


A Second-Generation ESCA Spectrometer
M onochromatized x-rays, a dispers ion com pensated
electron optical system, and an improved
detection system enhance the sensitivity and
resolution of a powertul analytical technique-
Electron Specfroscopy for Chemical Analysis.

By Michael A. Kelly and Charles E. Tyler

I l E c r n o N  S P E C T R O S C O P Y  f o r  c h e m i c a l
lr {nslysis (ESCA) is a powerful analytical tech-
nique, able to study surface phenomena, to measure
the energy levels of electrons in an element or com-
pound directly and with great precision, and to give
structural information about molecules as well as
accurate quantitative information about sample
composit ion [see box, page 5J.

In late 1968, however,  ESCA was being hampered
by practical difficulties attributable mainly to the
spectrum of the x-rays that are used to eject photo-
electrons from the sample. The shifts in electronic
energy levels that occur when chemical bonds are
formed, thus indicating chemical structure, average
about three electron volts and are at most only
about 10 electron volts, while x-ray lines have in-
herent widths of about one electron volt, This
means subtle chemical changes were often not re-
solved. Attempts to improve the apparent resolu-
tion by deconvoluting the photoelectron lineshapes
were less than satisfactory, being complicated se-
verely by the asymmetric Ko',, doublet of the x-rays.

X-ray satellite lines placed anomalous peaks in
the spectra that would occasionally mask a minor
but highly significant detail. Also, x-rays typically
have a broad bremsstrahlung background, and this
contributed a correspondingly broad and structure-
less photoelectron background in which smal l  but
significant detail could be lost,

There were other problems as well. The x-ray
flux levels needed to obtain spectra in a reasonable
time were so large that degradation of organic sam-
ples was common. The hard bremsstrahlung espe-
cially contributes to the degradation. Finally, insu-
lating targets tended to become charged under the
x-radiation, and charging produces ESCA peaks that
are strongly shifted by the potential of the target
surface and often severelv broadened bv surface
potential gradients.

In 1968, when HP began development of Model
5950A ESCA Spectrometer, elimination of ESCA's
problems was made a primary design objective.
The obvious solution to the problems of broad line
widths, satellite peaks and bremsstrahlung was to
build an x-ray monochromator. But before this
could be pract ical ,  i t  was necessaty to develop a
dispersion-compensated electron optical system
and a new type of large-area detection system. To-
gether all these elements make the 5950A a second-
generation instrument capable of giving maximum
resolution and maximum sensitivity simultane-
ously. Fig. 1 is a photograph of the new spec-
trometer.
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X-Ray Monochromalor
The x-ray monochromator exploits Rowland's

Theorem, which establishes that if a diffracting
crystal with radius of curvature R is tangent to a
circle of diameter R, and if an x-ray source and
the sample are placed on this circle so that they
both make angle d relative to the crystal surface,
then the radiation striking the crystal surface which
satisfies the Bragg diffraction law will be reflected
and brought to a focus on the sample, and all the
other radiation in the x-ray spectrum will not be
reflected. This is indicated in Fig. 2. The Bragg dif-
fraction law is

nI :  2d sind,

where n is any integer, I is the x-ray wavelength,
and d is the spacing of the atomic planes within
the crystal.

There are actually three crystals in the mono-
chromator. This is done to collect more x-ray in-
tensity than would have been possible with a single
crystal.

Fig. 3 shows two views of the monochromator.
The plane of symmetry of the system, that is, the
plane of Figs 2 and 3a, passes through the center
of one spherically bent quartz crystal. Two similar
crystals are symmetrically positioned on either side
of this plane, as shown in Fig. 3b. Each crystal may
be regarded as having a separate Rowland circle
in a different plane from the others. These three
planes intersect in the line passing through the
anode and the sample.

The diameter of the Rowland circle is equal to
the radius of curvature of the atomic planes of the
bent crystal. This geometry introduces aberrations
which limit the diameter of the reflecting crystal.

Fig.1. Model 59504 ESCA Spec-
trometer operates at maximum
sensitivity and resolution at all
t imes. Background noise. satel-
l i t a  l i n a c  . n . l  c 2 m ^ l a  d_amage
are sharply reduced, compared
to conventional designs.

Fig. 2. Schematic drawing ol Model 59504 ESCA Spec-
trometer showing x-ray and electron paths through mono-
chromator and dispersion,compensated electron optics.

However, the reflection of the AlKa radiation from
the crystal planes takes place at a Bragg angle d
o f  78 .5o .  A  Bragg ang le  c lose  to  g0 'has  the  ad-
vantages of minimizing the geometrical aberra-
tions and maximizing the Bragg diffraction intensity
and the dispersion of the monochromator. Also, the
bending of each crystal  wafer causes i t  to have a
nonuniform strain distribution and hence a varia-
tion in lattice spacing throughout the wafer. This
variation of lattice spacing in the thin surface layer
[3 pmJ which the x-rays penetrate gives rise to a
significant aberration, but this aberration has the
opposite sign from that of the geometrical aberra-
tion resulting from the lack of conformation of the
crystal surface to the Rowland circle, so they par-
tially cancel. By proper choice of wafer thickness
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and other parameters, a considerable degree of can-
cel lat ion has been attained.

The x-ray monochromator removes outright the
bremsstrahlung and the satel l i tes. The anode is
made large enough that the Bragg condit ion is sat is-
f ied for the ent ire AlKa,. ,  doublet,  and this spectrum
is spat ial ly dispersed across the sample. This is done
to get as much flux on the target as possible, since
the basic x-ray f lux l imitat ion is the power density
at the anode.

Nevertheless, due to the smal l  crystal  s ize neces-
sary to control spherical aberrations, only about 3
mil l isteradian of sol id angle is intercepted by the
crystals and the Ka x-ray flux is reduced by two
orders of magnitude over a typical  achromatic spec-
trometer,  This,  plus the absence of bremsstrahlung,
means that sample damage is very sharply reduced.

Dlspersion Compensation
The energy of the x-ray photons incident on the

sample var ies across the sample by about one elec-
tron volt, which is the width of the x-ray line. As a
result, the kinetic energy of the photoelectrons
from a given energy level also varies by one elec-
tron vol t .

The electron lens and electron spectrometer work
together to cancel out this inherent variation, This
can be seen by referring to Fig, 2. The electron lens

tFig. +J has four elements or three gaps, correspond-
ing to three degrees of freedom in the electron
opt ics. The f i rst  is used to retard the photoelectrons
of interest to 115 eV kinetic energy before they
enter the electron spectrometer.  The second is used
to form a focused electron image of the target at
the spectrometer entrance. The last degree of free-
dom is used to magnify the image (-5.0XJ so the
dispersion of the electron spectrometer at 115 eV
kinetic energy precisely cancels the dispersion of
the x-ray monochromator across the sample.

This cancellation, called dispersion compensa-
tion, thus removes the inherent line-width limita-
tion on instrument resolution, 1486 eV photons
have adequate penetration in quartz (i.e., bring into
play enough crystalline planesJ to have a resolution
of o.t0s eV, and the dispersion compensat ion
scheme is capable of realizing this resolution, In
fact, resolution has been given away up Io O.22o eY
in spherical aberrations to achieve higher flux from
larger crystals.

Cancellation of the effect of the inherent x-ray
line width also removes the effect of the x-ray line
shape. The remaining dispersive effects combine in
an uncorrelated, structureless fashion, so the re-
sponse of the instrument to a perfectly sharp
electronic state is now Gaussian. This makes de-
convolution work very much easier, since the
Fourier transform of a Gaussian function is also
Gaussian,

Fig. 1. Electron lens has tour
Thus there are three degrees
optlcs.

elements and thtee gaqs.
ol lreedom in the electron



Electron Spectroscopy for Chemical Analysis

Almost  th ree-quar le rs  o f  a  century  ago,  E ins te in  exp la ined
how e lec t rons  are  knocked ou t  o f  so l ids  by  su f f i c ien t ly
shor t  e lec t romagnet ic  rad ia t ion .  Yet  un t i l  recent ly  p rac t ica l
app l i ca t ions  o f  th js  fundamenta l  phenomenon have been
l im i ted  a lmost  en t i re ly  to  rad ia t ion  de tec tors ,  photomul t i -
p l ie rs ,  and photovo l ta ic  and photoconduc l i ve  ce l l s .  That  the
escap ing  e lec t rons  conta in  impor tan t  in fo rmat ion  about  the
material from which they are ejected has been a recent dis-
covery ,  da t ing  back  scarce ly  a  decade.

E ins te in 's  theory  o f  the  photoe lec t r i c  e f fec t  p red ic ted  tha t
the  e jec ted  e lec t ron 's  energy  shou ld  equa l  the  energy  o f  a
quantum o f  the  incoming e lec t romagnet ic  rad ia t ion  less  the
e lec t ron 's  b ind ing  energy ,  However ,  ear ly  measurements  o f
lhe  energ ies  o f  escap ing  e lec t rons  were  d isappo in t ing ,
There  was l i t t le  cor re la t ion  be tween E ins te in 's  s imp le  re la -
t ion  and the  energ ies  observed.  Th is  lack  o f  cor re la t ion
wasn ' t  too  surpr is ing ,  s ince  e lec t rons  typ ica l l y  make nu-
merous  co l l i s ions  w i th  a toms before  escap ing ,  and hence
lose  some o f  the i r  o r ig ina l  energy .

I t  wasn ' t  un t i l  the  ear ly  1960 's  tha t  i t  was  demonst ra ted
tha t  co l l i s ions  don ' t  a lways  ob l i te ra te  the  in fo rmat ion  con-
ta ined in  the  e lec l ron  energ ies .  Dr .  Ka i  S iegbahn,  head o f
the  Ins t i tu te  o f  Phys ics  o f  the  Un ivers i l y  o f  Uppsa la ,  Sweden,
cons t ruc ted  a  h igh- reso lu t ion  e lec t ron  energy  ana lyzer  and
observed the electrons ejected from a target by the acl ion of
x - rays .  He found tha t  wh i le  many e lec l rons  d id  su f fe r  co l -
l i s lons  be fore  leav ing  the  ta rge t ,  a  subs tan t ia l  f rac t ion  d id
not ,  and fo r  these e lec t rons  E ins te in 's  s imp le  re la t ion  he ld .
Thus ,  by  i l l umina t ing  a  sample  w i lh  near ly  monoenerget ic
x - rays  and measur ing  the  energ ies  o f  the  e lec t rons  emi t ted ,
one cou ld  de termine the  b ind ing  energ ies  o f  the  e lec t rons
in  the  sample .  S ince  these b ind ing  energ ies  are  quant ized ,
and every  e lement  o r  compound has  a  un ique se t  o f  b ind ing
energ ies ,  th is  in fo rmal ion  is  su f f i c ien t  to  de termine what
e lements  a re  p resent  in  lhe  sample ,  and o f ten  the  chemica l
compound to  wh ich  a  g iven e lemen l  be longs .

S iegbahn and h is  co l leagues pursued th is  techn ique,
ca l l ing  i t  ESCA (E lec t ron  Spect roscopy  fo r  Chemica l  Ana l -
ys is ) ,  and have pub l ished numerous  papers  and lwo exce l -
len t  books  descr ib ing  the i r  researches .

HP became in le res ted  in  the  techn ique in  1968 a t  the
ins t iga t ion  o f  a  member  o f  the  board  o f  d i rec to rs ,  Lu is
A lvarez ,  and Don Hammond,  the  d i rec to r  o l  the  HP Phys ica l
E lec t ron ics  Labora tory .  They  saw tha t  the  techn ique had
great potential,  bolh as a general-purpose research tool
and as  an  ana ly t i ca l  ins t rument  to  so lve  app l ied  prob lems.
A deve lopment  p ro jec t  was  in i t ia ted  in  the  Phys ica l  E lec-
t ron ics  Labora tory  w i th  Pro fessor  S iegbahn as  a  consu l tan t ,
and the result was the Model 59504 ESCA Soectrometer.

How ESCA Works
ln  an  ESCA spec t rometer ,  x - rays  f rom a  spec i f i c  anode

mater ia l  i l l umina te  the  sample ,  caus ing  e lec t rons  to  be
ejected. Many of these eleclrons wil l  have come from the
first few atomic layers of the sample, and wil l  not have suf-
fe red  any  co l l i s ions  w i th  a toms.  The k ine t ic  energ ies  o f
these photoe lec t rons  are  measured to  h igh  prec is ion  and
the  number  o f  e lec t rons  de tec ted  is  p lo t ted  as  a  func t ion
of  the i r  energy .  The resu l t ing  energy  spec t rum has  sharp
peaks that correspond to the electronic energy states of
the  sample  mater ia l .

Typical ESCA spectrometers use x-rays from the AlKa ,,
l ine  a t  1486 e lec t ron  vo l ts  o r  the  MgKa, ,2  l ine  a t  1253 e lec-
t ron  vo l ts .  Wi th  the  energy  o f  the  x - rays  known,  the  b ind ing
energy Ee of a given electron can be determined from the
re la t ion

E s : h v - E x - e C

where  hv  is  the  x - ray  photon  energy  (h  i s  P lanck 's  con-
s tan t  and z  i s  the  x - ray  f requency) ,  Er  i s  the  measured
k ine t ic  energy  o f  the  photoe lec t ron ,  e  i s  the  e lec t ron ic
charge,  and C is  the  work  func t ion  o f  the  spec t rometer .
Th is  i s  i l l us t ra ted  in  d rawing  A (w i th  the  spec t rometer  work
func t ion  omi t ted  fo r  c la r i t v ) .
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\ Energy Levels Occupied
J by Electrons in Sample

In  the  HP 5950A ESCA Spect rometer ,  e lec t ron  energy  is
ana lyzed by  pass ing  the  e lec t rons  be tween two hemispher i -
cal domes that have a potential dif ference between lhem.
E lec t rons  o f  the  des i red  energy  fo l low a  c i rcu la r  o rb i t  be-
tween the domes and reach the detector, while electrons
hav ing  h igher  o r  lower  energ ies  s t r i ke  one o f  the  domes
and are  no t  de tec ted .  The number  o f  e lec t rons  s t r i k ing  the
detector for a given potential dif ference is counted and
plotted as a f unction of energy.

Energy Analyzer

v
Detector

X-Rays

Energy=h v

Advantages of ESCA
ESCA is  a  un iversa l  techn ique.  No nuc lear  magnet ic

moment ,  e lec t r i c  d ipo le ,  o r  o ther  quantum-mechan ica l  "han-
d le"  i s  requ i red ;  a l l  mat te r  has  e lec t rons .  The loca t ions  o f
the several peaks in an ESCA spectrum provide an immedi-
a te  e lementa l  ana lys is  o f  the  ta rge t ,  s ince  the  b ind ing  ener -
g ies  o f  the  she l l s  w i th in  each e lement  have been measured
and tabu la ted .  Fur thermore ,  ESCA (as  app l ied  to  so l ids )  i s
a  sur face  techn ique,  w i th  the  photoe lec t rons  compr is ing
the  sharp  peaks  a l l  coming nomina l l y  f rom the  top  50
angstroms of the target. That is, ESCA looks at that part of
the sol id thal interacts with i ts environment. This can have

Kinetic Energy of Ejected
Electron E6

(a)
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cons iderab le  p rac t ica l  s ign i f i cance.  For  example ,  two ca ta-
lys ts  w i th  the  same bu lk  p roper t ies  can have sharp ly  d i f fe r -
ent calalyt ic behavior.

However ,  the  advantage o f  ESCA is  much more  than th is .
When a bond is formed between two atoms, the outer elec-
t ron ic  she l l s  coa lesce in to  mo lecu la r  she l l s ,  ca l led  molecu-
la r  o rb i ta ls ,  a t  d i f fe ren t  b ind ing  energ ies .  These changes in
b ind ing  energy ,  ca l led  chemica l  sh i f t s ,  car ry  un i fo rmly  in to
the  innermost  she l l s  o f  the  a tom as  we l l ,  so  the  po ten t ia ls
o f  the  she l l s  w i th in  an  a tom are  sh i f ted  by  the  same amount
( to  f i rs t  o rder )  when a  bond is  fo rmed.  Th is  i s  why  the
chemica l  sh i f l s  have been so  d i f f i cu l t  to  observe  in  the
pas t .  That  i s ,  wh i le  p rev ious  spec t roscop ies  have dea l t  w i lh
t rans i l ions  be tween equa l ly  sh i f ted  she l l s ,  ESCA dea ls  d i -
rec t l y  w i th  ind iv idua l  a tomic  and molecu la r  she l l s ,  so  the

chemica l  sh i f t  i s  a  f i rs t  o rder  e f fec t  in  ESCA.
The chemica l  sh i f t  assoc ia ted  w i th  a  bond be tween two

atoms can be  ca lcu la ted  f rom auan lum mechan ics .  and the
ca lcu la l ion  can be  checked on  a  s imo le .  we l l  unders tood
compound o l  those a toms w i th  the  ESCA spec t rometer .
Then,  by  measur ing  the  chemica l  sh i f t s  exper ienced by
the  severa l  a loms o f  a  complex  molecu le ,  one can de ter -
mine  wh ich  a toms are  bound to  one another  w i th in  the
molecu le .  That  i s ,  ESCA prov ldes  s t ruc lu ra l  as  we l l  as
s to ich iomet r ic  in fo rmat ion

In  summary ,  the  molecu la r  o rb i ta l  i s  a  fami l ia r  and funda-
menta l  concept  o f  chemis t ry ,  bu t  i t s  s tudy  and exp lo i la l ion
is  incomple te .  ESCA seems per fec t l y  su i led  to  fu r ther  i l -
lumina le  i l s  na lu re .

Large-Area Delection System
The x-ray monochromator and dispersion com-

pensat ion provide higher resolut ion, the absence of
bremsstrahlung and satel l i tes, and sharply reduced
sample damage. They also make lineshapes signifi-
cant and render deconvolut ion work much easier.
However, the price is a hundred-fold reduction in
Ka flux and a corresponding hundred-fold drop in
signal level. This factor is recovered in the large
area detect ion system.

The conventional exit slit at the output of the
electron spectrometer is replaced with a 1.1- inch-
square imaging electron multiplier, Wherever a
single photoelectron strikes the input of this active
surface, a corresponding pulse of 108 electrons
exits from the same position on the output surface
and strikes a phosphor plate. The resulting flash
of light is imaged onto and stored within the target
of a vidicon television tube. The event remains
stored unt i l  erased by the convent ional TV raster
scan of the vidicon electron beam,which converts
the event to an electrical pulse at the vidicon out-
put,  These pulses are transferred to an HP 54018
Multichannel Analyzer, where they are entered into
the proper place in the spectrum. See Fig, 5.

With this detection system, all electrons arriving
at the detector at any energy level and at any time
are detected. The mult ichannel analyzer monitors
the scan voltage of the vidicon tube and derives
the information necessary to sort  the pulses i t  re-
ceives according to the energies of the detected
photoelectrons. Each pulse is assigned to one of up
to 'J.024 multichannel-analyzer channels, each of
which corresponds to a particular energy,

Counts are accumulated in the various channels
for an appropriate time and the resulting spectrum,
a plot of  counts per channel versus channel energy
level, can be displayed visually, drawn by an X-Y
plotter, or put into a computer for analysis or
further processing.

An unusual feature of this system is the absence
of sl i ts.  In most spectrometers, there is a sl i t  that is
opened for survey runs and then narrowed when
high resolution is desired, so much longer runs are
required. In the new spectrometer,  each l ine of the
TV raster corresponds to a narrow sl i t  posi t ioned
to intercept electrons of a part icular energy, Thus
the TV system is equivalent to 262 fully active,
convent ional exi t  s l i ts,  so the hundred-fold drop in
signal level left after monochromatization and dis-
persion compensat ion is regained. This provides a
signal rate that compares favorably with conven-
t ional instruments. Thus the 5950A runs at maxi-

Fig, 5. /n the wide-area detection system, an incomtng
electron str ikes a mult ichannel electron multtpl ier, result-
ing in a f lash ol l ight lrom a phosphor plate. The f lash is
imaged onto a vtdican tube. As the vidicon scans, each
l lash produces a pulse that is counted by the Mult ichannel
Analyzer and classi l ied accordrng to the energy of the in-
coming electton. The result is lhe ESCA speclrum a plot
of number of photoelectrons yersus energy.

Electron
Spectrometel

Lens--_- \-\Phosphor
Plate

A A

Vidicon
Tube

A Output



mum resolution and maximum throughput at all
t imes.

Applications ol ESCA
Although still in its infancy, ESCA has found a

broad range of applications, from basic studies of
the structure of solids to solving problems in manu-
facturing processes. The technique has been applied
successfully to the effect of sunlight on polymers,
the composition and uniformity of deposited thin
films, the efficiency of washing processes, the
molecular structure of complex organic molecules,
the activity of catalysts, and the effect of lubricants
on metallic surfaces, as well as many other
problems.

Perhaps the best way to describe the utility of
the technique, and in particular, to show how some
of the instrumental features of the HP 59504 in-
crease its power, is to consider a few examples.

A Basic Study In Solid-State Physics
The last decade has seen a vast increase in the

sophistication of solid state devices: light-emitting
diodes, high-frequency high-power transistors, op-
tical detectors, metal-oxide-semiconductor devices,
and large-scale integrated circuits, to name a few.
These developments are possible because of a
detailed understanding of the bulk and surface
properties of semiconducting materials, whether
these are doped silicon or more complicated alloy
systems.

One interesting alloy presently receiving consid-
erable attention is the germanium-tellurium system.
To understand the electrical or optical properties
of such a compound, a detailed knowledge of its
band structure is necessary. ESCA provides a
powerful and direct means for determining this, as
illustrated by the spectra in Fig. 6 of a 50% ger-
manium, 50% tellurium alloy.

The first spectrum was taken after the sample
was ion bombarded to remove any surface con-
taminants, and hence indicates its bulk composi-
tion. Each peak in the spectrum corresponds to a
specific electronic state within the material, and
by observing its energy and structure, it can be
assigned to a specific atom. Of particular interest
is the valence band structure, the spectra of the
loosely bound electrons within the material, which
are responsible for its chemical and electrical
properties. In this region, the Te (5sJ and Ge [ s)
levels are clearly seen, and the Te (5p) and Ge (apJ
levels merge to form the highest energy [i.e., least
tightly bound) electrons in the sample. Thus, by
looking at this one spectrum, one has a detailed
picture of how all the electrons in the material are
configured.

The second spectrum shows the same sample
after exposure to air, and thus reflects the normal
surface properties of the alloy, rather than its bulk
characteristics. One sees immediately that the sur-
face has been oxidized, since there is a large oxygen
line at about 24 eY binding energy. In addition, the
spectrum of the loosely bound valence electrons has
changed substantially. The strong peak due to Te

[5p) and Ge (ap) is no longer evident, and there is
an additional level at about 5 eV binding energy,
due to the oxygen.

These spectra contain other information as well.
For example, it is possible to say that all of the
oxygen on the surface is bound to germanium atoms.
The evidence for this is that the Ge (3d) level has
shifted about 2 eV higher in binding energy fto 32.7
eV), indicating that the electron density surround-
ing it has decreased, as it would if it were bound to
oxygen. The Te (ad) doublet, on the other hand, is
unchanged. The physical changes that are responsi-
ble for the differences between these two spectra
are quite subtle; they involve only a small fraction
of the electrons surrounding each atom, and they
occur only in a very thin layer of the sample near
the surface.

One reason these changes are so evident is that
the HP spectrometer has a very low background,
that is, the spectra drop off sharply at the Fermi
level (0 eV binding energy) with few stray or back-
ground counts above it. Hence small peaks are
easily seen. This is a result of using monochroma-
tized radiation on the sample, which removes the
bremsstrahlung and confusing satellite radiation
from conventional x-ray sources. In addition, the
high resolution of the spectrometer preserves the
detailed structure of the peaks, which is particu-
larly important in the valence region.

To interpret these spectra adequately, though,
one needs to look at more than the valence band.
Many elements have loosely bound electrons, so
one should be sure what is present on the surface
that contributes to the valence band spectra. The
wide scan capability of the HP 59504 provides this
information by simultaneously giving the spectra
of more tightly bound electrons. Thus one has in-
formation about all the elements present on the
surface of the sample, so one can tell whether
minute contaminants have affected the valence
spectra. By looking at the inner "core" electrons as
well as the valence bands, one obtains a complete
and consistent characterization of the material.

An Industrial Application
A manufacturer of optical equipment recently

had yield problems in fabricating a device that re-



d ^
^ o
o +
v o

F

a a s  . ' - . . .
o v

F O

t l
V I :. Y

+ . + !  
. . " 9 + ' . :

2fik

O

E rsor
o

s
C'

5 roor

(a)

o

f; rsor
3
o

! roor
()

50k

(b)

x25

'- ':: '
"  - \ "L .

li_--,.-..".

2 5 m 1 5
Binding Energ (eV)

O / 2 c \

{  x l o

45 /r0 35 30 25 20 15 l0
Binding Energ (eV)

10 -5

o - 5

Fig. 6. ESCA spectra of an alloy
of 50o/o germanium and 50o/o
tellurium (a) atter ion bombard-
ment to remove surtace contam-
ination and (b) atter exposure to
air. Together these two spectra
orovide a comDlete and consist-
ent characterization of the ma-
terial.

quired a very low leakage dielectric layer. The
charge on some devices, after assembly inside a
glass envelope, would leak off at too high a rate.
The devices were pre-tested before assembly and
appeared to be good.

This puzzling situation, typical of a wide variety
of fabrication problems, was studied with ESCA.
Fig. 7 shows two spectra, one of a good device, the
other of a bad one. In both, the constituents of the
dielectric coating are clearly visible. In the bad one,
however, a number of differences are apparent.
There is nickel present, presumably from the elec-

trodes of the device, and some sulfur and lead.
The presence of lead was the clue that appeared
most likely to provide a solution to the problem.
During assembly, portions of the glass envelope
were heated. Some of the glass contained lead,
which vaporized and condensed on the device. The
manufacturing process is now being modified to
eliminate this problem.

The detection and interpretation of very weak
signals, such as the lead peaks in Fig. 7, can present
some difficult problems. By eliminating satellite
peaks and excessive background, HP's monochro-
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matized x-ray source alleviates these problems, and
in addition, provides higher resolution, so assign-
ing small peaks to specific elements is greatly
simplified.

A New Tool lor Catalysis
Catalysts are essential to the manufacture of ma-

terials that have influenced our society greatly,
from plastics to gasoline. Yet determining the prop-
erties of these compounds and finding methods to
evaluate their efficiency are important problems
that until recently have defied almost all analytical
techniques. Predicting the performance of fresh
catalysts has been equally difficult. ESCA offers
hope here; not only can it determine the oxidation
states of species at the surface, but it can give infor-
mation about surface conductivity, an important
parameter for characterizing catalyst activity ac-
cording to studies on a few catalyst systems.

An example of the type of information ESCA can
provide about a catalyst can be seen in the following

example. The compound involved, VB,, is used in
the dimerization of carboxylic acids and is not a
catalyst in the strict sense, but the features of its
spectrum are representative of a number of catalyst
systems, although simpler,

Fig. I shows a broad spectrum of VB, taken with

the HP 59504 ESCA spectrometer. Peaks corre-
sponding to the vanadium and boron, as well as the

oxygen that quickly forms on its reactive surface,
are easily identified. The two unshaded portions of
the spectrum, corresponding to the oxygen and
boron regions, are shown on an expanded scale in
Fig. 8, These detailed spectra were taken under two
conditions: the upper two traces show the oxygen'
vanadium, and boron lines taken with electrons
flooding the sample to neutralize sample charging
effects [see box, this page), and the lower two traces
are the same spectra without the flooding electrons'

The flooding electrons cause the two boron lines
to coalesce, showing that there is only one chemi-
cal species of boron present, but that some of these
atoms are electrically isolated from the bulk ma-
merial. (Because they are isolated, the flooding elec-
trons are needed to neutralize any potential these
atoms acquire.) This information is quite significant,
as will be shown.

Looking at the two vanadium peaks, it can be
seen that these do not charge appreciably, that is,
their positions are independent of the flooding elec-
trons. This indicates that all of the vanadium atoms
are in electrical contact with the bulk material.

The oxygen lines provide other information about
the material. We can deduce that peak ICJ is oxygen
bound to the vanadium atoms and peaks (A) and (B)
represent oxygen bound to the boron atoms by
noting their relative shifts as the flooding electrons
are supplied. Also, these spectra show that there
are twice as many oxygen atoms bound to boron as
to the vanadium, and that all the boron atoms have
similar affinities for oxygen.

We thus have a rather complete picture of the
surface composition of this compound, but how
does this relate to its activity, the parameter of pri-
mary practical importance? To answer this question,
a sample of the material was examined after it had
been reacted and its activity substantially reduced.
The flooding electrons no longer had an effect on
any of the peaks, indicating that none of the boron
atoms was electrically isolated from the bulk ma-
terial any longer.

Studies of catalyst systems have shown that the
charging shifts observed are also a function of cat-
alyst activity, just as they are with the compound
VBr, Hence charging shifts provide an empirical
criterion for estimating catalyst efficiency, as well
as being a valuable tool for studying the detailed

The Charging Effect
Early measurements on insulators using ESCA yielded con-

fusing results. Peaks corresponding to dif ferent elements

did not have the energy predicted by Einstein's simple re-

lat ion, but appeared to be shif ted to higher binding energies

by amounts that depended on the material involved and

also, somewhat unexpectedly, on the type of instrument

used. These shif ts appeared larger on the HP 59504 Spec-

trometer than on any other commercial instrument pres-

ently avai lable, sometimes by as much as an order of mag-
nitude.

The reason for the shif ts is simple. The x-rays incident
on the sample cause electrons to be emitted, so the sample

surface acquires a net posit ive charge. In al l  spectrometers
there are some stray electrons present in the vicinity of the
sample to prevent the charging from continuing indefinitely'
and the sample ult imately comes to equi l ibr ium at a
potential sufl icient to attract enough stray electrons to

compensate for those emitted. In the HP instrument this

charging effect is enhanced since few stray electrons
are produced. This is because focused, monochromatized
x-rays i l luminate the sample.

Unti l  recently, this charging effect was regarded as a

nuisance. In lhe 59504, however, means are provided so
that one can turn the charging on or off  as desired. This
capabil i ty yields a surprising amount of addit ional informa-
t ion  about  the  sample .

Good examples of charging shif ts can be seen in the

oxygen and boron l ines  in  F ig .  B ,  page 11 .  The tex t  accom-
panying that i l lustrat ion explains the shif ts '  signif icance.

The charging effect is turned off by supplying a f lood

of electrons having a uniform low energy to the sample.
The surface potential can thus be clamped to a potential

determined by the energy of these electrons.
The f lood  gun tha t  supp l ies  the  low-energy  e lec t rons  is

an optional accessory to the Model 59504 ESCA Spec-
tromeler.

1 0
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mechanisms of surface reactions.
Factors influencing surface reactions, whether in

a catalyst, an electrode in an electrochemical cell,
or simply on a corroding surface are apparently
quite subtle, as evidenced by the failure of more
traditional analytical techniques to detect them. The
HP spectrometer's ability to solve such problems
is largely based on the monochromatic photon flux
on the sample that minimizes sample damage and
makes line shifts due to charging very evident, as
well as the ability to turn these shifts off and on.

In addition, the sample handling system is ideally
suited to analyze rapidly a large number of samples,
as would be required for screening or quality con-
trol operations.

Sample Handling
Surface techniques, in contrast to many spectro-

scopic analyses of bulk materials, usually require
that the sample to be analyzed be placed in a spe-
cial environment: in the case of ESCA this environ-
ment is a good vacuum. Electrons escaping from a



solid at atmospheric conditions would travel only a
few thousandths of an inch before being stopped by
air molecules, so analysis of their energy would be
impossible. To ensure that escaping electrons do not
suffer undesired collisions in the spectrometer,
they must be in an environment having a pressure
of less than 1O-'g atmosphere [about 10-6 torrJ. More-
over, if the sample is composed of a reactive ma-
terial faluminum, for example), the pressure must
be even lower to prevent the surface being oxidized
or otherwise contaminated. In such cases, the pres-
sure of residual gases must be as low as 10-" at-
mosphere (approximately 10'g torrJ.

To enable a sample originally at atmospheric
pressure to be conveniently placed in such a
vacuum, a technique that requires less than 30 sec-
onds to insert three samples has been developed for
the 5950A ESCA Spectrometer. This is shown in
Fig. 9.

Three samples are attached to a rod, which slides
through four seals. As the samples pass the second
of these seals, they are evacuated to about 10-5
atmospheres in a few seconds. They are then trans-
ported into the sample preparation chamber where
the pressure is four orders of magnitude lower [ap-
proximately 10-7 torr). Here they can be cleaned by
a beam of ions to remove layers of oxidation, or be
otherwise prepared if desired.

The rod is then inserted farther into the main
spectrometer chamber, and one of the three samples
is placed in the proper position for analysis. The
rod automatically positions the sample in the x-ray
beam so the emitted electrons can enter the electron
lens.

Analyzlng the Sample
With the sample in position, the x-ray beam is

turned on at a desired power between 100 and
1600 watts. The detector control unit, shown in Fig.
10, is set to the desired analysis conditions, and the
analysis begun.

A number of analysis parameters can be se-
lected including the range of energies to be scanned
[from 10 to 1000 eV), the starting energy (0 to 1250
eV), the scan rate [1 to 10 eVlsec), and the number
of scans. When the desired measurement is com-
pleted, the spectrometer shuts off and displays
the results on the oscilloscope display [Fig. 10).

Accessories
Data System. To upgrade the signal processing and
control functions of the spectrometer, a data sys-
tem using an HP 27OOA Computer and cassette
storage is available. This system permits sequen-
tial analysis of selected spectral regions, data
smoothing operations, and user-dedicated pro-
gramming.
Variable Temperature Probe. A special sample rod
permits samples to be analyzed at any desired tem-
perature between -150oC and *300oC. A con-
troller is supplied with the probe that automatically
regulates the sample temperature at the desired
value.
Evaporation Probe. To study samples that are ex-
tremely reactive, it is desirable to prepare them in
the spectrometer so they are never exposed to at-
mospheric conditions. To do this, a probe that per-
mits samples to be vapor deposited on a substrate
is available. Any material volatile enough to be

Fig. 9. Sampie inlet system re-
qulres /ess than 30 seconds lo
insert three samp/es. Variable-
temperature prcbe, evapotation
probe, and ion gun are optional.
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vapo r i zed  be low  1700"C  can  be  evapo ra ted '

F lood Gun.  This accessory permi ts  the operator  to

neutra l ize the charging ef fects observed wi th in-

su la t i ng  samp les  ( see  desc r i p t i on  o f  use ,  p .  101  .  I t

is  suppl ied wi th a contro l ler  that  a l lows both the

energy and the number of  f looding e lect rons to

be var ied.
I on  Gun .  Samp les  can  be  c leaned  to  remove  l aye rs

of  ox ide or  other  sur face impur i t ies wi th the ac-

cesso ry .  I t  a t t aches  to  t he  samp le  p repa ra t i on  cham-

be r  so  t ha t  t he  c l eaned  samp le  can  be  ana l yzed

wi thout  exposure to a i r .
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RESOLUTION
U N S C A N N E D  M O D E

The fu l l  w id th  a t  ha l f  max imum of  the  1s  leve l  o f  carbon sha l l
be  0 .8  eV or  less  as  de termined by  a  300 second measuremenl
in  the  unscanned mode (w indow se t  to  OFF)  us ing  a  s tandard
graph i te  ca l ib ra t ion  sample  and an  X- ray  power  o f  800 wat ts .
The base l ine  fo r  the  measurement  sha l l  be  the  s igna l  leve t  a t
a  po in t  7  eV lower  in  b ind ing  energy  than the  peak .

SCANNED MODE
T h e  f u l l  w i d t h  a t  h a l l  m a x i m u m  o l  t h e  1 s  l e v e l  o f  c a r b o n  s h a l l
be  0 .85  eV or  less  as  de termined by  a  measurement  in  the
scanned mode (5  sweeps,  l  eV/sec ,  10  eV w indow) .  Other
measurement  cond i t ions  sha l l  be  ident ica l  to  those soec i f ied
for  the  unscanned mode.

SENSITIVITY
The peak  s igna l  ob ta ined f rom the  1s  leve l  o f  carbon in  the
scanned mode and w i th  a  c lean X- ray  anode sha l l  meet  o r  exceed
t h e  f  o l l o w i n g :

S igna l - to -background ra t io :
Number  o f  counts  p€r  channe l

( f o r  t o t a l  o t  1 2 8  c h a n n e l s j .
S igna l - to -no ise  ra t io ;

S  P E C I F I C A T I O N S
HP Model 5950A ESCA Spectromeiel

200 to 1

25,000
1500 to  1

curacy  o f  the  en t i re  energy  sca le  f rom 0  to  999.9  eV b ind ing
energy  sha l l  be  i0 .1  eV (measured w i th  a  10  eV w indow) .

SPECTRUM STABIL ITY
Af te r  a  2 -hour  warmup,  the  spec t rum is  s tab le  and reproduc ib le
to  w i th in  40 .03  i0 .015 lT  eV dur ing  an  8-hour  per iod ,  where  lT
is  the  ambien t  tempera ture  change in  'C .

VACUUM
Without  bakeout ,  the  maln  chamber  o l  the  ana lyzer  ma in ta ins  a
base pressure  o f  2  x  108 Tor r  o r  less  in  the  Vac lon  pump as  de-
te rmined l rom the  pump cur ren t  ca l ib ra t ion  curves  ( i so la t ion  va tve
#11 c losed) ;  the  sample  prepara t ion  chamber  main ta ins  a  base
pressure  o l  2  x  10-1  Tor r  o r  less  in  the  Vac lon  pump as  de ter -
mined f rom the  pump cur ren t  ca l ib ra t ion  curves .

SWEEP WIDTH
S e l e c t a b l e  s w e e p  w i d t h  o f  1 0 , 2 0 , 5 0 ,  1 0 0 , 2 0 0 , 5 0 0 ,  a n d  1 , 0 0 0  e V .
Energy  ca l ib ra t ion  l inear  to  w i th in  0 .3  percent  o l  the  se lec ted
sweep w id th  :L0 .01  eV over  the  scan range.

SWEEP OFFSET
Sweep o t tse t  f rom 0 .0  to  999.9  eV in  0 .1  eV s teps .  To ta t  b ind ing
energy  d isp lacement  (sweep w id th  p lus  sweep o f lse t )  w l l l  no t
exceed 1299.9  eV.

PRESETTABLE NUMBER OF SWEEPS:  1  to  9999.
PRESETTABLE SWEEP RATES:  1 ,  2 ,  5 ,  and 10  eV per  second.
OPERATING AMBIENT TEMPERATURE:  +20 to  +40"C.
PRICE lN U.S.A. :  $114,000 p lus  op l lons .
M A N U F A C T U R I N G  D I V I S I O N :  S C I E N T I  F I C  I N S T R U M E N T S  O I V I S I O N

1601 Ca l i to rn ia  Avenus
Pa lo  A l to ,  Ca l i fo rn ia  94304 U.S.A.

No ise  is  de f ined as  the  rms uncer ta in ty  in  the  number  o f  counts
per  channe l  in  the  background.  Background is  de f ined as  lne
s igna l  measured a t  a  po in t  7  eV lower  in  b ind ing  energy  lhan
the  peak .

SPECTRUM ACCURACY
When ca l ib ra ted  w i th  a  sample  a t  a  known b ind ing  energy ,  the  ac-
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Compact Function Generator with
Enhanced Gapability/Cost Ratio
A no-frills design plus a computer's help in
veritying zero production detects brings the
cost of this handy instrument down without
sacrificing quality.

By E. Harry Hetl in

f N fHE SAME WAY that a multimeter is handy
I  to  have around for  a l l  sor ts  of  everyday mea-
surements,  the funct ion generator  is  usefu l  to  have
as a general -purpose source of  test  s ignals (F ig.  rJ .
The function generator's abil ity to supply sine
waves  f  o r  f  r equency  response  measu remen ts ,
square waves for  t ransient  response test ing,  and
triangular waves for trigger threshold measurements
-and do these over  a wide range of  f requencies-
has earned i t  a  p lace among universal  test  in-
st ruments,

Recogniz ing the desi re of  near ly  every e lect ronics
engineer and technician to have a function genera-
tor  as par t  of  h is  test  and measurement  l ineup,  and
also the need that  co l leges and technical  schools
have for rugged and reliable signal sources that
don' t  cost  very much,  we set  out  to  design one that
would be low-pr iced as wel l  as versat i le ,  but  that
would not  compromise t radi t ional  HP qual i ty

[F ig.  2J.
Such a program enta i ls  a number of  engineer ing

choices.  F i rs t ,  we had to establ ish f requency range,
We chose a range of 0.t Hz to 7 MHz in seven
decade bands,  not  as wide a range as some funct ion
generators but  a range that  spans the great  major i ty
of  funct ion generator  uses in  the sub-audio,  audio,
and u l t rasonic ranges.  A wider  range would have
incurred added cost  that  would be out  of  proport ion
to the added usabi l i ty .

The second choice was output  ampl i tude and im-
pedance.  The new generator  fModel  3311AJ pro-
duces up to 20V peak- to-peak in to a h igh- impedance
load from a 6000 output. Although it wil l no doubt
be used to dr ive 50C) c i rcu i ts  as wel l  as h igher  im-
pedance loads,  we chose 600f i  because of  the lower
cost .  I t  can supply 1V into a 50o load,  however,
enough for  most  such appl icat ions.  A 30 dB var iable
at tenuator  is  inc luded for  lower level  outputs.

One useful  feature we fel t  could be included be-
cause of i ts modest incremental  cost,  was a separate
3-volt  pulse output capable of dr iv ing 50Q or up to
20 TTL loads. In view of the fact that analog
equipment these days very often includes some
logic circui try,  the usefulness of the new Funct ion
Generator is enhanced by its ability to supply TTL-
compatible clock pulses. The pulse output,  which
is referenced to ground, is also useful  as a source
of tr iggers for osci l loscopes or other instruments
in the test setup.

Dc offset for the main output was another feature
we included. This is useful in trigger threshold tests
and also as a bias source for circuits driven by the
Generator.  We also isolated the circui t  ground from
chassis ground so that the output can be floated

Flg. 1, Wavelorms produced by new Model 331 1A Function
Generator as shown by triple-exposed oscillogram (tre-
quency is 10 kHz). Pulse train (bottom trace) is available
at a sepatate output simultaneously with any ol the wave-
forms selected lor the main outDut.
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Flg. 2. New Model 331 1A Function Generator supp/les
wavelorms tor many kinds ol lesls oyer 0.1 Hz to 1 MHz
trequency range. Maximum oulput is 10V peak to peak
into a 600A load (20V into an open circuit). The amplitude
contrcl has a range ol 30 dB.

up to f500V from chassis ground.
Another feature that was included at little ex-

pense was a VCO input fon the rear panel) for
sweep-frequency testing or for frequency modula-
tion of the output. With the FREQUENCY dial set
to 1.0, a 0 to -10V ramp at this input will sweep
the frequency linearly from X1 to X10.

Keeping ll Simple
A major objective in working out the circuit de-

sign was to simplify the circuitry wherever possible.
As a result, the number of electronic components
is small enough to allow all interconnections to be
made with a single, two-sided board, avoiding the
expense of a multi-layer board. In addition to that,
the board layout was arranged to allow automatic
insertion of the majority of components, another
production cost-saver (Fig. 3).

Fig. 3. Circuit-board layout aligned and spaced compo-
nents to permit automatic insertion.

Fig. 4. Automallc test syslem quickly linds any production
etors. reducing trouble-shooting time signiticantly. A vac-
uum holds the instrument on the test tixture and protruding
component leads make contact through holes in the f ixture.

The mechanical design also sought to reduce
parts while at the same time simplifying assembly
procedures. The "clam-shell" housing used for
other HP low-cost instruments [5300-series Count-
ers, 3470-series DVM's) fulfil led this objective ad-
mirably. Front and rear panels attach directly to
the single circuit board and this assembly simply
snaps into the rugged cast-aluminum housing, The
instrument is completely functional when removed
from the housing, simplifying test and repair.

A Computer Lends a Hand
Perhaps the most significant reduction in cost

came from development of a computer-controlled
test system that very quickly verifies the absence
of production errors. The system exercises the com-
pleted circuit assembly and in the event that com-
mon production problems such as solder splashes,
broken circuit-board traces, out-of-tolerance com-
ponents, reversed diodes, and the like may exist,
it identifies their nature and location [Fig. +J. It also
finds marginal components that might later cause
an instrument failure. The operator of the test sys-
tem can quickly correct the indicated faults so the
calibration technician does not have to spend hours
tracking down elusive troubles. In addition to that,
the instrument requires only nine adjustments for
calibration, so each instrument needs to remain at
the calibration station onlv a few minutes.

How lt Works
As did the very first Function Generator [HP's

venerable Model zozP^l), the new Model 33114
generates a triangular waveform by linearly charg-
ing and discharging a capacitor between fixed volt-
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Fig. 5. Slmp/lfied block diagram ot Model 3311A Function Generator.

age limits, A two-level voltage detector responds
to the capacitor voltage and svvitches the direction
of current flow when either voltage limit is reached.
Thus, the detector generates a square wave, Sine
waves are derived from the triangular waveform by
a nonlinear network.

A block diagram is shown in Fig.5. The square-
wave output of the level detector switches the posi-
tive and negative current sources alternately to the
integrating capacitor Cr. The resulting square and
triangular waves, as selected by the FUNCTION
switch, are passed on to the output amplifier
through an attenuator that provides amplitude
control.

Sine waves are derived in a circuit that differs
from the ladder-type sine shaper used in other HP
Function Generators. This one, shown in Fig. 6 ,
uses two silicon diodes as clippers to flatten the

../\- ..4- 

Fig. 6. New sine shaper converts the triangular wave into
a low-distortion sine wave using fewer parts than earlier
types ot slne sfiapers.

tops and bottoms of the triangular wave. Strings
of germanium diodes, which have a "softer" clip-
ping action, then round off the truncated triangles,
shaping them into sine waves that have little har-
monic distortion. Overall sine-wave distortion at
the main output, typically less than 1%, is less
than 3% over the full o-to-ssoC environmental op-
erating range of the instrument,

The pulse output is derived by using the triangu-
lar waveform to shorten the time duration of the
square wave's positive excursion. To do this, the
triangular wave is applied to a comparator that
triggers when the triangular wave is at 30% of
peak amplitude [Fig. 7). This comparator's output
is thus a pulse train in which each pulse spans the
bottom 30o/o of the corresponding triangle.

The comparator output and the square wave are
applied to an AND gate. This produces a pulse train

Fig. 7. Pulse generating circuit, using two
plus a tew discrete components, derives
conslanl 15o/o duty cycle.

/ow-cost /C's
pulses wilh a
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Low-Cost Function

The ou lpu t  f requency  o f  the  Mode l  3311A is  es tab l i shed
by the  cho ice  o f  in tegra t ing  capac i to r  C,  (RANGE)  and by
the  se t t jng  o f  the  FREQUENCY poten t iometer  ( in  the  d ia -
gram be low) .  Because o f  feedback  f rom the  emi t te r  o f  e2

Generator Circuits

A buf fe r  ampl i f ie r  i s  be tween the  in tegra t ing  capac i lo r  Cr
and the level detector. To preserve lhe l inearity of the ca-
pac i to r  charge and d ischarge,  th is  ampl i f ie r  must  have low
input  b ias  cur ren t  and to  p revent  round ing  o f  lhe  peaks ,  i t

Frequency Control

+V

100k

FREQUENCY SYMMETRY

v

1.000k

VCO INPUT

back  to  the  input ,  the  vo l tage a t  the  po ten t iometer  s l ider  i s
d u p l i c a t e d  a c r o s s  t i m i n g  r e s i s t o r  R ' , ,  T h i s  d e f i n e s  a  c u r r e n t
I .  in to  the  emi t te r  o f  02 .  Q2 is  a  h igh-Beta ,  low- leakage
t rans is to r  so  i t s  co lLec tor  cur ren t  i s  fo r  a l l  p rac t ica l  purposes
t h e  s a m e  a s  1 , .

R e s i s t o r  R ,  l s  m a t c h e d  w i t h i n  0 . 1 7 0  t o  R , r .  Q 1  i s  a  d i f -
fe ren t ia l  d r iver  so  the  po len t ia l  d rop  across  R ' .  i s  equa l  to
tha t  across  R ' ,  (any  d i f fe rence in  the  Vse 's  o f  t rans is to rs  Q2
and Q3 is  ba lanced ou t  w i th  the  SYMMETRY cont ro l ) .  The
c h a r g i n g  a n d  d i s c h a r g i n g  c u r r e n t s  ( 1 ,  a n d  l ) f o r  c a p a c i t o r
C '  thereby  remain  w i th in  : !  0 .5o lo  o f  each o ther  over  a
) f i , 1 a - 1  l r o a  r o n . \ /  t r n i n ^. _ ,  ,  Y  r a - g e .

must  have w ide  bandwid th .  As  shown in  the  d iagram above,
th is  i s  accompl ished w i th  a  J -FET a t  the  input  w i th  nega l ive
feedback  app l ied  to  the  source .  On the  o ther  hand,  s ince
the  dc  leve l  o f  the  ou tpu t  waveform is  es tab l i shed by  the
leve l  de tec tor  wh ich  fo l lows,  the  ampl i f ie r  does  no t  need
long- te rm dc  o f fse t  s tab i l i t y .  Th is  ampl i f ie r  con t r ibu tes  a
ga in  o f  2 .

The leve l  de tec tor  uses  a  mono l i th ic  lC  compara tor  fo l -
lowed by  a  push-pu l l  ampl i f ie r  to  inc rease the  compara tor ' s
ou tpu t  to  the  14V p-p  swing  needed to  opera te  the  d iode
swi tch .  Pos i t i ve  feedback  th rough Rr  dnd Rn es tab l i shes  the

Buffer Amplifer

Rr+

l l *
V

Ci
lHz)

Rt_

_V

RANGE

+v+v

:-r-r
,'g'rzv

l r _
V

-v

that  has a durat ion of  about  1,5oh of  the l ,vaveform
per iod rv i th  the leading edges coinc ident  wi th the
square wave,  a convenience for  synchroniz ing ex-
ternal  equipment .  Rise and fa l l  t ransi t ion t imes of
the pulse t ra in are typ ical ly  10 ns,

Just  in  Case

AII  inputs and outputs are protected against  ac-

cidentally imposed external voltages by clamping
diodes.  In  addi t ion,  the main output  has a fus ib le
res is tor  that  protects the inst rument ,  even against
accidenta l  appl icat ion of  24OV ac l ine vol tages.  This
protect ion wi l l  be of  specia l  in terest  to  those con-
s ider ing the inst rument  for  use in  s tudent  labs or
in other  appl icat ions involv ing inexper ienced per-
sonnel .
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two voltage levels for the comparator shown above. This
circuit  minimizes the loop delay that, by delaying switching
time, would result in an increase in the tr iangular waveform
amplitude at high frequencies with a consequent error in
frequency. As a further guard against ampli tude changes,
temperature-compensated Zener diodes clamp the output
voltage excursions to maintain a constant square wave
amol i tude.

Because o f  the  ba lanced,  push-pu l l  c i rcu i t  con f igura t ion ,
the current drawn from the power supplies remains con-
stant throughout the waveform period. This minimizes high-
frequency perturbations that otherwise might be coupled to
other circuits through the power supplies.

The output ampli f ier (see diagram left) uses a balanced
configuration that causes no current f low into the load when
the voltage at the input is at the basel ine level. Half the
current through resistor R. then f lows through transistor
Q2 and half through Q3 down through Q4.

Transistors Q3 and Q4 function as constant-current
sources. A change of voltage at the input unbalances the
d iv is ion  o f  R"  cur ren t ,  and cur ren t  then f lows in  the  load.
Negative feedback through Rr ?nd Re sets the gain at 21.

A dit ferential stage is used at the input to minimize off-
sets and dri f t .  Offsets can be set in intentional ly, however,
through use of the DC OFFSET control.

The Zener  d iodes  a t  the  ou tpu t  c lamp the  Q5-QO emi t te rs
at a safe voltage level i t  an excessive external vol lage is
applied to the output terminal. Similar arrangements for
circuit  protection are found at the Pulse Output and at the
VCO lnput .o
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S  P E C I F I C A T I O N S
HP Model 3311A Funclion Generalor

600 Ohm Output
WAVEFORMS:  s inuso ld ,  square ,  and t r iang ls .
FREOUENCY RANGE: 0.1 Hz to 1 MHz in seven docado ranges.
DIAL ACCURACY:  t5% o l  lu l l  sca le .
MAX|MUl r l  OUTPUT AMPLITUDE:  20  V p-p  open c t rcu t t ;  1O V p-p  in to

6000.
A iTPLITUDE CONTROL:  cont inuous ly  var iab la ,  >30 dB range.
OUTPUI  IMPEDANCE:  6000 +10%.

DC OFFSET:  up  to  a10 V open c i rcu i t ,  15  V In to  600O,  cont inuous ly
ad jus tab le  and Independ€nt  o t  ampl i tudo cont ro l .  Max lmum V ac
peak +  V dc  o t tse t  w i thout  c l lpp lng  ls  i10  V opon c l rcu i t ,  tS  V
Into 6000.

ISOLATION: outputs may bo ltoatod up to asOO V rolative to instru-
msnt caso (earlh ground).

S INE WAVE AMPLITUDE FLATNESS:  w l th tn  a3% ot  lO kHz re fe rence
to  100 kHz a t  max imum outpu t  ampl i tude,  : t6% to  I  MHz.

SfNE WAVE TOTAL HARMONIC DISTORTION:  13o/o  a t  max imum
output  ampl l tude.

TRIANGLE L INEARITY:  dov ia t ion  <1o/ "  l rcm b6s t  s t ra lgh t  In€  a t
100 Hz (max imum outpu t  ampt i tude) .

SOUARE WAVE TRANSITION TIME:  <100 ns .
SOUARE WAVE TIME AXIS SYMMETRY EFROR:  : t2% max imum to

100 kHz.

Pulse Output
OUTPUT AMPLITUDE:  >3  V pos l t i ve  (opsn c i rcu i t )  TTL compat ib te .
DUTY CYCLE: 13.5o/o lo 16.5olo of total Deriod.
TRANSITION T l i rES:  <25 ns .

Exlernal Frequency Conirol
VCO FANGE:  >10: l  on  any  f requency  range.
INPUT REOUIREMENT:  w l th  t requency  d la t  se t  to  1 .0 ,  l inear  ramp o t

0 .0  V  to  -10  V t2  V  Incr€ases  f requency  l inear ty  > io : l .
INPUT I i IPEDANCE:  10  kQ t l0%.

General
OPERATINO TEMPERATURE:  0 'C to  55"C.  Spec i f i ca t ions  appty

f rom + 15 'C to  +35 'C.
POWER:  100112012201240 V -10o/o ,  +57o swi tchabte ;  48  Hz to  440

Hz;  <12 VA.
DIMENSfONS:  6 l l r  In  W xSVz ln  H x97q in  D f i5 .9  x  8 .9  x  24 .8  cm) .
WEIGHT:  ne t  3% lbs  (1 .5  ks) .
PnICE lN U.S.A. :  $249.
MANUFACTURING DIVISION:  LOVELAND OtVtStON

815 Four ieenth  St ree t ,  S .W.
Lovs land.  Co lorado 80537
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