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We show that 1f/ noise in a two-dimensional electron gas with hopping conduction can be explained by the
modulation of conducting paths by fluctuating occupancy of nonconducting states. The noise is sensitive to the
structure of the critical hopping network, which is varied by changing electron concentration, sample size and
temperature. With increasing temperature, it clearly reveals the crossover between different hopping regimes.
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The problem of 1ff noise in hopping conduction has been temperatures, from 4.2 to 60 K. In this versatile transistor
attracting much attention for nearly 20 years, with severabystem, we perform experiments at different electron concen-
models proposed to explain the conductance fluctuatiohs. trations, varied by the gate voltage. This allows us to vary
In the single-electron approach the hopping conduction ishe resistance and topology of the critical cluster in the same
determined by the critical networfpercolation clustgrcon-  sample, and see how these changes affect the noise. Addi-
necting the pairs of localized state¢n the earlier model,  tional control of the conducting network is achieved by
developed for nearest-neighbor hoppiNH), it was sug-  changing the sample length: in the shortest sample with
gested that ¥/noise originates from fluctuations in the elec- ~0.2 um the cluster is reduced down to a set of well sepa-
tron concentration on the cluster, caused by slow electropated linear chain§Our results show that in the VRH regime
exchange with the states in its pores. This theory predicts ge character of the cluster is reflected ifi adise, and it can
saturation in the noise spectrum at low frequencies, whiclye \ye| gescribed in terms of the single-electron modulation
has not been seen so far in experiment. In an altemat'vgpproach.AIso, the noise properties appear to be very sensi-

approac, resistance fluctuations come from the change Mive to the transition between different hopping regimes, ob-

the hopping paths themselves, due to fluctuations of the e arved when the temperature is increased.

ergy levels of the localized states in the cluster. These fluc- . .
tuations are caused by the random electric field generated b We have studpd three samples, with qugthsp.z, 0.5,
d 1xm and widthW=5 um arranged as individual tran-
f

the states outside the cluster, due to the random occupancy G ) A thi .
the states. To explain the absence of the saturation predict&ftors on a uniformly doped, 1500-A-thick GaAs layer with

in Ref. 1, a configuration model was proposéd.this model ~ donor concentration=10" cm . At zero gate voltage/,
1/f noise is treated as a many-electron problem and is exhe channel has metallic conduction, and with its depletion a
plained by transitions between metastable states of the inteftansition to strong localization occut$The thicknesg of
acting hopping system. the channel in the depleted regime is close to the mean donor
On the experimental side, it was shown on Si inversionseparation €200 A) and satisfies the condition of 2D hop-
layers that 1f noise is an intrinsic property of hopping Ping:t<r, wherer is the typical hopping distance. The re-
conductior® In experiments on mesoscopia-GaAs  Sistance noise is measured as fluctuations of the current in
sampleg, an indication was obtained that the energy levelthe voltage-controlled regime. For a fix®g, averaged fast-
fluctuations are important in the origin of hopping noise.Fourier spectra5 (f), are obtained in the range from 0.1 to
Large random telegraph sign@RTS9 were observed, and it 50 Hz for different voltage¥ across the sample, not exceed-
was suggested that they are produced by the random fieidg 10 mV to satisfy lineat-V. It has been established that
due to low-frequency, long-distance hops between states outhe spectral densit$ (f) is proportional to the square of the
side the cluster. The modulation theory of néikas consid- dc current, so that the spectral density of resistance fluctua-
ered the integral effect of all modulators in large samplestions Sy is found from the relatiorSz(f)/R?=S,(f)/12.
Here, the temperature dependence of the resistance noiseln Fig. 1 the temperature dependence of the resistance is
Sk/R?(T) has been derived, although the experiments pershown for two representative samples of different lengah:
formed on 3D samplé$ did not show a unanimous agree- L=1 um, and(b) L=0.2 um (the properties of the sample
ment with the theory. While a weak temperature dependencwith length 0.5 um are very similar to those of the km
of 1/f noise in the NNH regimewas used in Ref. 2, as sample. In both samples, with decreasing concentration
support for the modulation theory, the measurements of noiséhere is a transition to hopping transport wh&®€r) be-
in variable-range hoppin/RH) have shown a temperature comes strongly temperature dependentTAt13 K, the re-
dependence of opposite sign to that predicted in Ref. 2, ansistance of the large sample is described by two-dimensional
were interpreted as a consequence of electron-electron inte¥RH: R =Ryexp(To/T)*®, where R is resistance “per
action. square” andRy=40 kOhm. ForT above 13 KR(T) is de-
In this work we study 1/ noise in 2D hopping of an scribed by a simple exponential dependend®
electron channel in a MESFET structure, in a broad range okexpAE/kgT), which can suggest the NNH regime. One can
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FIG. 1. Temperature dependence of resistance at different gatc
voltages for, from bottom to topfa) long sample,V,=—0.7,

~1.24, ~1.34, ~139, ~1.45, ~1.52 V, and(b) short sample tance varied by, : (a) long sample{b) short sample. The broken

Vg=—022, ~0.78, ~1.25, ~138, ~1.46, ~1.52, ~1.58 V. . "o fits by the relatiorsg(f)/R2=In>*(R/R,), with R,
Dashed lines irta) show agreement with 2D variable-range hop- =40 KQ. Inset: a diagram of a two-site modulator acting on the

ing. The insets illustrate the structure of the hopping paths—a .. ) " . .
Elugter in the large sample and chains in the small Esmglep Afrrow critical hop;r is the length of the critical hop with resistangg, |
shows the direction of the current ' is the separation of the two states of the moduldas its distance

from the critical hop.

FIG. 2. Dependence of the noise powatf=1 Hz) on resis-

see that at low temperatures the behavior of the small sample L L .
in Fig. 1(b) is quite different: The gradient of the temperature =0.1-0.5 um for _IQcaI|zat|on Iengtra—_a,?—loo A. This
dependence is much smaller and it only slightly increase atisfies the conditioh <L for the majority of concentra-

- ; : in the small sample.
with decreasing concentration. ions In th . g
The evolution ofR(T) with decreasing concentration in a With this understanding of the specifics of electron hop-

transistor structure is caused by an increase of the typiczﬂIng in the two samples, let us turn to noise measurements to

; ; ; how the difference in the topology of the hopping paths
hopping length, when the Fermi level moves down the tail of €€ i : . ;
the localized states. In the Miller—Abrahams approach théS reflected in 1 noise. We have estabhshgo_l that in both
resistance of an electron hop between sitasd] is deter- Samples the frequency dependenceSgff)/R” is close to

: : : ; ; 1/f in the whole range oY, andT. Similar to Ref. 6, on top
he h t . the effect tiva- g
tirrgze:ng?/g;AeE”(.)Eplng distanag; and the effective activa of 1/f noise some individual fluctuators can be revealed as
(I

maxima in the frequency dependence [dfx Sg(f)/R?],
each indicating a contribution of a Lorentzian spectrum. In
2r;; AE; the small sample the amplitude of the RTSs is seen to be
Pij=pPo €X ?Jfﬁ)- (1) larger and can reack 10% of the sample resistanc@s-
B suming that the modulator affects only the chains positioned
nearby, the total number of chains in the small sample is
In the VRH regime the typical hopping distance=a¢, small—about 10.
whereé= (T, /T)¥3, T,=13.5/(ga?) andg is the density of The noise power increases with decreasing concentration
states at the Fermi level. Henaeincreases with decreasing in the whole temperature range in both samples. In Fig. 2 we
temperature and concentration. The correlation length of thehow examples of their normalized noise po\@g(f)/R? at
networkL., which is a measure of an individual link in the frequencyf=1 Hz presented as a function of resistance var-
cluster shown in the inset to Fig. 1, also increased-as ied by V,. (A similar experiment, although near the metal-
=r¢&”, wherer=1.33 in 2D? In the NNH regime, expected to-insulator transition and not in hopping, was performed on
at higher temperatures whem;2/a>AE;; /(kgT), the hop-  In,O,_, films where noise power showed saturation with in-
ping distance is determined by the nearest localized stateseasing resistancd) In the small sample the growth is
and does not depend on temperature, so that the cluster demeaker at large resistances, where the formation of hopping
sity also becomes temperature independent. chains is expected.

The weak temperature dependence for the small sample Comparison of the temperature dependences of noise and
[Fig. 1(b)] can be explained by the fact that its conductingresistance in the large sample in the whole temperature range
network is reduced into a set of parallel hopping chaifé, shows an interesting tendency, Fig. 3. With increadirand
Fig. 1(b) inset. The chain conductance is larger than that olpproaching the transition from the VRH to the activation
the cluster and is less temperature dependent. The evolutioegime, the dependend®(T) becomes stronger, while the
of a 2D cluster into a set of 1D chains occurs when temperature dependence &(f)/R?*(T) weakens. (The
becomes larger than the sample lengtH The hopping ex-  short sample has shown a similar tendency, but with a
ponenté, estimated for the large sample, in the ran1ﬂg{g| weaker temperature dependence of noise at lower tempera-
=1.2-1.35 V is ¢é=25-5, which gives L;~a&'*™”  tures)
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10'% g y energy of the modulator level andis the relaxation time,
o7 V=-1.42Y and assuming th&(r) to be exponentially broad to produce
5 . the 1F spectrum, one can write in 2D:
108 m{ - &7 =137 \f
o -0 o7 2 2
= -5 o - -13V (dpi), P(MT [  [[6V(D)] )
L1g8 oo o 0 - M=—5=~——| min| ———1]d"R
O~ ‘
0607 oo o-07 —12V] Pi T
Lo < -~
c%° T P(T
10* ] Vet [10°T ~—, DbiM. ®3
[ 4
o T 7 o
- T - :f “o 108 E In this expressiorsV(D,r) is the potential variation on the
(8 en - o ] - lengthr of the critical hop,8V~r(dV/4D), which is caused
oo’ o » by an electron transition between the two states of the modu-
NPy Red , 10710 lator positioned at distand® from the critical hop, inset to
0.4 0.6 0.8 Fig. 2(a). The factorT in this expression describes the num-
T-173 (K‘1/3) ber of active modulators whose occupancy fluctuates at a

given temperature. The aréﬁ(T) gives the number of the

FIG. 3. Temperature dependence of resistdhgdopen circles  strongest (-100%) modulators that are able to alter the
for the long sample, with dashed lin&{T)xexp(To/T)**, and its  critical hop. Such modulators have to be positioned within
normalized noise powefclosed circles at f=1 Hz, where the the distanceD to the hop, such thabV(D1)=kgT. The
dashed Ilines., through thg points are guides to the eye. The bo'ﬂistanceDT(T) depends on the details of the potenti£D)
dashed line is plotted using E(/). produced by the modulator. Namely, for a dipole potential,

) o ) when the separatiohof the two states of the modulator is

We can explain these results within the modulation apsmaller than the distand from the modulator to the critical
proach,_ which we modify here for thg case of _2D hopplng.hop, SV~r(aV/dD)«rl/D® and D13-~e2rl ()/(xksT).
According to modef, the noise power is determined by tWo Tpep the efficiencyM (T) increases with temperature in
factors: (@) the number of links in the clusteN, i.e., the —ypy asT(r/T)?2« T [taking into account that~a¢ and
cIustgr densny;_(b) thg modulgtlon intensity of Fhe critical £=(To/T)*3]. In the opposite case of largethe potential of
(d"m'”"?‘”l hop in the link. To fmd_the mtegral noise, random the modulator is determined by the Coulomb potential of the
fluctuations 6Ri ,0pi), Of the critical resistances; are av- 40 closest to the critical hop, so tha¢er/D? and D2
eraged oveN links of the cluster, to give ~e?r/(xkgT). In this case the modulation efficien®(T)

2 « T~ decreases with increasing temperature.
SR(f)Ni '(5Piv5pi)w~£(5pi)w 2 To get information about the temperature dependence
R2 N2 p? N p? ' M(T) in VRH of the large sample, we have performed noise
measurements at the condition when, at different tempera-
The modulation of resistangg is caused by the shiffV of  tures, the resistance of the sample is kept constant by adjust-
the energy AE;; in the critical hop, Eq.(1), so that ingV,. For VRH this corresponds to the same density of the
| 8pi I pi|~min(éV/kgT,1). (The maximum possible modula- cluster, so that the temperature dependence of noise is only
tion of ~100% corresponds to large energy changedue to the variation of the modulation efficiency. Assumihg
SVIkgT>1, when the critical path itself is alteredlhe in-  =const andé=const in this experiment, one can gd{(T)
crease of noise in Fig. 2 with decreasing concentration car T/® for the dipole potential ani¥ (T)const for the Cou-
then be viewed as being primarily due to a decrease in thlbmb potential. The results are shown in Fig. 4. The increase
number of fluctuating elements=(L/L.)2, when, with in-  of noise with decreasing temperatureTat 13 K is an indi-
creasing hopping length, the cluster becomes less dense.cation that the modulator potential is not of a dipole type but
Slow increase of noise in the small sample indicates that thprobably produced by a Coulomb potential of a single state.
number of statistically chosen, most conductive, chains doeslowever, at larger resistances i€ T) -dependence appears
not vary significantly when electron concentration isto be stronger than expected in this case, which requires
decreased! further consideration.

The temperature effect on noise in Fig. 3 can also be One can see that with increasifigand transition to the
understood in terms of its effect on the critical cluster den-exponential regime, the temperature dependence of noise at a
sity. In VRH, the number of linkdN rapidly increases when fixed sample resistance changes its sign, Fig. 4. This results
the temperature goes up, and this is why the noise drop$rom the fact that in this regime the noise measured at a fixed
However, in the activation regime, the cluster size no longel, only weakly decreases with increasifigwhile the resis-
increases and the noise dependencé eveakens. tance drops significantly. In addition, the noise strongly de-

To analyze the temperature dependence of the noisgends on resistance, Figa® Therefore, whefl is increased
power quantitatively, one also has to take into account thendVy is then adjusted to keep the resistance constant, the
temperature dependence of the modulation intergiyr). measured noise increases. In this regime the cluster becomes
Introducing the modulator density(E, r), whereE is the  temperature independent, and the noise can be caused by
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' ' energy dependence of the density of states in the tail of the
Rg= 108 0 impurity band, which modifies the character of hopptfg.

‘. Let us come back to the low-temperature VRH where our

10-7 I “ ‘ ] results show the domination of the modulation source of

noise. We can now combine the information about the modu-

” 107 Q lation efficiencyM(T) in the VRH regime with the number

of links N(T)=(L/r&")?, and get the temperature depen-

® dence of the noise power in VRH of the large sample:

10® | ® 10°Q] s(f) 1 N(r_g)zg< e?r

R? N(T) L o \ xkgT

L 4
This result is in satisfactory agreement wBa(T)/R? pre-

_9 5 sented in Fig. 3 for smaller resistances within the experimen-
10~ | 107 Q1 tal error in the measured noise power. Using E4). and
relation é=In[R(T)/R,] we can also obtain a relationship be-
tween the noise power and the resistarg:f)/R%o g2V 3
, , , =In>%§R;/R,). Comparison of this dependence with data
0.2 0.4 0.6 0.8 in Fig. 2(a) also shows reasonable agreement.

—1/3 ;. ,-1/3 In conclusion, we have demonstrated that the site-energy

T (K=) modulation model accounts for the properties df ddise in

the VRH regime of 2D hopping in an-GaAs channel. We
have been able to separate different components bf 1/
modulation noise that are responsible for its temperature and
resistance dependence. It has also been shown that the noise
measurements are sensitive to the transition between differ-
ent hopping regimes, as well as to the difference in the to-
pology of the hopping cluster in large and small samples.

) oc §2V+SOCT*1.89.

S (f)/R? (Hz™)

FIG. 4. Temperature dependence of noisé=al Hz when the
resistance is kept constant by adjustiig. Different symbols cor-
respond to different values & indicated in the plot.

both the modulatiohand fluctuation of concentratidriThere

is a difficulty, however, in analyzing this regime quantita-
tively, as in our case it is not conventional NNH. This is seen
in Fig. 1(@ where the activation energy &(T) increases We are grateful to S. M. Kogan, M. E. Raikh, B. I. Shk-
with decreasing concentration, which means that not all théovskii, and V. |. Kozub for helpful discussions, and the
states of the impurity band are involved in hopping and theilRoyal Society, EPSRC, the RFB&rant No. 99-02-17387
number depends on the Fermi level position. This can be duand MNTP “Physics of Solid State Nanostructurg€&rant

to the fact that at high one should take into account the No. 97-1052 for financial support.
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