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Resistance fluctuations in GaAs/AlxGa12xAs quantum point contact and Hall bar structures
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We study low-frequency noise in selectively doped GaAs/AlxGa12xAs quantum point contact and Hall bar
structures. Experiments are carried out at 4.2 K and constant magnetic fields where noise in both diagonal and
Hall voltages is measured using a four-terminal lock-in technique. In all cases, for low currents and low
frequencies, we find the size of excess voltage noise power to be quadratic in current and, furthermore, Hall
voltage noise power to be quadratic in magnetic field. Resistance fluctuations of the quantum point contact
samples are mostly dominated by a single two-level or multilevel switching event that leads to a Lorentzian
noise spectrum, whereas resistance fluctuations of the Hall bar structures exhibit 1/f noise, which results from
the superposition of many independent switching events. Three possible sources of 1/f noise, i.e., fluctuations
in carrier density, mobility, and quantum interference corrections, are considered in the analysis of the Hall bar
data. From the size of 1/f noise in the Hall voltage, we deduce an upper bound for the size of carrier density
fluctuations that is so small that we rule out electron trapping as a main source of resistance fluctuations in the
quantum point contact structures. Instead, we explain observed low-frequency noise in both mesoscopic and
macroscopic structures by fluctuations in the remote impurity configuration.@S0163-1829~97!05239-9#
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I. INTRODUCTION

Studying the noise of semiconductor devices is import
to understand the performance of electronic circuits as w
as physical processes that govern the transport of carr
Many processes contribute to the noise of a practical dev
Based on their physical origin, we can classify differe
kinds of noise into two categories. The first kind of noise
directly caused by the electronic processes and reflects
granularity of the carriers and the stochastic nature of
transport mechanism. Thermal noise and shot noise belon
this category. A second kind of noise arises from the c
pling of the electronic processes to the fluctuations of
surroundings. This is an indirect noise because it refle
various processes occurring around the conductor. Cha
in the impurity configuration of a conductor and various tra
ping detrapping effects are examples of this type of no
This second type of noise always manifests itself as fluc
tions in sample resistance and we will use the term resista
fluctuations to describe this type of noise.

Resistance fluctuations can only be understood by ide
fying the physical processes that lead to changes in re
tance. Despite earlier attempts to give a universal expla
tion to resistance fluctuations, it is now well accepted t
such fluctuations are very much dependent on the partic
system under investigation.1 For example, resistance fluctua
tions in Si metal-oxide-semiconductor field-effect transisto
amorphous conductors, and superconducting films have
ferent physical origins.

In this paper we are interested only in resistance fluct
tions of a two-dimensional electron gas~2DEG! in selec-
tively doped GaAs/AlxGa12xAs heterostructures. This sys
tem, because of its superior transport properties, has b
widely used in device applications as well as in lo
560163-1829/97/56~15!/9813~6!/$10.00
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dimensional electron physics studies. The contributions
different scattering mechanisms to the resistance of the
tem has been studied in detail2 and many aspects of its elec
tron transport are now well understood. However, we do
yet have an in-depth understanding of its resistance fluc
tions, which have been found to be important in mesosco
structures fabricated from such heterostructures.3–9 Various
mechanisms, such as trapping of electrons,4–6 changes in the
remote impurity configuration,7 andDX centers,8 have been
proposed as the source of such fluctuations.

In order to identify the physical origin of these fluctu
tions, we made noise measurements on both macrosc
and mesoscopic structures. The frequency spectra of re
tance fluctuations are quite different in these two structu
in the former case, the resistance fluctuations are a supe
sition of many independent physical processes, wherea
the latter case a single physical event~sometimes a few! can
dominate the resistance fluctuations. The fluctuations in m
roscopic samples can be thought of as a superposition o
many switching events observed in mesoscopic structu
Therefore, measurements on these two sets of sample
intimately related and complement each other. For exam
switching events observed in mesoscopic samples can
information about emission and capture rates of a single
fect, whereas 1/f noise observed in macroscopic samples c
tell us about the spatial density of such defects.

We also carried out experiments with Hall bar structu
under a magnetic field in which fluctuations in both diagon
and Hall resistances were measured. The primary motiva
for measuring resistance fluctuations in the Hall voltage is
quantify carrier density fluctuations in the 2DEG, which ca
not be done by diagonal resistance measurements alone
the fluctuations in diagonal resistance depend on both ca
density and mobility fluctuations. From the fluctuations
9813 © 1997 The American Physical Society
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Hall resistance, we obtain an upper bound for the car
density fluctuations that is so small that we can rule
electron trapping as a main source of the switching nois
quantum point contact~QPC! structures. We also rule out th
possible contribution ofDX centers based on multileve
switching noise in some of our QPC’s as well as the o
served energy difference between different states of
QPC’s. However, fluctuations in the remote impurity co
figuration ~Si donors in AlxGa12xAs) can explain our noise
data from both the mesoscopic and macroscopic structu

II. THEORETICAL BACKGROUND

A. Switching noise

The simplest case of resistance fluctuation is a two-le
switching noise, also known as random telegraph no
where the resistance of the sample switches instantaneo
between two resistance values ofR1 andR2. The sample will
be referred to as being in state 1 or state 2 depending on
current resistance value of the sample. Switching is a rand
process characterized by two lifetimest1 andt2 , where 1/t1
and 1/t2 are the probabilities per unit time for transition
from state 1 to state 2 and state 2 to state 1, respectively.
power spectrum of two-level switching noise has be
shown to be Lorentzian:10

SR~ f !5
~DR!2

t11t2
S 1

~1/t!21~2p f !2 D , ~1!

whereDR5R12R2 and 1/t51/t111/t2 .
In general, the resistance of a sample can take more

two resistance values. Ifn states are involved, the switchin
process would be characterized byn(n21) time scalest i j ,
where 1/t i j is the probability per unit time for a transitio
from statei to statej . All of these transitions are expected
obey a Poisson distribution.

Without knowing the physical origin of the switchin
noise, one can gain considerable insight by mapping
switching process to an energy versus configuration sp
diagram. In many cases, such a picture is successfully
plied to characterize defects that cause switching noise.11 For
example, in the two-level case, the difference in energie
the two states can be obtained from the ratio of lifetim
E22E15kBT ln(t1 /t2), whereE22E1 is the energy differ-
ence between state 2 and state 1,kB is the Boltzmann con-
stant, andT is the temperature. Furthermore, in some cas
the activation energy for going from one state to another
be obtained from the temperature dependence of the
times. This kind of information about energy levels and a
tivation energies can be crucial in the identification of t
physical origin of such switching processes.

B. 1/f noise

A rich variety of macroscopic conductors exhibit low
frequency resistance fluctuations with a power spectr
close to 1/f . Unlike switching noise, the resistance of su
conductors is not limited to a finite number of resistan
values. Such fluctuations are now understood in terms
superposition of many independent switching events oc
ring in the macroscopic conductor. If we limit ourselves on
r
t
in

-
e

-

s.

el
e,
sly

he
m

he
n

an

e
ce
p-

of
s

s,
n
e-
-

m

e
a
r-

to two-level switching events, we can express the noise sp
trum of a macroscopic sample as

SR~ f !5 (
k51

N
~DR!k

2

t1k1t2k
S 1

~1/tk!
21~2p f !2 D , ~2!

whereN is the total number of switching events,t1k andt2k
are the two lifetimes of thekth switching event, and 1/tk
51/t1k11/t2k .

It can be shown that in the limit of largeN, if one as-
sumes a uniform distribution of lifetimes,SR( f )}1/f . How-
ever, this assumption is not always justified. In fact, depe
ing on the distribution of lifetimes,SR( f ) can deviate from
1/f . Thus the noise spectrum is more generally written
SR( f )}1/f a, wherea is a noise exponent close to 1.

The size of 1/f noise depends on the total number
switching sites as well as the typical resistance fluctuat
contribution of a switching sitê (DR)k&. For a homoge-
neous macroscopic sample, the total number of switch
sites is proportional and the typical^(DR)k& is inversely pro-
portional to the area of the sample. This implies thatSR( f )
scales inversely with the area of the sample. This is a v
general result,12 also known as Hooge’s law, which enable
us to deduce bulk properties, such as the density of switch
sites, from the measured 1/f noise. It is important to note tha
the contact-related 1/f noise that is present in many real sy
tems does not scale with the area of the sample. Thus
critical to check the area dependence of 1/f noise to make
sure that the measured 1/f noise is not due to contact resis
tance fluctuations.

In general, resistance fluctuations are attributed
changes in either carrier density or carrier mobility of t
sample. However, at very low temperatures, there are co
butions to the resistance of the sample due to quantum in
ference effects. Such corrections are very sensitive to
impurity configuration of the sample; thus fluctuations in t
impurity configuration can also lead to 1/f noise.13 Unlike
1/f noise due to carrier density or mobility fluctuations, t
contribution of quantum interference 1/f noise has an uppe
bound that is on the order of universal conductance fluct
tions. So far quantum interference 1/f noise has only been
observed in Bi wires14 and in most cases it is overwhelme
by either carrier density or mobility fluctuations.

III. SAMPLE FABRICATION

We studied samples of high-quality selectively dop
GaAs/AlxGa12xAs heterojunctions grown by molecula
beam epitaxy~from two different machines!. We observe
that samples from similar high-quality 2DEG heterostru
tures behave similarly. Here we will present results obtain
from only one heterostructure. This heterostructure is gro
on an undoped GaAs substrate and consists of a 1.5-mm-
thick undoped GaAs buffer layer, a 43-nm-thic
GaAs/Al0.35Ga0.65As spacer layer, a 35-nm-thick Si-dope
GaAs/Al0.35Ga0.65As layer with a dopant density of 5
31018 cm23, and a 20-nm-thick GaAs cap layer.

Hall bar structures are fabricated by standard lithograp
followed by wet etching. Indium contacts are alloyed
400 °C for 2 min to form Ohmic contacts to the 2DEG. Ma
netoresistance measurements on these Hall bar structure
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56 9815RESISTANCE FLUCTUATIONS IN GaAs/AlxGa12xAs . . .
carried out at 4.2 K to characterize the 2DEG; from the
measurements we deduce electron density and mobility
ues of n51.631011 cm22 and m553105 cm22/V s, re-
spectively.

For the QPC structures, indium contacts are first alloy
to form Ohmic contacts to the 2DEG and then metal ga
that are separated from each other by 0.4–0.5mm are pat-
terned on the surface by electron beam lithography. At
plied gate voltages of less than20.3 V the electrons unde
the gates are depleted to form the QPC. The electrical w
of the contact is controlled by varying the gate voltag
Typically, our QPC’s exhibit conductance steps in units
2e2/h as a function of gate voltage atT51.5 K.

IV. MEASUREMENT TECHNIQUES

Different noise measurement techniques are used dep
ing on the sample resistance and the size of the resist
fluctuations. We will discuss the operation principles and
limitations of the two noise measurement setups used in
experiment. The circuit diagrams showing only the essen
components of these setups are given in Fig. 1; cable cap
tances, biasing circuits and filters, and ground isolat
buffer amplifiers are not shown in these circuit diagrams

The measurement setup shown in Fig. 1~a! is most suited
for measuring high-resistance samples~100 kV or higher!.
This setup is for a two-terminal measurement where a
voltage bias is applied to the device under test and the de
current is measured by a low-noise current-sensitive am
fier, which is fed to a spectrum analyzer. Quantum po
contact samples are measured using this setup.

For lower-resistance samples, we current bias these
vices and measure the voltage noise. If a dc bias is usedf
noise of the preamplifier would limit the performance of t
setup at low frequencies.15 We find our low currents that the
1/f noise of the preamplifier overwhelms the voltage fluctu
tions in our Hall bar samples.

FIG. 1. Block diagrams of~a! two-terminal dc and~b! four
terminal ac noise measurement setups used in our experiment
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The ac noise setup shown in Fig. 1~b! is used to overcome
this problem of preamplifier 1/f noise. Similar ac technique
are used by various groups to measure resista
fluctuations.16 We used an ac excitation of 1.1 kHz, which
greater than the corner frequency of our preamplifier~150
Hz!. The measurement bandwidth is limited by the time co
stant of the lock-in amplifier. Typically, we used a time co
stant of 10 ms and limited our measurements to a bandw
of 10 Hz. To eliminate 1/f -type fluctuations in the lock-in
amplifier ~such as fluctuations in the amplitude of the
excitation! a bridge configuration is used. The bridge circu
is formed by three resistorsR1 , R2 , and R3 and the four-
terminal sample and the preamplifier.R3 is a variable resistor
used for nulling the bridge circuit.R1 is chosen to be much
bigger than the sample resistance in order to suppress
contribution of contact 1/f noise. Furthermore, to make su
that there was no significant contribution from contact 1f
noise, we carried out all our measurements using two dif
entR1 values~10 MV and 500 kV! and found that the mea
sured resistance fluctuations were independent ofR1 . The
setup is also tested by measuring metal film resistors; nof
noise was observed in the frequency range 0.05–10 Hz.
the noise data from Hall bar samples are obtained using
ac setup.

V. EXPERIMENTAL RESULTS

A. Quantum point contact samples

We made noise measurements on QPC samples at 4
and zero magnetic field using the dc noise measurem
setup of Fig. 1~a!. We limited our measurements to th
single-channel limit of the QPC~resistance higher than
h/2e2) where low-frequency noise is most pronounced.

Figure 2~a! shows a typical noise spectrum of a QP
sample. The spectrum has Lorentzian shape with a co
frequency of 20 Hz. The amplitude of the noise scales q
dratically with current, indicating that it is due to resistan
fluctuations. For this sample, we also measured real t
traces of QPC conductance; a typical trace is shown in F
2~b!. This QPC sample exhibits three distinct conductan
states. Since more than two states are involved, such
time traces contain more information than the power sp
trum. By measuring many such traces, we find that the Q
sample stays 8% of the time in low-, 82% of time in th
middle-, and 10% of the time in the high-conductance sta

To check whether transitions from one state to anot
occur randomly, we measured the distribution of transit
times. In all cases, we find the measured distribution of tr
sition times to be close to a Poisson distribution. As an
ample, in Fig. 3 we show the distribution of transition tim
for the transition from the low-conductance state to t
middle-conductance state.

We also measured other QPC samples. In order no
repeat the already known aspects of QPC noise, we will o
give here a list of our findings from the QPC samples.

~i! All the QPC samples we measure~around ten samples!
exhibit some sort of switching noise with a Lorentzian spe
trum. However, the amplitude of switching noise as well
the switching rates are found to be highly sample depend
We observed switching times ranging from 0.1 ms to 10
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~ii ! We find that the noise spectra obtained from differe
cooldowns of the same QPC sample were different. But fo
given cooldown of a QPC sample, the noise spectrum
mains constant; the three-level switching noise presen
above was monitored for three days and no change in sw
ing rates or amplitude was observed.

~iii ! Switching noise is also found to be sensitive to ill
mination by a red light-emitting diode.

~iv! The QPC noise is not limited to two-level switchin
noise, as we observed a three-level switching noise.
multilevel aspect of the QCP switching sites has not b

FIG. 2. ~a! Current noise power spectrum of a quantum po
contact sample after averaging over 10 000 time traces and~b! a
typical time trace. Note that the data are converted to conducta
G by dividing the measured current by the applied voltage.

FIG. 3. Distribution of transition times for the transition from
the low-conductance state to high-conductance state. A poin
time t indicates the number of transitions observed with a transi
time within the ranget22.5 tot12.5 ms. The solid line is the fit to
a Poisson distribution.
t
a

e-
d

h-

e
n

addressed previously; it is important to note that a the
explaining QPC noise must accommodate the possibility
multilevel switching events.

B. Hall bar samples

Noise measurements on Hall bar samples are made u
the ac noise measurement of Fig. 1~b!. We use a supercon
ducting magnet in persistent mode to maintain constant m
netic fields. Typical Hall voltage noise power spectraSVH

( f )
obtained from one of our Hall bar samples are shown
three different magnetic fields in Fig. 4. For this Hall b
structure, the current and voltage leads have widths of 25
50 mm, respectively. We limit our noise measurements
Hall voltage to low magnetic fields where the integer qua
tum Hall effect plateaus do not appear. As shown in the in
of Fig. 4, in this regime the Hall resistance is linearly depe
dent on the magnetic field.

We find that the noise exponent forSVH
( f ) is less than 1

~a50.7!. As discussed earlier, such deviations from 1/f be-
havior are observed in many systems and it only implies t
the lifetimes of switching events that cause Hall voltage flu
tuations are not uniformly distributed in the measurem
range of our experiment. Note that increasing the magn
field causes the whole noise spectrum to increase with
changing the noise exponent.

We measured manySVH
( f ) similar to the data of Fig. 4,

for different currents and magnetic fields. We showSVH
( f )

at 1 Hz as a function ofB2 andI 2 in Figs. 5~a! and 5~b!. We
find SVH

( f ) to be quadratic in bothB and I ; solid lines in
Figs. 5~a! and 5~b! show the quadratic fits. This result is no
surprising since in our measurement range the Hall voltag
linear in bothB and I and VH5BI/ne. On the other hand
this is a very important result, which gives us confidence
deducing information about carrier density fluctuations fro
SVH

( f ).

t

ce

at
n

FIG. 4. Hall voltage noise power spectrum for three differe
magnetic fields:B50.35, 0.6, and 1 T. The inset shows Hall res
tance as a function of magnetic field; noise measurements are
ried out at the linear regime of the Hall resistance versus magn
field curve.
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We also measured the voltage along the current flow
zero magnetic field, which we shall refer to as the diago
voltage using the same setup. Similar to the Hall voltage,
noise spectrum of diagonal voltage is found to be quadr
in current. Using this quadratic dependence, we conve
the measured noise power spectrum of the diagonal vol
to a resistance noise spectrumSR( f ) by dividing it by I 2. In
Fig. 6 we showSR( f ) obtained from two different sized Ha
bar samples. The larger Hall bar sample has a channel le
of 400 mm and a channel width of 20mm, whereas the
smaller sample has a channel length of 100mm and a chan-
nel width of 5mm. SR( f ) of the smaller sample is about 1
times bigger than the larger sample as expected f
Hooge’s law. This is an experimentally important result

FIG. 5. ~a! SVH
~1 Hz! for I 52 mA vs B2 and~b! SVH

~1 Hz! for
B50.5 T vsI 2. Solid lines are quadratic fits to the data.

FIG. 6. Resistance noise spectrum of two different Hall b
samples with dimensions 400320 mm2 ~lower curve! and 100
35 mm2 ~upper curve!.
at
l
e
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d

ge
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that it further confirms that we are measuring switchi
events that are happening in the bulk of the sample ra
than the contacts.

Finally, we should note that, unlike the noise exponent
SVH

( f ), the noise exponent ofSR( f ) is equal to 1. The physi-
cal origin of the difference in noise exponents is not y
understood.

VI. DISCUSSION AND CONCLUSIONS

We know that in both QPC and Hall bar structures the
are switching events that affect the electron system and c
resistance fluctuations. However, we have not yet discus
the underlying physical mechanism of the switching or h
these switching events couple to the 2DEG.

As a start, usingE22E15kBT ln(t1 /t2) and the typical
transition times of the QPC samples, we estimate the typ
energy difference between different switching states to b
few meV. Note that such an energy difference is too sm
that these switching events cannot be caused byDX centers.

Now let us first consider the density of active switchin
sites in our GaAs/AlxGa12xAs heterostructures. By activ
sites we mean the sites that have switching times that ar
the range of our measurements~roughly 1 ms to 100 s!.
From noise measurements on QPC samples, we know
there are always a few active switching sites that couple
the sample; we have not come across a single QPC sa
that was free of switching events. To obtain an order to m
nitude estimate for the density of switching sites from t
QPC measurements, we estimate the area around the QP
which a switching site can affect the QPC resistance sign
cantly. In the single-channel limit where we carried out o
noise measurements, the channel width is on the order o
Fermi wavelengthlF . The resistance of a QPC is very se
sitive to the electrostatic potential where the channel is n
rowest, and to be effective, a switching site should be cl
to the narrowest point of the channel. We can assume th
the distance between the switching site and the center of
QPC is much larger thanlF the switching site cannot affec
the QPC strongly. There is also recent experimental evide
by Sakamoto, Nakamura, and Nakamura9 that switching sites
are indeed very close to the center of the QPC. In th
experiments, noise measurements are carried out on a
sample similar to ours, where they shift the QPC channe
applying different gate voltages to the split gate. They w
able to scan through seven active switching sites by shif
the channel by 0.27mm.

Based on these experiments, we can assume that
switching has to be roughly within 1000 Å of the QPC ce
ter, which would correspond to an effective QPC area
10210 cm2. Now, by assuming one switching site per QP
we get a switching site density of 1010 cm22. Obviously,
this should only be taken as an order of magnitude estim

Now we will try to deduce the density of switching site
from the noise measurements on our Hall bar samples
order to do this, we need to know how the switching eve
couple to the electron system. There are three ways
switching events couple to the resistance: through car
density fluctuations, through mobility fluctuations, an
through fluctuations in quantum interference corrections.
the other hand, fluctuations in Hall voltage are not affec

r



t a
ally
rgy.
ser-
of

we
th a
te

res,
for a

n-

in
g

tified
as
d

odu-
We
wo
our

ir
the
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by mobility fluctuations and carrier density fluctuations alo
would lead to a quadraticB dependence. Thus we will us
SVH

to extract information about carrier density fluctuation
To proceed, we have to know the impact of a typical switc
ing event on the carriers in the sample. If a typical switchi
event is electron trapping, it would modulate the total nu
ber of electrons by 1. On the other hand, a remote event
is weakly coupled to the electron system can modulate
total number of electrons by much less than 1.

Let us first assume that each switching event is stron
coupled to the 2DEG and, as in the case of electron trapp
modulate the total number of electrons by 1. Now we c
infer the density of switching sites from Hall voltage fluc
tuations using standard arguments. For a macroscopic
bar sample withN electrons andNSS uncorrelated switching
sites (N5An and NSS5AnSS, whereA is the area of the
sample!, the fluctuation in the total number of electronsDN
would be given byDN5ANSS. The fluctuations in Hall volt-
age are directly related to the fluctuations in the total num
of carriers,DVH /VH5DN/N. For our Hall bar samples, we
determine DVH by integrating SVH

and obtain nSS

'108 cm22.
Since thisnSS obtained from Hall voltage measuremen

and based on the assumption of strong coupling is two ord
of magnitude smaller than our estimate ofnSS from QPC
measurements, we can conclude that the electron trappin
not the main switching event in Hall bar samples. In oth
words, to have consistency between Hall bar and QPC m
surements, the majority of the switching events must ha
less impact than electron trapping on Hall voltage. In fact,
using our estimate ofnSS51010 cm22 we can deduce that a
typical switching site would modulate the total number
n
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electrons of the sample by a small amount~'0.1!.
Furthermore, from QPC measurements, we know tha

switching site can have more than two states and typic
the states of a switching site are nearly degenerate in ene
The only mechanism that can accommodate all these ob
vations is fluctuation in the remote impurity configuration
the selectively doped GaAs/AlxGa12xAs heterostructure. To
have a microscopic theory of the resistance fluctuations,
need to be able to calculate resistance of a sample wi
realistic impurity configuration and know how the remo
impurity configuration changes in time. For some structu
such as QPC’s, we can calculate resistance of a sample
given impurity configuration,17,18 but we do not yet know
how to calculate the dynamics of the remote impurity co
figuration.

In conclusion, we studied resistance fluctuations
GaAs/AlxGa12xAs QPC and Hall bar structures. combinin
measurements from these two sets of samples, we iden
the physical origin of resistance fluctuations in this system
fluctuations in the remote impurity configuration. We fin
that there are approximately 1010 cm22 such active fluctua-
tion sites in our sample and each site on the average m
lates the total number of electrons in the sample by 0.1.
also find that an active impurity can have more than t
states leading to the multilevel switching observed in
QPC samples.
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