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The resistivity of spatially selectable regions onp-type InAs is increased by epitaxial growth of a
larger band-gap material, i.e., InAlAs, on top of InAs. Due to this InAlAs layer, the formation of a
two-dimensional electron gas in the InAs layer is suppressed. This is demonstrated experimentally
and supported by calculations of the conductance and valence band profile. At low temperature~4.2
K!, the resistance ofp-InAs coated with InAlAs and InGaAs is increased by a factor of 180
compared with barep-InAs. © 1999 American Institute of Physics.@S0021-8979~99!06612-8#

I. INTRODUCTION

p-type InAs has several properties, which makes it at-
tractive for superconductor/semiconductor hybrid structures,
e.g., Josephson weak links and three-terminal devices.1–4

The most remarkable property is the native inversion layer
on the surface, which has the characteristics of a two-
dimensional electron gas~2DEG!. This is because the Fermi
level at metal/p-type InAs or vacuum/p-type InAs interfaces
is pinned inside the InAs conduction band.5,6 The Fermi level
pinning leads to the absence of a Schottky barrier at the
metal/InAs interface, thus allowing us to prepare low resis-
tive metal/2DEG contacts. If the 2DEG is connected to
closely spaced~a few 100 nm! superconducting electrodes, a
supercurrent can flow. By placing a gate between the super-
conducting electrodes, the supercurrent can be controlled by
applying an appropriate gate voltage. A Josephson field ef-
fect transistor~JOFET! based on the surface-inversion layer
on p-InAs has been demonstrated1 and a hybrid three-
terminal step junction has been proposed3 and realized.4

However, the surface-inversion layer based devices and junc-
tions have the disadvantage of the lack of device isolation.
The use ofp-InAs allows only vertical isolation, since the
surface inversion layer is separated from the conductive re-
gion by a depletion region~see Sec. II!. The presence of a
conducting layer over the entire surface of bothn- andp-type
InAs crystals, even after etching of a mesa, results in a re-
duction of the product of critical current–normal state resis-
tanceI cRN and makes it difficult to isolate devices laterally.
Kleinsasseret al.7 have shown that an increase of theI cRN

product of InAs-coupled Josephson weak links can be
achieved by using an InAs mesa, which is grown on semi-
insulating GaAs.

In this article, we report on a method to increase the
resistivity on arbitrary regions of thep-type InAs wafer by
using epitaxially grownp-InAlAs layers andp-InGaAs lay-
ers on top ofp-InAs. The carrier concentration at the InAs/

InAlAs interface can be adjusted by changing the Al content
in the thin InAlAs layer. If the group-III component~In,Al!
contains 60% aluminum (In0.4Al0.6As), our simulations
show that the 2DEG at the interface between InAs and
InAlAs is removed. The InGaAs cap layer is necessary to
protect the InAlAs layer against oxidation of Al.

Our experiments show that the resistivity of InAs coated
with InAlAs and InGaAs is increased up to a factor of 180
compared with barep-InAs. By selective removal of the
InAlAs and InGaAs layers only in the area of the
semiconductor/superconductor weak link junction an ‘‘insu-
lation’’ of the semiconducting material around the junctions
can be provided. This method promises therefore an increase
of the I cRN product of thep-InAs Josephson weak links.
Furthermore, the device isolation is important for the perfor-
mance of the gate control with hybrid three-terminal step
junctions presented in Refs. 3 and 4. In these devices, a gate
embedded inp-InAs needs to be electrically isolated from
the superconducting electrodes.

In Sec. II, the investigated layer systems are described.
The valence and conduction band profile as well as the car-
rier concentration profile of barep-InAs andp-InAs covered
with InGaAs and InAlAs are calculated. In Sec. III the
sample preparation is described. In Sec. IV A, results on bare
p-type InAs while Sec. IV B results onp-InAs coated with
InAlAs/InGaAs are discussed.

II. THE SEMICONDUCTOR STRUCTURES

Figure 1 shows the two layer systems considered here:
The first structure~type A! consists of a 300-nm-thick low
p-doped (p2)-InAs layer, which is grown by molecular
beam epitaxy~MBE! on a 500-mm-thick InAs p1 substrate.
The doping level of the epitaxial layer isp5531016 cm23,
and the doping level of the InAs substrate isp51017 cm23.
For the second layer system~type B!, a 300-nm-thick
p2-InAs layer, a 30-nm-thickp2-In0.4Al0.6As layer, fol-
lowed by a 10-nm-thickp2-In0.53Ga0.47As layer are grown
on thep1-InAs substrate.

At the surface ofp-InAs, with acceptor concentrations
below 231017 cm23,8 a native inversion layer~n-type! is
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formed, which has the properties of a 2DEG. Figure 2 shows
a self-consistent calculation9 of the conductance and valence
band profile~a! together with the carrier concentration~b! for
low p-doped (p2)-InAs ~layer system A in Fig. 1!. The
simulation is based on the density functional method.10 The
energy gap of InAs iseg50.418 eV at a temperatureT
54.2 K and the Fermi level is pinned above the conduction
band edge. The spatial extension of the surface inversion
layer is approximately 20 nm. Then layer is separated by an
approximately 100-nm-thick depletion layer from the bulkp
layer. A typical sheet carrier density at the surface of InAs is
'1012 cm22.11 In order to obtain a carrier concentration of
the 2DEG at the surface of, e.g.,n2D50.731012 cm22 @Fig.
2~b!# a Fermi energy of 0.25 eV above the conduction band
edge at the surface was assumed.

At T5300 K, the conductivity ofp-InAs is p-type. With
decreasing temperature, the hole density freezes out. ForT
,250 K, the conductivity of our structures isn-type as con-
firmed by Hall effect measurements.12 This is because at low
temperatures the two-dimensional surface channel conduc-
tance is larger than the bulk conductance. Due to the carrier
freeze out at low temperature, the current carried by the
holes in the InAs is smaller that the current carried by the
2DEG.

The conduction and valence band profile as well as the
carrier concentration profile of InAs can be modified by anin
situ grown material with a different energy gapeg. In Fig. 3,
the band structure~a! and the carrier concentration profile~b!
of the InAs/InAlAs/InGaAs layer system~sample B, see Fig.
1! is shown.

For the simulation, the doping level ofp5531016 cm23

for all three layers is used, which approximately corresponds
to the background doping level. The two top layers are 30-
nm-thick In0.4Al0.6As and 10-nm-thick In0.53Ga0.47As. The
values of the conduction and valence band offsets (DEc and
DEv) as well as the values for the band gap are taken from
Fig. 1 in Ref. 13. Since in Ref. 13 the parameters of the
compounds are given forT5300 K only, we use as reference
points the energy gap values of InAs~0.418 eV!, InAlAs
~1.84 eV!, and InGaAs~0.813 eV! given in Ref. 8 forT
54.2 K. The band offsets between the different materials at
4.2 K are subsequently obtained by a linear approximation of
the data given in Ref. 13. For the conduction band offsets
DEc (In0.4Al0.6As/InAs)51.3 eV and DEc(In0.4Al0.6As/
In0.53Ga0.47As)50.9 eV area obtained. The conduction band
edge of InGaAs at the surface is assumed to lie 0.2 eV above
the Fermi level.14

As can be seen in Fig. 3, then-conducting layer at the
interface between InAs and InAlAs is suppressed. If the Al
content in the InAlAs layer is reduced to, e.g., 20%, a small
n-conducting region at the interface with a carrier concentra-
tion n2D'231019 cm22 is still present.

III. SAMPLE PREPARATION

In order to investigate the specific resistance and the
magnetotransport properties a Corbino geometry15 was used
~see Fig. 4!. The influence of the contact resistance between
Au and InAs is avoided by using four concentric ring-shaped
Au electrodes for current supply and voltage measurements.
The inner di and outer diameterdo of the rings are:
do(D1)560 mm, di(D2)5100 mm, do(D2)5180 mm,
di(D3)5300 mm, do(D3)5380 mm, di(D4)5420 mm,
do(D4)5500mm. For the investigation of layer system~A!,
the Au ring electrodes are evaporated directly on InAs. For

FIG. 1. Layer structure~A!: 300 nmp2-InAs are grown by molecular beam
epitaxy on ap1-InAs substrate. Layer structure~B!: 10 nmp2-InGaAs and
30 nmp2-InAlAs are grown epitaxially on top of structure A.

FIG. 2. ~a! Calculation of the band scheme~band energy vsz coordinate
normal to the surfacez50) for p2-doped InAs atT54.2 K. EF is the Fermi
energy,Ec indicates the lower conduction band edge, andEv the upper
valence-band edge.~b! Carrier concentration vsz coordinate. Parameters of
the calculation: doping levelp5531016 cm23, Ec(z50)520.25 eV, with
respect to the Fermi energy,eg50.418 eV.

FIG. 3. Calculation of the band-structure~a! and the carrier concentration
~b!of a p-type InAs/InAlAs/InGaAs structure.EF is the Fermi energy,Ec

indicates the lower conduction band edge, andEv the upper valence-band
edge. 0,z,10 nm: InGaAs, 10 nm,z,40 nm: InAlAs, 40 nm,z,340
nm: InAs.
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the investigations of layer system~B!, the InAlAs and
InGaAs layers are removed in the area of the Corbino rings.
This is indicated in a cut through the Corbino disk shown in
Fig. 4~b!. The following wet-chemical etching solutions are
used to remove the InGaAs and InAlAs layer. First, native
oxides are removed from the InGaAs surface by dipping into
2H2O:1HCl for 30 s. Then, the 10-nm-thick InGaAs layer is
removed by etching with citric acid: H2O2 for 35 s. Finally
the 30-nm-thick InAlAs layer is removed by a solution of
1H2O:3HCl for 5 s. The citric acid: H2O2 solution stops at
AlInAs, and the HCl etch stops at InAs. After etching, the
Au electrodes are deposited on the InAs surface.

To avoid destruction of the semiconductor due to the
bonding procedure, all rings are covered with SiO2, leaving
just small windows open for contact bridges. The bonding
pads are outside the Corbino disks.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Results with p-type InAs

Figure 5 shows a set of current–voltage (I –V) charac-
teristics of the Corbino disk on barep-InAs for different

temperatures. From the resistance value at zero bias current
R0, the sheet resistance can be estimated using the equation

Rh52pR0F lnS di~D3!

do~D2! D G
21

, ~1!

wheredi(D3)5300mm is the inner diameter of ring D3, and
do(D2)5180 mm is the outer diameter of ring-electrode D2
@see Fig. 4~a!#. The zero-bias resistanceR0 increases from
R0'25 V at T5300 K toR0'90 V at T54.2 K. The sheet
resistance is calculated toRh'300 V at T5300 K and 1.1
kV at T54.2 K.

If the differential resistancedV/dI at zero current bias
R0 is measured as a function of a magnetic fieldB, which is
applied in thez direction, Shubnikov–de Haas oscillations
are observed. Thus, the main contribution to the total con-
ductivity is provided by the 2DEG. The Shubnikov–de Haas
oscillations~for B.4 T! are depicted in Fig. 6, which shows
R0 of the Corbino disk as a function ofB.

The period of the oscillations in (1/B) yields a carrier
concentration in the 2DEG ofn2D'1012 cm22. From the
increase ofR0(B) for small B (B,1 T!, the mobility m is
estimated to bem'5000 cm2/V s using the approximation
@R0(B)2R0(0)#/R0(0)'m2B2.16 From n and m, the sheet
resistance is calculated to beRh5(en2Dm)21'1.25 kV.
This value is in reasonable agreement withRh obtained from
the zero-bias resistance of the Corbino disk~see above! so
that it can be concluded that no significant bypass channel is
present.

We also performed measurements with Corbino disks
having an additional gate ring–electrode between ring D2
and D3~not shown here, see Ref. 12!. The thickness of the
gate oxide (SiO2) is 250 nm. Measuring the zero-bias resis-
tanceR0 as a function of the gate voltage for different mag-
netic fields between 0 and 10 T, we obtain the result that the
carrier concentrationn2D varies linearly with the gate voltage
Vg . For Vg526 V: n2D'231011 cm22, Vg50 V: n2D

'1.231012 cm22, andVg52 V: n2D'1.631012 cm22. For
Vg50 V only the first subband is occupied.12

B. Results with InAlAs/InAGaAs coverage p-type InAs

In this section, the experimental results obtained with
layer system B~InGaAs/InAlAs on top of InAs, Fig. 1! are
presented. Figure 7~a! shows a set ofI –V curves of the
Corbino disk@sample configuration is shown in Fig. 4~b!# for

FIG. 4. Sketch of the four-point Corbino geometry. Four concentric Au ring
electrodes are evaporated on top of InAs. The current is applied between the
inner ~D1! and the outer ring~D4!. The voltage is measured between ring
electrodes D2 and D3.~a! View from top. ~b! Cut through the Corbino disk
for layer system B.

FIG. 5. I –V curves of the Corbino disk on barep-InAs for differentT. The
inset shows the differential resistance as a function of the bias currentI for
T54.2 K.

FIG. 6. R0 of the Corbino disk as a function of a magnetic fieldB in z
direction atT51 K.

8244 J. Appl. Phys., Vol. 85, No. 12, 15 June 1999 Lachenmann et al.



different temperatures. Figure 7~b! depicts the zero-bias re-
sistanceR05dV/dI(I 50) vs T. The inset shows the differ-
ential resistancedV/dI as a function of the bias currentI.

The resistance of the Corbino disk increases fromR0

525 V at T5300 K to R0519 kV at T52 K. At 4.2 K R0

has a value of 16 kV, which results in a sheet resistanceRh

of 195 kV. This is an increment of a factor of 180 compared
with Rh of barep-InAs at 4.2 K. The resistance increase at
low temperatures shows that the presence of the InAlAs
layer on top of InAs changes the low-temperature electronic
properties of the InAs surface layer. At higher temperature
this difference is not that large as can be seen in Fig. 7~b! due
to the increasing contribution of thep-type conductance of
the InAs layer.

At T5300 K,Rh of covered InAs is equal toRh of bare
InAs ~'300 V!. This indicates that the properties of the
holes, which are not frozen-out at room temperature, are not
significantly affected by the presence of the InAlAs/InGaAs
cap layer.

The magnetic field dependence of the zero-bias resis-
tanceR0 at low temperatures (T50.3 K! differs from the
behavior observed for barep-InAs ~for the latter see Fig. 6!.
R0 of the covered InAs depends only weakly on the magnetic
field and decreases withB. BetweenB50 T andB59 T, R0

is decreased by approximately 5%. No Shubnikov–de Haas
oscillations are observed, therefore no 2DEG is present in the
structure.

Since the Au rings on InAs are not insulated from the
InGaAs and InAlAs layers, the measured resistance of the
coveredp-InAs is limited by the conductivity of the two cap
layers. As determined from measurements in Corbino geom-

etry, where the Au rings are evaporated directly on top of
InGaAs, the sheet resistance of InGaAs at 4.2 K is deter-
mined to beRh'200 kV, which is approximately the value
obtained above. ThusRh5195 kV is just a lower limit of
the sheet resistance of the coveredp-InAs layer system at 4.2
K. The InGaAs cap layer is necessary to protect the InAlAs
layer against oxidation. Attempts to replace the InGaAs layer
by a layer which is insulating and provides sufficient protec-
tion of the InAlAs have not been successful, yet.

To exclude that the increase in resistivity of the covered
InAs is due to an artifact during sample preparation, i.e.,
incomplete removal of the InAlAs/InGaAs cap layers or con-
tact resistance, the following test has been performed. First,
Corbino disks on covered InAs were measured~structure B!,
giving the results discussed above. Then the cap layers have
been removed completely. These modified samples have
shown the properties of barep-InAs. For this test, the Au
rings served directly as contact pads.

The amount of increase in resistivity depends on the Al
content and on the doping level of the InAlAs cap layer.
With InAs coated with In0.52Al0.48As, the increase in resis-
tivity is only a factor of 2 compared with barep-InAs. This
confirms the expected result~see also calculation shown in
Sec. III! that the carrier density in the surface layer depends
on the concentration of Al in the InAlAs layer.

V. CONCLUSIONS

A method to reduce the carrier density of the surface
inversion layer ofp-InAs is presented. Experimental results
and band structure calculations are discussed for barep-type
InAs and forp-type InAs coated with InAlAs and InGaAs.
The surface inversion layer ofp-InAs has an electron con-
centrationn2D'1012 cm22, a mobilitym'5000 cm2/V s, and
a sheet resistanceRh'1.1 kV at T54.2 K. If the p-InAs is
coated with In0.4Al0.6As, no 2DEG exists at the interface
between InAs and InAlAs. The sheet resistance of the inter-
face layer is increased up toRh'230 kV at T52 K, which
shows that our method of device isolation is well suited for
low temperature applications.
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