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We show that shot noise can be used for studies of hopping and resonant tunnelling between localised
electron states. In hopping via several states, shot noise is seen to be suppressed compared with its classical
Poisson values; = 2el (I is the average current) and the suppression depends on the distribution of the
barriers between the localised states. In resonant tunnelling through a single impurity an enhancement of
shot noise is observed. It has been established, both theoretically and experimentally, that a considerable
increase of noise occurs due to Coulomb interaction between two resonant tunnelling channels.

1 Introduction In the past few years much attention has been drawn to the properties of shot noise
in mesoscopic structures [1]. So far experimental studies of shot noise have been primarily concentrated
on ballistic and diffusive systemEI[2} 3], with only a few exceptidrs [4, 5] where shot noise in electron
tunnelling or hopping between localised states was investigated.

In short, mesoscopic barriers, where the conditighl.. < 1 is realised L. is the correlation length
which represents the typical distance between the dominant hops in the hopping n&iwork [6]), we have
studied shot noise in hopping. A suppression of shot noise in this regime was deteCiedin{5F 2el
whereF' < 1is the Fano factor. We have found that the result depends significantly on the geometry of the
sample: the suppression of shot noise for a wide sample (2D geometry) is found to be much stronger than
for a narrow (1D geometry) sample for the same sample leqth [7]. We explain this by the reconstruction
of the hopping network in 2C[&.]19]: in a short and wide sample the current is carried by a set of most
conductive parallel hopping chains.

With further decreasing the sample length and temperature, resonant tunnelling through a single lo-
calised state is seen. In this situation the suppression féttoas been predicted to t(é“% + F%)/
(T + FR)2 [10], wherel';, r are the leak rates from the state to the left and right contacts. In our study
of shot noise in resonant tunnelling we have observed not only the suppression of noise, but also its sig-
nificant enhancemerit[iLl1]. We have proved that this effect is caused by the Coulomb interaction between
two parallel resonant tunnelling channels, when two localised states carry the current in a correlated way.
Experimental observation of increased noise in this case is confirmed by theoretical calculations.

The experiment has been carried out onn@aAs MESFET consisting of a GaAs layer @fi5 um
thickness (donor concentratidf; = 107 cm~3). On the top of the GaAs layer Au gates are deposited
with dimensionsl, = 0.4, W = 4 ym, andL = 0.2, W = 20 um, Figlla (i). By applying a negative
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Fig. 1 (a) Conductance as a function of the gate voltage for 2D anddrifigurations (samples A-2D and A-1D,
B, respectively) afl" = 4.2 K. Insets: (i) Cross-section of the transistor structurthwivo contacts and a split gate
between them. (ii) Enlarged (V) near the pinch-off shown by the dashed box on the main figb)eTgmperature
dependence of the conductance of the sample A-2D for diffegate voltagesy, = —1.18 V (crosses), -1.22 V
(diamonds), -1.25 V (down triangles), -1.28 V (up triangle&.31 V (circles), and -1.34 V (squares). Solid lines are
the fit by T-dependence of VRH. Inset: Correlation length for the hogpietwork as a function of gate voltage.

gate voltageV/, a lateral potential barrier is formed between the ohmidaos (source and drain). Some
gates contain a split of width = 0.3, 0.4 um with the aim to define a one-dimensional hopping channel.

2 Suppression of shot noise in 1D and 2D hopping We have studied the sample with two gates on the
same structurel{ = 0.4 pym andW = 4 pm) with splits of different widthw = 0.3 um (sample A) and
w = 0.4 um (sample B). The sample with the narrow split shows diffebshaviour from one cooldown
to another: two-dimensional (referred to as A-2D) and oimeedisional (A-1D), Fidllla. This difference in
G (V) for the 1D and 2D configurations of the same sample can be d@dyseandomly trapped charge
near the 1D constriction. When the 1D channel is blocked fongtfluctuations, electron transport is only
possible under the continuous parts of the gate and the sameffectively 2D. In the 1D configuration
electron transport through the split is seen in[Big.1a §ipaharacteristic bend in the conductance. The
second sample (B) has@&(V,) that does not look similar to either of the two curves of san#al

The resistance of a macroscopic hopping network is deteuirty the most resistive (dominant) hops
separated by the distance of abéyt To determine the characteristic lendthin the structure at different
gate voltages, th€-dependence of the conductance of sample A in its 2D configaraas been measured,
Figdb. In the gate voltage region from1.34 to —1.18 V good agreement with th&-dependence of
variable range hopping (VRH} = Gy exp (—¢) is found atT > 4 K (where¢ = (T,/T)"?, T, =
8/ (kBQQg), g is the density of states at the Fermi levél= 13.8 anda is the localisation radius). The
parametel at 7' = 4.2 K ranges from 2 to 6 as the negative gate voltage is increaséldcting the
decrease of the density of states as the Fermi level goes.dbaencorrelation lengttL.. ~ a&?33/2 is
presented in Figl1b (inset).

In order to measure shot noise’Bit= 4.2 K at a fixedV; different currents,, are put through the
sample, and voltage fluctuations are measured by two logeramplifiers. The cross-correlated spectrum
of the two signalsSt (I,4), is detected by a spectrum analyser — this technique remowvesrelated
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Fig. 2 Fano factor as a function of gate voltage for different s@sph-2D (circles), A-1D (triangles) and B (squares),
with a schematic representation of hopping paths in ea@h Gmall crosses show dominant hops. The solid line shows
the(L/L.)”" dependence and dotted lines are guides to the eye.

noise of the amplifiers and leads. The shot noise power isrdated from the flat part of the excess noise
spectrum above 30 kHz, where one can neglect the contribafio/ f noise [7].

In order to determine the Fano factor we used the followinfpfitexcess noiseS; (Iq) = F2elsq

coth (5;)‘;; — 4kgTGg, whereGyg is the ohmic conductance. This expression describes tHatmro

of noise from thermal noise fariV,; < kgT/F into shot noisedV,, > kpT/F) with the Fano factor
F =1/N,whereN is the number of the dominant barriers along the cHaihll1R, 13

The Fano factor as a function of gate voltage for differentcttires is shown in Figl.2. In the 2D case
the Fano factor slowly increases from 0.1 to 0.2 with indreagsegative gate voltage. According to the
F = 1/N model this change corresponds to a decrease in the numbenohant hops from 0 to 5.
The valueL/L. from Fig[b (insert) is also plotted in Fig.2, where in thegaV, from -1.34 to -1.18
V we find agreement between the Fano factor and the numbee afaiminant hops in the VRH network.
With depleting the conducting channel the correlation tarigcreases and approaches the length of the
sample, while the Fano factor shows a saturation arduind0.2. The difference betweefi./L.) " and
F confirms that electron transport at these gate voltagesnsrdded by chains of most conductive hops
[918]. High conductance of these ‘optimal’ chains is pr@ddy the close position of localised states in
them and the fact that all the barriers between the statesoara.

In sample A-1D the 1D channel is only formed1at < —1.3 V, Figla. In the range oV, from -
1.32to -1.63V, the Fano factor increases from 0.07 to 0.lisktorresponds to the number of dominant
hopsN ~ 1/F = 7. With further increasing negative gate voltagg (< —1.65 V) the Fano factor in
Fig[@ rapidly increases to 0.8 as the distribution of théstasces of random hops in the 1D channel is
exponentially broad. In this case a single hop dominatew/titde conductance of the 1D channel, and the
Fano factor is close to 1.

The conductance of the second sample (B) has not shown adelfaition of the 1D channel in Fig.1a.
For this sample shot noise in the rangelgffrom -1.36 V to -1.31 V has shown an increase of the Fano
factor from 0.6 to 0.8, Figl2. This large value compared vith- 0.2 expected for 2D hopping implies
that, similar to A-1D, hopping in this sample occurs maitigough the 1D split and is dominated by one
or two hard hops. The differences@(V,) of samples A-1D, A-2D and B emphasise the importance of
the random fluctuation potential in the formation of 1D chelen15]. If the random potential of impurities
near the splitis large, the conducting channel in the sptinot be formed (as in the case of sample A-2D).




4 A.K. Savchenko et al.: Shot Noise in Mesoscopic Transpbroligh Localised States

42K
a-
@
g 1.85K
5
Q2L
S 2
<
c
&}
1 1 1 = 1 " 1 N (b)
-1.56 -1.54 -1.52 -1.71 -1.68 0 2 4
Gate Voltage (V) Gale Voliage (V) v, (mV)

Fig. 3 (a) Typical resonant tunnelling peaks in the ohmic conchagaat different temperatures. (b) Conductance
peaks in the region of, where the current noise has been measured. (c) Shot noiss peva function o¥/,4: at

Vg = —1.6945 Vfor T = 1.85 KandV, = —1.696 V for T = 4.2 K. Lines show the dependencés (V..) expected
for resonant tunnelling through a single impurity, wth= 1 (solid), /' = 0.63 (dashed), and” = 0.52 (dotted).
Inset: Excess noise spectrumigt= —1.696 V andV,q = 1.5 mV.

Sample B has a larger width of the split, and in several captdothe 1D channel has not been ‘blocked’
by the random potential. In the hopping regime gt < —1.31 V) shot noise shows that the sample
conduction is entirely determined by the split region.

It is interesting to note that for all studied samples, idahg the one with length 0.2m, the Poisson
value of the Fano factoF = 1, has never been observed. In Hg.2 the maximum Fano factbufites near
F ~ 0.7. Although similar average values &f have been predicted for electron tunnelling through one
impurity randomly positioned along the barridf & 0.75 [L0]) and for tunnelling through two impurities
(F ~ 0.71 [14]), this fact deserves further attention.

3 Enhancement of shot noise in resonant tunnelling via inteacting localised states Shot noise in
the case of resonant tunnelling through a single impurity been studied on a 2D sample with gate
length 0.2:m and width 2Q:m. One can see in FI[g.3a that as the temperature is lowerdzhtkground
conduction due to hopping decreases and the amplitude pkthles increases, which is a typical feature of
resonant tunnelling through an impurify [16]. The box in Bigindicates the range &, where shot noise
has been studied dt = 1.85 K and 4.2 K. In Fid.Bc (inset) an example of the noise specisismown at
a gate voltage near the resonant tunnelling peak ifdFig.8k. pbwer spectral density of shot noise was
determined at frequencies above 40 kHz where the contibati1/ /7 noise (shown in Fifl3c (inset) by
a solid line withy = 1.6) can be totally neglected.

Fig@c shows the dependence of the shot noise powér,grat two temperatures. At small biases
(Vsa < 3 mV) a pronounced peak in noise is observed, with an unexglyderge Fano factof' > 1.
At large biases¥(;4 > 3 mV), shot noise decreases to a conventional sub-Poissaeal~ 0.6. The
figure shows the dependense (V;,) with different F* plotted using the phenomenological expression
for shot noise for resonant tunnelling through a single intpycf. Eq.(62) in [1] and Eq.(11) in_[10]):

S; = F2elz4coth (;,X;%) — F4kpTGs. We have established that this increase of shot noise appear

only in a specific range df;, [11]. It will be shown below that the regioii;-V, with enhanced shot noise
corresponds to the resonant current carried by two inte@ehpurities.
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Fig. 4 (a) Left panel: Energy diagrams of the two impurities fofeliént positivel/,,: Vs(dl) < V;j) < V;;). Inset:
Schematic representation of the modulation of the curkentigh impurityR by changing the occupancy of modulator
M. Main part: Grey-scale plot of the differential conductaras a function of; and Vs, atT = 1.85 K (darker
regions correspond to higher differential conductancek@@und hopping contribution is subtracted). Lines shiosv t
positions of the conductance peaks of impuiityand modulato\/ obtained from the fitting of the noise data in (b).
(b) Shot noise and the corresponding Fano factor as a funsctibsource-drain bias at different gate voltages. Solid
lines show the results of the numerical calculation.

Consider two spatially close impurity level,and M, separated in the energy scaleAy. If impurity
M gets charged, the levét is shifted upwards by the Coulomb energy~ e?/4coer, wherer is the
separation between the impurities, Eig.4a (diagram 1).sTtepending on the occupationaf impurity
R can be in two statesR1 or R2. If V4 is small enough, stat®2 is above the Fermi level in the left
contact and electrons are transferred Riawith the rated’;, r only when) is empty, Fid¥a (diagram
2).

It can be shown that for such correlated transport via twouirties, a significant increase of noise
can be seen if the leak rates of the two impurities are vefferdit. For illustration, let us assume that,
independent of the occupancy Bf impurity A (modulator) gets charged with rat&. and empties with
rateX.. If X. . < I'z g, the contribution of\/ to the total current through the two impurities is negligibl
As a result, the current through impurijumps randomly between two values: zero daddependenton
the occupancy oi/, Fig[da (inset). If the bias is further increased, the ugpateR2 is shifted down and
the modulation of the current via impurify vanishes, Figl4a (diagram 3). In this modulation regime, th

corresponding Fano factor can be writtenfas (FF}:FFEF + 2PFLL+FFRR i Xef;(m. The first term describes
the conventional (suppressed) Fano factor for one-imptegonant tunnellind [10], whereas the second
term gives an enhancement®Bf The latter comes from bunching of current pulses, whichbzatreated
as an increase of the effective charge in the electron gamsPhysically, this situation is similar to the
increase of flux-flow noise in superconductors when vortmese in bundled[17].

The generalisation of this simple model for any relationmsetn X and T is based on the master
equation formalisni[10, 18]. As aresult of these calculaidhe current through two interacting impurities
and the Fano factor are obtained as functions of the energjjiggts of the impurities which are shifted
with changingV,q andV,.

We have shown that the increase of shot noise occurs exadthgiregion oft/,-V;, where two inter-
acting impurities carry the current in a correlated way. Hagpresents the grey scale of the differential
conductance versug, andV,,. When a source-drain bias is applied, a single resonantritgmives rise
to two peaks indI/dV (V), which occur when the resonant level aligns with the Ferneél®y,, . On
the grey scale they lie on two lines crossind’at = 0. Therefore, for impurityM/ the central area between
the thin lines of the cross at poiff in Fig[da corresponds to its level being betwggnand. g, that is to
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the situation when its occupancy changes with time. On tihhefi¢he central region the impurity is empty
and on the right it is filled.

Experimentally, the cross @ff is not seen as the modulator gives a negligible contribdtidhe current
— it is plotted in accordance with the analysis below. HowegaesmallV;, a cross-like feature is clearly
seen near poink2 — the exact positions of the maxima of the conductance pdakésdine are indicated
by circles. With increasind/sq, a new parallel lineR1 appears aV;, ~ —1.694 V andV,q4 ~ 1 mV,
shifted to the left byAV, ~ 4 mV. This happens when the lin@2 enters the central area of craks —
the maxima of the conductance peaks of the new line are shpwnaibgles. The linef1 and R2 reflect
the two states of impurityk shifted due to the Coulomb interaction with impurity. The modulation of
the current should then occur in region (2) of the centrah arfethe cross, Fifl4a, which corresponds to
diagram (2). In region (3) there is no modulation as bottestRt and R2 can conduct, and in region (1)
there is no current as the low staka is still abovey,.

In Figlb current noise and the Fano factor are presenteghasidns ofV;, for differentV,. It shows
that indeed the increase of noise occurs only in region (Bigida. For a quantitative analysis we have
to take into account that in our experiment resonant tumgellia stateR exists in parallel with the back-
ground hopping. Then the total Fano factor has to be exptesde = (Frrlrr + Fslp)/ (Irr + IB),
whereFrr, Fp andigr, I are the Fano factors and currents for resonant tunnellidghapping, re-
spectively. In order to get information about the backgbhopping we have measured the current and
noise atl/, > —1.681V, i.e. away from the resonant tunnelling peak under studsigida.

The numerical results have been fitted to the experimédtalV (Vsq, V) andS; (Via, Vy), Figlda,b.
The fitting parameters are the leak ratesedind M (Al'r, ~ 394 peV, hil'r ~ 9.8 peV, andh X, ~ 0.08
ueV,hX,. ~ 0.16 peV), the energy difference betwedhandM (Aec = 1 meV), and the Fano factor for
the background hoppinds = 0.45). This value of the Fano factor is expected for shot noiseojppling
through N ~ 2 — 3 potential barriers (1-2 impurities in serie§) [7] 13]. Theefficients in the linear
relation between the energy levéls, R andV;,, V, have also been found to match both the experimental
data in Figtb and the position of liné&l and R2 in Fig[da. The Coulomb shiff{ ~ 0.55 meV) found
from Fig[da agrees with the estimation for the Coulomb &xtéon between two impurities not screened
by the metallic gateU ~ e%/kd ~ 1 meV, whered ~ 1000 A is the distance between the gate and the
conducting channel.

It is interesting to note that the hopping background eiffett hampers the manifestation of the en-
hanced Fano factdfgr: the largest experimental value 8fin Figldb (atV, = —1.6975 V) is approxi-
mately1.5, while a numerical value for RT at thig,; is Frr ~ 8.

With further decreasing the temperature dowrite= 70 mK we have seen a significant increase of
the Fano factor up td& ~ 5, Fig[d. This regime corresponds to the quantum ddses> kgT where
the master equation approach is not applicable. We can asthahthis increase is also related to the
interaction between different resonant tunnelling chéredthough more theoretical input is required to
understand this effect. There is another interesting featuFigl®: the increase of shot noise slows down
at the position of the conductance peak, so that the Fanorfalasbws a decrease at the points, where the
new current channel is switched on, Elg.5 (insets).

4 Conclusion The details of hopping transportin 1D and 2D have been ifgatstd by measuring shot
noise. It is shown that suppression of shot noise contafosiration about the geometry of hopping paths
and the distribution of hopping barriers in them. In one-imfy resonant tunnelling we have observed
a significant increase of shot noise. It it shown that thiséase is caused by the Coulomb interaction
between two close resonant tunnelling channels. In genemhave demonstrated that shot noise is a
valuable tool for investigations of electron transporttie tnsulating regime of conduction.
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