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Reliable contacts to two-dimensional conduction layers
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For many experiments and device applications, electrical contacts to a two-dimensional conduction
layer must remain reliable under repeated temperature cycling between 300 and 77 K or lower. This
work introduces the use of a silicon-doped InAs contact to the AlGaAs/GaAs two-dimensional
electron gas which demonstrates exceptional reliability under such temperature cycling. The noise
spectrum of AlGaAs/GaAs contacted with silicon-doped InAs shows almost no dependence on bias
current; this fact can be used to improve the performance of device applications such as Hall
sensors. In addition, this work introduces an alternative two-dimensional conduction structure,
highly mismatched InAs/GaP. InAs/GaP contacted with Ti/Au shows reliability equal to AlGaAs/
GaAs contacted with silicon-doped InAs. The InAs/GaP material may be more desirable for some
applications because of the lower temperature dependence of its electronic properties and potentially
easier integration with silicon-based microelectronics. 2@0 American Institute of Physics.
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The AlGaAs/GaAs two-dimensional electron gasspacer layer functions to suppress Shubnikov—de Haas oscil-
(2DEG) has been instrumental in studies of quantum wellsjations by reducing the mobility of the 2DEG. Then, an
quantum wires, quantum dots, and the integral and fractionai-Al, Ga, /As layer and am™-GaAs cap layer are grown.
quantum Hall effects-* In addition, the high mobility and  Finally, InAs:Si and Ti/Au layers are added.
well-defined conducting channel of this 2DEG make it a  During a 30 s anneal at 750 °C, Si from the InAs:Si layer
promising candidate for device applications such as highjiffuses into the AlGaAs layer, thus providing contact to the
speed transistotand Hall sensor$:® Microscopic Hall sen-  2DEG. SIMS analysis shows no intermixing between the In-
sor arrays based on the AlGaAs/GaAs 2DEG have beeps:sj and GaAs; thus the dominant surface defect structure
used, for instance, to study vortex dynamics in superconductnould remain unaffected by the annEaMoreover, since
ors on the micron scafe’™® since some applications require the pylk defect density of AlGaAs is significantly smaller
operation at temperatures below 77 K, reliability under re-nan the density of diffused silicon, the electrical properties
peated temperature cycling is essential, and low temperatugg the structure are expected to remain unaffected by the

dependence of electronic properties is very desirable. anneal® The time and temperature of the anneal were opti-
However, during experiments with microscopic Hall

sensor arrays based on the AlGaAs/GaAs 2DEG, the com-
monly used alloyed NiGeAu contact was observed to fail
frequently, sometimes after only two or three temperature @ 500 A InAs:Si

cycles. This high failure rate was observed in devices manu- e & rrs
factured in two different laboratories. In order to improve o oGl cap layer _ ;
reliability, this work introduces a new Si-doped InAs 600 A n-Aly;Gay,As |
(InAs:Si) contact for AlIGaAs/GaAs. 20 A i-Al,;Ga,,As spacer layer

In addition, this work introduces highly mismatched Femmes R X
InAs/GaP with Ti/Au contacts as a new material for micro- 0.5 um i-GaAs buffer layer 2DEG
scopic Hall sensor arrays and other types of devices. Ti/Au- GaAs substrate

contacted InAs/GaP is very reliable, and the electronic prop-
erties of InAs/GaP show much smaller temperature (b)
dependence than those of AlGaAs/GaAs. InAs/GaP may also [ Auw/Ti |
be more suitable for integration with existing microelectron- 50 A i-Ing4Al,,As
ics because of the better compatibility between GaP and Si. 400 A i-InAs
Figure Xa) shows the material structure of AlGaAs/ o
GaAs with InAs:Si contacts. An undopeidGaAs buffer 2000 A i-GaP
layer is first grown on a GaAs substrate, followed by an AlGaP/GaP Superlattice
i-AlosGay 7As spacer layer. The thit20 A) i-Aly :Gay As i-GaP Substrate

FIG. 1. Schematic ofa) AIGaAs/GaAs 2DEG structure with InAs:Si con-
3Electronic mail: vks@physics.purdue.edu tacts andb) InAs/GaP structure with Au/Ti contacts.
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(a) TABLE |. Electrical characteristics of the AlIGaAs/GaAs 2DEG and InAs/
< AlGaAs
- . ; GaP structures.
InAs:Si n-AlGaAs  spacer i-GaAs
AlGaAs/GaAs 2DEG InAs/GaP
300 K 77K 300 K 77K
Sheet density 12 8.7 70 60
(10" cm™?)
Mobility (cnm?/V's) 6300 28 000 800 730
Magnetic sensitivity 600 840 520 590
(QIT)
Magnetic hysteresis 4.5 0.1 0.34 0.10
(mT)
~ ’
\[ I~ L2% . GaAs, decreasing the temperature from 300 to 77 K results
N

in a 28% decrease in sheet carrier concentration and a 340%

FIG. 2. (a) Energy band diagram for AlIGaAs/GaAs 2DEG. The dotted line !ncreas.e in mObi”ty' The measur_eq magnEtic ﬁe.ld sensitiv-
indicates the energy band without the InAs:Si contact. Note the increaseHy’ defm_Ed as the Hal,l VOIt.age divided by the bias current
band bending with the InAs:Si contact which shortens barrier width forand applied magnetic field, increases by 40% at 77 vs 300 K.
tunneling into the 2DEG(b) energy band diagram for InAs/GaP. The practical limit for magnetic field sensitivity is the
magnetic field hysteresis, a small difference between the
mized to produce the highest yield of ohmic contacts, thé/(H) measured in increasing and decreasing magnetic field.
lowest contact resistance and the lowest temperature depehhe hysteresis is not caused by irreproducibilities in tem-
dence of contact resistance. Previous studies of Si diffusioperature or applied magnetic field since different Hall ele-
into GaAs have measured the diffusion depth of Si to be 700nents on each device can show different amounts of hyster-
A at these annealing conditiof. esis. At 300 K, the hysteresis is equivalent to as much as 4.5
Figure Xb) shows the highly mismatched InAs/GaP mT; that decreases by 98% to only 0.1 mT at 77 K. After 20
structure. On top of the-GaP substrate, a 20 period super-temperature cycles between 300 and 5 K, none of the 30
lattice consisting of 5 nm alternating layers of GaP and AlPcontacts failed, and the magnetic field sensitivity changed by
is grown in order to prevent outdiffusion of any impurities less than 0.4%, thus demonstrating excellent reliability under
from the substrate. Next, an intrinsic GaP layer, an intrinsidemperature cycling. By comparison, an AlGaAs/GaAs de-
InAs layer, and an intrinsic WpAl, ,As cap layer are grown. vice with alloyed NiGeAu contacts showed that five of the
The highly mismatched InAs/GaP interface gives rise to &30 contacts had failed within 20 temperature cycles, a failure
high density 6~10" cm™?) of ordered 90° dislocations, rate typical in our experience with alloyed NiGeAu contacts.
which are hypothesized to act as an array of structural dop- In Ti/Au-contacted InAs/GaP, decreasing the tempera-
ants and to create a two-dimensional conduction channel dtre from 300 to 77 K results in a 14% decrease in sheet
the interface”'8 Contact to this channel is made through thecarrier concentratiof?*an 8.8% decrease in mobility and a
InAs by Ti/Au on the surface of the structure. 14% increase in magnetic field sensitivity. Note that the tem-
Figure da) illustrates the InAs:Si electrical contact to perature dependence of all three quantities is significantly
the 2DEG in terms of the energy band diagram oflower than in AlGaAs/GaAs. The magnetic field sensitivity
AlGaAs/GaAs'® Silicon diffusion from the InAs:Si layer of INAs/GaP is also lower than that of AlGaAs/GaAs: 13%
into the underlying AlGaAs layer results in band bending inlower at 300 K and 30% lower at 77 K. The magnetic field
the AlGaAs. This reduces the width of the potential barrierhysteresis in InAs/GaP is only 0.34 mT at 300 K, signifi-
for electron tunneling. Figure(B) shows the band diagram cantly lower than in AlGaAs/GaAs at 300 K, and 0.1 mT at
of InAs/GaP!’ Since no tunnel barrier exists in InAs/GaP, 77 K, equal to that of AlGaAs/GaAs. Twenty temperature
electrical contact to the interface layer is accomplished dicycles between 300 dn5 K resulted in no contact failures
rectly through the InAs epilayer. and less than 0.4% change in magnetic field sensitivity.
Both structures were photolithographically patternedHence, Ti/Au contacted InAs/GaP shows reliability equal to
into Hall array devices containing a series array of 14 Hallthat of InAs:Si-contacted AlGaAs/GaAs.
sensors. Measurements of the Hall voltage versus applied Figure 3 shows the noise spectra of the two types of
magnetic field,V(H), up toH=1 T were conducted in a devices. At zero bias current, the noise spectra of both de-
Quantum Design PPMS with a 7-T superconducting magnevices are identical. Below 10 Hz, the noise voltage decreases
Each device was repeatedly cycled between 77 and 300 Keery rapidly from approximately 500 n\Hz to less than
with V(H) measurements taken during each cycl@at77 25 nV/\JHz, but above 10 Hz, the noise voltage is approxi-
K and T=300 K. A bias current of 3QA was applied as an mately independent of frequency.
ac square wave in order to cancel electrical asymmetries. Increasing the bias current results in increased noise
Noise voltage spectra were measured using a Stanford Reeltage, mostly at frequencies above 3 Hz. As the current is
search 850 digital lock-in amplifier. increased from O to 4RA, the average noise between 20 and
Table | summarizes the electrical characteristics of thes0 Hz increases from 13 to 30 nyiiz in the InAs:Si-
two materials. In the case of InAs:Si-contacted AlGaAs/contacted AlGaAs/GaAs device. In contrast, it increases
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600 T & Although AlGaAs/GaAs demonstrates higher magnetic

s00, @ I ] field sensitivity, the appreciable temperature dependence of
c) 400_\\ E 40 this sensitivity can lead to significant errors in magnetic field
E \ N 207/ measurement if the operating temperature is not well con-
52 30044 2 ol ‘ ‘ ‘ [ trolled. Furthermore, the large magnetic field hysteresis ob-
> 2004 \ < 0 10 20 30 40 served neaflT=300 K limits the accuracy of the AlGaAs/

GaAs Hall sensors near room temperature.

In contrast, the relatively low temperature dependence
observed in the InAs/GaP Hall sensors makes them espe-
cially suitable for magnetic field measurements when the op-
erating temperature varies or is not well controlled. In addi-
tion, the relatively low magnetic field hysteresis near 300 K
enables measurements near room temperature.

In conclusion, this work demonstrates the suitability of
InAs:Si-contacted AlGaAs/GaAs and Ti/Au-contacted InAs/
GaP for low- and variable-temperature device applications.

f (Hz) The new InAs:Si contact enables the use of AIGaAs/GaAs in
FIG. 3. The square root of the voltage noise spectral densi) @s a  @pplications which require robustness under repeated tem-
function of frequency and applied bias current at 300 K. The inset shows th@erature cycling, and the noise characteristics of this struc-
dependence of the average noise between 20-50 Hz on the applied biggre can be exploited to further improve the signal-to-noise
current; (&) AlGaAs/GaAs;(b) InAs/GaP. ratio. In addition, InAs/GaP with Ti/Au contacts demon-
strates reliability equal to AIGaAs/GaAs with InAs:Si con-

from 15 to 64 nVAHz in the Ti/Au-contacted INAs/GaP  tacts and also offers more uniform electrical properties over
device. Thus, at a bias current of 4, the AlGaAs/GaAs 3 wider temperature range.
device with InAs:Si contacts shows a 54% lower noise level
than the InAs/GaP device with Ti/Au contacts.
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