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HELS data will allow us to map out the structure of both the conduction and

I. INTRODUCTION

The one-electron band theory of the electronic properties of solids has
been essential to the understanding of a wide variety of behavior of many mate-
rials, for example, the electrical and thermal properties of metals and semicon-
ductors. The success of this model in describing these phenomena has made it a
subject of intense study, both in the many calculational techniques such as OPW,
APW, and LCAO, and in experimental tests such as electroreflectance, electron
transport, magneto-optics, and photoemission. The comparison between theory and
experiment has been inhibited by the lack of experimental information relating
specific features of the electronic band structure to their locations in the
Brillouin zone. This information is necessary to understand such phenomena as
hot-electron behavior and charge density waves. Present models for these pheno-
mena postulate specific energy-band features at specific Brillouin zone locations;
such locations have not been verified directly.

Three years ago we began building an apparatus to use the technique of
high-energy electron energy loss spectroscopy (HELS) to provide the information
on Brillouin zone location by allowing the observation of non-vertical transi-
.tions, that is, transitions between occupied and empty electron states with

->
k-vectors differing by as much as or more than a reciprocal lattice vector. The

valnce bands through the Brillouin zone. Other techniques, such as photoemission,
in general provide information only on the occupied (valence) bands. The HELS
and angle-resolved photoemission (ARPES) techniques are complementary in that
both measurements are needed to map out a complete band structure. HELS data on
the dispersion of -lz-dependence of transitions between critical points (band maxima

and minima) will provide information on the band curvatures or effective musses.

i
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We have constructed a HELS apparatus with a unique combination of high
beam energy, high energy and momentum resolution with substantial beam current,
and sophisticated data-taking techniques. Another unique feature of the appa-
ratus is a double-selector monochromater with optimized coupling lens, which
will enable us to study low-lying transitions at high resolution. The group
has not only excellent experimental capability, but also the ability to carry
out extensive analysis and interpretation of the data. Facilities and expertise
available in the Center for Materials Science and Engineering at M.I.T. have

enabled us to solve the substantial problem of preparing suitably thin samples.

..........
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II. HIGH-ENERGY ELECTRON ENERGY LOSS SPECTROSCOPY (HELS)

The principle of high-energy electron energy loss spectroscopy is illustrated
in Fig. la. The incident electron beam, with energy E; and momentum X, is
transmitted through a thin sample. The energy E1 of the scattered electrons is
measured as a function of their momentum _1:' or of scattering angle. Structure
in the scattered intensity is related to excitations of the sample at the loss
energy E = EO - K and wavevector q = —l: - E'. For electron energies of the order
of 200 to 300 keV (required to penetrate the sample) and small scattering angles
of the order of 0.25 degree, one can observe momentum transfers of the order of

°—
1A 1 yhich span the Brillouin zone.

The rate R for the scattering in Fig. la is given by
RED = Gre?/ad)s@E) )

where S(E,E) is the structure factor given by

> >
S@E) = =, |<f|(J>; e''75) > | %6 (B, - E; - E) . 2)

For small q, in the random phase approximation, this can be written®

S@,E) = -(q/4ved) Im[1/e@,E)] (3)

where e(ci,E) is the dielectric constant.
Figure 1b illustrates a typical transition observable using electron energy
loss spectroscopy. Suppose the energy of the upper valence band near the

point (k = 0) can be written
E.R) = -8%%/2 (4)
r M,

where m, is the hole effective mass, and the energy of the conduction band

&>
minimum at k, is given by

....................
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ET(O(-I){) - +*ﬁ2(k2 -ko)z/Zml +ﬁ2'£§/zmt , (5)

where m, and m, are, respectively, the longitudinal and transverse effective

> ->
masses, and kz and it are the components of k parallel and perpendicular to kO'
The transition rate R is approximately proportional to joint density of states

function
1/2u

- H >
D@D = Lty (€ - B} -4 (@, -k Pramy - w23/, (o)

t

where u, and u_ are the reduced effective masses u-l =m 1, pl and
2 t ) p Ty

-1 1 -1 ' = . .
tm, and m’?‘,t = mﬂ"t +m,. This transition rate has an edge, and the

derivative spectrum a peak, at the zero of the square brackets in Eq. (6). By

smt

observing the peak E at values of q, and q, near -120, we can measure the energy
Eé of the conduction band minimum, the location '120 in the Brillouin zone, and the
effective masses m, and m, based on the known valence band effective mass m,.
For a material where the valence band is not known, these transitions will provide
valuable evidence for mapping out the band structure in combination with data
from other experiments, such as photoemission.

For a momentum transfer awhich does not correspond to a transition between
a valence band critical point and a conduction band critical point, the transi-
tion rate R will still exhibit peaks at new joint critical points, where a con-
duction band at ; + 'q’ is parallel to a valence band at 1“2 While these transitions

will be weaker than those in Eq. (6), we expect them to provide valuable addi-

tional data for band-structure determination.
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;‘ III. HELS APPARATUS

X We have designed and constructed an apparatus to carry out HELS

- studies using the inelastic scattering of 230-300 keV electrons, measuring
energy loss up to 1000 eV with resolutions from 0.03 to 0.1 eV and momentum
transfer up to 7 A1 with resolutions from 0.02 to 0.2 8”1, The apparatus

is illustrated schematically in Fig. 2. It consists of an electron mono-
chromator, in the vacuum chamber on the left, accelerator tubes, deflection
coils, sample chamber, decelerator tubes, and an analyzer in the right vacuum

chamber, with three ion pumps to maintain the pressure in each chamber in the

low 10 9Tr range.

The monochromator is a unique double-selector system designed by us. It is
shown schematically in Figure 3. It consists of two hemispherical energy selec-
tors. The first selector acts as a pre-selector, passing a beam of a larger
energy spread AEl than the spread AEZ of the second selector. One advantage of
this double selector system is that the output beam current is larger, for a
given AEZ’ than for a single selector of input energy width AE0 > AEl. The reason
is that the input beam for each monochromator is operated in the space-charge

limited condition; the pre-selected beam has a larger fraction of the electrons

within the final width AE,, so that the output current can be larger for this
case. A second advantage of the double selector system is the same advantage as

in optical systems: one finds a significant reduction in the wings of the output

. YA
e L

line shape, because signals due to internal scattering of the beam are eliminated.

In the case of an electron beam, our design has completely eliminated the "'ghost"

lines which occur in standard systems due to electrons of the wrong energy which
pass through the output slits after one or more reflections from the surfaces of

the hemispheres. In each of our energy selectors, all of the electrons within the




input energy width are confined to paths far away from the surfaces and cannot

be reflected from them.

R \.

The difficulty with the double monochromator system, and the reason that
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an optimum system has not been used before, is the problem of finding an elec-

tron lens system which couples the two selectors over a range of operating condi-

S !' -. P .

tions. Brumnt, et al.1 used a double monochromator system consisting of two

i.
i
k-__

oo

identical selectors with no coupling lens at all. We have been able to design
the necessary coupling lens system using our own computer program which rapidly
computes and displays graphically the extremes of the electron beam propagating
through a given lens system with given input properties.

In our design we relied on the results of Kuyatt and Simpson,2 who have
made extensive calculations and measurements on hemispherical energy selectors.
Using their results for the optimum pass energy E, angular half-width «, and slit
width w, for a given energy resolution AE, we designed two selectors, coupled
by a lens system, with near-optimum parameters for energy resolutions from 0.02
to 0.10eV. These parameters are listed in Table I, where the parameters By» Bo»
and r represent deviation from the optimum conditions in the equations

2

= 2, /42 -
a, = T/AEJZE] o, = ViE,JZE, )
Wy = ZRlAEl/El W, = ZRZAEZ/EZ

We chose the optimm performance By =By =T = 1 at an energy resolution
AE. = 0.02¢" . At this resolution the calculated output current of 0.094uA is

E! a facwor 1.9 larger than the current from a single optimized selector with the

same resolution. The mean hemisphere radii R, and R, were chosen so that the

> monochromator would fit into the largest standard 8'" 0.D. vacuum chamber. The
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Table I. Calculated operating parameters for double monochromator
system with R] = 3.175cm = 1.25" and R2 = 4.445cm = 1.75".
AE2 0.02 0.05 0.10 eV
B] 0.360 0.595 0.855
r 0.750 0.965 1.156
62 1 0.662 0.475
AE] 0.077 0.117 0.163 eV
E1 14 .46 21.83 30.40 eV
a] 0.039 0.050 0.060 rad
Wy 0.034 0.034 0.034 cm
52 3.55 8.87 17.73 eV
oy 0.053 0.053 0.053 rad
) 0.050 0.050 0.050 cm
in
Il 3.19 9,79 23.09 pA
11°“t=12‘" 0.727 2.88 8.13 JA
1,2 0.094 0.740 3.61 uA
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design of the coupling lens is shown in Figs. 4, 5 and 6, which give the com-
puter-calculated beam parameters for the three energy resolutions given in Table I.

The analyzer consists of a single hemispherical selector with an input
lens identical to the monochromator output lens in Fig. 3, and a simple output
lens terminating at an electron multiplier. Since space charge effects are
negligible a double-selector analyzer offers no advantage in beam current and
also does not eliminate reflections.

The monochromator output lens, and analyzer input lens, contain a zoom lens
designed following the suggestion of Dr. J. Ritsko of Xerox. The design, as
shown in Fig. 3 and in the computer plots in Figs. 7 and 8, consists of a series
of gaps of different diameter, with the voltage step applied at only one "active"
gap. It provides six steps of variable magnification, with fixed object and image
position, to give momentum resolutions from 0.02 to 0.20 R-l.

After leaving the monochromator the beam enters the accelerator tubes
(see Fig. 2), the electron-optical properties of which were calculated by the
method of relaxation and by relativistic ray-tracing. The beam then enters the
sample chamber inside a large high-voltage terminal with large-radius corners
to prevent air-breakdown to the surrounding grounded cage. Just before entering
the sample chamber the beam is deflected by two high-resolution coils to intro-
duce the scattering angle for the desired momentum transfer. The sample is held
on a sample manipulator. The electrons leaving the sample at small angles pass
through the decelerator tubes into the analyzer. The entire system is shielded
to limit magnetic fields to ~ 0.005G. |

Provision is made for controlling the sample temperature using a closed-

cycle refrigerator which will enable us to set the temperature from about 20 to

350K. The He compressor is outside the grounded cage; plastic hoses connect the
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compressor to the refrigerator in the terminal, which receives control signals
over the IEEE-488 bus-optical fiber link.

The vacuum system is divided into three chambers by gate valves near the
sample chamber, so that vacuum can be maintained in the monochromator, analyzer,
and accelerator and decelerator tubes, while samples are changed. The system
has gradually become cleaner and cleaner, so that a pressure of 2)<10'9mb is
measured in the monochromator chamber after only a few days' pumping, without
baking.

The other major part of the HELS apparatus consists of the various elec-
tronics components. A diagram is given in Fig. 9. The electronics systems con-
sist of power supplies for the monochromator and analyzer lens and deflector
voltages, an energy loss power supply, a DEC MINC-11 computer, a high-voltage
power supply and isolation transformer for the terminal, electronics to control
the deflection coils and stepping motors with two optical-fibers systems to
receive signals from the computer, and systems for collecting signals from the
electron multiplier.

Our experiment consists of measuring the intensity of scattered electrons
as a function of energy loss AE. We vary this energy by controlling a program-
mable power supply which raises the reference or ground voltage in the analyzer
with respect to the cathode ground. By varying AE, scattered electrons with
different kinetic energy are passed by the analyzer energy selector. The present
power supply along with an operational amplifier gives a range of AE of about lkeV.

The scattered electron intensity is measured by counting pulses from the
electron multiplier positioned after the output slit of the analyzer. The pulses
are formed by an amplifier/discriminator. For the case of high beam intensity

where the pulses are too rapid to count individually, we have a frequency

counter, and for even higher rates, a current-measuring systems.

.......




SR AR

o

MR - AR SRS P DO DT

- R Y e W e
L s e i i g diuni e Shat B ST e S TNy Pl

-11-

A number of'programs have been written to control the stepping motors and
deflection coils and to collect and reduce our data. One program steps the
energy-loss voltage, collects a fixed number counts from the electron multiplier,
and records the time interval at each step. A second program collects the data
for multiple scattering by estimating the energy-loss intensity IZ due to

double-scattering events and subtracting this from the data using the convolution

i AE
1,(4E) = [ I(aE')P; (aE - sE")AE' (8)

0

O]

where the single scattering probability per energy interval is P1 = I(AE)/IIAEr,

with I, the incident beam intensity and AE. the energy resolution. Another set
of programs is being written, to carry out a Kramers-Kronig analysis of the data
to obtain the real and imaginary parts of the dielectric function.

With this apparatus we have now produced a beam of about 10 nA stable and
well focussed on a phosphor screen at the center of the sample chamber with an
estimated resolution of 0.05 eV. This compares favorably with the 6nA beam used
by Dr. J. Rotsko of Xerox, at 0.07eV resolution. We are in the process of direct-
ing our beam through the analyzer to the electron multiplier. For the purpose
of detecting current at the analyzer lens elements we modulate the beam intensity
at 80 Hz. We accelerate the electrons routinely to 220 keV and have gone up to
240 keV; the accelerator and decelerator tubes should gradually become conditioned,
enabling us eventually to use the full 300 kV provided by the power supply.

During the past year, with additional support from Sloan funds at M.I,T.,
we significantly improved the stability of our beam by replacing the battery
power supplies for the deflector elements by regulated supplies using Zener diodes.

With this improved stability we now have brought the beam through the analyzer
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lens systems, through the series of apertures and onto the energy-selecting
hemispheres. We are optimizing the beam, preparing to collect the electrons
on the electron multiplier.

A major requirement of the HELS experiment is to have samples thin
enough to transmit the electron beam without significant multiple scattering
Our task of sample preparation is made much easier by the facilities and exper-
tise available in the Center for Materials Science and Engineering, particularly
the facilities of the electron microscopy group (Prof. John Vander Sande) and
those of Prof. Harry Gatos in the Materials Science Department. We have explored
and are continuing to explore a number of techniques, such as ion milling,
various methods of etching masked samples, and sputtering on dissolvable or
electron-transparent substrates. Using selective etching we have obtained
for samples of GaAs, 0.1 and 0.2um thick, by ‘removing from them from GaAs/AlGaAs/
GaAs structures kindly prepared for us by Dr. R. Logan of Bell Laboratories.

IV. CONCLUSION

As is evident from the above description, we have designed
and éonstructed a large and complex apparatus which has unique capabilities to
determine the electronic states in materials. We encountered many delays along
the way, in finding good people, in obtaining ordered items of equipment, re-
pairing defective items, and in solving a mumber of problems such as 1earﬁing how
to prevent arcing among the monochromator and analyzer lens elements. We have
solved all these problems and are confident that the apparatus will work as
designed very soon. We are encouraged by the attainment of a beam with good
current, using lens voltages close to those of the original design, that we will
encounter no more major problems in getting the beam through the analyzer and

beginning our experiments.
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FIGURE CAPTIONS

Fig. 1. a) Diagram of electron scattering. b) Illustration of a non-vertical
transition.

Fig. 2. Schematic diagram of the HELS apparatus.
Fig. 3. Schematic diagram of the double-selector monochromator assembly.

Fig. 4. Computer output for the monochromator coupling lens for AE, = 0.020eV.
All lengths are given in inches. Windows are marked by vertical
dashed lines, pupils by vertical dot-dashed lines. The input pupil
is at infinity. The initial window is at the output of selector #1;
the final window is at input of selector #2. An aperture (slit) is
placed at the output window of lens #2.

Fig. 5. Computer output for the monochromator coupling lens for AE, = 0.05eV.
Fig. 6. Computer output for the monochromator coupling lens for AE, = 0.10eV.

Fig. 7. Computer output for the zoom lens, for momentum resolution aAq = 0.23’1.
The input window is the output of the first half of the monochromator
lens system. The zoom lens consists of a number of gaps, at one of
which, here, the last, the step from 714 to 5000V is made. The output
window is placed at the required location for the accelerator tube,
with the pupil also at the required position.

(-}
Fig. 8. Computer output for the zoon lens, for momentum resolution Aq = O.OZA'I.
Here the voltage step is at the first gap.

Fig. 9. Electronics diagram for the HELS apparatus.
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INPUT PEMCIL RHGLE= .0333

LEHSH VOLT. DIAMETER LEN3 FG3IT WIN POSIT WIN DIAM FUP POSIT PUP DIRM

14, 4¢0
503, 000
43.1€0
491.600
€3.000
3.947

AEWN=O

_EIHZEL PRRAMETER U=

250
. 140
.12
125
« 378

EIN2EL IMHER RADlUS= .05

BEAM SCALING FACTOR = 1

.1€0
. 397
. 563
1.702
2,431

« 38639683315

OUTER RADIUS=

~1.9€4E-01
+7.064E-01
+1.71SE+03
+1,E33E+00
+2.884E+00

+1.324E~02
+1,0EPE-0B2
+2.021E-92
+1,992E-02
+2.001E-02

+2.723E-01
-4,451E-01
+1.13QE+00 +5,032E
+2.496E+008 +7.13%E
+5.329E+01 +5.27%E

CENTER APERTURE VOLTAGE= €9

.9375

ﬂ—--—-—

1
jiﬁgzznm-u-nmmlh=====::5:==5EE§EEE§gEL===-B--4---QE!!!IHHIHI§§=E=

— e w— -
S

..................................

'@

qecvsesesssnmmnsen




e atd are e an e aan Loant avan i e 2SRl AERLARTMING L APILSSILREN . - L e e e e e e -
e T e s - . . .

= f -19-

| ~ SeLecTor CoupLING LENS,  aE, = 0,05eV

-~

i WINDOW DIRMETER= ,01734 ENTFRHCE FOSITION= ©

3 . INPUT FEMCIL ANGLE= . 04992

; LENS#®  VOLT, DIAMETER LENS PLSIT MWIN POSIT HIN DIAM FUFP POSIT FUP Li15n

y —

il ' o 21.830 ‘

Pa, 1 1223, 300 258 . 188 ~2.4549E~-01 +1.347E-02 +2,.213E-01 +¢€,387E~-93

;-.J . 2 122,928 . 1908 « 397 7 OEIE-31 +3,932E-03 47, RGSE+DL +4,4S4E+04

'g' 3 1229, 300 12€ . 982 +1.71LE+080 <1, SS0E-Q2 +1,11IE+Q0 +5 . E635cE~-02

h 4 122.000 . 125 1.7az +1.69CE+a0 +L,E7IE-02 +2.429E483 +7,.64ZE-02
S z 5]

3,870 « 375 2.431 +2.534E+00 +1.675E-02 -3.200E401 +4.62ZE+D

<«
(V]

EINZEL PRRRAMETER U= ,392 60283 2371 CENTER APERTURE VOLTRGE= 1
EINZEL INMNER RADIUS= .05 OUTER RADIUS= .@8375°

BEAM SCALING FRCTOR = 1
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. SeLecTtor CoupLING LENS, aE, = 0,10 eV
. HINDOW DIHMETER= ,@134 ENTRANCE POSITION= ©
R INFUT PENCIL RNGLE= ,059262
_-'_‘- LENS# VOLT, DIAMETER LENS POSIT MWIN POSIT MHIH DIARH FUP FOSIT FUP Difli
L
@ 30,400 .
1 2396.000 . 250 .180 ~2.873E-01 +1,2E0E-02 +2,064E-91 +6,.565E-03
2 245,730 . 140 . 392 +7.QASCE-01 +9,.433E-03 +2,533E4+68 +1,092E-91
3 2457, 380 . 126 «9€3 +1.709E4+08 +],769E~-Q2 +1,094E4+00 +&,204E-03
4 375. 000 . 125 1.702 +1.EF3E+00 +1.773E-02 +2.49%9E4+03 +8, 153607
s $7.730 375 2,481  +2.8Z4E+00 +1.770E-02 -3.8S2E+01 +4,901E403
EINZEL PARAMETER U= .396294168845 CENTER AFERTURE VOLTAGE= 375
EINZEL INNER RADIUS= .0S OUTEFR: RADIUS= .B8375
BEAM SCALING FACTOR = 1
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- Zoom LENs, 4q = 0,207
WINDOW DIAMETER= .01 ENTRANCE FOSITIOH= O
INPUT FENCIL RHGLE= .D18S
LENSH VOLT, DIAMETER LENS POSIT WINH FOSIT WIN DIAM PUP POSIT FPUP DIAM
0 714,000
1 214,000 . 206 .472 +3.S1SE--Q7 +1,0QQE-32 +5,240E+405
2 714.000 254 . 691 =T«EI7E-07 +1,000E-02 +3,02TE+0S
3 714, 0@ L, 352 . 950 ~1,IEJE-QE +1.0QRE~D2 +2, Z34E+05
4 714, Q09 .45 1.361 “6.143E-06 +1.60600E-D2 +1,9Q5E+05
S 714,000 PR 5] 1.804 -1.631E-05 +1.000E-22 +1,.65T7TE+B5
6 $000, 608 . 495 2.220 +3.TEEE+0Q +4,.E6VEE-Q3T +3,06QE+00
? 4213, 609 . 2049 3.738 +3.731E+400 +4,.3478E-02 +4,923E+08
EIHZEL PRRAMETER U= .2433908%€122 CENTER RFERTURE YOLTAGE= 4z0
EINZEL INHER RADIUS= .02 GUTER RADBIUVS= .0¢
BEAM SCALING FACTOR = 1
7 r =
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HIKDOW DIAMETER= .91

IHPUT PENCIL RHGLE= .01€5

ZooM LENS, aq = 0.025_

ENTRANCE FOSITION= ©

DIAMETER LENS FOSIT

WIH POSIT

WIN LI1AN PUF FO3IT FUF DISA

LENSH®  VOLT,
%) 714,000
1 SO0, gD . 205
2 $S0013, HOd . 224
3 Sa0Q, 053 362
4 S0, o000 L9452
S $A90, 000 . SO
B ) S92, pog . 495
? 13008,.600 . 200

472
691
958
1.3861
1.804
2.236

3.730

EINZEL PRRARMETER U= .477816252161

EINZEL INHER RRDIUS= .08

REAM SCALING FRCTOR = 1

CENTEF AFERTURE VYOLTRGE= 1300

+ILEF2E+QD
+2,€IIE+ZD
+3,632E+00
+3.632E+00
+3,632E+00
+3,E9CE+00
+3.€23E+00

OUTER RADIUS= .@5

+3,17SE-0V
& +2,I7SE-O1
+2,17SE-a1
+2,.175E-01
+32.175SE-31
+32,17SE~01
+4,884E+01
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The one-electron band theory of the electronic properties of solids the compariso
between and experiment has been inhibited by the lack of experimental informatio
relating specific features of the electronic band structure to their locations i
the Brillouin zone. This information is necessary to understand such phenomena
as hot-electron behavior and charge density waves, Present models for these
phenomena postulate specific energy-band features at specific Brillouin zone
locations; such locations have not been verified directly. Three years ago we

began building an apparatus to use the technique of high-energy electron energy
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loss spectroscopy (HELS) to provide the information on Brillouin zone location by
allowing the observation of non-vertical transitions, that is, transitions betwee
occupied and empty electron states with k-vector differing by as much as or more
than a reciprocal lattice vector, The HELS data will allow us to map out the
structure of both the conduction and valnce bands through the Brillouin zone.
Other techn1ques such as photoemission, in general provide information only on
the occupied (valence) bands, The HELS and angle-resolved photoemission (ARPES)
techniques are complementary in that both measurements are needed to map out a
complete band structure. HELS data on the dispersion of K-dependence of
transitions between critical points (band maxima and minima) will provide
information on the band curvatures or effective masses, We have constructed a
HELS apparatus with a unique combination of high beam energy, high energy and
momentum resolution with substantial beam current, and sophisticated data-taking
techniques. Another unique feature of the apparatus is a double-selector
monochromater with optimized coupling lens, which will enable us to study
w-1lying transitions at high resolution. The group has not only excellent
experimental capability, but also the ability to carry out extensive analysis and
interpretation of the data, Facilities and expertise available in the Center

for Materials Science and Engineering at M.I.T. have enabled us to solve the
substantial problem of preparing suitably thin samples,
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