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The resistivity of spatially selectable regions pitype 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 tempédtature

K), the resistance op-InAs coated with InAlAs and InGaAs is increased by a factor of 180
compared with barg-InAs. © 1999 American Institute of Physids$S0021-8979)06612-§

I. INTRODUCTION InAlAs interface can be adjusted by changing the Al content
in the thin InAlAs layer. If the group-Ill componeritn,Al)
p-type InAs has several properties, which makes it atcontains 60% aluminum (}AlggAs), our simulations
tractive for superconductor/semiconductor hybrid structuresshow that the 2DEG at the interface between InAs and
e.g., Josephson weak links and three-terminal devices. InAlAs is removed. The InGaAs cap layer is necessary to
The most remarkable property is the native inversion layeprotect the InAlAs layer against oxidation of Al.
on the surface, which has the characteristics of a two- Our experiments show that the resistivity of InAs coated
dimensional electron ga@DEG). This is because the Fermi with InAlAs and InGaAs is increased up to a factor of 180
level at metalp-type InAs or vacuunp-type InAs interfaces compared with barep-InAs. By selective removal of the
is pinned inside the InAs conduction bah@The Fermilevel InAlAs and InGaAs layers only in the area of the
pinning leads to the absence of a Schottky barrier at theemiconductor/superconductor weak link junction an “insu-
metal/InAs interface, thus allowing us to prepare low resisdation” of the semiconducting material around the junctions
tive metal/l2DEG contacts. If the 2DEG is connected tocan be provided. This method promises therefore an increase
closely spaceda few 100 nm superconducting electrodes, a of the IRy product of thep-InAs Josephson weak links.
supercurrent can flow. By placing a gate between the supefurthermore, the device isolation is important for the perfor-
conducting electrodes, the supercurrent can be controlled bypance of the gate control with hybrid three-terminal step
applying an appropriate gate voltage. A Josephson field efunctions presented in Refs. 3 and 4. In these devices, a gate
fect transisto(JOFET) based on the surface-inversion layer embedded irp-InAs needs to be electrically isolated from
on p-InAs has been demonstratednd a hybrid three- the superconducting electrodes.
terminal step junction has been proposedhd realized. In Sec. I, the investigated layer systems are described.
However, the surface-inversion layer based devices and jund-he valence and conduction band profile as well as the car-
tions have the disadvantage of the lack of device isolationtier concentration profile of bangeInAs andp-InAs covered
The use ofp-InAs allows only vertical isolation, since the with InGaAs and InAlAs are calculated. In Sec. Il the
surface inversion layer is separated from the conductive resample preparation is described. In Sec. IV A, results on bare
gion by a depletion regiofsee Sec. )l The presence of a p-type InAs while Sec. IV B results op-InAs coated with
conducting layer over the entire surface of botlandp-type  InAlAs/InGaAs are discussed.
InAs crystals, even after etching of a mesa, results in a re-
duction of the product .of (_:ri.tical cu.rrent—norm.al state resis-“_ THE SEMICONDUCTOR STRUCTURES
tancel ;Ry and makes it difficult to isolate devices laterally.
Kleinsasset al.” have shown that an increase of th@y Figure 1 shows the two layer systems considered here:
product of InAs-coupled Josephson weak links can beThe first structurgtype A) consists of a 300-nm-thick low
achieved by using an InAs mesa, which is grown on semip-doped @ )-InAs layer, which is grown by molecular
insulating GaAs. beam epitaxy(MBE) on a 500um-thick InAsp™ substrate.

In this article, we report on a method to increase theThe doping level of the epitaxial layer [5=5x 10" cm 2,
resistivity on arbitrary regions of the-type InAs wafer by ~and the doping level of the InAs substratepis 10" cm™>.
using epitaxially growrp-InAlAs layers andp-InGaAs lay- For the second layer systerftype B), a 300-nm-thick
ers on top ofp-InAs. The carrier concentration at the InAs/ p~-InAs layer, a 30-nm-thickp™-Ing /Al 6As layer, fol-

lowed by a 10-nm-thickp™-Ing s8Gay 47AS layer are grown
dpresent address: Infincon Technologies AG, Balanstr. 73, 8154ttién, on thep"”-InAs substrate. . .
Germany. At the surface ofp-InAs, with acceptor concentrations
bElectronic mail: th.schaepers@fz-juelich.de below 2x 10" cm 38 a native inversion layefn-type) is
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FIG. 1. Layer structur€A): 300 nmp~-InAs are grown by molecular beam 20x10"
epitaxy on gp*-InAs substrate. Layer structu(8): 10 nmp~-InGaAs and ool , e R T ST

30 nmp~-InAlAs are grown epitaxially on top of structure A. 0 50 100 150 200
z (nm)

p(cm )

. ) ) FIG. 3. Calculation of the band-structuf@ and the carrier concentration
formed, which has the properties of a 2DEG. Figure 2 showsb)of a p-type InAs/InAlAs/InGaAs structureEr is the Fermi energyE,

a self-consistent calculatidof the conductance and valence indicates the lower conduction band edge, &dthe upper valence-band
band profile(a) together with the carrier concentraticn) for ~ €dge. 6<2<10 nm: InGaAs, 10 nmiz<40 nm: InAlAs, 40 nMxz<340

low p-doped @7)-InAs (layer system A in Fig. 1 The nm: InAs.

simulation is based on the density functional metHbd@ihe

energy gap of InAs ise;=0.418 eV at a temperaturé The conduction and valence band profile as well as the
=4.2 K and the Fermi level is pinned above the conductiorcarrier concentration profile of InAs can be modified byiran
band edge. The spatial extension of the surface inversiogity grown material with a different energy gap. In Fig. 3,
layer is approximately 20 nm. Thelayer is separated by an the band structuré&) and the carrier concentration profile)

approximately 100-nm-thick depletion layer from the bplk  of the InAs/InAlAs/InGaAs layer systersample B, see Fig.
layer. A typical sheet carrier density at the surface of InAs is1) is shown.

~10"2 cm 2! In order to obtain a carrier concentration of  For the simulation, the doping level pf=5x 106 cm™3
the 2DEG at the surface of, e.@up=0.7x10"2cm *[Fig.  for all three layers is used, which approximately corresponds
2(b)] a Fermi energy of 0.25 eV above the conduction bando the background doping level. The two top layers are 30-
edge at the surface was assumed. nm-thick Iny ,Alg6As and 10-nm-thick lpsGay4As. The
At T=300 K, the conductivity op-InAs is p-type. With  values of the conduction and valence band offsatE{ and
decreasing temperature, the hole density freezes outTFor AE ) as well as the values for the band gap are taken from
<250 K, the conductivity of our structuresiistype as con-  Fig. 1 in Ref. 13. Since in Ref. 13 the parameters of the
firmed by Hall effect measuremerifsThis is because at low compounds are given far=300 K only, we use as reference
temperatures the two-dimensional surface channel condugoints the energy gap values of InA8.418 eV, InAlAs
tance is larger than the bulk conductance. Due to the carrign1.84 eV}, and InGaAs(0.813 eV} given in Ref. 8 forT
freeze out at low temperature, the current carried by the=4.2 K. The band offsets between the different materials at
holes in the InAs is smaller that the current carried by the4.2 K are subsequently obtained by a linear approximation of
2DEG. the data given in Ref. 13. For the conduction band offsets
AE. (IngAlggAs/InAs)=1.3 eV and AE.(IngAlggAs/
Ing 545G 4/AS)=0.9 eV area obtained. The conduction band

(a) 05 ' ' ' edge of InGaAs at the surface is assumed to lie 0.2 eV above
< E, the Fermi level?
f_’l« 0.0 £ As can be seen in Fig. 3, theconducting layer at the
4 £ Y interface between InAs and InAlAs is suppressed. If the Al
05 F content in the InAlAs layer is reduced to, e.g., 20%, a small
0 B0 100 150 200 250 n-conducting region at the interface with a carrier concentra-
o 2 (nm) tion np~2x 10" cm? is still present.
1.0x10"®
_ g-gﬂgjﬁ \ Ill. SAMPLE PREPARATION
§ 4.0x10” \\ In order to investigate the specific resistance and the

= 2'0’8,8” \ magnetotransport properties a Corbino geonfetmas 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.
FIG. 2. (@) Calculation of the band schenfband energy va coordinate  The inner d; and outer diameted, of the rings are:
normal to the surface=0) for p~-doped InAs alf=4.2 K.Eg isthe Fermi ¢ (D1)=60 um, d;(D2)=100 um, d,(D2)=180 um,

energy, E, indicates the lower conduction band edge, d&dthe upper ) _ _ ) —
valence-band edgéb) Carrier concentration v&coordinate. Parameters of dl(D3)—3OO pm, dO(DB)_380 pm, d'(D4)_420 pm,

the calculation: doping levgl=5Xx 10 cm 3, E((z=0)=—0.25 eV, with  do(D4)=500 um. For the investigation of layer syste#),
respect to the Fermi energy,=0.418 eV. the Au ring electrodes are evaporated directly on InAs. For

17 N N N N
20107 55106 150 200 250

z (nm)
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FIG. 6. Ry of the Corbino disk as a function of a magnetic fiddin z

FIG. 4. Sketch of the four-point Corbino geometry. Four concentric Au ring direction atT=1 K.

electrodes are evaporated on top of InAs. The current is applied between the
inner (D1) and the outer ringD4). The voltage is measured between ring
electrodes D2 and D3a) View from top. (b) Cut through the Corbino disk

temperatures. From the resistance value at zero bias current
for layer system B.

Ro, the sheet resistance can be estimated using the equation

di(D3) )
do(D2)

whered;(D3)=300 um is the inner diameter of ring D3, and
do(D2)=180 um is the outer diameter of ring-electrode D2
see Fig. 4a)]. The zero-bias resistand®, increases from

0~250 atT=300 K toRy;=90 () at T=4.2 K. The sheet
resistance is calculated ®,~300() at T=300 K and 1.1
kQ atT=4.2 K.

If the differential resistanceV/dl at zero current bias

Ry is measured as a function of a magnetic fiBldvhich is

-1

the investigations of layer systertB), the InAlAs and 1)

InGaAs layers are removed in the area of the Corbino rings.
This is indicated in a cut through the Corbino disk shown in
Fig. 4b). 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 int
2H,0:1HCI for 30 s. Then, the 10-nm-thick InGaAs layer is
removed by etching with citric acid: 4@, for 35 s. Finally

the 30-nm-thick InAlAs layer is removed by a solution of
1H,0:3HCI for 5 s. The citric acid: KD, solution stops at

AllnAs, and the HCI etch stops at InAs. After etching, the applied in thez direction, Shubnikov—de Haas oscillations

Au ﬁ_lectrod_(ejs daret de[;osne? t%n the "?AS (sjurftacea to thed'® observed. Thus, the main contribution to the total con-
0 avoid destruction of Ihe semiconductor gue to eductivity is provided by the 2DEG. The Shubnikov—de Haas
bonding procedure, all rings are covered with gi@aving

st Il wind ¢ tact brid The bondi oscillations(for B>4 T) are depicted in Fig. 6, which shows
Just smafl windows open tor contact bridges. the bon ngo of the Corbino disk as a function .
pads are outside the Corbino disks.

The period of the oscillations in (B} yields a carrier

RDIZWRo{ln(

o <1012 ~m—2
IV. EXPERIMENTAL RESULTS AND DISCUSSION concentration in the 2DEG ofip~10'2 cm™“. From the
_ increase ofRy(B) for smallB (B<1 T), the mobility w is

A. Results with  p-type InAs estimated to be.~5000 cnf/V's using the approximation

Figure 5 shows a set of current-voltade-¥) charac- [Ro(B)— Ro(0)1/R(0)~?B.*® Fromn and , the sheet

teristics of the Corbino disk on bagglnAs for different  resistance is calculated to b= (enpu) '~1.25 K.
This value is in reasonable agreement viRth obtained from

the zero-bias resistance of the Corbino diske aboveso
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 he thickness of the
gate oxide (Si@Q) is 250 nm. Measuring the zero-bias resis-
tanceR, as a function of the gate voltage for different mag-
netic fields between 0 and 10 T, we obtain the result that the
carrier concentration,p, varies linearly with the gate voltage
V,. For Vyg=—6 V: nyp~2x10" cm 2 V,=0 V: nyp

g Zg —2 . J 2 —2
~1.2x10% cm % andVy=2 V: nyp~1.6x 10" cm™>. For
V4=0 V only the first subband is occupiét!.

0.4

T=42K: R,=90Q
T=110K:R,=65Q
02| T=300K:R;=25Q

0.0}

U (V)

20 4 0 4
0.4} 1 (mA)

-6 -I4 2 0 2 4 6 B. Results with InAIAs/INAGaAs coverage  p-type InAs

1(mA) In this section, the experimental results obtained with

FIG. 5. 1=V curves of the Corbino disk on bapelnAs for differentT. The layer system BInGaAs/InAlAs on top of InAs, Fig. lLare

inset shows the differential resistance as a function of the bias curfent prese_nted_. Figure (@ ShO_WS a set of -V curves of the
T=42K. Corbino disk{ sample configuration is shown in Figib}] for
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etry, where the Au rings are evaporated directly on top of

(@ 0.3

[ T=42K :R =16 kn\ InGaAs, the sheet resistance of InGaAs at 4.2 K is deter-
ook T=200K:R,=3kQ mined to beR;~200 K, which is approximately the value
T=270K:R,=18kQ obtained above. ThuR;=195 K is just a lower limit of
] T=300K:R =25Q

the sheet resistance of the covepelhAs 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 InAIAs/InGaAs cap layers or con-

0.1

~100 -50 0 50 100 tact resistance, the following test has been performed. First,
t(uA) Corbino disks on covered InAs were measufgtducture B,
(b) 20 giving the results discussed above. Then the cap layers have
15 ., been removed completely. These modified samples have
g 10 . v shown the properties of bagInAs. For this test, the Au
> 5 B P U rings served directly as contact pads.
0 e The amount of increase in resistivity depends on the Al
10 100 content and on the doping level of the InAlAs cap layer.
T(K) With InAs coated with 1§ 55Al 5 46AS, the increase in resis-

tivity is only a factor of 2 compared with bagInAs. This
FIG. 7. () I-V curves of the Corbino disk usingitype InAs coated with  confirms the expected resultee also calculation shown in

InAlAs/InGaAs (layer system Bfor different temperatures. The InAlAs and Sec. Il)) that the carrier density in the surface |ayer depends
InGaAs cap layers are removed in the contact area of the ring electrodes.

The inset shows the differential resistard/d| as a function ofl for T on the concentration of Al in the InAlAs layer'
=4.2 K. (b) Temperature dependence of the zero-bias resist@pce

V. CONCLUSIONS

. ) . i A method to reduce the carrier density of the surface
different temperatures. Figurglyj depicts the zero-bias re- jnyersion layer ofp-InAs is presented. Experimental results
sistanceRo=dV/dI(I=0) vsT. The inset shows the differ- anq pand structure calculations are discussed for paype
ential resistanceV/d| as a function of the bias curreht InAs and forp-type InAs coated with InAlAs and InGaAs.

The resistance of the Corbino disk increases flB1  The surface inversion layer gfInAs has an electron con-

=250 atT=300 KtoR,=19 K) at T=2 K. At4.2 KRy  centratiomn,p~ 1012 cm 2, a mobility x~5000 cn#/V's, and
has a value of 16 R, which results in a sheet resistarRg a sheet resistand@ ~1.1 k) at T=4.2 K. If the p-InAs is

of 195 K. This is an increment of a factor of 180 compared -gated with InAlyAs, no 2DEG exists at the interface
with R, of barep-InAs at 4.2 K. The resistance increase atpetyeen InAs and InAlAs. The sheet resistance of the inter-
low temperatures shows that the presence of the INAlAg5qe layer is increased up Ry~230 k) at T=2 K, which

layer on top of InAs changes the low-temperature electronigpaws that our method of device isolation is well suited for
pr_ope_rtles of the InAs surface layer. At h|ghe_r temperaturgg,,, temperature applications.

this difference is not that large as can be seen in Kly.due
to the increasing contribution of thetype conductance of
the InAs layer.

At T=300 K, R of covered InAs is equal tB of bare The authors are grateful to A. |. Braginski, H. thy K.
InAs (=300 Q). This indicates that the properties of the Neurohr, and D. Uhlisch for valuable support and discus-
holes, which are not frozen-out at room temperature, are nctions.
significantly affected by the presence of the InAlAs/InGaAs
cap layer. 1H. Takayanagi and T. Kawakami, Phys. Rev. L&#, 2449(1985.

The magnetic field dependence of the zero-bias resis?A. W. Kleinsasser and W. J. Gallaghdtree-Terminal Devicesn Su-
tanceR, at low temperaturesT(= 0.3 K) differs from the perconducting Devices, edited by S. T. Ruggiero and D. A. Rudiea-
behavi b d for b InAs (for the latt Fia.)6 demic, Boston, 1990 p. 325; A. W. KleinsasseField Effect Devicesin

ehavior observed for bafeinAs (for the latter see 'g') _ The New Superconducting Electronics, edited by H. Weinstock and R. W.
R, of the covered InAs depends only weakly on the magnetic Ralston(Kluwer Academic, Dordrecht, 1993p. 249.
field and decreases wih BetweerB=0 T andB=9 T, R, SA. Kastalsky, “Hybrid Devices, Particularly Josephson Transistors,”
; ; 0 ; _ patent, U.S. No. 5793058August 1998, German Patent offices, No.
is d_ecrfeased by approximately 5%. No Shub.nlkov de _I—|aasl%49500'asubmitted’ November 1996
oscillations are observed, therefore no 2DEG is present in theg ¢ | achenmann, A. Kastalsky, A”fster, D. Uhlisch, K. Neurohr, and
structure. Th. Schpers, J. Appl. Phys83, 8077(1998.
Since the Au rings on InAs are not insulated from the ZO A. Melad land \éV- G. Sitztﬁr, Phys.lRelf4, 713(19?4). .
; J. N. Walpole and K. W. Nill, J. Appl. Phy€l2, 5609(1971).
InGaAs and In.AlAS.IayerS’ the measu_re_d resistance of the7A. W. Kleinsasser, T. N. Jackson, G. D. Pettit, H. Schmid, J. M. Woodall,
coveredp-InAs is limited by the conductivity of the two cap  anq p. p. Kern, Appl. Phys. Lett9, 1741(1986.

layers. As determined from measurements in Corbino geom#Landolt-BernsteinNew Seriesedited by O. Madelung, Group IlI: Crystal
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