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Transverse hot-electron focusing
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Transverse electron focusing is reported for hot l t . D'e ec rons. ifferential trt ansresistance measurements
vior a ig e ectron energies. Corres ondin dc el

the differential cha t
' t'arac eristics arise from the electron ener de enden

p
'

g c e ectron focusing data reveal that

specularity coefficient. Th
n energy ependences of the mean free path and

cien . e variation of mean free path with ener
data.

cien . ' ' '
energy is derived from the experimental

The use of ballistic electrons in a high-mobility two-
dimensional electron gas (2DECr) is now well established
as a means of exploring mesoscopic device behavior.

i y sca ering over aese e ectrons experience no impur t tt
istance characterized by their mean free path (mf ),

which can be ) 10 m.pm. Usually, care is taken to ensure
ree pa mp,

that measurement signals do not excite the electrons
energy F. owever, in-significantly above their Fermi ener E . H

teresting studies have been carried out to investigate the
scattering properties of electrons w th
ofE s-

wi energies in excess
o EF, so-called hot electrons. Sivan, Heiblum, and Um-
bach' reported the observation of ballistic hot electrons

when the excess energy was less than 36 meV, the
ongitudinal-optical (LO) phonon emission energy. This

contrasted with a theoretically expected value of about
.2 pm. Ballistic transport of hot electrons over a dis-

tance greater than 2 pm has also been reported 1

where.
e e se-

A convenient method for studying hot-electron trans-

sho
port is transverse electron focusing (TEF). ' The de evice,
s own in the inset of Fig. 1(b), consists of adjacent injec-
tor and collector constrictions in the 2DEG W h

p ie magnetic field, electrons from the injector can be fo-
cused into the collcollector, giving transresistance eaks

~ ~

when nR&ypf S/2, where n is an integer, R«& is the c-
clotron radiud'us, and S is the separation of injector and col-
lector. Because R isy ] dependent on the electron energy

[R, =+(2m *E)/
y],' /eB, where I is the effective mass f

he electron, E is the energy, e is the electronic charge,
and B is the magnetic field], this technique enables the
electron energies to be derived from the magnetic fields at
which the peaks occur.

Independent data presented by Williamson et al. and

TEF
by Laikhtman et al. revealed anomalo h h

characteristics when the electron energy was in-
creased above E ~ AF. s expected, the resistance peaks ini-
tially moved towards higher magnetic fields but be ond

in energy, another set of peaks appeared to develop.
These new peaks became dominant at high electron ener-
gies and were almost midway between the low-energy
peak positions. Laikhtman et al. attributed the changes
in the TEF characteristics to the injection of high-energy
electrons into the second subband of the 2DEG, h
causing peaks at different positions. The long hot-
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FIG. 1. Differentiaa& ~~F magnetotransresistance for different
injection currents'ts, &or negative and positive currents, the in ec-
tor acts as an electron source and sink, respectively. (a) Charac-
teristics for +14 A witor p, wit" corresponding accelerating potentials
(see text); curves offset. (b) Characteristics for several positive
va ues of injection current up to 14 pA; curves overlaid. (Inset:
device schematic shoowing transresistance measurement; i
denotes the injector and c, the collector. )

electron mfp implied by these data was thought to result
from reduced electron scattering in the hi h bb d.ig ersu an .

n t e present paper, we report a TEF experiment which
yie ds similar results. It will be demonstrated, however,
that these effects, measured with an ac differential tech-
nique, can be accounted for by changes in the dc TEF

0163-1829/93/48(19)/14679(4)/$06. 00 48 14 679 1993 The American Physical Society



14 680 BRIEF REPORTS 48

characteristics, and do not require an explanation based
on higher-subband transport. Finally, the variation of
mfp with electron energy is derived from the dc data.

These devices were fabricated by Si ion implantation at
an energy of 120 keV and a dose of 10' cm into a 580-
nm-deep GaAs/Al„Ga, „As heterojunction through a
patterned polymethylmethacrylate mask. The implants
were not annealed and, therefore, insulating areas
defining the injector and collector structure were created
in the 2DEG by channeled ions. Details of the fabrica-
tion are reported elsewhere. For unimplanted samples,
the mobility and carrier concentration after illumination
were 3. 1X10 cm /Vs and 5.3X10"cm, respectively,
at 4.2 K. TEF devices were fabricated with an injector-
to-collector separation of 11 pm, giving an electron path
length of 17.3 pm (cf. a mfp )30 pm), and the defined
constriction widths were 1 pm.

Measurements were performed using standard low-
frequency ac lock-in differential magnetoresistance tech-
niques, using the four-terminal configuration shown in
the inset of Fig. 1(b). The 100 nA ac-measurement
current was superimposed on a variable dc current I,
which is quoted as a conventional current from the injec-
tor. It should be noted that the 1-pm-wide injector sup-
ports )30 transverse modes so it is not meaningful to
consider the injection voltage and current independently.

Figure 1(a) shows TEF results, displaying a change of
peak structure for ~I~ ~ —8 pA similar to that reported
elsewhere. ' A different device, with an injector width of
0.5 pm, demonstrates the same effect at about half this
current. Injection voltages corresponding to the injection
currents have been estimated by measuring the two-
terminal voltage-current characteristics of the injector
and subtracting the voltage drop across the Ohmic con-
tacts. The ratios of the electron energies determined
from the TEF peaks at low currents to those expected
from the injector voltage drops are )0.98. Previous data
for split-gate devices gave values ' of 0.68 and 0.82,
which Laikhtman et al. attributed to EXB drift caused
by the biased-surface gates. Since there are no surface
gates in the present case, the near-unity coefficients ob-
served here are to be expected.

Overlaid plots in Fig. 1(b) show that the ac TEF
characteristics at high injection currents are in direct an-
tiphase with those at low currents; the nodes at each half
cycle are very clear. The decreasing transresistances at
successive peaks arise from the nonunity specularity
coefficient of the electron reQection at the ion-implanted
boundary. Average specularities of -0.6 are typical for
such devices. Data for larger current intervals are
shown for another, nominally identical, device in Fig. 2.
It is seen that the transition is again well developed at
about 10 pA and the antiphase resistance peaks reach a
maximum amplitude at -20 pA before dying away with
no further phase changes.

The data given in Figs. 1 and 2 enable the second-
subband hypothesis proposed by Laikhtman et al. to be
reexamined. Regardless of the subband in which the
electrons are transported, the TEF peaks should be found.
at magnetic fields which are integral multiples of the
value for the first peak. However, it is apparent from the
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FIG. 2. Differential TEF magnetotransresistance for larger
injection currents, showing the antiphase transition and subse-
quent dying out of the focusing characteristics.

figures that this is not the case when I~ ) 10 pA. More-
over, the transition to second-subband transport should
be exhibited simultaneously by all peaks, whereas Fig.
1(a) shows that the change occurs progressively, starting
with the high-field peaks. The hypothesis that electrons
are injected into higher subbands of the 2DEG is not con-
sistent with these observations. The discussion by Wil-
liamson et al. concerns an injector with one occupied
one-dimensional subband and is therefore not applicable
to the 1-pm-wide constriction considered here.

We note that the resistance measured by an ac
differential technique is the local gradient of the device
V-I curve. Usually, the measurement is made near the
origin, where the device is assumed to have a linear
characteristic. Adding a dc value to the ac measurement
signal means that the point at which the local gradient is
measured is offset from the origin. If the device charac-
teristics are nonlinear, dV/dIWV/I, so the differential
resistance measurement can be misleading. Accordingly,
dc V-I curves for the four-terminal configuration have
been measured [Fig. 3(a)] at values of the magnetic field
corresponding to the peaks and valleys in Fig. 2. These
curves are highly nonlinear and their derivatives give the
variation of differential resistance with current at these
magnetic fields (cf. Fig. 2). It should also be noted that
the changing signs of the gradients in Fig. 3 give rise im-
mediately to the antiphase structure of the differential
TEF characteristics.

To determine the reasons for the nonlinearity of the
V-I curves, a series of dc TEF characteristics has been
measured. For each curve, a constant current was passed
through the injector and the dc collector voltage was
recorded as a function of B [Fig. 3(b)]. The form of the
curves for currents in opposite directions is explained as
follows: for the negative currents, electrons are sourced
from the injector as usual so that, when the focusing cri-
terion is met, electrons enter the collector and a negative
voltage is recorded (dividing by the negative injection
current gives the familiar resistance peaks). At first sight,
it is surprising that a TEF characteristic is obtained also
for positive currents, when the injector acts as an electron
sink; however, consider the focused condition, when
nR,„,& =5/2 (the case for n =1 is shown in the inset of
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pA, —13 meV) is shown in Fig. 4, where the energies
have been calculated as a function of I from the positions
of the dc TEF peaks in Fig. 3(b). The shape of this curve
and the relative values of the mfp are similar to those cal-
culated by das Sarma. The 2D calculation showed that,
for electron energies below the LO phonon emission ener-

gy (36 meV), the inelastic scattering of hot electrons is
mainly due to the excitation of electron-hole pairs within
the 2DEG.

In conclusion, we have presented extensive data for
differential magnetotransresistance measurements of
transverse hot-electron focusing. These show that a

significant change in the characteristics occurs when the
dc offset current exceeds about 10 pA. It is shown that
the differential data are related to dc magnetovoltage
curves, which are interpreted in relatively simple terms.
Hot-electron mean free paths, as a function of electron
energy, are derived from the dc data; the values are con-
sistent with a model of scattering due to the excitation of
electron-hole pairs.
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discussions.
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