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Lateral Tunneling, Ballistic Transport, and Spectroscopy in a Two-Dimensional Electron Gas
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We report a direct observation, via electron energy spectroscopy, of lateral tunneling and lateral ballis-
tic electron transport in a two-dimensional electron gas (2D EG). This was accomplished through the
use of a novel transistor structure employing two potential barriers, induced by 50-nm-wide metal gates
deposited on a GaAs/A1GaAs selectively doped heterostructure. Hot electrons with very narrow energy
distributions (=5 meV wide) have been observed to ballistically traverse 2D EG regions =170 nm wide
with a mean free path of about 480 nm.

PACS numbers: 73.40.6k, 73.20.Dx

Ballistic transport of hot electrons was established re-
cently in n+-type GaAs by the use of energy spectrosco-

py in a hot-electron structure. ' These experiments util-
ized an injector at one end of a transport region and a
spectrometer at the other end, with the electrons moving
normal to the plane of the layers (vertical transport).
This technique proved to be very powerful since it per-
mitted the energy distribution and the mean free path of
the ballistic electrons to be determined. The very recent
demonstration of quantized resistance in a confined
quasi-two-dimensional electron gas (2D EG) strongly
suggests ballistic transport of electrons near equilibrium
parallel to the interface between the layers (lateral trans-
port). We report here the first utilization of an energy
spectroscopy technique to establish directly lateral tun-
neling through an induced potential barrier and the ex-
istence of lateral ballistic transport in a 2D EG. This
was done by inducing two closely spaced potential bar-
riers in the 2D EG via two narrow Schottky metal gates
deposited on the surface of the structure. One barrier
was employed as a tunnel injector and the second as a
spectrometer. We have measured narrow hot-electron
distributions ballistically traversing lateral 2D EG re-
gions 170 nm wide, and have estimated their mean free
path.

Several structures were made on a selectively doped
GaAs/A16aAs heterostructure grown by molecular-
beam epitaxy. On top of an undoped GaAs buffer layer,
an undoped A16aAs layer (50 nm thick, A1As mole frac-
tion x=34%) was grown, followed by a thin heavily
doped GaAs cap layer (15 nm thick). A sheet of Si
atoms, with an areal density of =2X 10' cm, was de-
posited under overpressure of As when growth of the Al-
GaAs was interrupted (planar doping), 30 nm away
from the GaAs buffer layer; these supply the electrons in
the 2D EG [Fig. 1(a)]. The 2D EG had a carrier densi-
ty of 3X10" cm and a mobility of 3X10 cm /Vsec
at 4.2 K. Two parallel AuPd gates, each 52 nm wide
and 0.5 pm long, were patterned 93 nm apart using
electron-beam nanolithography, on a 5-pm-wide isolated
2D EG line [Fig. 1(b)]. Ohmic contacts were made to
the three regions defined by both gates. Biasing the
gates negatively with respect to the central region be-

tween them (called the base) depleted the 2D EG under-
neath the gates and prevented the free motion of the
equilibrium electrons among the three regions [emitter
(E), base (B), and collector (C)]. The potential barriers
shown in Fig. 1(a) give an approximate guide to the po-
tential shape for diA'erent gate voltages (which are about
—0.5 V). The separation between the Fermi level, EF,
and the conduction band outside the base is 10.7 mev.
In the base this separation can be substantially smaller,
and the actual conductive width of the base (always
smaller than the geometrical separation between the
gates) was roughly estimated to be, for example, 70 nm

when both barriers were 10 meV above the Fermi level
[Fig. 1(a)]. Since this distance is similar to the average
electron Fermi wavelength in the base, the base electrons
are expected to be quasi-one-dimensional.

With no applied gate voltages, the measured resis-
tances at 4.2 K among all three terminals (E, B, and C)
were a few kilohms and constant with the applied termi-
nal voltage. As the emitter- (or collector-) gate voltage,
VG~ (or VGc) was made negative with respect to the base
(which was the reference in all our measurements), the
emitter current, IF. , supplied by a source Vzz (or the col-
lector current, IC, supplied by a source Vc~) decreased.
For gate voltage Vo~ (or VGc) & —0.4 V the resistance
under the gate became very nonlinear and approached
10 -10 0 at low voltage (shown by IF. vs Vzz in Fig.
2). Simple WKB calculations of the tunneling currents
through square barriers 50 nm wide and 20 meV high,
resembling our barriers, resulted in similar tunneling
resistances. The occurrence of tunneling through the
barriers will be revisited and verified later in more detail.
When only the emitter barrier was formed (VG~ & —0.4
V, VGc =0), the emitter current IF. , which resulted from
a negative V~~, split into I~ and I~ in the ratio of the
base and collector resistances of the 2D EG (note that
Vc~ =0 V). When the spectrometer barrier was also in-
duced (VGE & —0.4 V, VGC & —0.4 V), the current in
the collector remained practically zero (and Ig =I~) un-
til

~ VEq ~
exceeded a certain value (collector-current on-

set value). Thereafter it increased sharply. As seen in

Fig. 2, the onset value increased as
~ VGc ~

increased and
was similarly affected by an applied small Vpz. These
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observations, which clearly resulted from changes in the
spectrometer barrier height, +c,~ ~

demonstrate that the
abrupt onset of I is due to energetic electrons that sur-
moun e st the spectrometer barrier potential see Fig. c

r andConsidering ed
'

th small distance between injector an
spectrometer arriver, a rb

'
fraction of the electrons injecte

from the Fermi level in the emitter was expected to
traverse the base ballistically, leading to collector-
current onset at eV =@, where @c is the collector
barrier height. This allowed us to measure @c, a resu t
we can use to ur er vf th verify the existence of ballistic
transport an n ed fi d th actual fraction of ballistic elec-
trons arriving at the collector.

sco 1'4'5W h rformed electron energy spectroscopy ' 'e ave pe
by varying e sb

'
th pectrometer barrier height +c wit

The collected current is given by Ic =A J @~e
xv(E)dE, where A is the area, n(E) is the energy distri-
bution of the electrons arriving at the spectrometer, and

d th ergy and velocity associted wit t e
ates. 11electrons traversing normal to the gates.ates. In a sma

enough energy range v(E) is fairly constant, and the
electron energy distribution can be describe by
n(E) ~dI&/d&c for a constant injection energy, eVE&.
The same expression can be rewritten as
n(E) ee (dIC/deVce)(deVce/ d+c.). Figure 3(a) solid
lines) shows a typical family of I, vs Vce characteristics

= —0.5 V and diA'erent injection energies,VGE VGC

all chosen to e ig erb h' h than the unbiased spectrometer
~ ~

barrier heig t orh
'

h (f V =0 V Ir =Ointherangeo m-
onlV & 0 the collector current increased on yterest j. For c~, e

1 1 V increased, suggesting that most o t e o
electrons had energies higher than the unbiase p
barrier heig t. en

'
h . Wh the polarity of Vcz was reversed,

1 d' t an increase in @c, the collector current e-
creased slowly initially, followed subsequently y a p

mV. This behavior in-dro to zero over a range of a few m . is e
dicates that electrons with a narrow energy

rop
ner distribution

were cut oA' by the spectrometer barrier. Before ela-
borating more on e s ath hape of the energy distribution we

'
r hei hts small-would like to note that for injector barrier heights sma-

20 V (V & —0.5 V) the behavior waser than some 20 me
~ ~ ~

quite diff'erent, as shown for two lower injector barrier
heights [dotted lines in Fig. 3(a)]. The collector currents
became zero aat the same negative Vce (and thus the
same +c) for the three cases. This indicates that, even
t oug eh h the nature of the injection in eac case may have
been diA'erent, the highest energy of the injected
lected electrons was always determined by eVE&. The
absence o a nee or "k " bserved for the lower injector ar-

e roadriers in icates a
' a s that the injected distributions were roa,

n elow, andextending from the injection energy eVE& and below, an
were not the result of tunneling. It is quite possible that
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when the injector barrier was low, the application of an
injection voltage removed the barrier completely, or
made it so narrow that the injected electron distributions
were very broad.

To determine the collected energy distributions one
has to change the energy scale from eVpz to the corre-
sponding height of the spectrometer barrier @c, and
multiply the dIg/deVce curves by the deVce/d@c. The
barrier heights Nc(Vce) and the factor deVcs/d@c,
summarized in Fig. 3(b), were found from collector-
current onset measurements in a similar way to that de-
scribed before. The energy distributions shown in Fig.
3(c) have a full width at half maximum of about 5 meV,
which tended to increase as the injection energy in-
creased [up to 10 meV for eVeg =30 mV (not shown)].
The peaks of the distributions shifted with the same en-

ergy as that of injection energy (except the lowest one
which was obscured by the lower-energy tail), as expect-

FIG. 3. (a) The family of the collector-current characteris-
tics where IE=0, —20, —40, —60, —80 pA. Note the sharp
rise in the current (for Vcs = —10 mV) followed by a
moderate rise indicative of a narrow ballistic distribution. The
dotted lines are for lower injector barrier heights and for
eVzz = —18 mV, where the injected distributions were very
broad. (b) The spectrometer barrier height determined by
measuring the collector-current onsets, and the deVqs/d4q de-
duced from it. (c) The ballistic distributions for diff'erent in-
jection energies as a function of excess normal energy above
the Fermi level in the base. The peaks of the distributions fol-
low rigidly the injection energy. At higher j Vcs
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ed in ballistic transport. The peak energies, which were
lower by about 3-4 meV than the corresponding Fermi
level in the emitter (noted by the crossing of the dotted
lines with the energy axis), and the narrow distribution
width (=5 meV) were both expected for the normal en-
ergy distributions injected by 50-nm-wide, 20-meV-high
tunnel barriers. These results proved that tunneling
was the injection mechanism in our induced barriers. At
their lower-energy tails the distributions rise again, most
probably due to lower-energy electrons that are excited
from the Fermi sea in the base by scattered (nonballis-
tic) electrons. Even though small-angle elastic-
scattering events cannot be excluded, the similarity of
the results presented here with the results that confirmed
ballistic transport in vertical structures, ' as well as the
narrow width of the electron distributions, strongly sug-
gests that elastic scattering in our lateral structures was
minimal.

The ballistic fraction, a, is defined as the ratio between
the number of ballistic electrons collected (the ballistic
current is Ic at Vctt =0 or the area under the distribu-
tion) and the total number of injected electrons (the in-
jected current IF.). From Fig. 3(a) we find Ic/IF. =0.25
at V~~ =0, which is approximately the ballistic fraction
collected. Since some of the injected current emerged
from the periphery of the injector barrier (where the sep-
aration between them increases) and never surmounted
the spectrometer barrier, the value 0.25 was not ap-
propriate to use for the calculation of the ballistic mean
free path (7). To minimize the number of these "stray"
electrons, different structures where the collector gate
was 3 times longer (0.75 pm) than the emitter gate
(0.25 pm) were made (base width 170 nm). Carrying
out energy spectroscopy in these devices, ballistic frac-
tions higher than 0.7 (Ref. 7) were measured. Using
a=exp( —dtt/A, ) =0.7, where dtt is the effective base
width for the hot electrons, we find A, =480 nm. This
lower limit on X suggests that the mean free path of the
hot electrons is on the same order as that of cold elec-
trons. This might result in part from the relatively low
density of electrons in the base and from size quantiza-
tion effects in the quasi-one-dimensional base that may
reduce the scattering cross sections.

Since tunneling occurred into a quantized base, we
have looked for, but did not observe, resonant tunneling
effects in the injection currents. Upon increasing the
injection energy, but keePing e

~ Vstt ~
& @c, we had ex-

pected to see an enhancement in the injected current
when the Fermi level in the emitter crossed a bound state
in the base. To get a rough idea of the expected posi-
tions of the states, we modeled our double-barrier poten-
tial with a sine function, having a peak-to-peak value of
30 meV and a period of 140 nm. The solutions, which
involved Mathieu functions, ' predicted two states under
the Fermi level (3 and 8.6 meV), and five states above
(14, 19, 23.5, 27, and 29.5 meV). Since emitter currents
could be measured only for V~tt & —(10-15) mV, only

the highest two states (near the continuum) could in

principle have been observed. Because of the finite width
of the distribution (=5 meV) it would be difficult to
resolve these states from the continuum. In cases of
lower barrier heights the energy separation between the
states was expected to be even smaller and their energy
width wider, making observation difficult.

In summary, we have seen for the first time, lateral
tunneling through narrow potential barriers induced by
thin gates, and ballistic hot-electron transport with a
long mean free path, in a two-dimensional electron-gas
(2D EG) channel. Via the utilization of an energy spec-
troscopy technique, narrow electron distribution injected
by a tunneling barrier were detected, establishing direct-
ly ballistic transport and tunneling injection. We esti-
mate a ballistic mean free path for hot electrons of about
0.48 pm.
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