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Decomposition of 1/ f Noise in Al,Ga;_,As/GaAs Hall Devices
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We present a systematic study of the low-frequency noise in micron and submicron Hall devices made
from Al,Ga,_,As/GaAs heterostructures. In a sample with feature size as small as 0.45 um we observe a
nonmonotonic temperature dependence of the noise power spectral densities (PSD’s) at temperatures
where surface states and deep-level excitations are frozen out. Near the temperature where the noise
peaks, the PSD’s can be described by a thermally activated two-level random telegraph signal, i.e., the 1/f
noise originating from switching events in the highly doped Al ,Ga,_ As layer is resolved into a single

Lorentzian spectrum.
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High-mobility two-dimensional electron systems
(2DES) in III/V semiconductor heterostructures such as
n-Al,Ga,_,As/GaAs are the subject of continuing interest
in fundamental investigations, as, e.g., integer and frac-
tional quantum Hall effect, as well as devices in electronic
applications, such as high-speed modulation-doped field
effect transistors, or high-sensitivity Hall magnetometers
for noninvasive nanoscale magnetic measurements and
biological sensing; see, e.g., Refs. [1-3] and references
therein.

Studying the noise in semiconductor structures may give
a further in-depth understanding of the intrinsic properties
of the conductivity such as the microscopic behavior of
charge carriers and their coupling to lattice defects, elec-
tronic traps, and magnetic moments. Although, since the
invention of Al,Ga,_,As/GaAs heterostructures [4], there
is a long history of noise studies of field effect transistor
(FET), quantum point contact (QPC), and Hall-bar struc-
tures (see, e.g., Refs. [5—16]), no general understanding of
the switching and 1/f noise phenomena in Al,Ga,_,As/
GaAs devices has been reached. In these studies various
mechanisms of noise have been discussed (see below). A
complex interplay of these mechanisms may determine the
noise behavior in relatively large samples of GaAs based
materials, whereas in smaller devices the origin of a par-
ticular noise pattern may be identified. In a seminal paper
by Kirtley et al. [5] it has been pointed out that trapping
and detrapping of electrons in the n-Al Ga;_,As layer,
i.e., changes in the charge states of deep donor levels
the so-called DX centers [17]—will effect the conduction
in the 2DES by a combination of electron mobility and
density fluctuations. By comparison of AlGaAs/GaAs het-
erostructures and relatively thick AlGaAs, Hofman et al.
have found that generation-recombination noise in the
2DES of the former, which is observed as broadened
Lorentzian-type spectra superimposed on the 1/f back-
ground, is indeed caused by DX-type traps located in the
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remote n-doped AlGaAs layer [7]. Similar results on gated
and ungated structures have been reported in Refs. [6,9—
11,15]. The generation-recombination noise spectra ob-
served in these studies were not purely Lorentzian-type
as expected for a single fluctuator but rather broadened
spectra or superpositions of more than one Lorentzians on
top of a large 1/f background. The broadening has been
attributed to a distribution of time constants in the space-
charge region [6], the effect of inhomogeneous alloy com-
position on the capture and emission kinetics of the DX
center [5], or a distribution in the barrier height [18,19].

Driven by the quest to further optimize Al,Ga,_,As/
GaAs Hall sensors, we recently presented a systematic
characterization of low-frequency fluctuations in submi-
cron Hall devices at temperatures between 1.5 and 60 K
[13] where surface states and DX center excitations are
frozen out. In this study a surprisingly large gating effect
on the 1/f noise was found. It was concluded that the 1/f
noise originates from remote switching processes in the
highly-doped n-Al,Ga;_,As layer [13] which are weakly
coupled to the 2DES, e.g., by affecting the mobility of the
free carriers.

The universality of 1/f noise in solids and the mecha-
nisms from which it arises is of great fundamental interest
[20—22]. However, as has been pointed out in Ref. [23],
only limited information comes from the conventional
ensemble-averaged (featureless) 1/f-type noise power
spectrum. Yet, when the averaging is incomplete and the
signature of only a few or even a single fluctuator can be
resolved, deviations from a 1/ f-type behavior are observed
and the capture and emission kinetics of single defects can
be investigated. Here we present the results of such an
approach. The final goal was to investigate individual
defects and the decomposition of the 1/f spectrum into
its constituent Lorentzian components as has been demon-
strated for other systems, as, e.g., Si metal-oxide-
semiconductor field effect transistors [24,25] or metal-
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insulator-metal tunnel junctions [26]. The measurements
presented in this Letter extend earlier studies of resistance
fluctuations in Al,Ga,_,As/GaAs FET’s and QPC’s, and
Hall-voltage fluctuations in relatively large structures to a
new parameter range. We report nonmonotonic tempera-
ture dependence and deviations from 1/ f-type behavior of
the noise power spectral densities (PSD’s) in a Hall device
with feature size w as small as 0.45 pm. We show that the
data can be described by a two-parameter random signal.
For the first time in these materials we observe the decom-
position of 1/f-type spectra with the shrinking of the
structure’s feature sizes, i.e., the link between this universal
type of noise and the individual Lorentzian spectra due to
submicroscopic Hall-voltage fluctuations.

The noise data shown here are representative for devices
fabricated from the present and similar Al,Ga,; _,As/GaAs
wafer materials. We discuss two devices in detail: a larger
sample with Hall crosses of (5 X 5) um? in size and a
smaller sample with feature size of (0.45 X 0.45) um?.
The channel length for resistance measurements is L =
12 um. The Al ,Ga,;_,As/GaAs heterostructure was
grown on an undoped semi-insulating GaAs (100) sub-
strate and AlAs/GaAs superlattice buffer layer; they con-
sist of a 1000 nm thick undoped GaAs layer, a 30 nm thick
undoped Al 3Gag ;As spacer layer, a 60 nm thick Si-doped
Al 3Gay ;As layer with a dopant density of 1 X 10'® cm™3
and a 5 nm GaAs cap layer. A 25 nm thin Cr/Au gate
was deposited on top of the structures. The electron den-
sity and Hall mobility determined in measurements on
the larger sample are n=1.5X10"cm™2 and uy=2X
10° cm?/ Vs, respectively, at T = 45 K, in the dark, and
zero gate voltage. Micron and submicron Hall-bar patterns
were fabricated by photolithography and electron-beam
lithography, respectively, followed by wet chemical etch-
ing [27]. Electrical contacts are made by alloying In/Sn.
The resistivities of both samples show metallic behavior
down to 5 K.

The noise power spectral density of the Hall voltage was
measured using a 7-terminal ac gradiometry setup where
two currents /; and I, are applied with opposite directions
to two Hall crosses. The electronic circuit allows balancing
both amplitude and phase of the currents, so that the Hall
gradiometer output AV} has zero offset. For details, see
Ref. [13] and references therein. The resistance noise has
been measured using a 4-terminal setup.

Figure 1(a) shows the PSD’s of the larger sample with
Hall cross size (5 X 5) um? at 45 K and different gate
voltages. The spectrum at zero gate voltage is 1/f-like.
Also, as discussed in Ref. [13], the noise is strongly sup-
pressed by moderate gate voltages (in this sample, at V, =
150 mV the noise is suppressed almost down to the floor
level). A 1/f-type behavior is observed for all samples
measured with feature sizes larger than or equal to about
0.9 pum (not shown). In contrast, the PSD’s of a smaller
sample (0.45 X 0.45) wm? in Fig. 1(b) show deviations
from 1/f-type behavior for certain temperatures and a
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FIG. 1 (color online). Comparison of the noise power spectral
densities of two samples fabricated from the same wafer (a) with
a relatively large Hall-bar structure (w ~ 5 wm) taken at differ-
ent gate voltages and fixed temperature 7 = 45 K, and (b) and
(c) a smaller structure (w ~ 0.45 um). In (b) the Hall-voltage
noise is shown taken at different temperatures and fixed gate
voltage V, = 200 mV and in (c) the resistance noise at fixed
temperature and different gate voltages. The applied current was
I =2 pAin (a), 0.4 A in (b), and 0.5 A in (c). Data were
taken at B = 0.5 T. The lines in (a) and (c) are fits to S « 1/f¢
yielding a = 0.96 and 0.99, respectively. The lines in (b) in-
dicate the slopes for 1/f and 1/f? behavior.

temperature dependence different from what is expected
from the Dutta-Dimon-Horn model (DDH). According t
o DDH the noise level, S(f,T) « (kzT)/fD(E) [28],
should increase linearly with temperature when the distri-
bution of activation energies D(E) is constant, i.e., for
1/f-type behavior. In Fig. 1(b) we observe a nonmono-
tonic behavior: at 20 K the noise level is lowest and is still
somewhat close to a 1/f-type PSD. Sy (f, T) then increases
with temperature and reaches a maximum at about 45 K,
where the deviations from 1/f-type behavior are most
obvious: the tail at higher frequencies is closer to Sy =
1/£? which is typical for a Lorentzian-type behavior. With
increasing temperature the noise level then decreases again
and for the curve at 60 K a tendency towards 1/f-like
behavior is recovered. Remarkably, measurements of the
resistance noise on the same sample reveal a pure 1/ f-type
behavior at all temperatures and gate voltages, in particu-
lar, at around 45 K where the Hall-voltage noise strongly
deviates from 1/f; see Fig. 1(c).

The PSD’s of a random telegraph signal (RTS) caused
by switching between two states with voltage amplitude
AV and lifetimes 7; and 7, is given by

_4(Av)? 1
ot (1/7,)* + 2mf)?

Sy ey

where 1/7, = 1/7, + 1/7, [29]. Figure 2 shows the Hall-
voltage PSD’s taken at different temperatures in the vi-
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FIG. 2 (color online). PSD’s of the smaller sample (w ~
0.45 pm) at different selected temperatures around 45 K taken
at V, =200 mV, B=0.5T, and I = 0.4 pA in a representa-
tion fSy vs f. The lines are fits to Eq. (1) plus a small 1/f
background term. Arrows indicate the center frequency.

cinity of 45 K in a representation fSy vs f. This is
convenient as the noise due to two-level switching ap-
pears as a peak on top of a constant 1/f “background.”
Clearly, the center frequency shifts to higher frequen-
cies with increasing temperature which is expected for
thermally activated behavior. The lines in Fig. 2 are fits
to the data using Eq. (1) with amplitude and center
frequency f, =1/(277,) as fitting parameters plus a
small 1/f background term which is a constant offset.
The data of all spectra taken in our frequency window
are very well described by pure Lorentzians without con-
sidering a broadening of the spectra by some finite energy
distribution.

Considering the simple case of a two-level system, i.e., a
double-well model with thermally activated switching be-
tween two states, the average time 7; spent in state i can be
described by an Arrhenius law

T, = V(I,'I exp(E,;/kgT) 2)

where E ; is the barrier height to escape from state i, kp is
the Boltzmann constant and v,; an attempt frequency,
typically in the order of inverse phonon frequency. The
thermally activated behavior becomes apparent in an
Arrhenius plot; see Fig. 3. Since only a single fluctuator
is involved the activation energy can be determined with
great accuracy. Indeed, the data are in excellent agreement
with the simple model described by Eq. (2) yielding E, =
88 meV and v, = 6 X 10° Hz for the activation energy
and the attempt frequency, respectively.

A purely Lorentzian-type RTS can be explained by an
electronic switching process, i.e., trapping or detrapping
events of a single electron. Such events, however, can
involve surface states, deep or shallow levels (possibly
forming an impurity band), and can occur in different
spatial regions of the sample. Also they may couple dif-
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FIG. 3. Arrhenius plot of the center frequency f, taken from
fits to spectra like the ones shown in Fig. 2 vs reciprocal
temperature. The line is a fit to Eq. (2). The inset also shows
f%S8(f,). The similar slope indicates similar activation energies
for trapping and emission (see text).

ferently to the electronic states confined in the potential
well, whose noise is measured. Rather than trapping
or detrapping of an electron in the space-charge region at
the Al,Ga,_,As/GaAs interface for which significantly
larger values of the activation energies are expected
[6,30], we attribute the Lorentzian-type PSD at around
45 K to more shallow switching processes in the remote
impurity layer, i.e., the same mechanism which leads to
1/f noise in the present materials. This is corroborated
by the fact that the observed attempt frequency for the
switching events leading to the Lorentzian-type PSD’s
is of the same order of 10° Hz as the attempt frequen-
cies of the 1/f noise due to remote impurity switching
[13]. Also, from Fig. 1 it is apparent that the Lorentzian-
type spectrum which is most prominent at around 45 K
evolves from and merges into a less Lorentzian, more
1/f-like behavior at lower and higher temperatures. The
deviations of 1/f-type behavior which are still apparent
at lower and higher temperatures may be attributed to
the high- and/or low-frequency tails of other fluctuators
with slightly different dynamic properties. The measured
value of E, = 88 meV, which has been most accurately
determined from a well-defined isolated fluctuator, is
somewhat larger than 12-24 meV as observed in
Ref. [13]. The latter values determined from an ensemble
of fluctuators, however, were measured in a sample from a
different growth and at lower temperatures. The differ-
ences might indicate a distribution of activation energies
in the present materials.

As has been pointed out by Kirtley et al. [5], 7| and 7,
can be determined individually from the noise spectra if the
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two lifetimes are roughly the same. For 7; = 7, = 7, both
fit coefficients of Eq. (1), f, and f2S(f,), are proportional
to 1/7 and the slopes in an Arrhenius plot should give a
similar value for E,, i.e., the activation energies for elec-
tron capture and emission are nearly the same. The inset of
Fig. 3 shows that this is indeed observed for the present
sample at V, = 200 mV. This suggests that an individual
trap located in the n-Al,Ga;_,As layer within kzT of the
quasi-Fermi level is the dominant source of generation-
recombination noise which couples only weakly to the
2DES.

The present materials, which are widely used for high-
sensitivity Hall magnetometry and thus operate in the low
current regime I = 0.1-10 wA, show pure 1/f-type Hall-
voltage noise for structures larger than or equal to w ~
0.9 pum. Submicron devices with w ~ 0.7 um start to
show deviations from 1/f for certain temperatures and
gate voltages (see Ref. [13]) until for the present device
with w = 0.45 um the impurity configuration in the
n-Al,Ga;_,As layer is such that the 1/f noise is resolved
into a single Lorentzian. The comparison of Figs. 1(b) and
1(c) corroborates our suggestion that the decomposition of
1/f noise is indeed caused by shrinking of the structure’s
the feature size and thus lowers the degree of averaging: for
the Hall gradiometry experiment with a rather small active
area A = 2w? = 0.405 um? the spectrum is resolved into
an isolated fluctuator whereas the resistance noise with
A = Lw = 5.4 um? measured under the same conditions
provides enough ensemble averaging to obscure the sig-
nature of individual fluctuators.

In conclusion, we have performed low-frequency noise
studies on Hall devices made from gated Al ,Ga;_,As/
GaAs heterostructures of different sizes. The noise power
spectral densities of larger samples with feature size in the
micron range show a 1/f-like behavior and a monotonic
increase of the noise with temperature. In a sample as small
as 0.45 um we observe a nonmonotonic temperature de-
pendence of the PSD’s and deviations from 1/f-type be-
havior to a thermally activated Lorentzian-type PSD. The
Lorentzian is described by a two-rate kinetics and a single
activation energy and attempt rate. For the latter we sug-
gest the same origin as for the 1/f noise in larger devices,
namely, switching events in the remote n-Al,Ga;_ As
impurity layer which are weakly coupled to the 2DES.
Hence, in small-area Hall devices for the first time in these
materials a systematic decomposition of the 1/f noise in
the Hall voltage to its Lorentzian constituents and thus the
kinetic signature of a single fluctuator in the noise spec-
trum has been investigated.
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