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Point-contact spectroscopy on tunable constrictions in GaAs
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In quasi-one-dimensional channels

formed in the

two-dimensional electron gas of an

Al,Ga,_,As/GaAs heterostructure, the second derivative d?V /dI? of the voltage-current characteristic
is measured at low temperatures as a function of the voltage drop ¥ over the channel length. In increas-
ing the lateral confinement, strong resonant structures appear at voltages V that correspond to energies
of GaAs phonon density-of-states maxima for acoustical as well as optical phonons. Compared with
metal point-contact spectroscopy, this technique offers reproducible tunability of buried point contacts.

Recently, quantum point contacts were prepared and
characterized,"? leading to the discovery of quantized
conductance of these quasi-one-dimensional (1D) chan-
nels in multiples of 2e?/h. These systems were induced
via split gates on top of Al, Ga,_, As-GaAs heterostruc-
tures with high electron mobilities. Another way of
creating a 1D confining potential was found by fabricat-
ing in-plane-gated quantum wires by means of Ga™ fo-
cused ion beam (FIB) implantation,3 a method which has
the advantage of maskless writing on as-grown hetero-
structures. In both cases the quantized steps in the
point-contact resistance were measured with an applied
source-drain voltage of less than 1 mV. Quantization
breakdown occurs if the applied voltage reaches a certain
critical value which is of the order of the 1D subband
spacing (typically 2—4 meV).* Hot electron effects have
been extensively investigated in lateral tunneling experi-
ments”’ and electroluminescence studies,® showing emis-
sion of optical phonons by the electrons. Very recently,
the kinetic energies of injected electrons from quantum
point contacts have been measured.’

In this paper we present an analysis of the current-
voltage characteristic of quantum point contacts for
source-drain voltages up to 100 mV. All devices dis-
cussed in the following were fabricated by means of FIB
implantation. This kind of point-contact spectroscopy
has been performed previously on metals'® and metal-
semiconductor junctions'! in order to study the electron-
phonon interaction function a?F (Eliashberg function)
from an analysis of the d?V /dI? characteristic in the lim-
it of contact dimensions small compared to the effective
mean free path /,.'> Roughly speaking, the Eliashberg
function @?F is the product of the phonon density of
states F and the squared matrix element a for the
electron-phonon interaction averaged over the Fermi
sphere. For three-dimensional electron systems this has
been calculated by solving the full linear Boltzmann
equation for the point-contact problem.!>'* Unfor-
tunately no such theoretical work has yet been done in
the case of a two-dimensional electron gas 2DEG). In

the following we will show that the second derivative.
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d?V /dI? of a point contact in a 2DEG reflects structures
in the phonon density of states (DOS). Historically, the
fundamental work on 1D channels’? was initially
motivated by this spectroscopic application leading to its
designation as ‘“‘semiconductor point contact” by Van
Wees et al.! and Kouwenhoven et al.*

Samples were prepared from a GaAs/Alj ;Gag ;As het-
erostructure (grown by molecular beam epitaxy) with car-
rier density n =2.1X10'! cm ™2 and a zero-field mobility
of u=3.0X10° cm?/Vs at T=4 K. This corresponds to
a transport mean free path of 2.5 um and a Fermi energy
E;=7.2 meV for an effective mass of m =0.07m, (m,,
free electron mass). The as-grown samples are mesa
etched with standard optical lithography to define a 150-
pum-wide Hall bar with 150-um spaced 50-um-wide po-
tential probes. By means of focused Ga™-ion beam insu-
lation writing with a spot diameter of 100 nm and a dose
of 1.3X10"® ¢cm ™2 we create an in-plane-gate.* In com-
bination with an insulating line written from the sample
edge close to the gate this gives a tunable constriction
(Fig. 1). We denote the shortest distance across the con-
striction between the center points of the FIB-exposed
spots the geometrical width which is w,., =2 pm. By ap-
plying different gate voltages to terminal 6 in Fig. 1 with
respect to the source (terminal 5) both the effective width
and the carrier concentration of the constriction can be
increased (positive gate voltage) or decreased (negative
gate voltage), respectively. The effective channel width w
can be tuned down to zero by a negative gate voltage V.
In the measurements presented here pinchoff occurs at
threshold voltages of typically V,;, = —3 V. The leakage
current between gate and source and/or drain is well
below 100 pA for—5< Ve <+5 V. For more details see
Ref. 3.

The measurements are performed in a bath cryostat at
4.2 K. The drain-source bias V¥ is obtained by passing a
constant dc current I through the device. We measure
the differential resistance d¥V /dI with standard lock-in
technique by superimposing a 10-nA ac current of fre-
quency 86 Hz. This ac current is large enough to give a
reasonable signal-to-noise ratio and small enough to
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FIG. 1. Sketch of the sample. The focused ion beam written
path is indicated by the bold lines.

probe only a small voltage interval ( <1 mV) around the
applied bias. Driving the current through contacts 1 and
4 we measure both the differential resistance and the bias
voltage using contacts 2 and 3 in a four-terminal arrange-
ment. The second derivative d*V /dI? is obtained numer-
ically from the experimental dV /dI data.

Figure 2 shows the I-V characteristics of the constric-
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FIG. 2. (a) Current-voltage (I-V) characteristics, (b) the first,
and (c) the second derivative of ¥ with respect to I. The applied
gate voltageis V,=—1.0 V.
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tion with an applied gate voltage ¥V, = —1.0 V [2(a)], the
first derivative dV /dI [2(b)], and the second derivative
d?V /dI* [2(c)], respectively.

In Fig. 3 we present the measured differential resis-
tance of the constriction of a second sample for different
gate voltages as a function of the applied bias voltage.
The lowest curve (¥, =+4.0 V) shows almost perfect
Ohmic behavior. In tuning the gate voltage to negative
values the zero bias resistance is increased monotonically.
This increase is accompanied by a pronounced peak
around zero bias for ¥, =—2.2 V. This peak is con-
sistent with the interpretation that near pinch-off a po-
tential barrier is built up in the constriction leading to
higher resistance. A finite bias ¥ over the channel length
is needed to overcome this barrier and, as a consequence,
the resistance drops rapidly.!’

For negative gate voltages large deviations from Ohmic
behavior are observed in both current directions at a bias
voltage of ¥~8 mV. An additional nonlinearity around
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FIG. 3. Differential resistance measured in the contact

configuration of Fig. 1 as a function of the bias voltage for gate
voltages ¥, =4.0,0.0, —10, —1.5, —1.6, —1.7, — 1.75, — 1.8,
—1.9, —2.1, —2.2, and —2.3 V for the lowest to the uppermost
curve, respectively. The curves for ¥, = —2.2 and —1.8 V cross
adjacent curves and are thus dashed for clarity. The inset
curves for V,=—2.15V, the dashed curve measured in the
same contact configuration as the data in the main figure. The
solid curve is recorded with ¥, applied relative to contact 2 in-
stead of contact 5 in the main figure (see Fig. 1). The axis label-
ing of the inset refers to the lettering of the main figure.
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V=32 mV arises with increasing strength when V, is
tuned to even smaller values. In the case of Fig. 3 this
high-energy nonlinearity is seen only in the current direc-
tion from terminal 4 to 1 whereas in the case of Fig. 2(b)
both the high- and the low-energy nonlinearities are ob-
served in the positive and in the negative current direc-
tion. We attribute the asymmetry in Fig. 3 to microscop-
ic properties of the sample used for Fig. 3. To check the
influence of the voltage drop V on the gate potential (so-
called pinch off behavior) we show in the inset of Fig. 3
curves measured with the gate voltage applied to one and
the other end of the channel. The curves are very similar
and exhibit the same resonant structures exactly at the
same voltages. Thus, we can definitely exclude the possi-
bility that resonant structures in the curves are due to
changes in the confining potential.

In Fig. 4 we show the second derivative d2V /dI? as a
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FIG. 4. Second derivative of the voltage-current characteris-
tics of the constriction for gate voltages ¥, as indicated in the
figure, the Fermi energy of the 2DEG adjacent to the constric-
tion being Er=7.2 meV. The curve in the inset is obtained for
a sample with higher Fermi energy Er=16.5 meV, gate voltage
Ve=—3.95 V, and geometrical width w,,=1.5 pum. This
higher negative gate voltage is needed for the higher carrier
density n and scales with n and 1/w,,, respectively. The axis
scales of the inset refer to the lettering of the main figure. The
lowest curve in the figure represents the energy dependence of
the phonon DOS of GaAs in arbitrary units on the vertical scale
(Ref. 16).
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function of the bias for different gate voltages with the
current flow in the negative direction (terminal 4 to 1).
The nonlinearities at low energy and high energy appear
as positive peaks in d2V /dI? as indicated by arrows in
Fig. 4, already visible in Fig. 2(c) as minima for negative
bias and maxima for positive bias, respectively. At the
bottom of Fig. 4 we have plotted the calculated phonon
DOS of GaAs (Ref. 16) for purposes of comparison. The
marked structures in the second derivative are very close
to maxima in the phonon DOS. This strongly indicates
that d2V /dI? is a measure of the energy dependence of
the electron-phonon interaction as in the case of point-
contact spectroscopy on metals, thereby reflecting the
phonon DOS.

In order to rule out the possibility that the Fermi ener-
gy of the 2DEG (E=7.2 meV) might affect the position
of the low-energy peak we have prepared samples in the
same way as the samples discussed above but from an
Al,Ga,_,As/GaAs heterostructure with carrier density
n=4.8%X10" cm™? which yields a Fermi energy
E;=16.5 meV. As can be seen from Fig. 4 there is no
shift in the position of the peak even though the Fermi
energy differs by more than a factor of 2. In total, seven
samples prepared from three different wafers have been
investigated, all showing resonant structures at the same
energy positions.

In contrast to conventional point-contact spectroscopy
the width of the constriction can be tuned continously via
the in-plane-gate in our samples. This gives us the possi-
bility to adjust different ratios w /I,. It is very instructive
to see in Fig. 3 how the features become more prominent
as the width is decreased via the applied gate voltage.
Since in point-contact spectroscopy the condition w </,
must hold, we expect resonances which become more
pronounced the smaller w is, in consistence with the ob-
served phenomena.

Another advantage of this method is due to the fact
that the current does not flow through a free surface as is
the case in a metal point contact!? since in our samples
the point contact is formed within the 2DEG. Thus spec-
tra of the same constriction are well reproduced even
after warming up the sample or exposing it to air.

Since the 2DEG is located at the Al,Ga,_, As-GaAs
interface we expect contributions from the Al Ga,_, As
phonon DOS to the spectrum. It has been shown!”1®
that the GaAs-like LO phonon in Al,Ga,_, As is shifted
to lower energy (AE~= —1.5 meV for x =0.3). There-
fore the corresponding peak value in d?V /dI? is expected
to move towards the low-energy side. This is consistent
with our observation that the maxima in d?V /dI? occur
at voltages slightly below the value expected from the
phonon DOS in GaAs.

Other scattering processes such as those with charged
impurities also contribute to the point-contact spectra.
The interaction with charged impurities leads to increas-
ing scattering times for higher electron energies because
the Rutherford cross section decreases dramatically as
the velocity of the electrons increases. This may explain
the drop in differential resistance in the regime of medi-
um bias voltage. For a full discussion of the system, in-
tersubband scattering and scattering due to the interface
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roughness must also be considered.

We would like to point out that the spectra presented
in Figs. 2—4 contain a wealth of information which may
serve to characterize devices like FIB written quasi-1D
channels rugged enough to study higher voltage effects as
shown here. So far a detailed theoretical analysis to give
a more profound quantitative understanding of the data
is not available.

Finally it is worth noting that the noise in the measure-
ments shown in Fig. 3 reaches a maximum level for a gate
voltage V,~—1.0 V and decreases again with increasing
negative gate voltage, which is a reproducible effect. An
interpretation for this effect has been given in terms of
circuit instabilities caused by the occurrence of negative
differential resistance in a 1D channel.!®?°

In conclusion we have reported on detailed measure-
ments of the differential resistance of a buried constric-
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tion carrying over the concept of point-contact spectros-
copy to the field of semiconductor physics. Our results
indicate that the second derivative of the I -V characteris-
tic of a 1D channel connecting two 2DEG’s provides a
direct measurement of the 2D electron-phonon coupling
a’F. With an in-plane-gate we are able to tune the width
of the constriction continously from 2D to 1D which
makes it possible to study the effect of the ratio w /I, on
the spectra. Point-contact spectroscopy on 2D electron
systems promises to be a useful tool to study the phonon
DOS in semiconductors especially for those materials for
which neutron-diffraction data cannot be obtained be-
cause of the lack of volume crystals (e.g., Al,Ga,_,As).
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