3.513 Lecture 9

High mobility electron systems:

Different types of 2DEGs
Imaging electron flow

Scattering on a boundary



Two-dimensional electron

systems

 Created on the interfaces in
semiconductors by controled
doping or field effect

 Quantum confinement in the | . S

perp direction: each discrete

level gives a 2D band oo Hhs

* Tunable density of 2D carriers . @ o

e Effective mass, g-factor, SO |
interaction dlfferent from 2D -@ %
bulk s i m WSl

* Valley splitting (e.g. in Si) “ QP ;= 0.10m;



I Scattering mechanisms

distant (screened) and local residual

impurities (weakly screened)

e ISurface roughness Elastic: temperature independent;
\.} Intervalley scattering Inelastic: decerases at low T

* [attice scattering: acoustic phonons,

polar optical phonons, phonon-mediated
intervalley scattering

I [-\ Coulomb scattering (charge impurities):

Mobility: j=env, v=uE; Drude model: u=(e/m)zttr
iIn best samples mobility can reach 14000000 cm”2/V s;
mean free path of up to 120 um
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3.4 Field effect transistors and guantum wells

The properties of interfoces can be wsed to construct both usefl devices as well 25 fascinating
nanosiruciures. Field effect ransisiors are very imponant in both respects. Muony mesoscopac
samples ang, in one way or andther, some son of feld effect transistor, which are frequently
denoted by the acronym FET, These devices heavily rely on interfuce effects. The teo most
important FETs in our context are the S5i-MOSFET and the GaAs-HEMT. These are by no
means the only systems though, Particularly in research, a wide variety of beterostracture
devices 15 used. Some examples are given st the end of this section.

341 The silicon metal-oxide-semiconductor FET (5i-MOSFET)

This type of FET is the hasic building block of the vast mapesity ol present-day istegrated
circudts. A scheme of the Si-MOSFET is shown in Fig. 3.18(a). A silicon chip is, say, p-
doped and electrically comacted with two Olimbe comacts that act as sowrce and drain. A metal
electrode resides in between the Ohmic contacts, separated by a Sl g-layer from the 51, This
Wi-00-5 layer sequence can be thought of a Schoitky diode of a very high resistance. Curmends
hetween the metal electrode and the semicondsctor are neglected in the following. With no
voltage applied. the resulting hord strocture across the imerface is shown in Fig, 5.18(h), The
p-doping 15 typically rather weak, say N == 10%7m®, such that the resistivity of the Si is
high. By applying a vodtage o the metal electrode with respect © dran, a band bemding is
induced in the 5i, and & comresponding charge accumulation at the Si - S0 s-interface is
generaled, ax depreted Tor the case of a positive voltage in Fig. 3.18(c). Here, E . of the 5i
has dropped below the Fermi level, amd electrons collect at the interface in the comduction
hard. Hence, an eleciron gas is generated which is confined in z-direction, but free in the
directions parallel 1o the surface. For sufficiently kigh electron densities in this free elocimon
gas, its conductance is much higher as compared to the p-doped balk. We speak of ineerrion
il the free carmer gas bas the oppesite sign than the carviers in the bulk due io doping. For
appropriate doping densities, we can generate a free hole gas at the © - § interfsce by applying
negative voltages 1o the metal electrode, This situation is referesd (o as accwmlarion, Devices
which offer the possibiliny of generating both electron and hole gases are known as amibipolar.
The carrent that flows betwesn source and drsin can thus be contrelbed by the vollage applied
to the meal elecmode, which is therefore known as the gare. The oxide prevents current Aow
bietween the gate and the silcon, which would reduce the performance of the switch. This
three-terminal device thus represents a transisior that relies on the electrosatic field effect,
However, we are nol 50 much interested in the wechnological applications of MOSFETs in
our conlexl. Bather, we locos our atteation at the electiron gas that has formed at the O-5
inerface in Fig. 3.18(c). Apparently, its spatial extension in z direction is very small, ns
we have seen already above, Typically ome Gnds that £, is below the Permi level for abous
20 mm. Furthermiore, the electron densities in such iterface layers are much smaller than
meztallic densities. and the Fermi wavelengih is larper. A crude estimation gives A p 7= 20 nm,
Therefon, we expect size quantization effects in the electron gas. Fig. 319 shows a soom-
in of the conduecton baxl strocture at the oxide-semicondector interface. The polential is
roughly trisngular. By applying an appropriatc gate voliage, a situation can be established in
which only the enegy of tse first quantized stale 15 below the Fermi level. Since paraliel 1o

from: T. Heinzel “Mesoscopic Electronics...”
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Figure 318z {2} Schemaric illustration of & silicon MOSFET. A source-druin wolispe is applisd
oA pedoped salicon waler al e Ofumes contacts (00 A meal slectrode M Cgate™) m belween
the Ohumic contscis is separated from the silican by a 8104 laver. {h) Band aligmment across
the M-0-5 imerface (dashed line in {a) for Vi, = Op Applying & positve vodiage m the gate
incredsis the band bending. Above a threshold gale vallage, the conduction bamd botbom drops
below e at the (-5 interface, and &n electron gas (EG) is induced {inversion). A sufficiently
lnrge negatlve gate volige pulls the sop of the valenes band above g, and & Bole has (HG) is
penerated at the surface (sooamulation, (dik

the interfuce, the electrons are not confined, o rwe-dimensione! electron gas (2DEG) results.,
The condwction band bottom of this ZDEG is at Ey in Fig. 5190 We sometimes speak a
wiedimensional subbamd. I more than one subband 1% aocuped, the electron gas is said bo
he quasi-two-dimensional.

Like in three dimensions, this electron gas can be described by an effective mass and by
the two-dimensional density of states. However, some care is required in adopting the bulk
paramsebers oo two-dimensional carier gas at an interface. We will meet some of the relaced
tases later on. For now, we just look at the effective electron mass of the 2DEG in the
Si-MOSFET. Suppose the 5i crystal plane at the interface is a (100} plane, a very common
case. The elecirons move freely parallel o this plane only. Therefore, 1 is self-evident to
praovject the valley-degenerated Fermi ellipsoids into that plane, see Fig, 3,20, which resulis in
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Figure 3.1%: Energy dingmm of the conduction band in 2 5:-MOSFET close bo the (-5 inter
face, as oblained from g sslf-consistent calculation that inclodes electron-clectron interactions
and scresning. Inn FH'|1|,‘.‘|1ti:I.] well, guantized states are formed. The nesulting ebeciron gas 15
cffectively two-dimensional a5 long as only the Arst quantized state lies below the Fermi level,
Adso indicated 15 U ebectronie wave function. Afer [Andol976].

4 spin degenerate ellipses and a twofold valley-degencrated and spin degenerated circle ar the
center. Due to interface effects, however, the degengracy berween the ellipses and the circles
gets removed, and the conduction band at the circle is about 20 meV below the conduction
band minirmom in the ellipses [Anda1982]. At room emperatares, both types of minima are
occupied. AL low temperatures, however, te. for 8 < 4.2 K the electrons have a single
effective mass of e+ = (0. 19m,. parallel to the surface, and the valley degeneracy is reduced
o 2,

The two-dimensionality of this interface eleciron gas has some most surprising conse-
quences, as will be seen in Chapter 6. But this is not the sale interesting property of such
electrom gases, Furthermore, the electron densities are muach smaller that in conventional
metals, and can be tuned. The Fermi wavelength 15 comparatively large, and size quant-
zation effects can be expected also laterally, provided the MOSFET is patterned sccordingly.
Adsay, low density means thit electron-electron interactions are more important, due 1o reduced
SCTBENINg.

Since the electrons are to some degree spatially separated from the iomzed donors, im-
purity scattering is reduced and the electron mobility increases. In fact, the mobility of an
clectron gas at & O-5 interface can be two orders of magnitude larger than the mobility of
bulk 5i. The mohilicy is typically dominated by scattering at impurities embedded in the ox-
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Figure 3.20: Projection of the 5i Permi surface for typical eleciron densiiies onto a (000 plane.
Two ellipsodds get projected onte the I point. Thelr energy 15 reduced as compared 10 the 4
projecied ellipses duoe to interface effects.

ide, Funhermore, the oxide is amorphous. The oxide atloms are by pe means penodically
arranged, which will couse additional electron scattering. However, due to size quantization,
the probability of Anding electrons right at the O - § interface is redoced, see the wave func-
tion in Fig, 3,19, The maximum of the probability density 15 several nanometers away from
the interface.

3.4.2 The Ga[AllAs high electron mobility transistor (GaAs-HEMT)

In this system, the teo-dimensiongzl clectron gas is generated inside the GaAs, at the interface
formed berween Al, Gay o As and GaAs, The band alignment of this interface is of type 1. The
bund offsets depend on x, see Fig. 2.6, A typical choice is x=0.3. In that case, the conduction
band of Al 9 Gag A8 is 300 meV above that one of GaAs. The top of the Alg yGay 7 As
vabence band 15 located about 160 meV below that one of GadAs. This 15 of no further inerest
here, as we are going to consider again an electron gas.

In contrast to 51, the GaAs remains undoped. Instead. the electrons are provided by a
doping layer inside the Alg 30ag A= Usoally, 5iis used as a donor. The doping layer can
be spatially separated from the Aln 3Gag 7 As by several tens of nanometers, see Fig, 321
{a). While most of the doping electrons that get thermally excited into the conduction band
occupy the nearby surface states, zome of them (typically about 10 %) reduce their energy by
falling across the imerface imo the GaAs conduction band, This doging technique s called
modulation doping; it was first demonstrated by [Dinglel197E]. An accuraie doping density is
easential in designing a good HEMT structure: only a few percent deviation from the correct
doping density can either cause mobile electrons in the doping layer (a "bypass™), or the
triangular potential at the heterointerface remains empty. While the doping density and the
thickness of the spacer laver determine the density of the 2DEG, it can be wned with a top
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Figure 3,211 (a) baml alignment at a madulation doped Geds — AlLGay -2 As interface, (h):
schematic struchire of 8 Gads HEMT with the gate electrode grounded. (c) For gate voltnges
elow -400mY, E- an the interface moves above the chemdeal potental, and the electron gas is
depleted.

gite over wide rnges.

Conseguently, two charge dipodes build up, one between the surfuce and the doping laver,
and a second one between the GaAs - Al 3 Gag 1 As heterointerface.” This results in the band
structure sketched in 3.21 (b). As in the 5i-MOSFET, the resulting electron gas can be two-
dimensional, and i carrier density can be tuned by applying vollgres o o gate on op of the
heterostructure, see Fig. 3.21 (). Thus, the eleciron gas is present in this structure if no gate
voltage is applied, or if there is oo gate ar all, Modulation doping of Gass heterostructares
coused a big progress in the electron mobilities that could be achieved (Fig. 3.22). The reason
is teenfold. First of all, Al,Gay_; As is quasi-crystalline, in contrast to the S}y - layer in a
51-MOSFET. Although the Al atoms replace the Ga atoms a random sites, this ternary com-
pound is o somewhnt distorted zincblend crystal stoocture with s well-defined lutice constant.
The lattice mismatch between GaAs and Aly 3(3ay 7 Az is only 0.4 %. Hence, the electrons in
the 2DEG see an almost perfectly periodic environment, and the inlerface causes much less
scuttering as compared to the O - 5 interface in a Si-MOSFET, Second, the ionized donors,
which are a strong source of scattering, are spatially separated from the electron gas, Con-
sequently, the screened Coulomb potentials the electrons see are much weaker and generate
predominantly small-angle scattering. In the years 1978 to 1985, the layer sequences and the
compaositions of GalAllAs-HEMTs had been optimized, and the increase in low-tempersire
electron mobilities achieved inthiz period is truly remarkable, see Fig.3.22. Today, the world

TMote the thin GaAs cap layer ab the surface. [ts purpnse is 1o svoid oxidafion of the Al sGao 7 As Byer ahen
xpariad Lo sr.

A4 Field effect transtiors and guantion wells B3

record is g = 1440m* /' Vs, held by [Umansky 1997]. This comesponds to a mean free path of
120 pom. Although very similar devices can be built of several matenals like, e.g, Ga[ AL,
the Gal AllAs heterostructiire his remained unsurpassed in terms of electron mobility.
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Figure 3.22: Evolution of eleciron mobalities over Lime, after modulation doping was indro-
duced. Afier [Pleiffer]989],

Ancther advantage of the Gal AljAs system is the possibility (o design the spatial varia-
tion of the band stracture by controlling the Al content during sample growih, For example,
quantum wells can be grown by embedding a thin layer of GaAs in two Alg 3Gag 7As layers.
Varving the Al content parabolically during growth, ie. x o (= — 24)%, results in a parabolic
quantum well in growth direction, see 3.23. Hence, quanium mechanical model potemtials
can be experimentally realized this way, as long as the envelope function approximation is
reasonable. We will occasionally meet such structures later on.

34.3  Other types of layered devices

We conclude this section with a selection of further interesting heterostructures, In particular,
the SilGe] quantum well and the InAs/ALSh quanium wells are presented. Also, we will have
a look at organic FETs, The materials cannot be coanbined arbitranly, though. The lsttice
constants of the two companents that form the interface should differ as little as possible. Dif-
ferences in the Iattice constants will inevitably lead to strained layers, which generates lamtice
dislacations and thus additional scattening. I the sirin gets larger than = 1% homogeneous
film growth 15 no longer possible, and struined islands of one material form instead. While
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3 Surfaces, Interfaces, and Layered Devices
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Figure 3.28: Significance of various scattering processes in a Ga[Al]As-HEMT, Black
dots denote expermental results for a typical structure, with an electron density of
n =22 10"%m™?, and a spacer thickness of d=23 nm. The density of the modulation doping
was 8.6 x 10°%°m™*, This doping, which causes the remote impurities, was present within a
20 nm - layer between the surface and the spacer. In addition, a homogeneous density of hack-
ground impurities of 9 = 100 m ™" was assumed, which is a typical number for high-guality
Gads. After [Walukiewicz] 934].

in the limit of low temperatures (see eq. (2.51) for the three-dimensional case) is given by

@ { 14 &ze g = 2kp (3.23)
L= k 2kp |2 :
L e 1= (B0)7 0> 2k
and the resulting charge density induced by a Coulomb potential reads at large distances
from the scattering center
Ze  Akrpki  sin(2ker)
Vigpli) = ==
#0) = e (2kp + krp)? (2kpr)?

Thus, the screened potential drops with ¥~ * as compared to r~* in three dimensions.
Furthermore, additional scattering mechanisms, which are absent in bulk materials, are
possible in quantum confined systems. The scattering of electrons on ionized impurities has

(3.24)

3.4 Field effect transisiors and quantum wells 89

a somewhat different character in modulation doped systems as compared to bulk materials,
since they are spatially separated from the electrons by a spacer layer. The residual and usually
small density of jonized impurities inside the electron gas is comparatively small in high
quality systems. One may be tempted to guess that the broader the spacer layer, the higher
the mobility. This is not the case, though, since as the spacer thickness becomes larger, the
carrier density gets smaller, and screening becomes less effective. Hence, a2 maximum in
the mobility as a function of the spacer thickness is observed. In Ga[AlJAs-HEMTS, the
optimum spacer thickness depends on the cleanliness of the material and the doping density.
It varies between = 20 nm and =~ G0 nm. Another scattering mechanism in FET structures
is interface roughness scattering. The interface clearly constitutes a deviation from perfect
periodicity and consequently generates scattering. In case of a Ga[AllAs HEMT, this is of
minor importance. In narrow quantum wells, however, where fluctuations at both interfaces
are important, this mechanism may become important, In 5i-MOSFETs, on the other hand,
the oxide is amorphous, and interface roughness scattering is not negligible,

Alloy scattering occurs in compound materials such as Al,Gay_, As. The replacement of
Gia atoms by Al atoms takes place at random positions, and a non-periodic potential results.
This kind of scattering usually plays no significant role, as long as the carriers reside in a
crystalline material, such as GaAs, with a barrier made of a ternary compound, since only
the evanescent tails of the wave function feel this kind of disorder.  In Fig. 3.28 a model
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Figore 3.29: Electron mobilities in a GaAs-HEMT as a function of the gate voltage. Above a
threshold electron density, the second two-dimensional subband gets cccupied, and the mobility
drops due to additional intersubband scattering. After [Stormer1982].

calculation adopted to some typical data is shown, which surveys the relevance of various
scattering mechanisms in a Ga[AllAs-HEMT, While alloy scattering and interface roughness
scattering are irrelevant except at very low temperatures and in extremely clean samples, the
ionized impurities are split into two components, namely a density of homogeneously dis-



Imaging electron flow through a
QPC in a high mobility 2DEG



Disorder potential and electron trajectory in a 2DEG:
mostly small-angle scattering

: = A two-dimensional electron gas
o o ¢ formed at the interface between
gallium arsenide and aluminum
gallium arsenide in a semiconductor
heterostructure. The AlGaAs layer
(green) contains a layer (purple) of
silicon donor atoms (dark blue).
Electrons from the donor layer fall into
the GaAs layer (pink) to form a 2DEG
(blue) at the interface. The ionized Si
donors (red) create a potential
landscape for the electron gas; the
resulting small-angle scattering
smoothly bends electron trajectories,
as shown. (from: Topinka, Westervelt,

Heller, Physics Today December
2003)




Response to a remote local probe

Topinka et al, Nature 410, 183 (2001)

%

i, a, Schematic diagram of the experimental set-up

“"I))))))))))))) used for imaging electron flow. The tip introduces
) a movable depletion region which scatters

electron waves flowing from the quantum point
contact (QPC). An image of electron flow is
obtained by measuring the effect the tip has on QPC
conductance as a function of tip position. Two ohmic
contacts approx1 mm away from the QPC (not
| shown) allow the conductance of the QPC to be
500 nm_ _ measured using an a.c. lock-in amplifier at 11 kHz.
The root-mean-square voltage across the QPC, 0.2
mV, was chosen in order not to heat electrons
significantly above the lattice temperature of 1.7 K.
b, Conductance of the QPC used for Fig. 2b versus
| | | QPC width controlled by the gate voltage. Steps at
0 —0.8 —0.6 integer multiples of 2e2/h are clearly visible. The
Vol inset is a topographic AFM image of the QPC.
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Electron flow through a quantum point contact. (a) Scheme for imaging current flow through a QPC using
scanning probe microscopy. Two gate electrodes (yellow) create a narrow constriction in the underlying
two-dimensional electron gas. A charged tip (green) depletes the electron gas below it, creating a divot (red
spot) that scatters incoming electron waves, as shown in the simulations (blue). (b) The conductance of the
QPC, measured at 1.7 K, increases in quantized steps as the gate voltage (and QPC width) is increased.
The insets below each step show simulations of the spatial pattern of electron flow for the transverse
modes that contribute to the conductance. (c-e) Experimental images of electron flow at 1.7 K (left and
right) and theoretical simulations (center) for the first three transverse modes of a QPC. The observed
interference fringes spaced by half the Fermi wavelength demonstrate the coherence of electron flow.
Because the additional flow, appearing as the QPC becomes wider, is due to the newly opened-up mode,

the image for each transverse mode could be obtained by subtracting the raw images from the next lower
step.



Experimental images of electron flow. Image of

electron flow from one side ofa QPC at T = 1.7 K,
biased on the G = 2e”*2/h conductance step.

Dark regions correspond to areas
where the tip had little effect on QPC
conductance, and hence are areas
of low electron flow. The colour
varies and the height in the scan
increases with increasing electron
flow. Narrow branching channels of
electron flow are visible, and fringes
spaced by lambdaF/2, half the Fermi
wavelength, are seen to persist
across the entire scan. b, Images of
electron flow from both sides of a
different QPC, again biased on the
G = 2e2/h conductance step. The
gated region in the centre was not
scanned. Strong channelling and
branching are again clearly visible.
The white arrow points out one
example of the formation of a cusp
downstream from a dip in the

AG: 0.00e%/h IS R (.2 5¢ potential.




Calculated electron flow: — —
branching strands, u
V-shaped cusps, focusing -~ ~<_
N by rlpples °o
a > T‘
- J{:#" y " 4 J¥ : :
\L v ,..fr,, - Ul i o : ‘L\ ,_ ﬂ "
'Fy _.f '." - “_,._f - = Lt -. "
. (. “1'-\ % % |
T =, : . ! x } o | )
F L N - | "% Surface plot of the random potential for
) B ) computed electron flow, including contributions
b j __ from impurities, donors, and gates; green areas
g .~ are low and white areas are high potential.The
d 'shadow' is cast by classical flux through the
same potential. We note that the branched flux
does not follow valleys in the potential. b,
500 nm e N Classical and ¢, quantum-mechanical flux of
electrons flowing through the potential in a. In
c the classical case, we followed the dynamics of
_ an appropriate ensemble of classical
T -t — trajectories and show the classical flux density.
{ e —— The quantum-mechanical results show the flux
TN . AT density of the transmitted wavefunction, coming
% g through the point contact on the left. We note
500 nm that both results show the same branching

behaviour.



Figure 6. Simulations of electron flow. (a) Parallel electron trajectories, going from left to right, form a V-shaped cusp due to
focusing by a potential-energy dip caused by a charged donor atom (not seen) above a two-dimensional electron gas. (h) A
realistic 2DEG simulation that includes many ionized donors forms several generations of cusps. The electrons travel here
from upper left to lower right. (c) Ray-tracing simulations of electron flux emerging from a small opening into a region of ran-
dom potential reflect the features seen in experimental images of 2DEG quantum point contact samples. The potential is
shown green in the valleys and white on the peaks. The electron flux is coded by height and color, with blue corresponding
to regions of low flux; still lower flux is transparent. The “shadow” of the flux on the potential plot shows where the flux lies
relative to the hills and valleys; no guiding valleys are seen. A slight change of the position of the opening changes the loca-
tion and direction of the branches. (S. E. ]. Shaw, PhD thesis, Harvard University, 2002.)



I QM model reproduces fringes
spaced by AF/2

100 nm

100 nm

T Ik

100 nm

Figure 4: Calculated tip scan. a,
Quantum-mechanical flux
through a random potential. b,
The flux from the boxed area in
a. ¢, A raster scan of
conductance as a function of
SPM tip position in the same
system as a and b. The
conductance image in the
model corresponds to the flux
image, confirming our assertion
that the experiment images
electron flow. Additionally, the
simulation ¢ shows quantum
fringes, as seen in the
experiment. Though this
simulation is at zero
temperature, the fringes do
survive thermal averaging.



I Features

the structure of uantized modes in a QPC

* Observe branched flow with V-shape cusps

* Consistent with earlier results on transport
indicating dominant small-angle scattering

* Quantum coherence: fringes spaced by half-
a-wavelength

I * Angular dependence of the flow agrees with






Boundary scattering

Specular scattering (parallel momentum
conserved): resistance unaffected, retains the bulk
Drude value;

Diffuse scattering (velocity fully randomized at each
scattering on the boundary): resistance increased;
In a narrow channel the channel width is effectively
a mean free path for boundary scattering;

A more general (heuristic) model: each electron
reflected spectacularly with probability p and
diffusely with probability 1-p



Boltzmann equation

d 1 1 %" da
In a channel with hard walls at LL EF ==k :f G
x=+W/2,-W/2 and diffuse scattering, ' ’ L
write stationary Boltzmann eqn r=(r,y) v = vp(cosa,sina)

1
The boundary condition at x=+W/2,-W/2: MBI 5

W
for = T E
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. . - 3 /2
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Classical size effect in resistivity

General expression for resistivity in terms of the bulk value po:

. oo W
p=pp |1l — — d€ &(1 =AY gy WY

For [/W <« 1 one has
A log-divergence! ' 1 1
Electrons propagating nearly P = Po ( )
parallel to the channel travel
over larg distances without For I/W = 1 one has asymptotically
collisions and effectively v g 1 o 1
shortcircuit current e SRS 47

2 W in(l/W)

2 ne2W In(1/W)

7=




I The effect of magnetic field

(a) W = 05 Icyd

* Trajectories bend in weak
I fields, enhancing scattering

(“ballistic” carriers
eliminated)

* In strong fields,
backscattering suppressed, © s
forward/backward W ,i,
trajectories at x=+W/2,-W/2 %

FIG. 9 Tllastration of the effect of a magnetic field on mo-
tion through a channel with diffuse boundary scattering. (a)
Electrons which in a zero field move nearly parallel to the
boundary can reverse their motion in weak magnetic fields.
This increases the resistivity. (b) Suppression of back scat-
tering at the boundaries in strong magnetic fields reduces the
resistivity.



I Magnetoresistance positive at
low B, negative at high B
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F1Gz. 10 Magnetic field dependence of the longitudinal resis-
tivity of a channel for the two cases of diffuse and specular
boundary scattering, obtamed from the Boltzmann equation
in the scattering time approximation.
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FItz. 11 Experimental magnetic field dependence of the re-
sistance of channels of different widths, defined by 1on beam
exposure n the 2DEG of a GaAsAlGaAs heterostructure
(L =12pm, T'= 42K). The nonmonotonic magnetic field
dependence below 17T 15 a classical size effect due to diffuse
boundary scattering, as illustrated mm Fig. U] The magne-
toresistance oscillations at higher fields result from the quan-
tum mechanical Shubnikov-De Haas effect. Taken from T. J.
Thornton et al., Phys. Rev. Lett. 63, 21258 {1959},



