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Abstract

The current-voltage characteristics of one-dimensional tunnel junction arrays are simulated

using the semiclassical and full capacitance matrice description. The threshold voltage Vth of the

Coulomb blockade (CB) is evaluated and analyzed in detail as a function of the gate capacitance

Co, the array length iV, the temperature, and the degree of disorder. The disordered effect is

found to be essential, while the long range interaction included in the full capacitance matrice

calculations, when decreasing Vth-, weakly affects the qualitative behaviour of the CB for the

Vth{Co) - a n d the Vth(N) - dependences.
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The Coulomb Blockade (CB) of tunneling in small tunnel junctions has led to potential

applications as e.g. in current standards, thermometry, and integrated analogue and digital

electronics [1, 2]. The most common component in these devices is a one-dimensional (ID)

array of small tunnel junctions. For this reason, it is very important to gain a quantitative

understanding of CB behaviours in these systems. Prom the theoretical point of view, the sim-

ple model has been used in which the inter-island electric coupling is cut off at two nearest

neighbours and the temperature is assumed to be zero.

The aim of this work is to simulate the current-voltage (I-V) characteristics of ID arrays

of small tunnel junctions taking into account both the full inter-island electric coupling and

disordered effect at finite temperatures. The model is schematically displayed in Fig.l, where

N small identical metallic islands (quantum dots) are regularly arranged in series and linked to

each other by tunnel junctions of equal tunnel resistances RT and equal capacitances C. The

fact that the dynamics of this model has recently been studied extensively relates at first to the

CB effect, which was originally suggested for a single junction of RT and C under the conditions

(?) RT much larger than the quantum resistance h/e2 w 25.8 kQ, and (ii) the charging energy

e2/2C far exceeding the characteristic energy of thermal fluctuations [1, 2] Under such conditions

there exists a finite threshold applied voltage Vth in the I-V characteristics of tunnel junctions,

below which the current / is neglectedly small and above which the I-V curve has the form man-

ifestating the single charge tunneling phenomenon. The CB effect has been observed not only

in metallic junction systems [1, 2, 3], but also in nanostructures of different materials [4, 5, 6, 7].

However, it has been observed that the single junction structures have some disadvantages in

developing both the single charge effects and their possible applications [3]. Such disadvantages

seem fortunately to become less essential in arrays of many tunnel junctions coupled closely in

series [3]. To study multi-junction arrays from the theoretical point of view is however much

more complicated as compared to a single junction case.

In the semiclassical approach [8] the state of each junction is described by a single classical

variable, the voltage across the junction, which is determined, in turn, by the number of excess

electrons in the inter-junction regions. Consequently, the state of a tunnel junction array is then

described by the set of [n»], where n̂  is the number of excess electrons on the ith island. The

dynamics of the array starts with the tunnel rate expression:

corresponding to the single electron tunneling from the ith. island to the (i — l)th island, where

AE^i-x is the difference in total free energy of the array at the final [n\, ...nj_i +1 , ni — 1,..., n/v]

and the initial [ni, ...,7ij_i,nj, ...,UN] states. Assuming that the gate capacitances of all islands



are the same and equal to Co, the total free energy E can then be expressed in the form

1 N 1 N

Y,Cij(4>i fc) FiQi - VRQR . (2)

Here Ci,j is the capacitance between the zth and the jth. islands; fa is the electrostatic potential

in the ith island ( <po = VL, 4>N+I = VR); QL{QR) is the charge at the left (right) lead defined

as [9]

QL = C0,i(VL - fa) + enL ; QR = CN,N+I(VR - <PN) + enR , (3)

where TIL (UR) is the number of electrons that has tunneled from the left (right) lead into the

array. The difference (VR — VL) represents the external voltage applied to the array (applied

voltage).

The disorder in the model, associated e.g. with random charged centers in the background,

could also be included which results in a random offset charge qi ( \qi\ < e ) in the ith island

[10]. The total charge in the ith. island is then equal to

Qi = rue + qi . (4)

In order to calculate the free energy E and then, the tunnel rate F, given Co, [Cij], and [Qi],

one has to find the set of potentials [fa] in all islands. This complicated problem could be solved

within the framework of the semiclassical approach [8], using the classical relation between the

voltage across a capacitor, its capacitance and charge. Then, from the electrostatic equilibrium

condition for each island one obtains a system of N linear equations for determining N potentials

N+l

( E Cij) fa - Ysdjh = Qi, i = 1,2, ••• ,N , (5)
j=0 j^i

where the gate capacitance is just identified as Cj^ = Co and, as defined above, <fo = VL, (J>N+I =

VR.

In principle, the dynamics of electron transfers in the formulated model could be processed

by solving eqs.(l - 5). Unfortunately, and with the exception of the simplest case of homoge-

neous junctions arrays at zero temperature, the problem can not be solved analytically, but has

to be numerically simulated.

The first simulations of dynamics of ID tunnel junction arrays have been performed by

Bakhvalov et al. [9] and by Ben-Jacob et al. [11]. These pioneer works were however restricted to

the case, when the electrical potential of charges is assumed to decay exponentially, and therefore,

one can neglect charge interactions between any islands other than nearest neighbour ones

(nearest neighbour approximation - NNA). This implies that the capacitance dj in equation



(5) is equal to zero for all j , except Citi = Co and Citi±\ = C. This approach was suggested

for describing the CB effect in strongly screening metallic tunnel junctions, where the screening

length A estimated as A <x ^C/CQ is assumed to be small [9]. Moreover, the length N of

arrays studied in ref. [9] is limited to 20. In refs.[10, 11] the length N is larger, but the

simulations were realized only for the zero-temperature case, when the rate expression of eq.(l)

could approximately be simplified as F^- i = {e2Rr)~lQ{&Eij-i) AEiti-\. The notion of

random offset charges qi being in eq.(4) was first introduced by Middleton and Wingreen (MW)

in ref. [10], where it was suggested the important scaling relation

/ oc (V/Vtn - 1)", V > Vth (6)

which describes a non-linearity of I-V curves beyond the Coulomb gap. For an infinite array at

zero temperature and within the NNA-model the power 77 was evaluated as r\ = 1 [10].

The MW simulation result of eq.(6) is qualitatively in agreement with experimental data for

the ID array of 440 ^IZ-islands linked by Al/AlxOy/Al tunnel junctions in strongly screening

regimes, as reported by Rimberg et al. [12]. The fact that experimental value of the power

r)exp = 1.36 is considerably greater than the MW value 77 = 1 was assumed to be associated with

a finite temperature effect and/or possible co-tunneling processes [12, 13].

The present work is novel because (i) the electron dynamics is simulated at finite tempera-

tures and (M) the inter-island electrical coupling is not cut off at two nearest neighbours, but is

entirely be counted for all islands in the whole system. For the first supplement, the full rate

expression of eq.(l) is used. The second supplement requires that instead of the tri-diagonal

matrice of capacitances in the NNA one has to deal with the full capacitance matrice, which is

here suggested to have the form [14]

for j = i
for j = i ± 1 (7)
otherwise ,

where the inter-island spacing is chosen to be the length units; ry is the distance between the

«th and the jth islands. The soliton potential in the model is then approximated by the (1/r)-

form. It should be emphasized that such Coulomb-like potential form is believed to describe

adequately the soliton potential not only in semiconductor quantum dot arrays [15], but also in

metallic tunnel junctions [16, 14].

Thus, each simulation sample is identified by the capacitance matrice [Cij], the array length

N, and the set of offset charges [qi\, chosen at random in the interval [—qo, qo] with qo < e [10].

Physically, these random charges describe the effect of random potentials created, for example,

by charged centers being in the background [10, 12]. Therefore go is rather an intrinsic character



of the sample. Inversely, the numbers of electrons ni in eq.(4) vary during simulation processes,

hence their initial values could be chosen freely and can not affect measured stationary currents.

Choosing the junction capacitance C and the elementary charge e to be the basic units,

the temperature, the voltage, and the current throughout this work is measured in the units

of T* = e2fksC, V* = e/C, and /* = e/RxC, respectively. The simulation parameters are

then (1) the dimensionless gate capacitance Cb/C, (2) the dimensionless magnitude of offset

charges Z = qo/e, (3) the array length N (i.e. the number of islands in the array), and (4)

the dimensionless temperature t = T/T*. Given values of these parameters, for each applied

voltage v = V/V* = (VR — V£)jV* the dynamics of electron transfers is simulated using the

standard Monte-Carlo method [9, 10, 11]. Here we do not describe the simulation program,

but only mention that the current densities, calculated by different ways, say, by counting the

numbers of electrons incoming from the left lead to the first island (II) or outgoing from the

last island to the right lead (IR), or by summing the dipole moment variations associated with

electron transfers inside the array (Ij) [19], are convincingly converged on a stationary value at

simulation times large enough that yields the net current at given applied voltages (see inset in

Fig.2a). We note that in all investigated cases the dipole moment current 1a is always sooner

equilibrated and provides a better estimation for the stationary net current. The time TS neces-

sary for equilibrating In is proportional to the array length and, though also dependent on the

temperature and the applied voltage, it was approximately estimated a s r s « 105 Monte-Carlo

steps per junction. Thus, for calculating all reported I-V curves below, we equilibrate at first

the systems over TS time steps, then the current is calculated by averaging In over a further time

interval of about 2rs.

Since we will later focus our discussion on the threshold voltage Vth, we mention now how it

could be determined in simulations of finite temperature. Theoretically, the Coulomb gap with

exactly zero current has been suggested at zero temperature. Experimentally, by analyzing the

I-V data for arrays of 19 to 53 aluminum junctions, Delsing [3] defined Vth as the voltage below

which the current is as small as « 50f A fa 10"s (e/RrC) and above which the current grows

up non-linearly. The same interpretation of the experimental Vth could also be found in ref.[12}.

We follow this way to define simulation values of Vth with an extra note that at V < Vth the

simulation currents often have both signs and are still strongly fluctuated even at Monte-Carlo

time much longer than TS.

Thus, the I-V characteristics have been simulated and the threshold voltage Vth has been

determined in arrays of different lengths, N = 5, 10, 20, 40, and 80, with different gate capaci-

tances, CQ/C = 0.001, 0.01, 0.03, 0.1, 0.3, 1, 3, and 10, with different offset charge magnitudes,

Z — 0, 0.3, 0.5, and 0.9, and at different temperatures, * = 0, 0.001, 0.01, 0.03, and 0.1. The



results obtained are presented in Figs.2 - 5.

Fig.2a shows the I-V characteristics of the 40 junctions array with CQ/C = 0.01, Z — 0.9

and at different temperatures (from left): t = 0.1, 0.03, 0.01, 0.001 and 0 (two curves for t —

0 and 0.001 are practically coincident). While at low temperatures t < 0.01 the I-V curve is

seemly step-like with a well formed Coulomb gap, the I-V characteristic becomes almost Ohmic

and the gap completely disappears at t = 0.1. A similar temperature dependent behaviour of

I-V curves has also been recognized for the values of parameters Co/C, Z and N other than

those in Fig.2o. Most importantly, for all the cases under study our simulation results unitedly

suggest the temperature &#Tm « 0.1 e2/C as the upper temperature limit for observing the

CB. We emphasize that the same limit of 0.1 e2/C, i.e. one fifth of the charging energy e2/2C,

has been also recognized in the NNA-calculations performed separately for comparison. For the

Delsing's experimental sample of C = 2.4 10~16.F [3] such estimated temperature limit Tm is

« 0.8K, which can be realized from Fig.5 of ref.[3], where the measured I-V curves of the 19

junctions array are shown for different temperatures from 0.06 to 1.83K. It is also worth to men-

tion that by analyzing the crossover of conductance peaks from the resonant tunneling regime

to the classical (Coulomb Blockade Oscillation) regime as the temperature decreases Houten et

al.[4] have figured that for observing the CB effect in a semiconductor quantum dot coupled to

two leads by tunnel junctions with capacitances C the measurement temperature must be lower

than 0.15e2/C (see, Fig.9 of ref.[4] ).

To examine the scaling relation of eq.(6) and to learn if the difference mentioned above

between the experimental value TJ =1.36 [12] and MW zero-temperature simulation value r} —

1 is related to the temperature effect, the I-V curves have been also plotted in log-scale for V

beyond the gap, V > Vth • We observe that the simulation data for all samples of different

Co, Z, and N under study, as shown in Fig.26 , obey well the relation of eq.(6). Moreover,

for each sample there is no clear difference between two values of the power 77 for t = 0 and t

= 0.01. The latter temperature t = 0.01 was chosen in correspondence with the measurement

temperature of 30 — 40mK realized in ref.[12], where the junction capacitance C = 0.35 fF and

the gate capacitance Co = 1.5fF. A systematic analysis of simulation data shows that for all

samples of different Co (in the range 0.001 < CQ/C < 10), different Z (< 0.9), and at different

t between 0 and 0.01 (the array lengths are the same of N = 40), the powers 77 are practically

the same and equal to « 1.1 ± 0.1 (see Fig.26). This gives an argument to assume that the

temperature should not be the factor, which results in the observed discrepancy between the

simulation and experimental values of 77. In order to examine the role of the co-tunneling effect,

a second possible explanation for the discrepancy suggested in ref.[12], it is necessary to simu-

late the electron transfer in a system of two coupled ID arrays [13, 20], which was studied by [21].



Using the full capacitance matrice of eq. (7), the present calculations are not restricted to

values of the gate capacitance Co- The simulation I-V characteristics for a large range of this

parameter, 0.001 < Co/C < 10, displayed in Fig.3c, show how the I-V curves can vary with Co-

While for all Co of Co/C < 1 the I-V curves are very close to each other with a Coulomb gap

narrowing lightly as Co increases, for Co/C > 1 the gap narrows so fast that the width of gap

for Co/C = 10 is about four times less than that for Co/C = 1. Such behaviour of I-V curves

in relation to the gate capacitance Co is not a particular feature of the parameter values ( Z

— 0.9, N = 40, t = 0.01) used for Fig.3a. Qualitatively, similar pictures (unshown) have also

been recognized for all samples under study (of different Z, N and at different t), although,

quantitatively, the Coulomb gap width, as can be seen in Fig.36, certainly depends on these

parameters .

In order to see quantitatively how Vth depends on Co we plot in Fig. 36 Vth in log-scale against

Co for arrays of different length: N = 5, 10, 20, 40, and 80, where as a guide all symbols, cor-

responding to each N, are simply connected to each other by dashed straight segments. It is

clear that for all array lengths N under study the simulation points follow well a general form

of a monotonous decrease of the threshold voltage Vth with increasing capacitance Co- There

are, however, two regions with clearly different Vth(Co) - dependence features: while for small

Co, Co/C < 1, the relative decrease of Vth is so small that, practically, Vth could be considered

unchanged, for the narrower region of larger Co, 1 < Co/C < 10, Vth decreases approximately as

(Co/C)~u with v increasing gradually from ss 0.3 for N = 5 to « 0.5 for N = 80 (see the solid

line with zero slop in the first region and the slop of -0.5 in the second region, drawn in Fig.36

as a guide). The longer the array length is, the better such the two-regions description of the

Vj/i(Co)-dependence becomes. And, in reality, the described picture of the Vt/i(Co)-dependence

is not a particular feature of the data (Z = 0.9 and t = 0.01), shown in Fig.36, but it is rather

general one, regardless of parameters Z (0 < Z < 0.9) and t (0 < t .< 0.1). The crossover

point between two regimes, where Vth is nearly constant and where Vth °<- (Co/C)~", as well as

the power v, however, depends on these parameters. A systematic analysis of simulation data

qualitatively shows that (i) with increasing t the crossover point moves right, towards the larger

Co and at the same time v decreases (lightly from 0.49 to 0.44 as t increases from 0.001 to 0.01,

for example, for arrays of N = 40 and Z = 0.9); and (ii) as Z decreases from 0.9 to zero (without

disorder) the crossover point moves left, the region of nearly constant Vth tends to disappear,

and at the same time, v decreases (from 0.44 to 0.33 as Z decreases from 0.9 to 0.3 for arrays

of N = 40 at t = 0.01).

In general, our simulation results of the 14/i(Co)-dependence are in qualitative agreement

with those of MW (see Fig.l in ref. [10]) and with the theoretical estimation of Melsen, Hanke,

Muller, and Chao (MHMC) (see formulas (4.5)-(4.7) in ref. [18]). In particular, MHMC empha-



sized that for Co/C -C 1 and due to the disorder, the dimensionless threshold voltage Vth/V*

should be independent of Co . This is contrary to the case of homogeneous ID arrays (Z

= 0), reported in ref. [17], where Vth is still strongly increased with decreasing Co for even

such a small Co as Co/C = 0.001 (see Fig.2 in ref. [17]). Noting that both MW and MHMC

have used the NNA, the observed agreement between present simulation results and those of

refs.[10, 18] unambiguously implies that the long range interaction included in our calculations,

though resulting in a considerable decrease of Vth, does not change the general feature of the

Vt/i(Co)-dependence. This can be seen in Fig. 36 by comparing the filled circles (NNA) with

the opened ones (full interaction) for the same sample of Z = 0.9, N = 40, and at the same

temperature t = 0.01, respectively. The two curves are really similar on the form, the magnitude

of NNA points is but still considerably higher than that of the corresponding points of the full

interaction even at large Co as CQ/C « 3. Such a difference on value of Vth means that, as

already stated in refs. [15, 16], the long range interaction plays an essential role even in strongly

screening metallic junctions with A < 1 .

From the model under study it is important to learn how the I-V characteristics change

with the array length. Both the full capacitance matrice and the finite temperature need much

more computing time which did not allow us to work with samples of N larger than 80 (note

that for an array of N = 80, the total time for getting each point in I-V curves is about 108

Monte-Carlo steps). Fig.4a shows I-V characteristics for arrays of the same Co/C = 0.01 and

Z = 0.9, at the same temperature t = 0.01, but for different lengths ranging from 5 to 80. The

most notable features seen in this figure are (i) the width of the Coulomb gap increases with in-

creasing N (see Fig.4& for more details), (ii) the gap is sharper for shorter arrays . Qualitatively,

the former feature is trivial, noting that in the absence of gate coupling (Co = 0) and without

disorder [Z = 0) there should have a linear relation of Vth °c N. The latter feature might be

related to the fact that the width of the "Coulomb step" should increase with the array length N.

In order to examine the dependence of the threshold voltage Vth on the array length N, we

plot in Fig.46 Vth against N for the cases of Z = 0.9, and at t — 0.01, where the different kinds

of symbols correspond to different values of Co/C, ranging from 0.001 to 10. In contrast to the

case of homogeneous arrays, shown in Fig.2 of ref. [17], where for any Co of Co/C > 0.01 the

threshold voltage Vth has a constant value at all lengths of N > 20, our simulation data in Fig.46

show a clear increase of Vth with increasing the array length N for all values of Co/C under

study. Qualitatively, our simulation results of the Vth(N) - dependence are in agreement with

theoretical calculations reported by MHMC in Fig.3 of ref. [18]. MHMC predicted the scaling

relations of Vth oc (y/N — 1) and Vth oc iV for short and large arrays, respectively. In the limiting

case of weak gate coupling, Co/C <C 1 , it was estimated that the crossover between these scal-

ing regimes occurs at iVc « 2.5y/C/Co « 2.5A"1. MHMC [18] have also related the difference



between their results and those of ref.[17] to the disorder which was absent in the latter work,

but was included in the former one in the form of random background (offset) charges with Z

= 0.5. Note that both calculations of refs.[17] and [18] have been performed in the NNA at zero

temperature, while in the present simulations the full capacitance matrice is counted and the

temperature is finite. The qualitative agreement between our results and those of ref.[18] then

unambiguously implies that the observed feature of the Vjk(iV)-dependence, as seen in Fig.46,

is really related to the disorder, being in both our and MHMC works.

An accurate analysis of data presented in Fig.46 suggests a simple scaling relation of Vth oc Na

with the power a decreasing very slowly from « 1 to « 0.85 as CQ/C decreases from 10 to 0.001

( given Co, the power a is very weakly sensitive to Z). The fact that even for CQ/C — 0.001 the

value a « 0.85 is still considerably higher than the value 0.5 in the relation Vth °c ViV predicted

by MHMC might be associated with the full interaction included in the present simulations,

which is more important in the weak gate coupling regime. Concerning Fig.46, we mention that

the experimental data presented in Fig.3 of ref. [18] and in Fig.2 of ref. [17] qualitatively could

be thought of as a support for the scaling relation Vth oc Na with a weakly depending on Co-

The disordered effect is systematically demonstrated in Fig.5, where the I-V characteristics

are shown for arrays of the same length N = 40, of the same CQ/C = 0.01, at the same t = 0.01,

but with different degrees of disorder Z, ranging from zero to 0.9. The disorder considerably

affects the whole form of the I-V curve in the low voltage region of V/V* < 10, lowering the

current, and therefore, making the Coulomb gap wider. At higher voltages, V/V* > 10, when

the external potential is much larger than the magnitude of potential fluctuations, the role of

disorder becomes relatively weak and all the I-V curves, corresponding to different Z, converge

on the same form. For Z = 0, 0.3, 0.5, and 0.9 the threshold voltage estimated from this fig-

ure is Vth ~ 2.45, 2.90, 4.00, and 4.45, respectively. Some Vth(Z)-da.t& obtained for samples of

different Co, Z, and t (the same N = 40) are displayed together in the inset of Fig.5. These

data can be approximately described by the simple relation of (Vth{Z) — Vth{0)) = f3Z with/3 « 2.

Finally, we also attempt to compare our simulation value of Vth with that measured by Dels-

ing [3]. The I-V curve shown in Fig.5 of ref. [3] is for the sample of N = 19, Co = 1.2 x 10~17.F,

C = 2.4 x 10~16JF, measured at T ~ 0.05 K. In our simulation units these data correspond to

CQ/C = 0.05 and t ss 0.006. The experimental threshold voltage estimated directly from this

reference is {Vth/V*)exp ~ 3. We have performed simulations for samples of the same length

N = 19 and Co/C = 0.05 at temperature t = 0.006, but with different Z: Z = 0., 0.3, and

0.9. The threshold voltages obtained by averaging simulation data over 20 different realizations

of random offset charges are (Vth/V*)sim « 1.5 ± 0.2, 1.8 ± 0.2, and 2.6 ± 0.3, respectively. In

addition, we note that all the data of Vth, presented in Fig.36 and Fig.46, have been similarly

9



obtained and our overestimated relative errors are about 10 - 15 % .

In conclusion, we have simulated the I-V characteristics in finite ID arrays of small tunnel

junctions using the semiclassical and full capacitance matrice descriptions. The main results

obtained here are (1) the upper temperature limit for observing the CB, which is about one fifth

of the charging energy; (2) in the low temperature region of experimental interest the power

r) in eq.(6) is almost unsensitive to temperature changes; (3) the long range potentials do not

affect the form of the scaling relation of eq.(6), including the value of rj , the overall features

of the Vt/j(Co)-dependence (Fig.36), as well as the ^(iV)-dependence (Fig.46), although Vth

obtained in the full interaction model is always lower than that of the NNA; (4) the scaling

relation Vth ̂  Na with a being about 1 for the regime of strongly screening metallic junctions

and decreasing lightly as the gate capacitance decreases; (5) an essential role of the disorder

in affecting the form of I-V characteristics, increasing Vth, and changing its length dependence

feature. We emphasize again that while there has a considerably quantitative difference in the

form of I-V curves, and particularly, in value of Vth, qualitatively, the two approximations, the

NNA and the full capacitance matrice, result in very similar scaling relations for Vtu versus the

gate capacitance, the temperature, and the system length. Our simulations are restricted by

finite arrays of length up to 80.
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Figure Captures

• Fig.l The simulation model: C - junction capacitance; Co- gate capacitance; The applied

voltage is (VR —

Fig.2.(a) - The I-V characteristics for arrays of the same N = 40, Co/C = 0.01, Z = 0.9,

but at different temperature t (from left): * - 0.1; o - 0.03; A - 0.01; o - 0.001; x - 0.

Inset: from top, Ir, I&, and If, time is measured in 105 Monte-Carlo steps;

(b) - A comparison of 77-values, corresponding to t — 0 ( x, o, • ) and t = 0.01 ( A, *,

o ), for some Co/C (from top): 0.01 ( x and A ); 10 ( o and * ); and 1 ( • and o ).

Solid lines - the least-squares fits of data to the scaling relation of eq.(6). Note: the data

for Cb/C = 1 are shifted down on an amount of 1.5.

Fig.3. (a)- The I-V characteristics for arrays of the same N = 40, Z = 0.9, at the same

t = 0.01, but with different Co/C (from left): * - 10; o - 3; A - 1; o - 0.1; x - 0.001;

(b)- Threshold voltage Vth is plotted in log-scale against Co for arrays of the same Z =

0.9, measured at the same temperature t = 0.01, but of different lengths N (from bottom):

* - 5; o -10; A - 20; o - 40; x - 80. For comparison: • - NNA data for N = 40 (the same

Co, Z, t) . The points corresponding to the same N are freely connected by dashed lines.

The solid line of zero slope for Co/C < 1 and the slope of -0.5 for Co/C > 1 is drawn as a

guide.

Fig.4.(a)- The I-V characteristics for arrays with the same Co/C = 0.01, Z = 0.9, at the

same t = 0.01, but of different lengths N (from left): * - 5; o - 10; A - 20; o - 40; x - 80;

(b)- Threshold voltage Vth is plotted against N for arrays of the same Z = 0.9, measured

at the same t = 0.01, but of different Co/C (from bottom): * - 10; o - 3; A - 1; o - 0.1;

x - 0.01; • - 0.001.

Fig.5 The I-V characteristics for arrays with the same Co/C = 0.01, N = 40, at the same

t = 0.01, but with different degrees of disorder Z (from left): * - 0; o - 0.3; A - 0.5; x -

0.9;

Inset: Vth is plotted versus Z for some cases (N — 40): * - ( CQ/C = 0.01, t — 0.01); o -

(Co/C = 1, t = 0.01); A - (Co/C = 0.03, t = 0.01); x - (Co/C = 0.01, t = 0.001);
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