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electron microscopy
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A scanning electron microscope with cryogenic sample holder has been employed for spatially
resolved excitation of carriers. A point contact at a fixed position on the sample surface opposing the
area scanned by the electron beam serves as a local current probe. Ballistic propagation and focusing
of electron beam excited carriers is observed in single crystalline high purity samples of bismuth and
tungsten over distances of typically 1@fn. Signal contributions from diffusive carrier flow as well

as ballistic phonons are observed in addition to the ballistic electron signald99® American
Institute of Physicg.S0021-897@9)03301-0

I. INTRODUCTION density of states is equal for all directionskofind the trans-

At room temperature the dominating scattering mechaPort is fully isotropic. The FS of real metals differs consid-

nism for electrons in metals is the electron—phonon interac€rably from the free electron FS. If directions with vanishing

tion. This leads to a very short mean free péthof the FS curvature exist, the electron current density exhibits sin-

carriers in the range of some nanometers only. Transport igularities in these _directions. This highly _anisz)tropic trans-
diffusive and is described by Ohm's law when the mean fred?©rt Phenomenon is called electron focusiedg).

path is small compared to the samples dimensions. The 1Ne surfaces of constant elastic energy in crystals are
electron—phonon interaction is approximately proportional tg?°nspherical as well, so phonon transport is anisotropic, also.
the temperature and can therefore be suppressed by coolidiS l€ads to the well known phonon fpcu??r‘?g/vhlch has

the sample to low temperatures. Below typically 4 K, for béen demonstrated in numerous experiméntsThe obser-

metals and semimetals the temperature independent impurigﬁ‘t'on of reallz space resolved EF has recently _been
scattering is the dominating scattering mechanism. emonstratetd'* using light or a point contact for carrier

If one reduces scattering due to impurities of a Samméexcitation. In this article we present for the first time the
by carefully preparing very pure single-crystal samples ofoPServation of EF employing the electron beam of a scan-
metals or semimetals, the mean free fétican reach values MNg electron microscopeSEM) for carrier excitation.
of several hundregkm and can be comparable or larger than
the typical sample size. In this case it is possible to observl. EXPERIMENT
ballistic propagation of carriers:> Under these conditions The excitation of carriers with an electron beam is domi-
surface(FS) and show striking deviations from the diffusive
behavior.

Within the semiclassical theory of the dynamics of elec-
trons the group velocity, is related to the wavevectérby

sample surface and excites a volume which can approxi-
mately be described as a sphere with the diamgteSince

low temperature scanning electron microscopy is a well es-
tablished technique and comparable arrangements have been
Vgr(K)=%"1 V,E(k). (1.)  used among others for phonon focusing experimgmts,

will only point out some results to give an estimate about the

Equation(1.]) states that the group velocity is always di- range of penetratiorr () of the primary electrons. A descrip-
rected along the gradient of the band structfi(&) and is tion of this process can be found in the literattitelThe

therefore perpendicular to surfaces of constant energy. Thueﬁectrons are deflected by the target atoms by elastic and

the group velocity vectors of electrons at the Fermi energy - ... \icio o Flastic collisions alter the direction of the
Er are perpendicular to the FS. : . : L T
. . rimary electrons, inelastic collisions mainly ionize atoms or
In the case of free electrons in a paraboloidal band’" " . ; . .
E(k)k? the surfaces of constant energy are spheres and theexcne conduction electrons. Inelastic scattering typically oc-
curs with energy transfer in the range of 5-50 eV. This en-
ergy loss leads to a relatively well defined path length, of

::Electronic mail: knauth@physik.uni-leipzig.de the primary electrons which is for light atoms comparable to
Current address: Leica Microsystems, Postfach 20 40, D-35530 Wetzlali,X since the Scattering angles are small.

Germany. . iy .
9Current address: CTSE-SAP Hewilett-Packard GmbH, Herrenberger-Strage 0T the heavier nuclei wit>50 the scattering angles
130, D-71034 Bblingen, Germany. are not small and the electron path resembles the movement
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with the electron beam through a hole in the thermal shield.
FIG. 1. Scheme of the setup for imaging of ballistic carriers in a metallicA point contact is placed on the opposite sample surface in
single crystal. The carriers are excited in the sample by an electron beam ¢he center of the area to be scanned. This is done by spot-
a SEM. After having traversed the crystal they generate a characteristigveming a thin electrochemically sharpened pin manufac-
potential pattern on the opposite surface which is detected with a stationare/ ' .
point contact. ured from copper or tungsten to the sample. The electrical
potential between the point contact and a reference contact,
which is connected to the edge of the sample, is measured as

o function of the beam position. The electron beam intensity
of a gas patrticle in kinetic gas theory. Therefore the range o& modulated with a frequench~100 Hz and the signal is
penetratiorr, can be shorter by a factor of 2 to 3 thgp,, at

. . X ax. detected by a lock-in technique. The images of the potential
typical electrc.)n.beam energies of 15 k(_aV. Since it is 0t.)'pattern are computer generated using the detected voltage as
served that, is mdepgndent of theKnugIe| charge number Itbrightness. Under the assumption of a homogeneous sample
can u;ually be described lypE .W'th a pargmeterK crystal, scanning the carrier source instead of the detector
bemg'm the range of 1.3 to 1.5 IS the dgnsﬂy of t.he only inverts the coordinates with respect to the situation of
material ancE is the electron energy in keV given as unltlessﬁxed source and scanned detector.
number. . It is also possible to use backscattering or secondary
For an electron enerdfi =5 kV we used the empirical electron images of the sample for adjustment and to identify

T — 15 —27 i
rellatltl)ntr xP= 9|.:(E E[/i g Ocnllv] mtroduc(::le(:hby C(isffléﬁto surface structures or scratches which might be superimposed
calculatery. Ol Be= we use e_relatiomyp on the electron focusing pattern.

=10EY*3 [ u g cm 2] introduced by Dreschér. For Bi the
value isr,=100 nm forEg=5 keV andr,=400 nm atE
=20 keV, forW the respective values are 200 and 800 nm.
If any electron focusing occurs, the resolution concern-  The FS of bismuth is displayed in Fig(@. It consists of
ing the observed focusing pattern is limited by the width ofthree approximately ellipsoid shaped surface pockets af the
the radial temperature profile centered in the generation volpoint of the Brillouin zone showing the three fold symmetry
ume. This is in the range of,. Therefore the excited volume of the crystaf’ The almost cylindrical center parts of the
is an order of magnitude smaller than in experiments withellipsoids lead to a pronounced enhancement of the electron
light induced carrier generation. The current injected into theflux in radial direction. Therefore observable ballistic trans-
sample by the electron beam is typically 20 nA. This is farport is almost completely restricted to propagation directions
too low to explain the signal levels observed in our experi-in three planes vertical to the axes of the cylinders. The
ments, since the typical currents needed to generate suéfermi energy is abouE;~23 meV and the effective mass is
signals are known from point contact experiments to be irm* ~0.01m,, wherem, is the free electron mass.
the mA range. Therefore we expect the signal generating Figure 3a) shows an experimentally obtained electron
mechanism to be mainly a thermoelectric one like in lightfocusing pattern of a Bi single crystal didkvith a thickness
induced experiments on electron focusing and the main efd=45 um, orientated with its large surfaces perpendicularly
fect of the beam electrons is just heating. However soméo the trigonal axis. The image frame (810 um)?. The
measurements show characteristic differences. experimental parameters atd,=5 kV and |4=22 nA
Figure 1 shows the experimental setup employed for imwhereU, is the electron beam acceleration voltage b
aging of electron focusing patterns with the SEM. Thethe electron beam current at the sample. The measurement
sample is mounted in thermal contact wittflde flow cry-  was performed at a temperatureTof 6 K. The three bright
ostat. The cryostat is equipped with a heater. The temperadines result from electrons of the three Fermi ellipsoids. EF
ture can be stabilized at any temperature between 5 and 15@curs in planes perpendicular tg due to the small curva-
K to about 0.1 K. A thermal shield surrounds the sampleture in this direction. The three EF lines do not intersect in
The setup is positioned in the sample chamber of a ComScamne point because of the small tilt &f against the K,ky)
CS44 Type SEM. The upper sample surface can be scanngtane.

Ill. RESULTS
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FIG. 4. (a) Electron focusing pattern of & single crystal slab in thé110)
plane. Crystal thicknesd=120 um, Ug=20 kV, 14=25 nA, T=5.5 K.
Image frametop) 210 umx 75 um. (b) and(c) are more detailed images of
the two caustics ifa), the image sizes are 40mx35 um each. The two
arrows indicate the position of the linescan shown in Fig. 5.

from the hot spot towards and through the @Gonon dray
These effects generate a thermoelectric voltage at the Bi—Cu
point contact.

In the differential imag¢Fig. 3(d)] the focusing pattern
can still be recognized &= 15 K. The dark regions which
FIG. 3. Electron focusing patterns of two different Bi single crystal slabs.belong tc_) phonor)s_ now dominate the ,'m"f‘ges because their
(a)—(d): The observation plane is thg-plane(111), crystal thicknessi=45  Propagation conditions do not change significantly between 6
um, image frame~ (110 um)?, acceleration voltagtl,=5 kV, beam cur- and 15 K while the propagation of ballistic electrons is
rentlg=22 nA. (a) Sample temperaturé=6 K, (c) T=15K, (@ and(c)  nearly supressed at the higher temperature.

show the measured datéy) and (d) have been created by subtracting a f : :
Gaussian profile, which models the diffusive part of the signal, ftanand Figures 3¢) and 3f) show EF images of another Bi

(©). (&) and (f): The observation plane [400), crystal thickness=300,m,  Single crystal’ The experimental parameters afg= 20 kV
image frame~ (1150 um)?, U,=20KV, I4=35 nA. () T=6 K, (f) T andl =35 nA. The measurement was performed at6K

=7K for image(a) and atT=7 K for image(b). In these images
the sample surfaces lie in thd00) plane of the crystal.
Therefore only two of the focusing planes cross the surface
Part of the electrons apparently suffer from multiple while the third one is orientated nearly parallel to the surface.
scattering processes. These scattered electrons create a rataage(e) shows ballistic transport, while in imag® diffu-
tionally symmetric potential distribution on the sample sur-sive transport dominates. The onset of the diffusive part oc-
face. The focusing pattern is superimposed onto this diffucurs within a temperature interval of approximately 1 K.
sive signal part. At higher temperatures the diffusive signal  Figure 4 shows the electron beam induced electron fo-
dominates the image. Figurec3 shows an image of the cusing pattern of a tungsten single crystal disin the(110)
same Bi sample as in Fig.(8®, but now measured a  surface. The sample thickness is 120. The experimental
=15 K. At this temperature the focusing pattern shows lowparameters aré) =20 kV andl,=25 nA. The measure-
contrast. The diffusive part of the signal has been modele¢ghent was performed &t=5.5 K. The bright caustic which
by a Gaussian distributioW(r) described by surround the two dark spots are produced by states of the so-
V() =V o (r-r)?Id? (3.0) called hole octahedron of the Fermi surfd€ég. 2b)]. The
0 ’ ' dark region inside the bright caustic has also been observed
wherer andrg lie in the observation plane and is the for light induced excitation alf=1.5 K under otherwise
sample thickness. Figure$t8 and 3d) have been computed similar conditions;? but the negative signal part was far less
by fitting Eq. (3.1 to the measurement and subtracting it pronounced than in the measurements presented here. Figure
from the data. In Fig. ®) the three focusing lines are domi- 5 shows a linescan through the center of the triangular fo-
nating the image. cusing structurgFig. 4(b)] of the tungsten sample used for
In the center of the image three dark structures outsid¢he measurement demonstrated in Fig. 4. This linescan may
the inner triangle are visible. These have also been repdrtedbe used to estimate the obtainable resolution. The width of
in light induced electron focusing measurements on Bi crysthe finest detail on this curve is aboutudn. This sets only
tals. They are believed to be the contribution of slow trans-an upper limit to the resolution obtainable with the detection
verse phonons. The phonons heat up the sample surface ascheme presented here. The width of the observed structure
produce a thermal gradient in the PC. They drag carriersnay still be a property of the EF in tungsten. The contact
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[ ' " ' ] The method has the potential of high resolution in the
. ; ranger, of the generation volume which can be 500 nm or
ST ] less depending on the sample material and the electron en-
s 1 . ergy of the beam. This offers the possibility of investigating
§ microscopic transport properties in real space of lower qual-
=0 ] ity material classes with a mean free pdth in the um
Er . range.
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