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We demonstrate the use of a scanned probe micros(®p#) at 4 Kelvin to study electron
transport through a ballistic point contact in the two-dimensional electron gas inside a GaAs/
AlGaAs heterostructure. The electron gas density profile is locally perturbed by the charged SPM tip
providing information about the electron flow through the point contact. As the tip is scanned, one
obtains a spatial image of the ballistic electron flux as well as the topographic profile of the
structure. Calculations indicate the spatial resolution is comparable to the electron gas depth.
© 1996 American Institute of PhysidsS0003-695(96)03031-§

Scanned probe microscdpéSPM) techniques show deflection sensors which can produce undesired changes in
promise for the study of subsurface two dimensional electrophotosensitive samples. The conducting cantilever provides
gas(2DEG) systems in semiconductor nanostructures at lowelectrical contact to the tip without the addition of a metallic
temperatures. Extensive use of SPM techniques has beewating. A relatively long piezoelectric tube scani@rin.
made to characterize semiconductors at room temperatur&0.25 in<0.020 in) is used to give a largé20 um) scan
capacitance™ and resistanceprofiling of carrier distribu- range at 4 K. Symmetric stage design resulted in a small,
tions has been demonstrated, and trapped charge has beepeatable 9@um thermal drift on cooldown from room tem-
deposited and observed via both fdremd capacitanéemi-  perature, permitting alignment of the tip and nanostructure at
croscopy. Characterization of semiconductor nanostructura®om temperature.
used for the study of quantum phenomena presents addi- Figure Xa) shows a topographic image of a ballistic
tional difficulties: operation of the SPM at cryogenic tem- point contact obtained at 4.2 K using this microscope. The
peratures, and imaging the electron gas beneath the sampgleint contact was fabricated in a GaAsjAGa, ;As hetero-
surface. structure containing a 2DEG in a remotely doped accumula-

In this letter, we demonstrate the use of a scanned probgon layer located 520 A beneath the surface. Low tempera-
microscope at 4.2 K to study the ballistic flow of electronsture Hall measurements determined the sheet demsity
through a narrow constriction in a 2DEG. Electron flow =3.0x10'* cm™2, the mobility =540 000 crdV s, and
through point contacts has been studied previously by usinghe electron mean free pat#i=5.0 um. The point contact
complex gate arrangements and by steering electron trajegras defined via electron beam lithography and fabricated
tories with a magnetic fieli-*° In the experiment presented using a liquid mesa etch; from Fig(a its width is 2.9um.
here, the SPM tip locally perturbs the electron gas densitifter subtraction of the lead and spreading resistance, the
via capacitive coupling. Tunneling between the tip and thepoint contact resistantgis Rpc=100 Q.
electron gas does not occur, because the 2DEG is located Figure :Kb) shows an image of the Change in point con-
~500 A beneath the surface. The density perturbation, whiclgct resistanca R induced by the charged SPM tip as the tip
can have a radius comparable to the electron gas depth, ofjas scanned over the point contact. Figurés and ib)
structs the current flow by Scattering electrons. By Scanning\/ere acquired Simuitaneousiy; the outline of the point con-
the perturbation, we image the ballistic flow of electronsiact from Fig. 1a) is shown as the white lines in Fig(H).
through the contact. Because the width of the density perturfo obtain the image in Fig. (), an ac voltage/,.=0.5 V
bation induced by the SPM tip is comparable to the Fermims at 400 Hz was applied between the tip and the electron
wavelength \r~400 A, this technique can provide spatial gas. Capacitive coupling between the tip and the electron gas
information on a size scale approaching the spacing of eleGnduces a local modulation in sheet density with tip voltage
trons in semiconductor nanostructuresxg/2). which deflects electrons passing through the ballistic point

The SPM used in this experiment was constructed Sp&contact. The resulting change in resistand@was measured
cifically for the study of semiconductor nanostructures at lig-py passing a dc currerity, through the point contact and
uid helium temperatures. The microscope is mounted in measuring the ac voltage drop with a lockin amplifier. The
vacuum attached to the cold plate of a liquid He Dewar at 4.2neasured signalR was unaffected by tip to surface force,
K, surrounded by liquid He cooled radiation shields. A pi- a5 well as the circuit monitoring the cantilever deflection.
ezoresistive cantilevér is used to provide the topographic Figure Xb) provides an image of electron flow through
profile of the nanostructure, eliminating the need for opticalpe palistic point contact, as explained by the following
model. The mean free path is greater than the dimensions
dElectronic mail: westervelt@das.harvard.edu of the point contact, therefore the resistarRg is deter-

Appl. Phys. Lett. 69 (5), 29 July 1996 0003-6951/96/69(5)/671/3/$10.00 © 1996 American Institute of Physics 671
Downloaded-22-Dec-2000--t0-140.247.57.93.--Redistribution-subject-to-AlP-copyright,~see-http://ojps.aip.org/aplo/aplcpyrts.html.



o1k s E

AR/R,

0.01 1 ) I 1
0

X (um)

FIG. 2. Normalized change in resistant®/ R, from Fig 1(b) along a line

' 2 Q perpendicular to the point contact, as shown schematically in the inset. The
v solid line is an exponential fit to the data.
diameter of the density perturbation to bér2=wAR/R
~600 A, wherew=2.9 um is the point contact width, as-
suming that the electron gas is fully depleted under the tip
and in agreement with numerical calculations below.

Figure 2 is a semilog plot of the normalized resistance
changeAR/R, from Fig. 1(b) vs distancex along the line
perpendicular to the point contact, as indicated in the inset.
As shown, the resistance change caused by the density per-
turbation decays exponentially with distance away from the
point contact; the decay length from Fig. 2 is 2. Ac-
cording to the simple model above, the decay length should
be one half the mean free path because the round trip

0Q distance between the density perturbation and point contact

is 2x. The mean free path inferred via this argument from the
FIG. 1. (a) AFM image of the point contact taken at 4.2 K. Total image size decay Iength is 5.6um in gOOd agreement with the mean
is 19 um, and the point contact is 2/8m wide. (b) Simultaneously recorded > - . .
image of the change in point contact resistance. Tip voltage is 0.5 Vrms, anHee path/—S.O pm from _the mOb'!lty' This S'mple argu-
the full color scale range is 2. ment neglects an algebraic correctionA& due to angular
spreading of the electron flow.
Figure 3 is a plot of the normalized resistance change

AR/R, from Fig. 1(b) vs angle# along an arc 4um away

mined solely by the ballistic flux of electrons through the ' : ' . '
point contact and is independé&hof /. The tip produced a
local sheet density perturbation which scatters electrons: if 1ol .
the scattering event changes the flux through the point con- .
tact the resistancR,. changes, otherwise the change in re-
sistance is negligible. As shown in Fighl, the signaAR is

constant far away from the point contact, and increases by a -
factor ~100 toAR=2.07 Q in the center. We foundR to p * .
be proportional td/,.. The influence of the tip on the point il * vee ~ 1
contact resistance is confined to a region within half a mean . e’
free path,//2, of the center of the contact, because the tra- .
jectories of electrons scattered by the tip are randomized by .
disorder over a distancé in accord with the simple model 4
above. The image also shows a pronounced collimation of B T, o o m 0
the electron flow through the point contact in agreement with
previous measurements of ballistic electron flow using mag-
netic fields? From the measured peak resistance change i, 3. Normalized change in resistant®/R, from Fig. 1(b) along an arc
the point contacAR~0.0R,., we estimate the effective with radius 4um as in the inset.
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where Vg is the voltage at which the gas first starts to de-
plete, andh is the height of the planar cantilever above the
surface. For,=500 A, we calculate/y=0.3 V for ng=3

x 10' cm™2, implying that the electron gas was depleted
under the tip for the data above. The second term due to the
cantilever is simply the parallel plate capacitor solution, and
is negligible for our geometry. The narrow width of the per-
turbationAn is in agreement with the smat%) change in
resistance found in this experiment.

In conclusion, we have demonstrated that cryogenic
SPMs can locally modify the sheet density of a subsurface
2DEG, and we have used this technique to image the current
flow through a ballistic point contact. The images locally
6. 4. Caloulated densit oat netion of radial distar measure the electron mean free path and the collimation of
T e e e o o bt o comtr o o001 flow through the point contact. Numerical calculations
1000, 500, 100, and 20 A. the gas depth is 520 A, axial symmetry is asindicate that the spatial resolution of this technique is deter-
sumed, and the tip angle was 20°. The inset shows the same curves cdhined primarily by the depth of the electron gas beneath the
lapsed to a normalized value of unity directly under the tip. The solid linesyrface, and can approach the electron spacing.
corresponds to Eqd). We thank H. Hess, J. Liu, and J. Lin for helpful discus-

sions. This work was funded at Harvard by ONR N00014-
from the center of the point contact, as indicated in the inset95-1-0104, JSEP N00014-89-J-01023, NSF DMR-95-01438
The resistance change shows a pronounced collimation aind the MRSEC program of the National Science Founda-
the ballistic electron flux perpendicular to the point contact:tion under DMR-94-00396, and at UCSB by AFOSR Grant
AR is strongly peaked a#=0 °, and has a half width at half No. F49620-94-1-0158.
maximum ofA =20 °. Collimation of the ballistic electron
flux through point contacts due to flaring of the entrance and
exit is a well known phenomenon previously studied by Mo-
lenkampet al® and others.
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