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Four-point measurements of n- and p-type two-dimensional systems
fabricated with cleaved-edge overgrowth
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We demonstrate a contact design that allows four-terminal magnetotransport measurements of
cleaved-edge overgrown two-dimensional electron and hole systems. By lithographically patterning
and etching a bulk-doped surface layer, finger-shaped leads are fabricated, which contact the
two-dimensional systems on the cleave facet. Both n- and p-type two-dimensional systems are
demonstrated at the cleaved edge, using Si as either donor or acceptor, dependent on the growth
conditions. Four-point measurements of both gated and modulation-doped samples yield fractional
quantum Hall features for both n and p types, with several higher-order fractions evident in n-type
modulation-doped samples. © 2005 American Institute of Physics. �DOI: 10.1063/1.2135407�
Cleaved-edge overgrowth �CEO� was introduced with a
two-point measurement of a two-dimensional �2D� electron
system grown on an in situ cleaved facet.1 Since then, this
technique has been adapted to create various low-
dimensional n-type transport structures.2–7 p-type devices
with the same structure as the n-type promise to reveal dif-
ferent physics due to the large hole mass and strong spin-
orbit coupling,8 and recently the first p-type CEO structure
was demonstrated in the form of a quantum wire.9 To date,
however, transport measurements of a CEO-grown 2D hole
system have not been reported. In the effort to optimize CEO
growth for both p- and n-type structures, it would also be
helpful if four-point measurements could be performed to
characterize the overgrown interface.

In this letter, we present a contact design for four-point
transport characterization on the cleave facet, which we dem-
onstrate for both n- and p-type samples. Patterned contact
fingers are made of either n+-GaAs or p+-GaAs, and intersect
the 2D system grown on the cleave plane. CEO mobilities
reach 4�106 cm2/V s and manifest higher-order fractions in
the quantum Hall effect. Gated samples are grown by CEO
and tune the 2D density continuously. We also demonstrate
four-point measurements of a 2D hole system with a p-type
CEO.

First, we consider n-type samples.10 A semi-insulating
�001� substrate is overgrown with a buffer layer and 10 �m
of undoped GaAs. This is topped by 1 �m of n+ Si-doped
GaAs that is photolithographically patterned and etched,
leaving a row of n+ fingers �see inset, Fig. 1�. Etched struc-
tures more than 1 �m deep were observed to result in bad
cleaves. The distance between the individual fingers is
1 mm, and the width of the finger at the cleave plane is of
the order 10 �m. After reinserting the sample into the
growth chamber, it is cleaved in situ and the freshly exposed
perpendicular �110� cleavage plane is overgrown at opti-
mized CEO growth conditions with a substrate pyrometer
temperature Tpyr=490 °C and an As4 beam flux of PAs4
=3.3�10−5 mbar. A 420-nm Al0.3Ga0.7As barrier is grown,
capped with 20-nm GaAs, and the barrier contains Si � dop-
ing at a spacer distance 120 nm from the cleave interface.
Instead of the cap layer, n+-doped GaAs can complete the
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modulation-doped heterostructure and function as a side
gate. A 2D electron system forms at the GaAs/AlGaAs
cleave interface and is contacted by the n+ fingers, which
terminate at the cleave plane. The n+ fingers themselves are
easily contacted with indium annealed at 350 °C. We note
that transport measurements in these structures cannot show
parallel conduction since the fingers do not contact the
modulation doping layer. The 2D carrier density can be tuned
either by persistent photoconductivity or the side gate. Four-
point measurements were performed in a 3He cryostat, using
lock-in techniques at an excitation frequency of 17 Hz.

The density and mobility can be characterized, and four
contacts can be used to measure the longitudinal magnetore-
sistance Rxx�B�. Figure 1 shows Rxx measured at 340 mK for
an ungated sample, after illumination with a red light-
emitting diode �LED�. The density deduced from
Shubnikov–de Haas �SdH� oscillations is n=1.16
�1011 cm−2. From the sample geometry, the square resis-
tance R� can be deduced giving the mobility �=1/R�ne
=4.0�106 cm2/V s. At high magnetic fields up to 15 T,
minima at fractional filling factors �=1/3, 2 /3, 2 /5, 3 /5,
3 /7, and 4/7 can be clearly identified and attest the high
quality of the sample. One interesting and unexplained fea-
ture in these samples is the enhanced size of the fractional

FIG. 1. Longitudinal resistance Rxx of a modulation-doped 2D electron sys-
tem measured in a four-terminal geometry. Minima at fractional filling fac-
tors � demonstrate the high quality of the sample. Inset: lithographically

+
defined n fingers conduct to the 2D system as current and voltage contacts.
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quantum Hall resistance maxima in comparison to the inte-
ger features. The figure shows how the resistance of the in-
teger effect is magnified by a factor of 10� to be comparable
in scale to that of the fractional effect.

Another advantage of the finger contacting technique is
that gated CEO structures can be easily fabricated. Figure 2
compares the mobilities of a modulation-doped sample and a
gated sample at various carrier densities. In all samples the
mobility increases with increasing density, showing the en-
hanced screening of the remote ionized dopants designated
with empirical fit lines ��n1.5. The n+-finger contacts give
clear SdH oscillations at densities as low as n=6
�1010 cm−2. The mobility of gated structures, however, is an
order of magnitude lower than for the ungated structures at
the same density. Gated structures typically have a reduced
mobility relative to modulation-doped structures, but the
large difference observed here may arise due to heavy auto-
compensation typical to �110� n doping with Si.

Second, we study the growth and characterization of
p-type CEO samples.11 Silicon can be used as an acceptor in
�110� GaAs if the arsenic pressure is lowered �PAs=1.0
�10−5 mbar� and the sample temperature is increased �Tpyr

=670 °C� for the dopant layers, leaving the Si atoms to in-
corporate on the arsenic sites.12 The mutually perpendicular

�110� and �11̄0� crystal planes are suitable for p-type CEO,
and serve as the primary growth and cleave regrowth direc-
tions, respectively. The top layer of the substrate growth is a
patterned p+ layer above a 4-�m-wide undoped GaAs layer.
The modulation-doped layer in the cleave regrowth consists
of 2 nm of Si-doped Al0.3Ga0.7As separated by a 40-nm
spacer from the cleave plane. Even after LED illumination
and with highly doped p fingers, the electrical contact to the
2D system at the cleave plane was highly resistive and im-
proved by adding a 10-nm GaAs well layer to the cleavage
plane before the Al0.3Ga0.7As barrier. Nonetheless, the con-
tact resistance remained high, of order megohms.

Four-point measurements of Rxx �Fig. 3� demonstrate the
realization of a 2D hole system by means of CEO. The pro-
nounced minima at �=1 and 2 correspond to a hole density
of p=2.1�1011 cm−2. A measurement of R� yields the mo-
bility �=7.6�104 cm2/V s. A fractional quantum Hall ef-
fect feature is visible at �=2/3. We note that in p-type

FIG. 2. Mobility � vs electron density n for the best modulation-doped and
gated samples. The gated samples show an order of magnitude lower
mobility at the same density. The dotted lines designate the power law
�=n1.5.
samples, four-point measurements are useful to observe the
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low magnetic field beating in the SdH oscillations associated
with the densities of the two spin-split bands,13 though no
beating is resolvable here. The mobilities achieved in CEO
samples are about a factor of 3 smaller than the highest re-
ported values on �110� substrates doped with Si.12

In conclusion, a new sample design enables us to carry
out four-point measurements on 2D systems grown on in situ
cleaved facets. The CEO technique is used to fabricate both
n- and p-type 2D systems while incorporating Si as the dop-
ant in both cases. Four-point measurements of Rxx at low
temperatures show the fractional quantum Hall effect.
Modulation-doped samples have a significantly better mobil-
ity than samples with an additional side gate. The realization
of a 2D hole system on a cleaved facet is reported opening
up further possibilities for p-type CEO.
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FIG. 3. Longitudinal resistance Rxx of a modulation-doped 2D hole system
fabricated with cleaved-edge overgrowth and modulated growth conditions.
The minimum at �=2/3 indicates the onset of fractional quantum Hall
effect.
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