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Modulation origin of 1 Õf noise in two-dimensional hopping
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We show that 1/f 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 1/f noise in hopping conduction has bee
attracting much attention for nearly 20 years, with seve
models proposed to explain the conductance fluctuations1–3

In the single-electron approach the hopping conduction
determined by the critical network~percolation cluster! con-
necting the pairs of localized states.4 In the earlier model,1

developed for nearest-neighbor hopping~NNH!, it was sug-
gested that 1/f noise originates from fluctuations in the ele
tron concentration on the cluster, caused by slow elec
exchange with the states in its pores. This theory predic
saturation in the noise spectrum at low frequencies, wh
has not been seen so far in experiment. In an alterna
approach,2 resistance fluctuations come from the change
the hopping paths themselves, due to fluctuations of the
ergy levels of the localized states in the cluster. These fl
tuations are caused by the random electric field generate
the states outside the cluster, due to the random occupan
the states. To explain the absence of the saturation pred
in Ref. 1, a configuration model was proposed.3 In this model
1/f noise is treated as a many-electron problem and is
plained by transitions between metastable states of the in
acting hopping system.

On the experimental side, it was shown on Si invers
layers that 1/f noise is an intrinsic property of hoppin
conduction.5 In experiments on mesoscopicn-GaAs
samples,6 an indication was obtained that the energy le
fluctuations are important in the origin of hopping nois
Large random telegraph signals~RTSs! were observed, and i
was suggested that they are produced by the random
due to low-frequency, long-distance hops between states
side the cluster. The modulation theory of noise2 has consid-
ered the integral effect of all modulators in large sampl
Here, the temperature dependence of the resistance n
SR /R2(T) has been derived, although the experiments p
formed on 3D samples7,8 did not show a unanimous agre
ment with the theory. While a weak temperature depende
of 1/f noise in the NNH regime7 was used in Ref. 2, a
support for the modulation theory, the measurements of n
in variable-range hopping~VRH!8 have shown a temperatur
dependence of opposite sign to that predicted in Ref. 2,
were interpreted as a consequence of electron-electron i
action.

In this work we study 1/f noise in 2D hopping of an
electron channel in a MESFET structure, in a broad rang
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temperatures, from 4.2 to 60 K. In this versatile transis
system, we perform experiments at different electron conc
trations, varied by the gate voltage. This allows us to v
the resistance and topology of the critical cluster in the sa
sample, and see how these changes affect the noise. A
tional control of the conducting network is achieved
changing the sample length: in the shortest sample witL
.0.2 mm the cluster is reduced down to a set of well sep
rated linear chains.9 Our results show that in the VRH regim
the character of the cluster is reflected in 1/f noise, and it can
be well described in terms of the single-electron modulat
approach. Also, the noise properties appear to be very se
tive to the transition between different hopping regimes, o
served when the temperature is increased.

We have studied three samples, with lengthsL50.2, 0.5,
and 1mm and widthW55 mm arranged as individual tran
sistors on a uniformly doped, 1500-Å-thick GaAs layer wi
donor concentration.1017 cm23. At zero gate voltageVg ,
the channel has metallic conduction, and with its depletio
transition to strong localization occurs.10 The thicknesst of
the channel in the depleted regime is close to the mean d
separation ('200 Å) and satisfies the condition of 2D hop
ping: t<r , wherer is the typical hopping distance. The re
sistance noise is measured as fluctuations of the curren
the voltage-controlled regime. For a fixedVg , averaged fast-
Fourier spectra,SI( f ), are obtained in the range from 0.1
50 Hz for different voltagesV across the sample, not excee
ing 10 mV to satisfy linearI –V. It has been established tha
the spectral densitySI( f ) is proportional to the square of th
dc current, so that the spectral density of resistance fluc
tions SR is found from the relationSR( f )/R2[SI( f )/I 2.

In Fig. 1 the temperature dependence of the resistanc
shown for two representative samples of different length:~a!
L51 mm, and~b! L50.2 mm ~the properties of the sampl
with length 0.5 mm are very similar to those of the 1mm
sample!. In both samples, with decreasing concentrat
there is a transition to hopping transport whereR(T) be-
comes strongly temperature dependent. AtT&13 K, the re-
sistance of the large sample is described by two-dimensio
VRH: Rh5R0exp(T0 /T)1/3, where Rh is resistance ‘‘per
square’’ andR0.40 kOhm. ForT above 13 KR(T) is de-
scribed by a simple exponential dependenceRh

}exp(DE/kBT), which can suggest the NNH regime. One c
©2001 The American Physical Society18-1
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see that at low temperatures the behavior of the small sam
in Fig. 1~b! is quite different: The gradient of the temperatu
dependence is much smaller and it only slightly increa
with decreasing concentration.

The evolution ofR(T) with decreasing concentration in
transistor structure is caused by an increase of the typ
hopping length, when the Fermi level moves down the tai
the localized states. In the Miller–Abrahams approach
resistance of an electron hop between sitesi and j is deter-
mined by the hopping distancer i j and the effective activa
tion energyDEi j :4

r i j .r0 expS 2r i j

a
1

DEi j

kBT D . ~1!

In the VRH regime the typical hopping distancer .aj,
wherej5(T0 /T)1/3, T0513.5/(ga2) andg is the density of
states at the Fermi level. Hence,r increases with decreasin
temperature and concentration. The correlation length of
networkLc , which is a measure of an individual link in th
cluster shown in the inset to Fig. 1, also increases asLc
.r jn, wheren51.33 in 2D.4 In the NNH regime, expected
at higher temperatures when 2r i j /a.DEi j /(kBT), the hop-
ping distance is determined by the nearest localized st
and does not depend on temperature, so that the cluster
sity also becomes temperature independent.

The weak temperature dependence for the small sam
@Fig. 1~b!# can be explained by the fact that its conducti
network is reduced into a set of parallel hopping chains,11,12

Fig. 1~b! inset. The chain conductance is larger than tha
the cluster and is less temperature dependent. The evolu
of a 2D cluster into a set of 1D chains occurs whenLc
becomes larger than the sample lengthL.11 The hopping ex-
ponentj, estimated for the large sample, in the rangeuVgu
51.2–1.35 V is j52.5–5, which gives Lc'aj11n

FIG. 1. Temperature dependence of resistance at different
voltages for, from bottom to top:~a! long sample,Vg520.7,
21.24, 21.34, 21.39, 21.45, 21.52 V, and~b! short sample
Vg520.22, 20.78, 21.25, 21.38, 21.46, 21.52, 21.58 V.
Dashed lines in~a! show agreement with 2D variable-range ho
ping. The insets illustrate the structure of the hopping paths
cluster in the large sample and chains in the small sample. ArroI
shows the direction of the current.
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50.1–0.5 mm for localization lengtha.aB.100 Å. This
satisfies the conditionL<Lc for the majority of concentra-
tions in the small sample.

With this understanding of the specifics of electron ho
ping in the two samples, let us turn to noise measuremen
see how the difference in the topology of the hopping pa
is reflected in 1/f noise. We have established that in bo
samples the frequency dependence ofSR( f )/R2 is close to
1/f in the whole range ofVg andT. Similar to Ref. 6, on top
of 1/f noise some individual fluctuators can be revealed
maxima in the frequency dependence of@ f 3SR( f )/R2#,
each indicating a contribution of a Lorentzian spectrum.
the small sample the amplitude of the RTSs is seen to
larger and can reach;10% of the sample resistance.~As-
suming that the modulator affects only the chains position
nearby, the total number of chains in the small sample
small–about 10.!

The noise power increases with decreasing concentra
in the whole temperature range in both samples. In Fig. 2
show examples of their normalized noise powerSR( f )/R2 at
frequencyf 51 Hz presented as a function of resistance v
ied by Vg . ~A similar experiment, although near the meta
to-insulator transition and not in hopping, was performed
InxO1 –x films where noise power showed saturation with
creasing resistance.13! In the small sample the growth i
weaker at large resistances, where the formation of hopp
chains is expected.

Comparison of the temperature dependences of noise
resistance in the large sample in the whole temperature ra
shows an interesting tendency, Fig. 3. With increasingT and
approaching the transition from the VRH to the activati
regime, the dependenceR(T) becomes stronger, while th
temperature dependence ofSR( f )/R2(T) weakens. ~The
short sample has shown a similar tendency, but with
weaker temperature dependence of noise at lower temp
tures.!

te

a

FIG. 2. Dependence of the noise power~at f 51 Hz) on resis-
tance varied byVg : ~a! long sample;~b! short sample. The broken
lines show fits by the relationSR( f )/R2} ln5.66(R/R0), with R0

540 kV. Inset: a diagram of a two-site modulator acting on t
critical hop;r is the length of the critical hop with resistancer i j , l
is the separation of the two states of the modulator,D is its distance
from the critical hop.
8-2
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We can explain these results within the modulation
proach, which we modify here for the case of 2D hoppin
According to model,2 the noise power is determined by tw
factors: ~a! the number of links in the clusterN, i.e., the
cluster density;~b! the modulation intensity of the critica
~dominant! hop in the link. To find the integral noise, rando
fluctuations (dr i ,dr i)v of the critical resistancesr i are av-
eraged overN links of the cluster, to give

SR~ f !

R2
;

1

N2
S i

~dr i ,dr i !v

r i
2

;
1

N

~dr i !v
2

r i
2

. ~2!

The modulation of resistancer i is caused by the shiftdV of
the energy DEi j in the critical hop, Eq. ~1!, so that
udr i /r i u;min(dV/kBT,1). ~The maximum possible modula
tion of ;100% corresponds to large energy chan
dV/kBT.1, when the critical path itself is altered.! The in-
crease of noise in Fig. 2 with decreasing concentration
then be viewed as being primarily due to a decrease in
number of fluctuating elementsN5(L/Lc)

2, when, with in-
creasing hopping lengthr, the cluster becomes less dens
Slow increase of noise in the small sample indicates that
number of statistically chosen, most conductive, chains d
not vary significantly when electron concentration
decreased.11

The temperature effect on noise in Fig. 3 can also
understood in terms of its effect on the critical cluster de
sity. In VRH, the number of linksN rapidly increases when
the temperature goes up, and this is why the noise dr
However, in the activation regime, the cluster size no lon
increases and the noise dependence onT weakens.

To analyze the temperature dependence of the n
power quantitatively, one also has to take into account
temperature dependence of the modulation intensityM (T).
Introducing the modulator densityP(E,t), whereE is the

FIG. 3. Temperature dependence of resistanceRh ~open circles!
for the long sample, with dashed linesR(T)}exp(T0 /T)1/3, and its
normalized noise power~closed circles! at f 51 Hz, where the
dashed lines through the points are guides to the eye. The
dashed line is plotted using Eq.~4!.
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energy of the modulator level andt is the relaxation time,
and assuming thatP(t) to be exponentially broad to produc
the 1/f spectrum, one can write in 2D:

M5
~dr i !v

2

r i
2

;
P~T!T

v E minS @dV~D !#2

T2
,1D d2R

;
P~T!T

v
DT

2~T!. ~3!

In this expressiondV(D,r ) is the potential variation on the
lengthr of the critical hop,dV;r (]V/]D), which is caused
by an electron transition between the two states of the mo
lator positioned at distanceD from the critical hop, inset to
Fig. 2~a!. The factorT in this expression describes the num
ber of active modulators whose occupancy fluctuates a
given temperature. The areaDT

2(T) gives the number of the
strongest (;100%) modulators that are able to alter t
critical hop. Such modulators have to be positioned with
the distanceDT to the hop, such thatdV(DT).kBT. The
distanceDT(T) depends on the details of the potentialV(D)
produced by the modulator. Namely, for a dipole potent
when the separationl of the two states of the modulator i
smaller than the distanceD from the modulator to the critica
hop, dV;r (]V/]D)}rl /D3 and DT

3;e2rl (v)/(xkBT).
Then the efficiencyM (T) increases with temperature i
VRH asT(r /T)2/3}T1/9 @taking into account thatr;aj and
j5(T0 /T)1/3#. In the opposite case of largel, the potential of
the modulator is determined by the Coulomb potential of
state closest to the critical hop, so thatdV}r /D2 and DT

2

;e2r /(xkBT). In this case the modulation efficiencyM (T)
}T21/3 decreases with increasing temperature.

To get information about the temperature depende
M (T) in VRH of the large sample, we have performed no
measurements at the condition when, at different temp
tures, the resistance of the sample is kept constant by ad
ing Vg . For VRH this corresponds to the same density of
cluster, so that the temperature dependence of noise is
due to the variation of the modulation efficiency. AssumingP
5const andj5const in this experiment, one can getM (T)
}T1/3 for the dipole potential andM (T)}const for the Cou-
lomb potential. The results are shown in Fig. 4. The incre
of noise with decreasing temperature atT,13 K is an indi-
cation that the modulator potential is not of a dipole type b
probably produced by a Coulomb potential of a single sta
However, at larger resistances theM (T)-dependence appear
to be stronger than expected in this case, which requ
further consideration.

One can see that with increasingT and transition to the
exponential regime, the temperature dependence of noise
fixed sample resistance changes its sign, Fig. 4. This res
from the fact that in this regime the noise measured at a fi
Vg only weakly decreases with increasingT, while the resis-
tance drops significantly. In addition, the noise strongly d
pends on resistance, Fig. 2~a!. Therefore, whenT is increased
and Vg is then adjusted to keep the resistance constant,
measured noise increases. In this regime the cluster beco
temperature independent, and the noise can be cause

ld
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both the modulation2 and fluctuation of concentration.1 There
is a difficulty, however, in analyzing this regime quantit
tively, as in our case it is not conventional NNH. This is se
in Fig. 1~a! where the activation energy ofR(T) increases
with decreasing concentration, which means that not all
states of the impurity band are involved in hopping and th
number depends on the Fermi level position. This can be
to the fact that at highT one should take into account th

FIG. 4. Temperature dependence of noise atf 51 Hz when the
resistance is kept constant by adjustingVg . Different symbols cor-
respond to different values ofR indicated in the plot.
g,
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energy dependence of the density of states in the tail of
impurity band, which modifies the character of hopping.14

Let us come back to the low-temperature VRH where o
results show the domination of the modulation source
noise. We can now combine the information about the mo
lation efficiencyM (T) in the VRH regime with the numbe
of links N(T)5(L/r jn)2, and get the temperature depe
dence of the noise power in VRH of the large sample:

SR~ f !

R2
;

1

N~T!
M ~T!;S r jn

L D 2 P0T

v S e2r

xkBTD}j2n13}T21.89.

~4!

This result is in satisfactory agreement withSR(T)/R2 pre-
sented in Fig. 3 for smaller resistances within the experim
tal error in the measured noise power. Using Eq.~4! and
relationj5 ln@R(T)/R0# we can also obtain a relationship b
tween the noise power and the resistance:SR( f )/R2}j2n13

5 ln5.66(Rh /R0). Comparison of this dependence with da
in Fig. 2~a! also shows reasonable agreement.

In conclusion, we have demonstrated that the site-ene
modulation model accounts for the properties of 1/f noise in
the VRH regime of 2D hopping in ann-GaAs channel. We
have been able to separate different components off
modulation noise that are responsible for its temperature
resistance dependence. It has also been shown that the
measurements are sensitive to the transition between di
ent hopping regimes, as well as to the difference in the
pology of the hopping cluster in large and small samples
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