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Electrostatic electron lens in the ballistic regime
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Electrostatic focusing of ballistic electrons in a high-mobility two-dimensional electron gas is
discussed and experimentally demonstrated. The focusing is achieved by a spatial modulation of
the electrostatic potential along the electrons’ trajectories, in analogy with the modulation of the
dielectric constant in conventional light-wave optics.

The long electronic mean free path (mfp) in two-
dimensional electron-gas (2D EG) systems and improved
electron-beam lithography have opened a new field of
research which might be called “electron optics in solids.”
A few recent examples are magnetic focusing,' the col-
limation of an electron beam injected from a smooth con-
striction,2™* electrostatic beam steering,’ and Fabry-
Pérot modes in a 1D electron resonator.>® All of these
effects involve reflective elements, namely scattering off
potentials higher than the electron energy. It is the pur-
pose of this paper to report on the first realization of a
purely refractive element, namely an electrostatic electron
lens. The electronic imaging described below is obtained
by spatial modulation of the electrostatic potential in the
space where ballistic electrons travel, in analogy with the
spatial modulation of the dielectric constant in standard
optical lenses.

The corresponding ““Snell’s law” for ballistic electrons
that cross a boundary where their velocity is changed can
be derived from the classical equations of motion. Consid-
er the case depicted in Fig. 1(a) where an electron at the
Fermi energy Er impinges at an angle 6, on an interface
between two regions with different carrier concentration,
Ni=mEr/th? and Ny;=m(Ep—®)/nh?, respectively.
Since the momentum parallel to the interface is con-
served, p;sin@, =p,sinf, (where p,, p; are the total elec-
tron momenta in the two regions); energy conservation
yields

sinf,/sin6, =(1 —®/Ef) "2, (1)

which is the analog of Snell’s law. Notice that for positive
®, 6, is larger than 6, in contrast with the case of a pho-
ton entering a medium with a larger dielectric constant.
This difference results from the different dispersion rela-
tions for massive particles and photons. In the first case,
lower velocity is accompanied by longer wavelength while
in the case of photons a larger index of refraction leads to
a lower velocity and a shorter wavelength. In the experi-
ment described below, ® is positive and a converging lens
has a concave shape.

The lens device was fabricated on a GaAs-Al,Ga| -, As
heterojunction supporting a high-mobility 2D EG. The
carrier density and mobility of the 2D EG were measured
at 4.2 K using a standard van der Pauw procedure and
were found to be Ng=3x10'"" cm ™2 and p=7x10°
cm?/Vsec, respectively, leading to a Fermi energy Er
=10.7 meV and a transport mfp (calculated from the mo-
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bility) of /=4.5 um. A scanning electron micrograph of a
typical device is shown in Fig. 2. Two metallic gates
define a point emitter (E) while four other gates arranged
along a circumference of a circle define three voltage
probes (P1 to P3) at angles of —30°, 0°, and 30° relative
to the emitter axis. The nominal sizes of the emitter and
probes openings varied between 180 and 500 nm and the
radius of the device was usually 2.2 um (we have fabricat-
ed larger devices as well as will be mentioned below). A
biconcave shaped gate in the center of the structure served
as a lens gate with two circular faces having radius
R =400 nm and “waist width” W =400 nm. The micros-
tructure was defined using electron-beam lithography.
The emitter (E), the three probes (P1, P2, P3), and the
two drain contacts (D1, D2) were contacted using stan-
dard Ni-Ge-Au alloyed ohmic contacts. Application of a
high enough negative bias to the emitter and the probes
gates created potential barriers, higher than Er, under-
neath these gates, which confined the electrons to the
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FIG. 1. (a) The geometry assumed in the derivation of Snell’s
law. (b) Schematics of the biconcave lens leading to Eq. (2) for
the imaging conditions.
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FIG. 2. Scanning electron microscope micrograph of the de-
vice (top view). The light areas are the metallic gates forming
the emitter, probes, and the biconcave lens, by the induction of
potential barriers underneath.

ungated and the lens regions. Application of a small neg-
ative bias to the lens gate formed a shallow potential bar-
rier under the gate with a spatial shape similar to that of
the lens. The potential ® formed under the lens gate de-
pended on the applied voltage VgL and could be tuned be-
tween zero and values larger than FEr. The ratio
sinBy/sin8, [Fig. 1(a)] could thus be varied between unity
and infinity, changing the focal length of the lens between
the lens radius and infinity. The distance L between an
object (O) and its image (1), assuming the lens is equidis-
tant to O and I [Fig. 1(b)], can be calculated using Eq.
(1). For small 8, 6, it is given by

[ - 2R
1—(1 —®/EF) 2

which for the device depicted in Fig. 2 with L =2.2 ym
yields an imaging condition: ®jpag== %Ep =6.7 meV.

In our experiment the measurement was performed us-
ing standard ac technique in a four-terminal configur-
ation. Current was driven at a constant voltage between
the emitter and the drain contacts and a voltage was mea-
sured between the various voltage probes as a function of
VgL. A widely used approach for discussing transport in
systems smaller than the phase coherence length is the one
due to Landauer.”® A particularly powerful tool within
that framework is Biittiker’s multiport formula®

+w, (2)

2—";1.,-1,,V.,— 2 TsVs, (3)
¢ poa

where I, is the current in the ath probe, 7, =X s, Tpa, Tpa
is the transmission from the Bth to the ath probe, and all
voltages are measured relative to the drain. By changing
the voltage applied to the various gates, the resistances of
the three probes and the emitter were tuned to the same
value (approximately 1.5 K Q). Since Ip, =Ip;=1Ip3=0,

Ie=—=(Upi+Ipy), tp1=tp2=1p3, and tp>Trip2,
Tpa.p1, We obtain for V3 =Vpy—Vp,
Tepa—T
V2|=VEM’ (4)
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where tp =1p; =t1py=1p3. Since 7p depends only weakly
on the lens potential (the lens potential affects weakly the
probes openings), measurement of ¥, amounts to a direct
probing of the difference between the transmission
coefficients from the emitter to the two voltage probes P 1
and P2. The focusing by the lens should be reflected then
in a maximum in V3, as the imaging condition given in
Eq. (2) is approached.

In all experiments presented below Vg =30 uV (rms)
and 7p =h/2e*x 73 @ ~'=8.6 leading to the simple re-
lation Tgpy— Tep1 =8.6V21/30 uV. The measured dif-
ference in the transmission coefficients, Tgpy — Tgpy, for
three different temperatures, is shown in Fig. 3 as a func-
tion of the lens gate voltage VgL (similar results are ob-
served for Tepy— Tep3). Consider the T=4.2 K case
first. For VgL=0, Tgp,—Tgp; is already positive,
reflecting the partial collimation?3 of an electron beam in-
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FIG. 3. (a) The difference between the transmission

coefficients to the two voltage probes P1 and P2 vs the voltage
applied to the lens gate. The three curves correspond to
different temperatures. Focusing condition is satisfied for
VoL=—0.37 V. (b) Carrier concentration and mobility in a
macroscopic gated 2D EG structure as a function of the voltage
applied to the gate.
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jected from a constriction. The small value of Tgp;
— Tkp) indicates a rather wide angular distribution, in ac-
cordance also with magnetic field results presented below.
Upon applying negative voltage to the lens gate,
Tepy— Tep) increases monotonically, reaches a sharp
maximum at VgL = —0.37 V, and thereafter drops down.
To estimate the lens gate voltage that corresponds to a
given potential ®, we have measured the carrier concen-
tration versus gate voltage in a macroscopic, gated van der
Pauw pattern. The results are shown in Fig. 3(b). Substi-
tuting the various parameters taken from Fig. 3(b) into
Eq. (2) yields for the imaging condition V.= —0.38 V,
in good agreement with the peak position in Fig. 3.

At a lower temperature, T=1.4 K, a pronounced,
reproducible structure appears superimposed on the focus-
ing curve. The overall focusing effect does not change
since the transport mfp is practically independent of tem-
perature. At a temperature 7 =42 K, however, the curve
is smooth and the total focusing effect is considerably
smaller [Fig. 3(a)]l. At T==77 K (not shown), when the
transport mfp becomes roughly 1.2 um, the focusing sig-
nal vanishes altogether, unambiguously proving the ballis-
tic nature of the effect. Notice that the fine structure, su-
perimposed on the focusing signal, disappears at consider-
ably lower temperatures than the focusing peak does.
This issue will be briefly addressed later.

A number of undesirable effects tend to decrease the
lens efficiency. First, electrons traversing under the lens
gate suffer, due to reduced screening, enhanced scattering
from the ionized donors in the Al,Ga;-,As, especially
when ® approaches Er. This fact is also evidenced from
the degradation in the mobility seen in Fig. 3(b). This
effect contributes to the sharp drop in Tgps — Tep, for
| VL| > 0.4 V. Second, electrons impinging on the lens
potential at a large incidence angle, 8, > sin ~'(1 —®/Ef)
[see Fig. 1(b)], are totally reflected. As a consequence of
these effects, the focusing peak expected in Vp; (relative
to a drain in a three terminal measurement) is reduced by
the monotonic decrease in the signal as ® approaches Er.
Measuring ¥, normalizes out most of these effects and
the signal due to focusing is clearly seen. Larger devices
with 4 and 6 um separation between the emitter and volt-
age probes, a larger lens radius, R =600 nm, and a nar-
rower waist width, W =150 nm, were also fabricated
(on a different 2D EG with Ng=4x10""" ¢cm ~? and
p=1x10% cm?/Vsec). As expected from Eq. (2), the
peak in Tgp, — Tgp| was shifted to lower lens gate voltage,
VoL=—0.2 V (smaller potential ®), and a clear peak in
Vp, as a function of Vg, had been observed ' (not shown
here). The focusing peak in the latter devices were small-
er due to the limited mfp.

To verify further the ballistic nature of the effect, a
magnetic field was applied perpendicular to the plane of
the 2D EG. The measured difference in the transmission
coefficients, Tegps — Tegp; vs VgL, for various magnetic
fields, is depicted in Fig. 4. We find that the focusing
peak decreases as the magnetic field increases and van-
ishes for fields around B=700 G, where the cyclotron or-
bit diameter, D¢, becomes comparable to the separa-
tion between the emitter and the voltage probes [D¢
=2(2mEr)"*/eB=2.5 um]. The observed sensitivity to
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FIG. 4. The difference between the transmission coefficients
to the two probes, P1 and P2 (a) vs the voltage applied to the
lens gate for various values of a magnetic field perpendicular to
the plane of the 2D EG and (b) vs a magnetic field (for
VL =0). Notice the quantum structure superimposed on the
classical behavior. Similar structure is seen in Fig. 3(a) as a
function of VgL at T=1.4 K.

weak magnetic fields is indicative of ballistic transport (in
contrast to diffusive motion). Complementary data are
shown in Fig. 4(b), where Tgp, — Tgp, is depicted versus
magnetic field for VgL =0 (a magnetic steering experi-
ment). The sign reversal observed in the measured V5, re-
sults from the deflection of the collimated ballistic elec-
trons from P2 to P1 by the magnetic field. The size of the
cyclotron diameter that corresponds to the sign reversal is
Dc=2.5 pm, indicating a wide angular distribution. No-
tice the reproducible structure superimposed on the classi-
cal steering curve.

We return now to discuss the reproducible fluctuations
in Tepy—Tgp1 vs VL and B seen at low temperatures.
Usually, the disappearance of quantum fluctuations at
temperatures as high as 4.2 K is attributed to thermal
averaging. However, for transport on length scales short-
er than the elastic mean free path (compared with
diffusive motion), the important paths available for the
electron are of approximately the same length. The posi-
tions of the maxima and minima in the interference pat-
tern would thus depend very weakly on energy, reducing
thermal smearing considerably. In the absence of any col-
lisions it is a straightforward matter to show that in our
experiment, thermal smearing is approximately an order
of magnitude too small to account for the observed disap-
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pearance of the quantum fluctuations with temperature.

We therefore suggest that the smearing of the quantum
fluctuations might be due to electron-electron scattering.
Noticing that both electrons involved in the scattering
process should have energies within kg T from Er before
and after the scattering, it can be shown that in the limit
kpT < EFr the scattering must be either forward directed
or resulting in an approximate exchange between the elec-
trons momenta. Thus, electron-electron scattering at low
temperatures do not affect the classical trajectories, the
transport mfp, and the focusing signal, but will randomize
the phase of the electrons and therefore will smear a
structure due to interference effects. It is evident from the
data that the critical temperature for these fluctuations is
much lower than the characteristic temperature for which
the classical effects (collimation, focusing, etc.) disappear,
hence suggesting that they are related to quantum in-
terference phenomena.

Though these fluctuations are similar to the usual con-
ductance fluctuations in the diffusive regime we em-
phasize that both the distance between the emitter and the
voltage probes and the distance between the voltage
probes are shorter than the transport mfp. Another possi-
ble source for quantum fluctuations in the ballistic regime
might be electron diffraction by the constrictions. In the
presence of a weak magnetic field the kinetic phase of
each semiclassical path from a slit of width 2d to a screen
at a distance L>d is modified by the phase due to the
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magnetic field. The equiphase planes in the absence of
magnetic field are rotated due to the field and the whole
diffraction pattern is shifted by Ax =BeL?/2p where p is
the electron momentum. Notice that Ax is a classical
quantity resulting in a rigid shift of the whole diffraction
pattern. The characteristic field scale for shifting one
maximum of the diffraction pattern on the screen to the
next one is given by AB =®y/Ld. In our experiment, for
2d =400 nm we find AB=100 G, which is not incon-
sistent with the experimental results shown in Fig. 4(b).
We emphasize that this curve does not correspond to an
ideal diffraction pattern possibly due to scattering. How-
ever, the main features of our analysis should remain valid
as long as the mfp is much longer than L.

In summary, we have demonstrated the first operation
of an electrostatic electron lens in solid-state systems. The
focusing is achieved by a spatial modulation of the elec-
trostatic potential in regions where ballistic electrons trav-
el in analogy with refraction of photons in optics. Ballistic
motion was confirmed both by monitoring the magnitude
of the focusing effect as the temperature is varied and by
application of a perpendicular magnetic field.
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