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We have used the finite element method to study the extraordinary magnetoresig&iRe effect of
semiconductor-metal hybrid structures in rectangular device geometries. These have recently been found to
exhibit intriguing properties interesting for magnetic-field sensors. Current and potential distributions in the
devices are calculated in an applied magnetic field. By these means, we investigate the EMR effect, in
particular, as a function of material parameters and of the contact resigiabeéveen the semiconductor and
the metal. In our calculations we find that should be within a specific operation regime in order to obtain a
pronounced magnetoresistance effect. We show that by means of the electron mobility in the semiconductor the
voltage and the current sensitivity of a hybrid device can be optimized with respect to an operation field in the

10-mT range.
DOI: 10.1103/PhysRevB.67.195312 PACS nunifer72.20.My, 72.80.Ey, 72.80.Tm, 85.35.Be
[. INTRODUCTION is a complex interplay between material parameters, the con-

tact resistance, and the device geometry. In this paper, we
Recently, the extraordinary magnetoresista(EeIR) ef-  present a theoretical investigation on these subjects. Our re-
fect has been observed in semiconductor-metal hybrigults are interesting for, both, basic and applied research on
structures:? Values for the magnetoresistanbeR=[R(B) materials and magnetotransport characteristics of hybrid de-
—R(0)]/R(0) as high as 750 000% have been reported for &!C€S. _ o
magnetic fieldB=4 T at room temperaturewhereR(B) is We have applied the finite element methdéEM) to

the device resistance at magnetic fildin their pioneering EMR devices and studied their behavior as a function of
work. Solin et al. dealt with EMR devices in a modified material parameters. It has been demonstrated by Moussa

o - : o _ et al® that the FEM is a powerful tool in studying the mag-
\sfs)r;diﬁr:iﬂﬁvzz%?sgrﬂitgo\:w;%% irz\t:ir fr(r; 3:;"'; mt(;]lg netotransport in hybrid structures. They modeled the modi-
. ' y fied vdP geometfyand showed a very good agreement be-
same group that also in a rectangular geometry the hybri

X . ween numerical results and, both, experimental data and
device showed the EMR effettere, a bulk semiconductor P

h d ide b L Thi i analytical results. FEM has advantages in so far as it does
was shunted on one side by a metal. This geometry offerefl; voq e highly symmetric geometries in contrast to ana-
even more intriguing technological properties, e.g., if inte-

k S lytical calculations. In our study, we address the perfor-
grated in magnetic-field sensors or read héaSuch EMR  mance of both types of rectangular devices discussed so far
sensors might be feasible in a very broad temperature ren the literature, i.e., hybrid structures involving a bulk
gime, ranging from cryogerficup to room temperature’ semiconductdr(type A) and a 2DESRef. 6 (type B). We
Very recently, modulation-doped semiconductor heterostrucfocus on these two configurations taken from the literature in
tures have been introduced to the field of the EMR effect. Irorder to make a comparison between theory and experimen-
such hybrid structures, a two-dimensional electron systengal data possible. A summary of the material data and device
(2DES was shunted by a metal filif In Ref. 6, it was  dimensions for these configurations can be found in Table I.
observed experimentally that in the modulation-doped semiThe effect of the mobility, the carrier density, and the contact
conductor heterostructure a variation of the mobijityand  resistance is evaluated for low magnetic fields up to 100 mT,
of the 2DES carrier densitig significantly changed the since it has been arguethat this would be the relevant field
EMR effect. So far, InAs-basédand InSb-basédhetero- range for applications of EMR devices as read heads and
structures have been involved in EMR studies of hybrid desensors. The EMR behavior of the devices analyzed here will
vices. An important difference between these materials i®e discussed in terms of the magnetic-field-dependent resis-
that the latter forms a Schottky barrier if it is in contact with tanceR(B) obtained in four-probe configuration, but also in

a metal while the former does not. As a result, different spetechnologically relevant terms like the current sensitivity
cific contact resistancgs, might occur. A recent experimen- dR/dB and the voltage sensitivity R/d R'dB.

tal study’ indicated the decisive role @f, with respect to the In Sec. Il we give a short introduction into the FEM
magnetoresistance behavior of a hybrid structure. The exnodel which we used for our calculations. In Sec. lll, we
perimental results on the EMR effect suggest also that thershow results of the FEM analysis on the magnetoresistance
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TABLE |. Material data and device dimensions of EMR devices from the literature. Ayparesponds
to the data of Zhowet al. (Ref. 2, which were obtained at room temperature, t@to the data of Mber
et al. (Ref. 6, which were obtained at 4.2 K.

Type Carrier density Mobilityw in the  Metal resistivityp,, Device dimensions of
in the semiconductor semiconductor () (1078 O m) semiconductor gmX wm)

A n=2.11x10%?m 3 4.02 22 2146 300

B Ng=5.7x10"m2 14.3 2.2 20 20

of bulk hybrid structures. The model for FEM analysis of with dimensionless field

2DES-metal systems is introduced in Sec. IV. The effect of a

contact resistance is investigated in Sec. V. In Sec. VI, the B=uB. 3)
dependence of the EMR on the metal conductivity is dis- o o

cussed. The influence of the carrier concentration and "€ Drude conductivity aB=0 T is given by

mobility in the semiconductor on the EMR effect is reported

in Sec. VII. In Sec. VI, we summarize and discuss the To=nNewu, (4)

results. wheren is the carrier density ang is the mobility of the

carriers. By means of the continuity equation, for the steady
Il. FINITE ELEMENT ANALYSIS state, we obtain

The current flow in the semiconductor-metal hybrid struc- _
ture is given by Ohm’s law V- [oVVixy)]=0 ®)
, for the electrical potentiaV. In order to apply the FEM, Eq.
|=0E, 1) (5) is rewritten in the form of a variational principle, as de-
scribed, e.g., in the publication by Moussgal®

Solutions of Eq.(5) are uniquely fixed only if a proper
system of boundary conditions is imposed. At the current
leads, the current densities perpendicular to the device
Qoundary are fixed, which give rise to the Neumann bound-
ary conditions. This is, however, not sufficient to uniquely
determine a solution of Ed5). In order to do so, we addi-
tionally impose a Dirichlet condition at a certain point of
the system, thereby fixing a common electrical ground.
For the mesh, we used triangular elements with linear inter-
polation functions. In order to obtain suitable meshes for
1 -8 the FEM, we used the software EasyMEshnd modified

) ) it for larger structures. For illustration, a typical mesh,
B 1 generated for a rectangular hybrid structure, is displayed
in Fig. 1. Probes are schematically shown at the bottom
of the drawing and are labeled by 1 to 5. The probes
labeled by 2, 3, and 4 are used as voltage probes, while
the labels 1 and 5 denote the current leads. The mesh is
very fine in the proximity of the probes and current leads
and at the edges of the semiconductor-metal interface in
order to account for the rapidly changing potential in these
regions.

For evaluating the potentials, we used pointlike probes in
our FEM analysis. To a good approximation, the obtained
value could be regarded as the averaged potential if a wider
probe was used.

FIG. 1. A mesh generated for a rectangular hybrid structure of
type A (top view), including current leads and voltage probes. It IIl. MAGNETORESISTANCE OF A BULK
contains over 10 000 nodes and more than 20000 triangular ele- SEMICONDUCTOR-METAL HYBRID STRUCTURE
ments. The semiconduct¢so) is in the lower, the metalm) in the
upper part of the figure. The mesh was refined in the proximity of APPlying the finite element method to a hybrid structure,
the current leads and voltage probes as well as the edges of thée are foremost interested in the magnetic-field-dependent
semiconductor-metal interface, in order to account for the formatiorpotential distributiorV/(r). The resistanc® can then be de-
of hot spots as described in the text. fined by

wherej (current density, o (conductivity matriy, and E
(electric field are local quantities. We restrict our analysis to
two dimensions described by the Cartesian coordinatgs
and magnetic fields that are perpendicular to xheplane.
This procedure requires the existence of a symmetry of th
device parallel to the magnetic field direction so that @yg.
can be separated into ary and az contribution. This sym-
metry is present in a bulk semiconductor-metal hybrid struc
ture. The conductivityo depends both on material param-
eters and magnetic field by

Oo

a(B)

_1+,32
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FIG. 2. Current distribution for the device depicted in Fig(type A) for different magnetic fields. The metal is denoted by m, the
semiconductor is by sc. The gray-scaled plot shows the local current démsit colors correspond to high densities, dark colors to low
densities. The bright lines illustrate the current flow starting from equidistant points in the left current lead. The three figures
correspond taB=0 T, B=250 mT, andB=500 mT, respectively. AlB=2, current lines get very close on the left-hand side of the
semiconductor-metal interface.

U(fl,fz)\ V(ry) —V(fz)\ by Zhouet al? In the following, we will focus on a symmet-

R(ry,ra)= o I E (6)  ric probe configuration. In the inset of Fig. 3, we show the
very good quantitative agreement between measurement and

wherel is the applied current and(r,r,) is the voltage OUr FEM resul_ts. The FEM analysis is fo_und to be a powerful

between the points; andr,. For EMR devices such as that technlque to interpret the magnetoresistance data of EMR

depicted in Fig. 1, we will consider voltage probes along oneleVices.

side of the semiconductor, as this is the probe configuration

reported in the experiment$.In addition to the potentials, V. MAGNETORESISTANCE OF A 2DES-METAL HYBRID

by means of the FEM we also obtain the magnetic-field- STRUCTURE

Fig. 1. the curent distbution is shown in Fig. 2. Here, we,. 1" application of the two-dimensional model described

have used the parameters of the device #@e displayed in in Sec. III_ to a real structure usually requires the existence of

Table I. Since the contact resistaneg between metal and atranglaﬂqn symmetry of the three-dimensional dewcg along

semiconductor has not been specified, we tpgk 0. One the z direction, since only then can E(b) be separated into

observes that for vanishing magnetic field, the current flowd" *Y: and az coniribution. This is, e.g., the case for bulk
straight from the current lead into the metal film, i.e., the
length of the current path in the semiconductor is minimized.
This is due to the fact that the resistivity of the metal is lower 35
than that of the semiconductor. For increasing magnetic field,
the current paths become more and more bent to the left-

40

hand side of the setup in Fig. 2. This deflection is due to the 2
Lorentz force. However, the shape of the current paths is also <} 20
determined by the device geometry and the boundary condi- o
tions at the interface. The current density thus peaks near the Ll
left edge of the semiconductor-metal interface for higher 0L

magnetic fields. Such “hot spots” necessitated a refined
mesh in the proximity of the interface edges as shown in Fig.

1. In the region around the right-hand edge of the interface 0 R S TR TR S

the current density is diminished. For a higher magnetic field A4 - A2 0 0 G 08 08 04

of a few teslas, our model predicts that the current peaks B (T)

vanish, since in that case nearly all current flows within the £\ 3. R(B) curves for different pairs of voltage probes labeled
semiconductor and barely enters the metal. by i andj. The geometry and the placement of the current leads are

The resistanc®, as defined in Eq(6) and evaluated for those of Fig. 1. The device dimensions and material parameters
different probe pairs, is shown in Fig. 3. For a symmetricare those of type in Table I. The inset shows the magnetoresis-
probe configuration, th&(B) curve is symmetric, while for tance (MR) in a symmetric probe configuratiof2,4) obtained
an asymmetric probe configuration, the curve shows amy the FEM compared with the experimental data of Zhou
asymmetry. This is in agreement with the behavior reportect al?
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[] metal wheret,, is the original thickness of the metal. Equatigh

M 2DES is assumed to be valid as long gsis small and the current
flows through the entire thickness of the metal film. The
relevant data for the two-dimensional analysis are given by
the electron densitN (1/n?) in the 2DES, the mobility

w (1T), and the metal conductivity2® (1/Q). The zero-
field conductivity of the 2DES is then

oo=Ngeu )

and its physical dimension is also (). This model for
2DES-metal hybrid structures allows an application of the
FEM as described in Sec. Il.

In this paper, we do not discuss the quantum phenomena
occurring in a 2DES-metal hybrid structure at low tempera-
tures and high magnetic fields. These are, e.g., Shubnikov-
de-Haas oscillations as observed in Refs. 6, 7. In the low
magnetic-field regime, where the EMR effect is observed,
the magnetoresistance can be modeled by Ejjsand (4).

V. EFFECT OF CONTACT RESISTANCE

FIG. 4. Two-dimensional model for a hybrid structure, where a  Modeling of EMR device’® has so far not considered the
2DES is in contact with a 3D met#h). The modeling procedure contact resistance at the semiconductor-metal interface.
consists first of a virtual rotation of the metal film along the 2DES-However, it has been observed very recently in experiments
metal interface axis, so that it lies in the same plane as the 2DE8n microstructured hybrid devices that the contact resistance
(b). The three-dimensional film is compressed to a two-dimensionaplays a decisive rol2In a mesoscopic device limit, a lower
metal film of conductivitya% (c). The contacts are schematically |imit for the contact resistance can be recalculated from the

drawn on the left-hand side of the device. Sharvin conductanékat zero magnetic field

2
semiconductor-metal hybrid structures analyzed in Sec. lll. GMzziM (9)
EMR devices consisting of a 2DES-metal hybrid structure as h

) ; > 6 ; 4
'ng?tSthga.‘te?:. by Mtb?r Ettﬁ'. and bytSoIg\et ?I' a”dthas where M denotes the number of electron modes fitting

d_ra ed in Ilg. 462 a‘?t bl |sfsymn(1jetry_.| drle:aE:\r;lg a | ree- {hrough the contact area. Here, ballistic transmission through
Imensional mesh suitable for-a detaile analysiS Ohe contact area is assumed with a transmission coefficient of

Fhese structures would require more thar"?_ IhOde_s, which one. Considering a 2DES-metal hybrid structure as shown in
imposes an enormous challenge on the simulation softwarer}.ig 4, the Sharvin resistance is given by

For this reason, we will develop a two-dimensional model of
the 2DES-metal hybrid structures. Our approach is outlined h
in Fig. 4. Here, we make use of the fact that the current R3D =
distribution is homogeneous in the thicknegsof the metal

film, which for the device studied in Ref. 6 was 500 nm. Itwherek,:= J27N, is the Fermi wave number ar, is the
varies ma'”'Y in the direction pa_ralle_l to t.rBaﬂ.eId N Fi9.  width of the 2DES-metal interface. We note that a real 2DES
4(@). The width of the metal film in this direction was gypipits a finite thickness. We assume in the following that

500{‘”“ in Ref. 6. . 8 the relevant parameter for this extension in trdirection is
First, we rotate the metal film by S@long the 2DES- ¢ thicknesg, of the InAs quantum well, which is in con-

metal interface axis, such that both components lie in the, \ith the metal. The specific contact resistapgecan
samex-y plane as depicted in Fig.(d). This rotation, i Lance be obtained from E(LO) by
general, means that also the magnetic field which acts on the

metallis rotated qlong.the same axis. The mobility of elec- pfh: RéﬂXaCXtc. (12)
trons in a metal is typically very low such that the dimen-
sionless parametgg [Eq. (3)] in the metal is effectively zero For the valuesa =200 um andt,=4 nm from Ref. 6, we
in the magnetic-field regime discussed in this work. In afind pg"=8.5x10"°  cn?. We assume that this value rep-
second step, we compress the metal to a two-dimension&gsents the lower limit for such a 2DES-metal hybrid struc-
film as shown in Fig. &). The two-dimensional conductivity ture. Please note tha" is a specific value for the given
of such a metal filmo2® is recalculated from the three- structure and is no longer dependent on, e.g., the geometrical
dimensional conductivityr2° by paramete@, .
In our model, we implement a magnetic-field-independent
>0 3D contact resistance between the semiconductor and the metal
Om =0m Xy, () by inserting a contact layer of widths. as shown in Fig. 5.

™

— , 10
262 kFac ( )
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experiment
F M, pc=g .......
FEM, p=8.5x1077 Qoms «eseese
¢ b FEM, p.=3.3x10 Qom;
m FEM, pe= 107 Qom?
- Metal el om 10T aam
250 T T T T T T T
3
Contact Layer ! be ”o
h
Semiconductor Dec
180
‘¢ . d
Jin | | Jout =
- 100
12 3 4 5
FIG. 5. Schematic drawing of the simulation setup, including an 50

additional contact layer between semiconductor and metal, which
will be used to model the interface resistance between both materi-
als. The width of the semiconductor, of the contact region and of the 0

. 04 03 02 01 0 01 02 03 04
metal are labeled by, b., andb,,, respectively. B (T)

This contact layer is characterized by a conductivity tensor, "'G- 8- R(B) curves for the typd device configuration from
Table |. The experimental resufsolid line) is compared to the

}ﬁ?rlﬁh does not depend dhand inx,y coordinates takes the results of the FEM analysis including a contact resistanceof
S

%,
et
1 ‘_f‘n

=ph=8.5x10"° Q cn?, p,=3.3x10% Qcn? (best fit to the
0 0o experimental curve atB=0T), p.=1x107Qcn? and
O'C—( )1 (12)  pe=1X 10 Qcr?. We also show the results fop.=0,
0 o which was assumed in earlier model calculations on the EMR
effect®®

ensuring that the current flows i direction through the
contact region and has nocomponent within this region.
The dimension obr. is (1/4)).

In order to simulate a specific contact resistapge we
therefore choose a combination of the paramédigi@nd o,
such that

tions between the FEM model and the real device, i.e., also
those which do not originate from the contact resistance. We
have also not included that the contact resistance might show
a field dependence. The fact that, both, the experimentally
determined value op. at B=0 and the simulated contact
resistance are so close, shows the good agreement of
) (13 FEM results and experimental data. A more detailed analysis
Oc of the experimental curves will be given elsewh&aVe
concentrate here on general conclusions that can be drawn
from our model and on theoretical predictions about the
FMR effect.

As shown in Fig. 7, varying the value of the contact re-
sistance leads to different values thirR/dB and 1R dRdB.
We find the existence of a critical value pf, which is

For reasons of numerical efficiency, we kdegfixed and, in
order to simulate different values pf, vary o.. The value
of b. is chosen for purposes of the mesh generation. Fo
simulating the device described by Mo et al.® we, e.g.,

choseb,=10 um. Figure 6 shows the effect of different
contact resistances dR(B) curves for the typd3 configu- Crit A 6 . o
ration in Table I. In the same figure, we compare ourdP0utpc =10 Qcn? Cfr‘izr the device modeled in Fig. 7.

calculations to the experimental data obtained byllato FOr values ofp. belowpc™, the magnetoresistance depends
et al® drastically on the exact value pf . At p.~pS", the current

We find by our calculations that a large value of the con-sensitivity rapidly decreases to zero in Figb)7 In Fig. 7(c),
tact resistance keeps the current from entering the metal. Abe voltage sensitivity is already zero fpf™. For values
low magnetic field, the minimum value &(B) atB=0 T pc>p§”t, the magnetoresistance in Figayis independent
increases for highes. . In high magnetic field, the effect of of p.. In this situation, the large. blocks the current from
the interface resistance dR(B) becomes negligible, since flowing across the interface, i.e., the charge transport is re-
the current flow is bent in the semiconductor and does nastricted to the 2DES. As a result, the resistance remains
cross the interface, so that the asymptotic behavidr(&) nearly unchanged when a magnetic field is applied. The volt-
is independent op. . age and current sensitivities are zero and the EMR effect is

We find the best fit between FEM results and experimendestroyed. For technological applications of the EMR effect,
tal data for a simulated contact resistance gif"=3.3  the control ofp, is hence a prerequisite.

x 10" 8 O cn?. This value is only a factor of 2 larger than From our FEM analysis, we find thaf™ depends on the
extracted from experimental deta? The small deviation can width by, of the semiconductor. This is shown in Fig. 8,
be understood, since the contact resistance is the only adjusthere the dependence of the current sensitivitypgrat B
able parameter in our model, and hence captures all devia=25 mT is depicted for a modified tyd@-device configu-
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(@) (b)
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st /1 E [ \,“ o] - -
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130 e 0L x 4 1 & B (mT)
100 7 0 & ] e 1
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o T o '
© - 0 50 100
o
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FIG. 7. The effect of contact resistance@hR(B), (b) dR/dB, and(c) 1/R dRdB at various values of the magnetic field. We refer here
to the typeB device configuration of Table | for the 2DES-metal hybrid structure. The arro® jpoint to the maximum values ofR/dB
for a given magnetic field. The insets show the magnetic-field dependeried®&dB, and 1R dRdB, respectively, forpc=pfh.

ration withbg,=7 um. For comparison, the curve from Fig. VL. EFFECT OF METAL CONDUCTIVITY
7(b) with bg.=20 uwm is included in the figure. We find that The EMR is not only affected by the quality of the

P_g” increases ibs. decreases. In the regime where the de-semiconductor-metal interface alone, but also by the resistiv-
vice sensitivity depends op., i.e., for p;<p&™, interest- ity of the metalp,,. Most devices studied so far used gold or

ingly, we observe local maxima ofR/dB [cf. arrows in Fig.

7(b)]. These are not very distinct fdyg.=20 um. For by, 280 L

=7 um, however, the maxima are very prominéot Fig. Bec=7 Bm ------
8). Additionally, the maxima are shifted to higher values of 200 i
p.. From Fig. 8, we also extract that a large contact resis- 1o i
tance can be compensated for by a smaller semiconductor E

width, i.e.,dR/dB of the device withb,,=7 um becomes = 100 ]
larger thandR/dB of the device withbg,=20 um for p. k]

=2x10 7 Q cn?. Such a tendency was also found experi- 5 s i
mentally by Mdler et al® It can be explained by the fact that

a smallerbg; increases the absolute resistance of the semi- 0 -

conductor which is shunted by the metal film. At the same

time, the path resistance perpendicular to the interface be- -501(;_8 1(;_7 1(;_6 1(;_5 1(;_4 et

comes smaller. That means that the metal acts as a shunt for
even higher values gi .

The insets in Fig. 7 show the magnetic-field dependence g g The effect of contact resistance ai/dB at B
of the calculated device performance foy=pg", i.e., for =25 mT for a typeB device configuration wittbg.=20 um and
the lower limit of the contact resistance. Here, we find thatwith a smaller width ofbg.=7 xm. The maximum otiR/dB oc-
the current sensitivitgl R/d B reaches large values at a higher curs at a higher value of., if we decrease the semiconductor

magnetic field than the voltage sensitivityRR d B. width. Additionally, p™ is larger for smallebs.

pe (@ cm?)
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1.5 PR
S - <
~— 1 - \".' -
m
9 15t : 05 + 3
% 0 i 1 1 \:‘
o 1k - 1020 102 10*  10%
- n(m?)
05 -
FIG. 10. The effect of variations of the carrier concentration on
0 ool (@ R, (b) dR/dB, (c) 1/R dR'dB based on the typA-device con-
107 107 107 10 910 10 107 10 figuration of Table I. At 7 107 m~3, the conductivity of the semi-
Prm (M) conductor equals that of the metal. For much higher values, the

metal does not act as a shunt anymore.
FIG. 9. The impact of the metal conductivity ¢a) R(B), (b)
dR/dB, and(c) 1/R dRdB at 25 mT and 50 mT for a typA-de-  conductor, so that an increasgg does not significantly alter
vice configuration. Here, we have assumge-0 in order to show  the overall resistance of the device. For resistivities higher
the effect ofpy, alone.py, in Ref. 2 was 2.%107% O m. than about X 10 6 Q m, the resistancR rapidly increases.
Simultaneously, the current and voltage sensitivities de-
an alloy with gold as a material for the shdmt® In our  crease. Ap,,=7x10"° Q m, the conductivity of the metal
model calculation, we have varied the resistivity of the metakquals that of the semiconductor. A variation mf around
pm and evaluated its effect orR(B), dR/dB, and this particular value has a significant impact on the overall
1/RARdB. This is shown in Fig. 9 for magnetic fields of resistance and on the device sensitivity. For values of the
25 mT and 50 mT on the basis of the typedevice configu- metal resistivity of more than 0.02 m, the metal does no
ration of Table I. In Fig. 9 the EMR properties remain nearlylonger play the role of a shunt, since the conductivity of the
unchanged up tp,=10 ¢ QO m. For p,,<10°% O m, the  semiconductor is then much higher than that of the metal.
resistivity of the metal is much lower than that of the semi-The current or voltage sensitivity of the hybrid structure in
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that case is zero. As in the case of a lagge the current 45 T Tedir —
flows mainly inside the semiconductor region and its distri- 40k P=24.8 1/T --nnmen i
W=49.8 1/T ==smeees

bution is not significantly changed by applying a magnetic
field.

Our results are important as they show that using a less
conductive or less pur@nd thereby perhaps less expengive a
metal does not significantly deteriorate the EMR behavior of
the hybrid structure which was presented in Ref. 2. Here, the
authors used a gold shunt with=2.2x10"8 Q m. In their
casep,, might even be a factor of 100 larger without degrad-
ing the device sensitivity.

It is important to notice here that by virtue of the two-
dimensional FEM model for 2DES-metal hybrid structures 4 08-06-04-02 0 02 04 06 08 1
described in Fig. 4, these considerations also apply to varia- B (T)
tions of the thickness of the metal filty,, since here the

product of film thickness and conductivity enters the model TGi 11d' Ih‘;_;a”argo'; of the ca_lr_rri]er mlobillitty in the sé)emi%on-
calculations Viwran [Eq (7)] uctor leads to difrrere ( ) curves. € Ccalculations are pased on

a configuration of type A in Table I. One observes that the

magnetic-field interval with finite values of the current sensitivity
VII. EFFECT OF CARRIER CONCENTRATION AND increases for lower mobilities.

MOBILITY

The carrier concentration of the three-dimensional bulk in Fig. 11 for a typeA device configuration. The impact of
semiconductor, oN¢ of the 2DES, enters the FEM analysis an increased mobility on these curves can be described by
via the conductivity in zero magnetic fietel) as expressed in  two effects.

Eqg. (4). The mobility u enters in, bothg [Eq. (4)] and 8 First, the zero-field resistance decreases, as it is mainly
=uB [EQ. (2)]. In our model, we can vary the carrier con- determined byo,, as long as the metal resistivity can be
centration and the mobility separately. In practice, this mighineglected. According to Eq@4) the dependence oR(B

be difficult for bulk samples, however, for modulation-doped=0 T) on u should then be almost reciprocal. The resistance
heterostructures, botiNs and u can be varied nearly inde- at very high magnetic fields should also show a behav-
pendently over large regimes. ior, since then effectively no current enters the metal and the

The dependence &, dR/dB, and 1R dR'dB on carrier  resistance is solely determined by the properties of the semi-
concentration for a typé- device is shown in Fig. 10. In- conductor. If this was the only effed®(B) would scale with
creasing the carrier concentration leads to a larger condugs for all magnetic fields in the same manner as with the
tivity of the semiconductor and thereby to a lower value ofcarrier concentratiom.
the device resistance. For a concentration mf;=7 However, second, a variation @f changes the device
X 10°° m~3, the conductivity of the semiconductor equals performance considerably also for intermediate magnetic
that of the metal. At concentrations higher than that, thefields. The field, wherdR(B) levels off moves to a higher
metal is no longer effective as a shunt and the EMR effectvalue B, i.e., the operation region of the device is enlarged
degrades. For values of which are much smaller than 7 for smaller values ofu. The effect ofu is in this respect
x 107 m™3, both the resistance and the current sensitivity liesimilar to a scaling factor along tHg axis.
on a straight line when displayed in the double-logarithmic In the following, we analyze the effect @f in more de-
plot of Fig. 10. From the slope of these curves, a iéhav-  tail. One finds a distinct maximum of the current sensitivity
ior of, both,R(n) anddR/dB(n) is obtained for a fixed field dR/dB and the voltage sensitivity RB/dR'dB for each of the
B. This behavior is also expected from E¢g). Accordingly, three magnetic fields displayed in Fig. 12. This means that
the voltage sensitivity H dRdB remains constant over a for an optimization of an EMR device as a magnetic-field
broad regime of the carrier density. For a technical applicasensor at a specific value of the magnetic figJdne should
tion, the carrier density should therefore be kept well belowutilize a semiconductor exhibiting a certain value of the mo-
Neit- However, the concrete value nfdoes not play a sig- bility. The value of 14 for whichdR/dB(u«,B) has a maxi-
nificant role for 1R dR'dB. By setting the parameter, itis ~ mum for a fixed magnetic fiel® depends linearly oB, as
thus possible to adjust the resistance of the hybrid structurghown in Fig. 13. This can be explained by the dependence
to some desired value for a certain magnetic field withoubf R on the dimensionless field. Once a value3 is found,
affecting the voltage sensitivity. Only the current sensitivity for which the current sensitivity becomes maximal, it re-
will change accordingly. The value,;; depends on the mo- mains maximal for different values & as long as the prod-
bility w in the semiconductor. The effect of the latter param-uct 8= uB is unchanged. For the typk-configuration the
eter will be discussed in the following. maximum is determined bgB=0.8, which can be derived

The impact of the carrier mobility. in the semiconductor from the slope of the curve displayed in Fig. 13. Optimizing
on the EMR effect is more complex. In the following, we the current sensitivity for a higher magnetic field thus re-
keep the carrier concentration constant for the analysis. Theuires a lower mobility. The maxima afR/dB(u) for the
shape of therk(B) curves for different mobilities is depicted typeA configuration take the same value of Q3T for all
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FIG. 12. The effect of varying the carrier mobility in the semiconductof@mR(B), (b) dR/dB, and(c) 1/RdRdB at 25 mT, 50 mT,
and 100 mT for a typé:x device configurationTable ). On the right-hand side, labeled frofd) to (f), data for the typeB device
configuration are plotted. Ifc) and(f) the maxima of the curves are connected with a straight line. Om &hés, we depict the regime of
mobilities which have been achieved in InAs-based quantum-well structures in low-temperature experiments.

three magnetic fields displayed in Fig.(b2 This value de- concentration over a broad regime, but is found to be af-
pends on the device geometry. Varying the carrier concentrefected by the device geometry.

tion leads to different maximum values ©R/dB, but, both,

the valuesu, for which these maxima occur, andRlIAR'dB

remain unchanged. The maxima oRIdRdB(w) for the VIII. SUMMARY AND DISCUSSION

type-A device configuration are found to lie on a straight line . . .
with the same slope of 0.8 and passing through the origin. In We have applied the FEM to, both, macroscopic hybrid
Figs. 12d)—12f), the corresponding results for the tyBe- Structures with lateral dimensions on the millimeter scale and

configuration are shown. In Fig. (& we find a maximum of mesoscopic samples with lateral dimensions on the microme-
dR/dB of about 600Q) /T. One observes that the maxima of ter scale and studied their magnetoresistance behavior. We
1/R dRdB(x) now lie on a straight line with a different have shown that the finite element method is a versatile tool
slope of 1.1. Again, this slope is independent of the carriein analyzing and predicting the properties of EMR devices.
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90 T T T T T 1 By means of FEM, it is possible to study systematically the
8 influence of the material parameters on the magnetoresis-
tance before physically fabricating the devices. It thus allows

70 design studies and optimization of devices for specialized
- sensor applications. In particular, we found that an increased
£ contact resistance can deteriorate the device performance. To
2 s0 some extent this can be compensated for by miniaturising the
- hybrid structure.
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