposes that an atom or a group of atoms moves in a 
two-well potential. At low temperatures, a quantum mechanical description is neces- 
sary and tunnelling of the atom from one minimum to the other gives rise to the very 
small energy splittings needed if the states are to be observed in thermal experiments 
at 1 K and below. Kozub (1984) used this model to derive an expression for the 
low-frequency noise in a tunnel junction with an amorphous barrier material. How- 
ever, he assumed that the two-level systems were in thermal equilibrium, phonons 
supplying the small ‘tunnel-splitting’ energy, and this gives a conductance noise which 
increases linearly with temperature, but is bias independent. This is not consistent 
with the temperature independence and strong bias dependence observed here. The 
temperature independence shows that the noise-causing transitions are not thermally 
excited at the temperatures of these experiments. Also, the noise was not the result 
of Joule heating, since the noise level did not correspond to the junction resistance. 

The observation of IET spectra shows that tunnclling electrons exchange energy 
with ions in the barrier. Ionic transitions with long relaxation times could similarly be 
excited by inelastically tunnelling electrons. In the model developcd bclow, ions inter- 
act with tunnelling electrons, and so move between neighbouring potential minima. 
These motions cause fluctuations in the barricr potential profile and hence in the 
elastic tunnel current. The frequency, temperature and bias variations of the  noise 
are  consistent with this model. 

Noise increased with increasing presence of water during oxide barrier growth, 
so the mobile ions probably come from water. One possibility is a rotating 0-H 
dipole moment due to the movement of a proton beween equivalent positions on 
the end of an AI-O-H bond. A similar model, involving rotation of the OH group 
about an Si0 bond within the amorphous matrix, was used to explain low-temperature 
properties of vitreous silica containing O H  impurity (Phillips 1981), and reorientation 
of surface OH has been seen in tunnel junctions (Konkin and Adler 1980). However, 
tunnelling electrons do not interact with surface OH in junctions with aluminium top 
electrodes-the presence of l /f  noise but absence of an IET molecular spectrum 
for junctions with aluminium top electrodes shows that the noise sources are slowly 
fluctuating dipoles wifhin the barrier, while the ET excitations are transitions with 
h e d  excitation energies of surface molecules. Alternatively, the moving ions could 
be interstitial protons. Protons are the smallest and most mobile ions, and therc will 
be sites of varying energy available between the larger 0 ions of the oxide. These 
excitations will have the wide spread in energy and transition rate necessary to explain 
the l / f  noise and the smoothly varying inelastic contribution to the conductance 
curves. 

6.2. Two-well model 

The fluctuators are assumed to be ions moving between neighbouring potential 
minima. The main features of the system of mobile ions can be discussed using 
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a model where each fluctuator is represented by a particle moving in a two-well po- 
tential (figure 7). In the quantum mechanical description of an ion moving in such 
a potential (Phillips 1987), the wavefunctions of the two lowest encrgy states spread 
across both wells, and thcir energy difference and asymmctry, and transitions from 
one state to the other, depend on tunnelling through the potential barrier between 
the wells. If phonons supply the energy difference E, for the tunnelling transitions, 
then the relaxation rate is temperature dependent, and integration of the noise over 
a distribution of relaxation rates would give a temperature-dependent result. To ac- 
count for the bias dependence and temperature independence of the noise observed 
here, it is necessary that transitions require electron excitation. 

A M Speakman and C J Adkins 

U 

Fbpre 7. Two-well model. Figure 8. Relaxation limes. 

6.3. Telegraph noise 

The occupancy of well A of a two-well system alternates between 0 a n d ' l  with 
characteristic times r1 and rz, where r,, rz are the relaxation times for the transitions 
A - B and B - A (figure 8). This is telegraph noise with unit pulse height, and it 
has a Lorentzian power spectrum. 

Consider N identical two-well systems. If at time 1,  N A  are in well A, and N ,  
in well B, then N,, NB satisfy 

dN,/dt  = N B / r 2  --NA/rl N A  + NB = N .  

Combining these two equations, 

dN, /d t  = - ( N A  - N l ) / r e K  d N B / d l  = - ( N B  - N:)/reeff (2) 

where 

From the differential equation (Z), it can be shown (e.g. Van der Ziel 1986) that 
fluctuations in ( N A  - ,Vi) have a Lorentzian power spectrum. The mean square 
fluctuation per unit frequency f (= w / 2 n )  is 

lAAJA(f)12 = 4 ( N ,  - N i ) 2 r e K / ( 1  + wZ&) 
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where 

Equation (4) is the binomial variance N p (  1 - p )  with p = T ~ / ( T ~  + T ~ ) ,  since N A  
follows a binomial probability distribution with maximum value N and mean value 
N i  = N p .  The contribution to the power spectrum from a single Ructuator is 

According to (3). the noise frequency T~;' is the sum of the rates 7;' and T;', so 
for low-frequency noise, both the transition up in energy and the transition down in 
energy must be slow. This will be the case if both transitions require excitation by an 
electron. 

The conductance noise power per unit frequency due to a single fluctuator is 
obtained by multiplying the occupation number noise (5) by the square of the con- 
ductance fluctuation AG due to an individual transition. 

( N A  - N i ) 2  = N T ] T * / ( T ]  + r2)'. (4) 

I A N A ( f ) 1 2 / N  = [ 4 7 1 7 2 / ( ~ 1  + T ~ ) ~ I  reff/(1 + w'T,',). (5) 

(g,/GJ2 = ( A G / G , ) * [ ~ T , ~ ~ / / ( T ~  + T ~ ) ' ]  reff/(l + w*&). (6) 
The fluctuation size A G  is discussed in section 66. 

6.4, Distribution of relaxation times 

The total conductance noise is given by (6) summed over all two-well systems. As 
shown below, a l / f  noise spectrum can be generated from this summation if the 
distribution of characteristic times T~~ is proportional to re;'. The 1/ f spectrum 
extends over the frequency range ( ~ T T , , , ~ ~ ) - '  to (2rrmin)- '  when the range of the 
T~~ distribution is T,,,~" < T~~ < T ~ ~ .  

Since the relaxation time rl depends on excitation by a tunnelling electron, 
e/Tl  = Ii,,LA - B) (7) 

where Iine,(A i B )  is the inelastic electron current involving ionic transitions from 
well A to well B. An equation similar to (7) holds for the transition time T ~ ,  if 
excitation by an electron is also needed for the reverse transition. 

A transition mechanism which could lead to the required ~,-d distribution of 
relaxation times is one in which the ion is excited by a tunnelling electron from the 
ground state to a higher level in well A, then tunnels to well B. For example, if the 
potential wells (figure 7) are parabolic (V = $ M W ~ T ~ ) ,  the ionic wavefunctions are 
proportional to exp(-Mw,zZ/2A), so that the overlap between states centred on 
opposite wells is proportional to exp(-Alwoa2/4h) Y exp(-2(W0 - E./2)/tw0). 
The ionic tunnelling rate, and hence the transition rates T;' and T; , are then 
proportional to the square of this exponential overlap. 

T~;' 0: exp(-41vo/fiwo). 
A uniform distribution of the inter-well barrier strength w = W,/hw,  then satisfies 
the requirement of a T;' distribution of relaxation times: 

For a range of relaxation times rmi, < T~~ < rmmax, the normalized distribution is 

(8) 
Experimentally, l / f  noise was observed in the range of frequency f from 4 0 / 2 ~  Hz 
to about 20/2n kHz, so T,& < 40 s-l and T;; > 2 x lo4 s - l .  The magnitudes 
of the rates enter the final expression for the noise only through the normalization 
factor In( T ~ ~ ~ / T , , , ~ " ) .  

i 

dN/dTeff = ( d N / d w ) d w / d T e f l  = ( d N / d w ) / 4 r e f f  0: l / ~ ~ ~ .  

D ( ~ ~ ' e f f )  = ( l / N ) d N / d r , ~  = l/TeeAln(Tmmax/Tmin). 
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6.5. Summation over all @cIuators 

Summing (6) over all fluctuating two-well systems, the total noise is 

A M Speakman and C J Adkins 

Here, the distribution in excitation energy d N / d E ,  of the two-well systems is assumed 
to be approximately independent of the relaxation time distribution D( T ~ ' ) .  The 
factor T ~ T ~ / ( T ~  + T ? ) ~  decreases from ( T ~  s r2)  for Ei << eV, to zero ( T ~  = CO) 

for E, > eV, so 

where N,( V) is the effective number of active fluctuators at bias 1'. 
Integrating (9), using (8) and (10) leads to 

(s,/GJ2 = (AG/GS)'(N,(V)/4f W T , , , ~ / T ~ , ~ ) )  (11) 

in the range (27~,,)-~ < f < ( ~ T T , , , , ~ ) - ~ .  The inverse frequency variation thus 
arises from integration over a relaxation time distribution proportional to Vari- 
ations about l / f  behaviour come from deviations lrom a smooth .;A' distribution. 
The number of active fluctuators N,(V) increases with bias as long as eV is less 
than the energy range of the distribution d N / d  E,. 

6.6. The contribution from individual fiuctuators 

In the following, a lower limit for AG, the fluctuation size due to an individual 
fluctuator, is calculated from experimental noise results. We then compare this limit 
with values obtained from microscopic models. It is shown that the fluctuation size 
calculated from a simple dipole modcl is too small, but AG from a model involving 
resonant tunnelling channels is compatible with experiment. 

The value of the product N,(AG)? can be calculated from noise meaSuremcntS 
using (ll), so that an estimated upper limit for N ,  leads to a minimum fluctuation 
size AG. Rearranging (ll), 

( A G / W  = (s,/G$4f ln(TmaX/Tm,")/Na(v). (12) 

A reasonable upper limit for A', is when the fluctuators are 1 nm apart. For a barrier 
of area (100 pm)2 and thickness 2 nm, 

N ,  < 1 0 ? ~ m - ~  x [ loo  pm]? x 2 n m  = 2 x 10". 

Using values quoted in section 6.4, I I I ( T , , , ~ / T ~ , ~ )  2 G, and the maximum measured 
noise for type iv oxides (0.5 V bias, f = 6.83 Hz) was (g,/C,)$a, = 10-'OHz-l. 
Substituting these values in (12) gives 

AG/G, > lo-'. (13) 
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Consideration of the inelastic current gives an alternative lower limit for AG. The 
inelastic current due to transitions of one two-well system is I ,  = 2 e / (  T, + T~), and 
summing this over all systems, 

Combining (12) and (14), 

(AG/Gs)2 = (9"/G,)a2ef II,"dTm," 

and S i n c e  I,,,, < I,,,,, 250 p A  at 0.5 V bias, 

AG/G, > lo-". 

In this case (13) is therefore the experimental lower limit for AG. 

6. Z Dipole fructualors 

The simplest model for a fluctuator is a fluctuating electric dipole moment. Motion 
of a singly charged ion between potential minima, distance a apart, is a change e a  
in dipole moment. The dipole potential adds to the barrier potential profile and 
so changes the tunnelling conductance of the junction. Following Kozub (1984), the 
fractional change in conductance due to a perturbation W is given by 

AG/G, = a d W / U o  

where a is the tunnelling decay rate d-, d is the barrier thickness, U, is the 
bamer height and is the interaction averaged over the barrier volume A d .  The 
sue of this interaction is affected by image dipoles in the metal electrodes, and so 
depends on the position and orientation of the fluctuating dipole in the barrier. Also, 
the dipole interaction is odd under inversion and so integration over the barrier will 
give zero unless there is some asymmetry (an asymmetric barrier due to intrinsic field 
or voltage bias, or the dipole being nearer one electrode than the other). However, 
taking the range of the interaction to be the barrier thickness d, and its average size 
to be a dipole potential at separation d, 
- 
W = ( d 2  f A ) e Z a  / 4 n c o e r d 2  AG/G, = ( a d / U o ) e 2 a  / 4 a e , e , A .  (15) 

With a d  = 10, U, = 1 ey  a = 0.1 nm, = S and .4 = (100 pm)*, this gives 

AGIG, % lo-" 

which is two orders of magnitude smaller than the minimum estimate (13) from 
experiment, 

We may ask whether the first-order perturbation theory we have used is valid. 
The condition for validity of first-order perturbation theory with a dipole interaction 
is 

( a d f U o ) e 2 a / 4 a e , ~ , d 2  < I  
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(Kozub 19S4). This expression is equal to 0.05 for the above parametcrs, So (15) 
should be valid. 

In noise experiments on tunnel junctions where the junction area was suficiently 
small that one could measure the noise spectrum of an individual fluctuator, several 
authors have observed fluctuations of larger amplitude than expected. Savo el a1 
(1987) measured noise in the critical current of Nb-AI,O,-Nb Josephson junctions, 
at biases of the order of 1 p V  when electron trapping is possible. The effective 
trap area, calculated by assuming that the trapping process locally reduces the critical 
current to zero, was up to m2, The expected area for a single trapped charge 
(Rogers and Buhrman 1985) is 
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A AG/G, Y (od /uo)e2x /4m,c ,  

(compare (15)) where X is a length several times d in magnitude. This area is of 
the order m* for an alumina barrier. Farmer el al (1987) suggested that large 
conductance fluctuations (of effective area m?) at high bias in 
MOS tunnel diodes wcrc the result of simultaneous emptying and filling of interacting 
electron traps in the barricr. They noted that the lluctuation rates wcre ‘many orders 
of magnitude too low to be the rate for elcctron tunnclling’, and proposed that 
the collective fluctuations wcre slow because all the electrons had to be trapped 
or released simultaneously. However, electron trapping does not occur in tunnel 
barriers where both electrodes are mctal, as any potential electron traps are coupled 
too strongly to electrode states (section 6.1). The above mcchanism applies only to 
MOS tunnel diodes where the density of states in the semiconducting electrode is 
many orders of magnitude smaller than that in a mctal. 

6.8. Resonant tunnelling flucluarors 

A different way in which a singlc ionic fluctuator can produce a large effect is if the 
mobile ion has an associated electronic state through which resonant tunnelling can 
take place such that the resonant channel is turned on and off by the ionic motion. 
A simple calculation shows that such a mechanism easily satisfies the criterion of 
equation (13): direct tunnelling varics as exp(-2ad), but resonant tunnelling is 
proportional to exp(  - a d )  for a resonant state in the middle of the barrier. If the 
opcning of a resonant channel increases the conductance by a factor e x p ( a d )  over 
an area of atomic dimensions, U?, 

m? to 

AG/G, = ( a 2 / A ) e e d  = 10-’2e’n = 2 x 

which is much larger than the minimum required by the experimental data (equation 
(13)). A more detailed calculation based on this model is outlined below. 

When a resonant channel is switched by motion of an ion in the barrier, the 
corresponding conductance fluctuation is A G  = A I / V ,  where A I  is the current 
carried by the resonant state. This is given by 

= (e/h)rLrR/(rL f rl%) 

(see, for example, Wolf 1985). rL, rR are decay widths to the left and right elec- 
trodes, and rL cx exp(-2az) ,  rR o( e x p ( - h ( d  - z ) )  for a state distance z from 
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I I Figure 9. Resonant tunnelling. 

the left electrode (figure 9), so A I  is biggest for states in the middle of the barrier. 
Then TL = rR = r and 

AI = e r / 2 h  w e-od. (16) 
Payne (1986) calculated the resonant tunnelling current via a state in a one- 

dimensional square well in the middle of the barrier. In that calculation, a one- 
dimensional density of electrode states was used and this only counts tunnelling 
perpendicular to the electrode interface. The tunnelling decay rate a varies with kll, 
the component of electron wavevector parallel to the interpdce, according to 

A E  = ( h 2 / 2 m ) ( a 2  - Iti) 
where A E  is the energy depth of the resonant level, measured from the top of 
the barrier. For a given energy, the decay rate increases with increase of kll ,  and 
since tunnelling is proportional to e x p ( - a d ) ,  the range of contributing ICll values is 
A(!$) m 2 a / d  and the number of contributing kll values for electrode area A is 
(A/4?rZ)2?ra/d .  Multiplying Payne's result by this number gives 

where the square well, representing the resonant state, has depth V, and width a.  U, 
is the barrier height and the wavevectors It and k, in the electrode and in the well 
are given by 

U, = (h2/2m)(a? + k?) v, = (h?/2m)(a2  + kf). 
A similar calculation for a three-dimensional square well of diameter a in the middle 
of the barrier results in 

For V, = U,  = 1 e v  a? = I C 2  = k; and ad = 10, this gives A I  = lo-' A. For a 
2 kS2 junction at 0.5 V bias, the fractional conductance fluctuation is then 

AG/G, = A I / I b  = 4 x loM6.  

This is a factor 4000 larger than the minimum estimate (13) from experiment, so from 
section 6.6, the number of Auctuators required to give the maximum measured noise 
is 2 x 1010/(4000)2 E 1000, which is reasonable for the junction area m2. 



3.5 I I I I 

0. 
9 '  

' 0  D 

9 ' 

- 
. %  

.. . - 

h 3.0 - pi 
. 2.0 - 

gc 1.5 - 
M . * . .  

. ' , " . E  

0 ' 0  _. 0 .  

w 

$? 
7 2 5  - 683 Hz '. . ;~o ~~ 

.d A.. 

: ..U .. . d  ." 

. . o  . 
0 .i 
.. G 

Q, 
. N" 0 . i  , . 

- 
1. m 

a s '  .' . o  
h 

. .' ! '  

+ '  _ a  
? .  . m  - 

. 0 . .  : 
_ I  0 .  

' I '  
v v - 

1.0 - * , . ~ ,  . - 

I I I I . 
~ . .  . .  0.5 



Noise in grown ahiniina !unnelling barriers 8071 

If E, and E, are both uniformly distributed, each distribution introduces a factor 
V in the expression for A',, so that iV, rx V 2  and this contributes a factor of V in 
1". 

The fluctuation size A I  may also increase with bias, for reasons associated with 
the changing barrier shape. A I  is largest for states coupled equally to both electrodes 
( rL = rR).  As the potential across the junction is increased, the region containing 
the states which contribute most strongly to the noise moves nearer to the negative 
electrode. Since the tunnelling rate varies exponentially with tunnelling distance, this 
gives rise to an increase of A I  with bias. This will further strengthen the voltage 
dependence of the noise. 

Further contributions to the voltage dependcnce of the noise could come from 
non-uniform distributions of the energies Ei and E,. At present we do not feel 
able to attempt a detailed analysis of how the noise depends on bias. 

7. Summary 

Noise measurements on tunnel junctions are a useful probe of the properties of the 
barrier material, and provide additional information not accessible from the usual 
conductance versus bias characterization or from inelastic clectron tunnelling spectra. 
The results we have presented show that alumina tunnelling barriers grown under 
wet conditions have low frequency fluctuators which are activated by the tunnelling 
current when the junctions are under bias. We have argued that in these tunnelling 
structures the noise cannot originate in  processcs involving electron trapping because 
lifetimes could not be sufficiently long. Instead, we propose that there are ions 
within the barrier which move between neighbouring potential minima when excited 
by tunnelling electrons and that their motion gives rise to the noise. However, the 
noise is too large to be explained in terms of modulation of the barrier height by 
changes of potential associated with the ionic movement We put forward a new 
model for noise generation in which ionic motion causes fluctuation of the tunnelling 
conductance by opening and closing resonant tunnelling channels. The analysis shows 
that such a mechanism does provide a satisfactory explanation for the noise observed 
in our experiments. 
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