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First in a line of so/id-state display devices are these one- and three-digit numeric
indicators. Compatible with integrated circuits, they need only BCD input signals
and tive-voltpower to display any numeral from 0 to I in an array of bright red dots.

Solid-StateDisplays
By Howard C. Borden and Gerald P. Pighini

Sotrn-srars Dtspr-AysARE HERE.Developing them has
taken more than six years of research and development
in light-emitting materials, plus Hewlett-Packard's resources in solid-state technology, integrated-circuit design and manufacture, ceramic metallization and etching,
and optoelectronic packaging. The result is the new HP
Model 5082-7000 Numeric Indicator, a small, lowpower, all-semiconductor module which accepts fourline binary-coded-decimal input sigrralsand displays the
corresponding digit, 0 through 9, as an array of brightly
glowing red dots (Fig. 1). A similar but larger module,
Model 5082-7001, displays three digits in line.
Compatibility with integrated circuits is a significant
advantageof the new solid-stateindicators
over other types of display devices. They
need only five-volt power and logic levels
of 0 and 5 volts (nominal), compatible
with transistor-transistorlogic (TTL) and
diode-transistor logic (DTL).
IC compatibility, in fact, was the principal motivating factor in the development
of the solid-state display. However, it
wasn't the only one. The list of advantages
of solid-state displays is impressive.
Among them are thin single-planepresen'solid-state'
tation, ruggedness, and high
reliability. Becausethey are free from fundamental degradation mechanisms, they
are expected to have long life. They don't
generate RFI, and they are amenable to
low-cost, high-volume production using

semiconductor batch fabrication techniques.
The new solid-state indicators have other advantages
as well. They have a surface light distribution which
gives constant brightness over wide viewing angles. They
have high contrast and color purity, both of which contribute to readability. They are free from parallax because they produce all numerals in the same plane, and
they respond in less than one microsecond to input-code
changes;hence they are useful as readout deviceswhen
test results are being photographed with high-speedcameras. The brightness of the solid-stateindicators is voltage-variable;it can be adjusted for optimum readability
under widely varying ambient light conditions.
Obvious uses of the new indicators are
in instrument panels,statusboards, and information displays, or anywhere a need
exists for a compact, IC-compatible, variable-brightness readout module that can
perform both the decoding function and
the readout function. The possibilities for
these indicators and for future solid-state
displays are intriguing; some are discussed
on page 4.
Itself an instrument manufacturer,Hewlett-Packard may eventually become its
own best customer for solid-state readouts, especially where a large character
font is needed. Limited character font is a
disadvantage of gaseous display tubes.
Where greater flexibility in alpha-numeric
and symbolic display is needed, as in the
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Fig.1. Model 5082-7000
So/id-Sfate Numeric I ndicatol
accepts tour-line BCD and
displaysany numeral
trom 0 to 9 in an arraYof bright
red dots. rt takes five-volt
power and logic levels
compatible with i ntegrcted
circuits. Shown here is the bare
module; mounted behind
red glass,only the numeral is
visible.

HP Model 9100A Calculator, HP has used cathode-raytube displays. CRT's are still the most economical solution to the type of display requirementsfound in the'calculator. However, CRT's are large, need high voltages,
and must have circuits to generate and recirculate the
characters. Although we don't have it yet, an all-solidstate alternative to the CRT seemsto be desirable. The
new numeric indicators are a first step in that direction.

produced by selectively energizing a matrix of gallium
arsenide phosphide [Ga(As,P)] light-emitting diodes.
There are 28 diodes: 27 are arranged in a 5 x 7 rectarrgular array (not all of the 35 matrix locations are occupied by diodes) and the 28th is offset at the lower left
to serve as a decimal Point.
The characters are designed to preclude ambiguity' It
is unlikely that one number will be mistaken for another,
even if one or two diodes should fail to light.

Optical Characteristics
A display is an interface between a machine and a
man. The man is aftected by the optical characteristics
of the display. Character font, size, color, viewing angle,
brightness, and contrast all contribute to the subjective
effect of the display on the man.
Character Font. Fig. 2 shows the character font of the
new numeric indicators. The numerals 0 through 9 are

In this Issue: So/ld-StafeDisptays;page 2.
So/id-StateDisplays- Presentand Future;
page 4. MeasuringLuminance;page 70.
Hybrid Hot Carrier Diodes;page 13. Hybrid
TechnglogyProducesMany Useful New Devices; page 16.

Fig. 2. The new sotid-state indicators come in one-digit and three-digit modules. Here tour three-digit
modules disptay the full character font, which includes the numerals 0 through 9 and a decimal point-

Solid-StateDisplays,Presentand Future
The new one-digit and three-digitsolid-statenumeric indicators are only a beginning. Larger and smaller characters, larger character sets, more colors, and discrete light
sources are under development.Differentkinds of displays
are in the future.

UsingWhat's AvailableNow
Small size, low power, low voltage, and high brightness
make the presently available V+ inch numeric indicators
suitablefor a wide range of applicationsin commercialand
military equipment.Displayswith as many 250 to 275 characters per square foot can be assembled using one-digit
and three-digit modules. An obvious use is for numeric
readouts from instruments and electronic data processing equipment. In telemeteredor computer-drivenstatus
boards, the modules' small bulk and high image definition
should prove valuable. The numeric indicators have no
sealed-intoxic gases and operate at low voltages,ano so
are particularlywell suited for closed environments,or for
environmentswhere there are explosionhazards.Their red
color makes them useful for displays in darkrooms or in
areas where personnelmust be dark-visionadapted.

Color TV Still YearsAway
Although it will surely happen, perhaps another ten years
will pass before solid-state display technology is sufficiently advanced to make a wall-mountedcolor television
set practical. Red, blue, and green light-emittingdiodes
will be needed to produce the visible spectrumwith accep_
table color fidelity, and at present we lack the means for
producing the blue ones. Cost is another problem.About a
quarter-millior points would be needed for a standard TV
presentation.At today's production costs, the chips alone
would cost nearly 925,000 for a five-inch-wide screen.
Power requirementsare also a problem. A five-inch-wide

screen, 257o saturated to a luminance of 7b fooilamberts,
would need about 100 watts.A square foot of diodes driven
solidly to a brightnessof 50 fooilambertswould draw about
one kilowatt, at the electroluminousefficiencies lhat are
typical of today's materials.For all these reasons.a solidstate color TV seems to be years away.

What About the Near Future?
Somewhat nearer to reality than solid-statetelevisiondisplays are smaller solid-statecharactersand symbolswhich
can be incorporated in probes, micrometers,and other
tools, so the tools themselveswill become digital measuring instruments.Small displayscan also be head mounted,
say in a pilot's helmet. Character densities of 50,000 to
250,000 characters per square foot are feasible,the size
reduction being limited only by the human side of the
man-machineinterface.
Small displays are potentiallyuseful as markers in optical instruments,too. One such applicationarises when recording data on film. An 18 x 32 dot pattern is sometimes
used to identify frames for automaticscanning equipment.
With their nanosecond turn-on and turn-off times, lightemitting diodes could easily supply the dot pattern,which
could then be transmittedto the film by fiber optics.
Alphanumeric

Modules Are Imminent
Almost ready for production at Hp are alphanumericindicators which use lhe same 5 x 7 dot matrix as the new
numeric indicators,with all 35 positionsin the matrix occupied by diodes. Six-bit ASCII code controls the indicators.
The character font, illustratedbelow, includes the letters
A through Z, the digits 0 through g, and the symbols +, -,
), (, ., -, ?, :, /, and ,. Two integrated-circuitchips decode the inputs and drive the diodes.The lC's are designed
so they can be modified easily and economicallywhenever
a change of font is wanted.

Character Size. The characters are Vq inch high' However, because of an unexplained subjective phenomenon,
the characters appear larger by at least 5O%. The apparent character height is about 3/a to lz inch. This
phenomenon isn't visible in the photographs in this article, so the reader should be aware when looking at these
'living display' would have a substanphotographs that a
tially difterent subjective effect. After a study of larger
and smaller sizes in various display applications, it was
decided that r/+ inch characters are quite satisfactory for
general instrumentation display, and this size was selected
for the initial products. People with normal vision can
read the characters at distances up to 8 feet.
Both the one-digit and the three-digit indicators are
intended primarily for mounting in a horizontal line. The
minimum center-to-center spacing between characters in
separate modules is limited by the package width to
0.570 inch. Within the three-digit module the character
spacing is 0.400 inch, center-to-center. The minimum
vertical center-to-center spacing is slightly more than one
inch. Large displays in which each character is individually replaceable can be constructed out of one-digit
modules; such displays can have as many as 250 characters per square foot.
Color. The color of the light emitted by the numeric
indicators is red. It has a dominant wavelengthof 655 nm
and is of high purity. Although alloys of gallium, arsenic,
and phosphorus can be made to emit any color between
infrared and green,the luminance (i.e., visual brightness)
of HP's Ga(As,P) alloy is greatest, for a given input
energy, when the light has a wavelength of 655 nm. Red
is also well suited for use in darkrooms, ready rooms,
and other dark environments, since it impairs the eye's
dark-adaptation considerably less than other colors.
Brightness. Typical Ga(As,P) diodes used in the numeric indicators produce luminances of 75 footlamberts
with 4.0 Vdc applied to the module. At 50 fL brighf
ness, the characters appear quite bright under normal
factory lighting. Brightness can be varied between 5 and
more than 50 footlamberts by adjusting the dc voltage
'LEDf' terminal of the module. As shown
applied to the
in Fig. 3, the luminance variation is nearly linear from
three to four volts.
Reduced display brightnessis desirablein dark rooms,
or where power is at a premium. The power input to
the light-emitting diodes varies roughly linearly with
LED+ voltage, as does the power dissipated in the
current-limiting circuits in the module. Power to the logic
circuits in the module remains constant at about 150 mW.

Fig. 3. The brightnessot the solid-stateindicatorccan
be adiustedby varyingthe voltageappliedto the LED+
and red color
terminalof themodule.Variablebrightness
makethe indicatorsusetutin darkworkingenvironments.

Contrast. Contrast is the ratio of the luminance of a
lighted diode to the luminance of the surrounding area,
which in this case is a white ceramic substrate with gold
metallic striping. For optimum contrast, the numeric in'notch' filter.
dicators should be viewed through a red
(The filter isn't supplied with the indicators.) Ideally, the
filter should transmit l0O% of the red light from the
diodes (density - 0) and O.lVo or less of the rest of the
visible spectrum (density > 3.0). Rohm and Haas'PlexiSas ft2423 as it is presently manufactured isn't quite
this good, but it is effective and inexpensive'
Viewing Angle. There are two general display situations. One is typified by bench-mounted instruments; here
wide viewing angle is important, either so several instruments can be observedby one operator, or so a group of
people can observe the same display. In such applications the new numeric indicators can be viewed from
angles as great as 60o from the normal in a horizontal
plane and as great as 70o in a vertical plane. They have
a cosine, or Lambertian, surface light distribution, meaning their light is equally dispersed in all directions; this
makes their brightness independent of viewing angle.
The second display situation is typified by an aircraft
instrument panel, where the observer's head is in a relatively fixed position with respect to the display. In these
situations it's often desirable to trade off wide-angle viewability for minimized light reflection or for the higher

Fig. 4. Model 5082-7000SotidState Numeric lndicatorsconsisf ot 28 gallium arsenide
phosphide red-light-emitting
cliodesand an lC chip containing some400 circuit elements,
all mountedon a ceramic substrcte and sealed in a case
designed for wide-angleviewability. On the substrafeis a
metal interconnection pattern.

efficiencypossiblewith narrowJobe light emission.The
radiation pattern of the numeric indicatorscan be modified by appropriatefilters, lenses,and shades.
ElectricalCharacteristics
While the optical characteristicsof the manlmachine
interfaceare important to the man, the machineis more
interestedin the electricalcharacteristicsof the display.
Each digit of the solid-stateindicatorshaseightinputs.

Table I. Binary Code Truth Table

They are:
I one line for a 5 Vdc filtered power supply for integrated-circuitlogic operation. This supply should be
regulatedto preventovervoltageconditionsand should
be able to provide about 30 mA per digit.
r one line (LEDf) for a 4.0 Vdc light-emitting-diode
power supply,capableof providing up to 200 mA per
digtt.* If brightnessvariation is required, this supply
should be variablefrom about 2.0 to 4.0 volts.
r four lines for 8-4-2-I BCD negativelogic, 3.5 V
<
'0'
< 5.0 V, 0 V < '1' < 1.5 V The BCD coding,
Table I, conformsto ASCII coding.
I one line for decimalpoint control. A 10 mA, currentlimited sourceis needed.It is turned on to illuminate
the decimalpoint.
r one line for ground,commonto all signalsand power
supplies.
The decodingcircuitry has no memory, so the display
will conform to the input code within lessthan a microsecond-=typicallylessthan 200 ns. The modulesalso
have no overvoltageprotection. Transientsexceeding6
V on the BCD lines or the integrated-circuitpowersupply lead, or exceeding5 V on the LEDf lead, may
causedamage,so protection should be provided.
Mechanicaland ThermalCharacterislics
At 50 fL averagediode brightness,and with the numbers 5 or 8 illuminated,(L7 diodes lighted), the lightemitting diodes dissipateabout 250 mV{ Another 250

N o l e : N e g a t i v sL o g i c ' 0 ' - L i n e H i g h : 3 . 5 < V < 5 . 0
,t, = Lino
L o w :0 . 0 < V < 1 . 5

' The LEDsupplymay
also be a full-v{ave-rectified
unfilteredsourceof frequency
50 Hz or higher.Lotverfrequencies
can be usedif noticeable
flicker is not ob_
iectionable.

mW is dissipated by the decoding circuitry. Hence the
modules are rated at Vz watt per digit. Heat sinking
should be adequate to dissipate this amount of power
with a temperature rise of 10oC or less above ambient.
In mounting the display modules, care should be
taken to protect their glass front windows. The indicators
don't need a vacuum, so they'll continue to operate even
with substantial package damage. However, the hermetic
seal will be lost if the front window is broken, and this
may reduce the life of the module.
The leads of the indicator modules are 0.100 inch
apart, compatible with current printed-circuit-board
practice.
How They're Made
Five basic elements make up the one-digit solid-state
numeric indicators, as shown in the exploded diagram
Fig. 4. All the parts except the case are manufactured by
Hewlett-Packard. Tekform Products Company manufactures the case. The five elements are:
r A ceramic substrate. The front of the substrate is thinfilm metallized and photolithographically etched to
form an interconnection pattern consisting-bf 8 input
pads and 18 output drive lines. The back of the substrate is also metallized so the thermal resistance between the substrate and the case will be low.
r Twenty-eight gallium arsenide phosphide redJightemitting diode chips. Twenty-seven are arrayed in a 5
x 7 matrix and one is offset to serve as a decimal point.
The cathodes of the diodes are bonded to the metal
interconnection pattern on the substrate. The light is
emitted from the anode side of the diodes. All of the
anodes are wired togther and connected to the metallized substrateby ultrasonic lead bonding, using 0.001
inch aluminum wire.
r A monolithic silicon integrated-circuit chip. The chip
translates standard 8-4-2-1, binary-coded-decimal input codes into 18 current-limited outputs which drive
the 27 diodes in the 5 x 7 matrix. (A separate external
soirrce drives the decimal point.) The IC chip has only
18 outputs because certain combinations of the 27
diodes are always lighted together. The IC terminals
are connected to the metal layer on the substrate by
ultrasonic bonding, using 0.001 inch aluminum wire.
I A tin-plated Kovaro case with glass-to-metal-sealed
leads. The case is designed for wide-angle readability
of the characters. The ceramic substrate is soldered to
the case.
@ Westinghouse
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I A glass window cover whose coefficient of thermal expansion is matched to that of the case. The glass is
joined to the case with epoxy to form a hermetic seal.
Ga(As,P)Light-EmittingDiodes
Each light-emitting diode chip is a simple mesa structure (see Fig. 5). An n-type alloy of gallium arsenide
phosphide is grown epitaxially on a gallium arsenide substrate. The p region is then diffused and capped with a
comb-type metal anode. The comb-type anode distributes
the diode current evenly over the diode's cross-section
while masking less than 25% of the light.
When forward bias is applied to the diode, the potential barrier at the junction is reduced so current can flow.
Electrons are injected into the p region and holes.are
injected into the n region. Eventually these minority carriers recombine, and in some of the recombinations
energy is given off as photons. Most of the light is generated in a space charge layer about 0.5 pm wide on the
p side of the junction, where several percent of the recombinations result in near-edge photons - that is, photons whose energy is near the bandgap energy.
Since the anode surface is very close to the junction,
most of the light generated internally reachesthe surface.
However, only a few percent of the photons escape. The
loss is caused by internal surface reflection, which is a
result of the di.fference between the refractive index of
the Ga(As,P) alloy (n = 3.5) and that of its surroundings (n = 1.0).

Ffg. 5. Each light-emitting diode chip is a mesa-type
p-n junction diode. Light is given olt in recombinations
of minority carriers, prcdominantly on the p side of the
iunction. The comb anode gives even cuffent distribution while blocking /ess than 25o/ool the light.

comes constant, and diode luminance increasesnearly
linearly, for diode currents of 3 mA to 100 mA. Typical
diodes have junction areas of 0.002 cm' and electro-

Fig. 6. ,9ed was chosen as the color of the light emitted
by the new so/id-stafe indicators because the electoluminous etliciency of HP's gallium arsenide phosphide
alloy is highest tor that color. Electroluminousefficiency
is a measure ol visual brightness pet unit diode current.
It is a tunctionof the alloy composition,that is, the value
of x in the totmula GaAs,-,P,.

At very low diode currents, that is, currents in the
nanoampererange,only a small fraction of the total diode
current contributes to light emission. As the current is
increasedinto the milliampere range, the electroluminous
efficiency also increases.Electroluminous efficiency, expressed in footlamberts per unit current density, is a
measure of the perceived brightnessthat results from a
given amount of current. Electroluminous efficiency be-

luminous efficienciesof 15 footlamberts per ampere per
square centimeter;this is equivalentto a brightnessof
'15
fL at 10 mA. Efficienciesas high as 100 fL/A/cm'
have been observed in some diodes.
The light-emitting properties of the diodes are very
stable with time. The diodes' half-life, the time required
for the luminance to decrease to 50% of its original
value, appears to be more than 100,000 hours. This
estimate is based on presently available data, straightline extrapolatedto the 50% point.
CompositionDelerminesElectroluminousEfficiency
Gallium arsenide phosphide has the formula
GaAs,-'P., where x is between0 and 1. The value of x
determinesthe optical bandgap energy,which in turn determines the radiation wavelengthfor near-edgeemission
(photon wavelength is inversely proportional to energy,
and the energy of near-edgephotons is approximately the
bandgap energy). We have found that the electroluminous efficiency of the Ga(As,P) we are now producing
is highestfor a composition in which x is 0.4 (seeFig. 6).
This corresponds to a bandgap energy of 1.9 electronvolts and a wavelength of 655 nm, and gives the diode
its characteristicred color. Although the eye's response
to this wavelengthis only 10% of its peak response

Fig. 7. Ga(As,P) waters up to
two inches in diameter are
grown in this HP-designed verti cal-flow, RF-heated, col d-wall,
dual-reactot, vapor-phase epitaxial system.The light-emitting
diodes are made lrom these
walets. All parts of the solidstate indicatots except the
case are nade by HP.
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(which occurs at 555 nm), it isn't possible to generate
a brighter light for a given current at wavelengths
shorter than 655 nm. This is becausethe number of photons generated per unit current drops more sharply with
decreasingwavelength than the eye's sensitivity increases.
The tradeoff between the eye's response and the efficiency of photon generation, which is controlled by
varying the value of x in the formula GaAsl-xPx, was
only one of many tradeoffs that had to be decided upon
as the light-emitting diodes were developed. Material
was the first variable. Ga(As,P) was selectedbecauseits
bandgap energy is high enough to provide visible light,
its doping profile can be closely controlled, and its nearedge recombination mechanism is relatively strong compared to competing energy-dissipatingrecombinations.
Another tradeoff was how to optimize the injection of
electrons into the p side of the junction. This is controlled

properties are quite uniform from diode to diode. (A typical wafer had a mean luminance of 291fL at 10 A/cm'
and a standard deviation of only 25 fL.)
RF induction heating was chosen for the reactor instead of resistanceheating for the following reasons.
I It is posSibleto keep all of the glass portions of the
apparatus at temperatures well below those of the reaction zone, thereby minimizing a possible source of
contamination.
r The thermal mass of an induction heated system can
be made small, thereby reducing the total time required for the growth process.
I Sharp temperature profiles, desirable for high deposition efficiency, are easily achieved.
I The volume of the system for a given substrate area
can generally be made smaller than a comparable re-

Hg. 8. rhe tc chip decodes BCD input signals into ten signals representingthe digits
O through 9. Ihese signa/s arc then encoded into signals which drive grcups ol diodes.
There are 18 groups, and the diodes in each group are always lighted together' A twostep decodelencode pfocess was chosen so the input code or character tont could
be changed simply by changing the interconnectionsbetween the logic elements'

by the dopantsand the doping profiles that are used in
the diodes.The six yearsthat were required to develop
the diodeswere largely spentin unravellingthe complex
physicsand determiningthe tradeoffsinvolved.t1l

unit. This gives shorter systemtime
sistance-heated
constantswhen time-variant gas flow rates are used.

Heating is accomplishedby the inductive couplingbetweenan RF solenoidand a high-purity graphitesusceptor. Sincethe skin depth of the RF field in graphiteis a
Facility
SpecialManulacturing
few millimeters at the operating frequency (450 kHz),
It was necessaryto createa sourceof Ga(As,P) that
the interior of the chamberis heatedprimarily by radiawould be capableof maintainingsufficientlyclosecontrol
over composition,doping profiles, and dimensions. tion from the outer walls of the susceptor.
GaAs substratesare placed on a horizontal pedestal
Therefore,a specialreactor I2lwas designedand built by
HP (Fig. 7). It is a vertical-flow,RF-heated,cold-wall, within the susceptorso the growth surfaceis normal to
the gas flow. Gas flows are measuredwith electronic
dual-reactor, vapor-phaseepitaxial system capable of
growingwafersof Ga(As,P)up to two inchesin diameter. flowmetersto ensurethe required degreeof control and
ratio conreproducibility in the growth process.The phosphorus
The systemholds the phosphorus-to-arsenic
(in the form of PH') flow is automaticallyprogrammed
stant within +IVo acrossthe growing epitaxial layer.
precise
of
by an electromechanicalvalve to achieve the desired
Becauseof this
control, the entire wafer
Ga(As,P) can be usedto make diodes,and light-emitting profile of phosphoruswithin the epitaxial layer. Flow

Measuring Luminance
At HP, diode luminance is measured by opti-

F

cally imaging the diode's light-emittingsurface
on a fiber-optic probe. The fiber-optic probe

I

transmits the light through a filter. From the

,i

:l

filter the light goes to a photomultipliertube,
and the tube's output is measured by a digital voltmeter which reads directly in footlamberts. The system is calibrated using a 100 fL
standard source. Matched photopic-filter/phot o m u l t i p l i e r - t u b ea s s e m b l i e sa n d c e r t i f i e d
sources, traceable to N.B.S., are purchased
from Gamma Scientific Corporation.The electrical response of the filter/ photomultiplier
assemblies to photon excitation matches the
response of the human eye.

rates can be changedvery quickly, so a wide variety of
compositionalprofiles can be obtained.
Substratetemperatureis controlledto -+ 1oC or better
by a closed-loopcontrol systemwhosethermocouple
sensingelementis locatedwithin the substratepedestal.
Temperatureselsewherein the susceptorare measured
by optical pyrometry. The temperatureof the arsenic
(in the form of AsClr) reservoiris controlled by a thermoelectriccooling unit.
The initial capacity of the light-emitting-diodeproduction facility is about 1.5 million diodesper year.
The integratedCircuitsand ceramicsubstratesfor the
solid-statenumeric indicatorsare also manufacturedby
HP. An automatic machine is now being developedto
sort and test the diodesand IC chips, then orient them
and attach them to the substrates.Testingis done by a
data acquisitionand processingsystemcontrolledby an
HP 2ll64 Computer.
lC Decode-EncodeLogic
Some 400 circuit elementsare contained in the IC
chip used in the solid-statenumeric indicator modules.
Four basic functionsare performedin the chip (Fig. 8).
Incoming four-line BCD signalsare first complemented,
Then the eight signals- the four BCD input signalsand
- are decodedinto ten mutually
their four complements
exclusiveline signals,each of which will excite one of
the ten decimal digits 0 through 9. Of the sixteenpos-

sible binary input codes, the six that don't represent a
decimal digit produce blanks. Complementing the BCD
inputs was done to minimize the overall complexity of
the IC chip; it greatly simplifies the decoding circuitry.
The third function performed in the IC is to encode
the ten mutually exclusive line signals into signals that
select the proper diodes to produce each character.
Diodes that are always lighted together are excited by a
single output from the IC chip. The number of diode
groups required to produce ten digits is eighteen, so the
chip has eighteen outputs. Each of the ten mutually exclusive line signals activates a subset of the eighteen outputs. These diode drive signals then go through combination power amplifiers and current limiters, and excite the
light-emitting diodes.
The two-step decode-encode organization was chosen
to allow some flexibility in changing the input and output
options of the chip. The chip is the electrical equivalent
of a ten-position, eighteen-gang switch which has series
resistors in all of its outputs and is operated by four BCD
signal lines. By simple changes in one of the masks used
in making the IC, either positive or negative BCD inputs
can be accommodated, and any 10 of the 2'8 pdssible
output combinations can be selected. Therefore, changes
in character font, presentation of special symbols, or
changes in input code can be accomplished quite easily.
Each of the four binary input lines is connected to
twenty grounded-collector pnp transistors in the decod-
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ing area of the IC chip. It is connected to the bases of
ten of these directly. Between the input and the other
ten transistors is an npn emitter follower, which drives
an inverter; the input line is connected to the base of the
emitter follower, and the inverter output is connected to
the basesof the ten pnp transistors. Thus there are eighty
pnp transistors in the decoding area of the IC chip. However, not all are operational. Only those needed for the
desired decoding function are given emitter connections.
The direct-connected pnp transistors that have emitter
connections are active when the binary input signal is in
the low state (0V). The emitter follower, the inverter,
and the remaining pnp transistors that have emitter connections are active when the binary input signal is in the
.high state (5V). Emitter connections are made by etching
holes in the oxide layer of the chip. When the metal interconnection layer is added, the metal comes in contact
with the emitter of a transistor only where there is a hole
in the oxide. Thus the chip can be made to respond to
either positive logic or negative logic simply by changing
the oxide cut mask used in making the IC.
The same technique allows flexibility in changing the
output code of the IC chip. Each of the ten lines going
from the binary-to-decimal decoder into the decimal-todiode-selectencoder is connected to eighteen npn emitter-follower OR gates. However, not all of the 180 npn
transistorsare connected.Oxide cuts are made for emitter connections only where connections are needed to
turn on one of the eighteen diode drive lines. Any drive
line is turned on when one of the ten mutually exclusive
decimal lines is turned on and the encoding npn transistor for the drive line has an emitter connection.
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Diode Drive Circuit
From the decimal-to-diode-select encoding circuitry,
each of the eighteen diode drive lines goes to an npn
grounded-emitter inverter. which drives a pnp emitter
follower. Between the pnp emitter and the output connection to the light-emitting diode is a currentJimiting
resistor. The resistor is connectedto the n side (cathode)
of the light-emitting diode, and the p side (anode) of the

Gerry is co-authorof a paperon growing large gallium
arsenidephosphidewafersfor light-emitting-diode
production.He is a memberof the Societyfor Information
Display.

diode is connectedto the LED-f terminal of the module.
Between this terminal and the ground terminal of the
module is the external light-emitting-diode power supply,
its positive side connectedto the LED+ terminal. When
the diode-is forward biased (turned on), about 1.6 volts
appear across the diode, and less than one volt appears
acrossthe saturatedpnp emitter follower. The remainder
of the power supply voltage appears across the currentlimiting resistor. As the power supply voltage is varied,
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product possible.Developmentalwork was done in John
Atalla's solid-statelaboratory, which is part of HewlettPackard Laboratories, the corporate research and development facility. Materials work was under Paul
Greene and Robert Burmeister, Jr., device work under
Robert Archer, and IC developmentunder John Barrett.
Ed Hilton's integrated-circuit department of the Frequency and Time Division is producing the IC chips,
with James Grace overseeing the transition from the
solid-statelaboratory. The ceramic substratesare a product of George Bodway's metal-film facility in the Microwave Division. Light-emitting-diode production, component testing, and final assemblyof the pieces is done
by the solid-state-displaygroup at HP Associates. E

the diode and emitter-follower voltage drops remain
nearly constant. The voltage across the resistor, and
therefore the diode current, varies nearly linearly with
the power supply voltage. This makes the brightnessof
the diode vary almost linearly with the supply voltage.
All of the currentlimiting resistors are closely matched
(a characteristicof IC's) so the brightnessesof the individual diodes are very nearly equal.
The total time required for a change in input code to
travel through the IC is about 100 ns. The responsetime
of the light-emitting diodes is about 10 ns, so the total
responsetime of the display is typically about 110 ns.
The IC chip is a low-resistivity p* substrate with a
p-type epitaxial layer. The output currents flow through
the substrate,thereby minimizing the current density in
the aluminum interconnecting metal. This construction
is a departure from the conventional IC, which is grown
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RellabilitY
The following cumulativo tost results have been obtdined
from reliablliiy lesting perlormed at HP Assoclates ln accordancs wlth the lat€st r6vision ol Military Somiconductor
The
S06cificationl,lllL-E-5400.
l,rlL-STD-202
and MIL-STD-750.
following results w€r€ obtained with solid state displays
(5062-7000)safrpled from ihe productionline.

HP Model 5082-7000
Numeric Indicalor

1. Generatoprcper charact€rfont 0-g and dsclmal polnts.
2. No change in avorage unit brightness{fL) wlthln limits
of m€asu16hentaccuraoy(:L10%).
3. Seal Hermetlcity. ltieets MIL-STD-883,M€thod 1014,
Test Condition A and D (at PE = 20 P.S.l. and
T = 2 hours).
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PEAK WAVELENGTH:655 nm,
SPECIALLINE HALFWIOTHI30 nm,
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TIME ('on' of'oll')r <1 &8
lC LOGIC CURBENTAT 5 Vdc (loglc + io ground)r25 mA
LEO CURRENTAT 4 Vdc (LED + to ground):200 mA.
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6. Ground
3. LED+
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|| 1.J,.
"l*
fi

il|l
il.<__ {

i75.00
6acn

10-99
$60.00
eacn

Rel6ronc6

'100-499500-9991000-4999
$50.00 $4s.00 $42.00
€ach
6ach
HP ASSOCIATES

each

620 Page Mill Road
Palo Alto, Callfornia 94304
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Tort Condltlona
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MtL-STD-202C
[4ethod106
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HybridHot CarrierDiodes
These unique combinations of p-n junctions and Schottky barriers have
the high breakdown voltage and high-temperaturecharacferisficsof silicon, the low turn-on voltage of germanium, and the speed of Schottky barrier devices. What's more, they can be produced at low cost.
By Robert A. Zettler and A. Michael Cowley

S c n o r r r y B A R R I E RD I o D E S ,a l s o c a l l e d h o t c a r r i e r
diodes, have a combination of characteristics that make
them hard to beat as switching devices in high-speed
computers and as microwave mixers, detectors, and
rectifiers. They have the high-frequency characteristics
of point contact diodes, but have much higher reverse
breakdown voltages. They have uniformity, reproducibility, and reliability approaching those of p-n junction

development(seepage 16). In some,the reversebreakdown voltageshave been lowered to 15 or 20 volts to
get higher forward conductanceand lower capacitance.
In others, parametershave been optimized for power
rectification.All of thesehybrid diodes are rugged,can
withstandhigh temperature,and have low turn-on voltagesand low cost.

diodes, and they have low noise and nearly ideal diode
I-V characteristics.
One thing that has been missing, however, is low cost.
It has been difficult to make high-reliability Schottky
barrier diodes economically. If the devices are passivated
to make them easier to produce and to give them high
storage temperatures, they have low reverse breakdown
voltages-typically 5 to 10 volts. If the devices aren't
passivated, they have higher reverse breakdown voltages
- 30 volts or more - and are more reliable, but they
have maximum storagetemperaturesof only 125oC and
they are harder to produce and therefore more expensive.
The approach taken in our laboratory has been to
combine planar p-n junction technology with passivated
Schottky barrier techniquesto produce a hybrid diode.l'l
The first device of this type to reach full production is
Model 5082-2800, which has a reversebreakdown voltage greater than 70 volts, 20OoC operating and storage
temperature, effective minority-carrier lifetime less than
100 picoseconds,and turn-on voltage of only 410 millivolts at 1 mA. It also has low leakage current and will
withstand 20,000 g shock. Most important, it can be
produced at less than one-fifth the uost of older hot carrier diodes. It is, in fact, comparable in cost to p-n junc-

Passivatedand Unpassivated
Diodes

tion diodes.*
Other hybrid devices are now near production or in
' T h e p - nj u n c t i o n
g u a r dr i n g - S c h o t bt kayr r i eor r h y b r i da p p r o a cwha sf i r s t d i s c l o s e d
t u r p o s ebsy R . W . S o s h eoaf H e w l e t t - P a c kAasrsdo c i a t ei ns 1 9 6 5a, n d
f o r p a t e np
w a sl a t e ri n d e p e n d e nct0l yn c e i v ebdy L e p s e l t earn dS z eo f B e l lT e l e p h o nLea b 0 r a tories(seereference
2).
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The Schottkybarrier diode is a rectifying metal-semlconductorjunction. Any of severalmetals(gold, molybdenum, titanium, chromium, nickel, nichrome, aluminum, and others)can be usedin conjunctionwith either
n-type or p-type silicon. N-type silicon is nearly always
preferredbecauseit givesbetterhigh-frequencyperformance (electrons,the majority carriers in n-type silicon,
have higher mobility than holes,the majority carriersin
p-type silicon).
Fig. 1 comparespassivatedand unpassivatedSchottky
barrier diodes. The unpassivateddiode is made by depositing a matrix of metal dots on a bare silicon surface.
Then, by random probing with a metal whisker,contact
is made to one of the dots. Reliability is normally high,
but the maximum storagetemperatureis low, and the
cost is high becauseof the random-probingtechnique.
The passivatedSchottkybarrier diode is madeby first
forming a passivatinglayer of silicondioxide,SiOr, on
the silicon surface,then etchinga hole in the passivating
layer and depositinga layer of metal over the hole and
the surroundingarea.One techniquefor making contact
with the metal is to deposita gold button on the metal,
using standardphotoresistand plating techniques.Contact with the gold button is easilymadein one try with a
metal ribbon. Alternatively,contactcan be madedirectly
to the relatively large metal area,using a metal whisker.
In the passivated
diode,the layer of SiO, protectsthe
edge of the diode and improves yield. Standardmass-

aboveto such an extent that hybrid diodescan have reversebreakdownvoltagesof severalhundredvolts. Our
first hybrid diode, the HP 5082-2800,has a reverse
breakdown voltage of 70 V Similar deviceswhich are
optimized for certain receiver applicationshave reverse
breakdown voltagesof 15 or 2O Y; these are the HP
5082-281.1.
and the HP 5082-2810.
l-V Characteristics

Fig. 1. Two types ot Schottky barrier diodes that preceded the new hybrid type. (a) UnpassivatedSchottky
barrier diode is expensiveto ptoduce and has relatively
(b) Passivated
diode
low maximumstoragetempetaturc.
but
is /ess cost/yand has higher storagetemperature,
voltage(typically5 to 10 V).
haslow reverse-breakdoUvn

production techniques can be used, and this combined
with higher yield brings costsdown. However, it has been
observed that this type of diode seldom has a reverse
breakdown voltage as high as 20 V Usually it is much
lower. It is believed that the reason for this lies in the
complex interface of the metal, silicon, and SiO, at the
edge of the Schottky barrier formed in the hole in the
oxide layer. Besides the usual effects of surface states
and oxide charge associated with the passivating film,
there may be finite-thickness oxide films extending over
the semiconductoraround the periphery of the hole. Even
if there are no oxide films, the interface can be viewed as
a degenerate case of a p-n junction which has nearly
zero radius of curvature. In this type of junction there
would be very high electric fields which would produce
avalanchecurrents at relatively low applied voltages.l3lt4l
Another problem with passivated Schottky barrier
diodes on n-type silicon is excess low-frequency noise.
This, too, is believed to arise at the edge of the Schottky
barrier.

A possibleequivalentcircuit for the hybrid structure
is shownin Fig. 3(a). It consistsof two diodesin parallel,
one representingthe p-n junction and one representing
the Schottkybarrier. Fig. 3(b) is a sketchof the anticipated forward I-V characteristicsof the two diode componentsalone, and of the total forward I-V characteristic. The compositecharacteristicis dominatedby the
p-n junction at the higher voltages,where the p-n junction injects appreciableminority-carrier charge and
hence modulatesthe conductivity of the n-type silicon
layer. If permitted to happen,injection by the p-n junction will limit the switchingspeedat high current levels,
becauseit resultsin minority-carrier chargestorage.At
low levelsthe I-V characteristicis essentiallythat of the
Schottky barrier, so the low-level switching speedwill
not be limited by storageefiects,Nevertheless,a loss of
switchingspeedat high current levels,if allowedto happen, would seriouslylimit the usefulnessof the hybrid
structure,especiallyin applicationssuchascomputercore
drivers and high-frequencymodulators.However, it is
possible,to avoid this lossof speedat high current levels.

Hybrid Diodes
The new hybrid device, sketched in Fig. 2, is basically
passivated
Schottky barrier diode. The essentialfeature
a
of the device is a diftused guard ring of p-type silicon
which extends in planar fashion under the passivating
oxide. The Schottky barrier is formed in the interior of
the ring and makes electrical contact with the p-n junc-

Fag. 2. Hybtid Schottky barrier diode has a diflused p-n
junction guard ring under the metal and the passivating
oxide layer. Proper choices of metal and diftusion protile give the new diodes high rcverce breakdown voltages, low noise, and nearly ideal l-V characteristics.

tion. The guard ring reduces the edge efiects mentioned
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Fig. 3(a) Hybrid diode equivatent circuit, assuming the
contact between the metal and the difiused ring is
ohmic, or non-rectitying. (b) l-V charccteilstic expected
from this structurc. Shape is typicat ot gold/silicon and
p latinu m-siIic i de / siIi co n hybrid d iodes.

AnotherEquivalentGircuit
The model shown in Fig. 3(a) implicitly assumesthar
the metal used to form the Schottky barrier with the
n-type silicon forms an ohmic (non-rectifying)contact
to the diffusedp region.This is true for a p* difiusion and
virtually any metal, sincethe currentflow canproceedby
a tunnelingmechanism.An ohmic contactcan alsooccur
if the metal has a high barrier height on n-type silicon,
becauseit then has a low barrier heighton p-type silicon.
In this casethe ohmic contactis the result of a very high
saturationcurrent for the reverse-polaritySchottkybarrier diode formed on the diffusedp-type region.
However, ohmic contact need not exist for properly
chosencombinationsof metals and diffusedregion surface concentrations.This can be seenas follows. It has
beenestablishedthat the sum of the barrier heightsof a
given metal on n-type and p-type samplesof a given
semiconductorshould equal the bandgap of the semiconductor, excluding the effectsof image-forcelowering.tsl4 metal having a barrier height of, say, 0.6 V on
15

Fig. 4(a) Equivalent circuit ot hybrid diode, assuming a
rectitying contact between the metal and the diltused
ring. Molybdenum/silicon and titanium/silicon hybrid
diodes behave like this. The new Hp 5082-2800 is a
molybdenum/silicon diode. (b) /-y characteristics ot
the two branches in (al.

n-type silicon will, to a good approximation,

have a bar-

rier heightof about 1.1 - 0.6 - 0.5 V on p-typesilicon.
(The bandgapof siliconis 1.1V) Usinga metallike this,
it is possibleto form opposite-polarity,rectifying Schottky barriers over a diffusedp-n junction provided that
the concentrationat the surlaceol the difiusedregion is
not so high as to permit large tunneling currents. The
equivalentcircuit of Fig. 3 should then be modified to
the three-diodemodelshownin Fig. 4(a). The third diode
representsthe rectifying contact betweenthe metal and
the difiused region.
The essentialfeature of this modification is that the
metal-to-p-typeSchottky barrier in serieswith the p-n
junction is reversebiasedwhen the main Schottkybarrier andthe p-n junctionareforwardbiased,sothat most
of the applied forward voltageon the left branch in Fig.
4(a) appearsacrossthe [eversebiasedSchottkybarrier.
The amount of current that the p-n junction can inject,
Fig. 4(b), is limited by the reversecurrent of the metalto-p-typeSchottkybarrier. Therefore,the rectifyingcon-

limited to a value lower than 10'8 if the equivalent circuit
of Fig. 4(a) is to apply. Also, the dependenceof the revsrse current on the choice of metal must be considered.
The saturation current of a Schottky barrier is given

tact to the p region can be used to reduce or eliminate
the charge storageunder heavy forward bias, This technique is responsible for the new hybrid diodes' high
switching speed even at high current levels.

in the emissionmodel bylul
Choosingthe Metaland DiffusionProfile
-qtduo -

It has been our experiencethat Schottky barrier diodes
which have good reverse characteristics are difficult to
fabricate on n-t)?e or p-type silicon which has a surface
concentration greater than about 10'8/cm3. Therefore,
the surface concentration of the diffused ring must be

Is: A AxT2e

t6(V)l

KT

where A is the area of the diode, A* is the effective
Richardson constant (which is approximately the free

Hybrid TechnologyProducesMany Useful New Devices
Hybrid hot-carrier-diodetechnology has made possible a
number of new semiconductordevices now in or near production at HP. These devices are expected to be widely
useful, either becausethey cost much less than older devices, or because they have much improved performance
characteristics.The hybrid process puts hot carrier diodes
o n a n e a r l ye q u a l f o o t i n gw i t h p - n j u n c t i o nd i o d e si n s u c h
areas as reliability, ruggedness,and economics, and the
hybrid diodes have all the advantagesof Schottky barrier
devicesas well.

into L band. They can be used as mixers or detectors,and
they have the same resistance to burnout, ruggedness,
reliability,high operatingtemperature,and low cost as the
higher-voltageversion.Two of these diodes, the HP 50822810 and the HP 5082-2811,are now in the early phasesof
production.Other types (HP 5082-2818and HP 5082-2819),
which have microwave mixer noise-figureand detectionsensitivity specifications,are well along in development
a n d w i l l b e a n n o u n c e dl a t e r t h i s y e a r .

Rectifiers Under Development
Hybrid hot-carrier-diodetechnologycan also be applied to
the problems of high-frequencypower rectification,and
high-current,fast-rise pulse switching and clamping. Currently under developmentare large-area high-breakdown
hybrid hot carrier chips, packaged in low-thermal-resistance, high-dissipationenclosures.They have demonstrated
an ability to handle average currents of 10 amperes or
more at working inversevoltagesover 50 volts. Their rectification efficiency at one ampere peak forward current is
'fast-recov-l
as good at MHz as that of most p-n junction
j
u
s
t
a s r u g g e da s
e r y ' r e c t i f i e r si s a t 1 0 k H z , y e t t h e y a r e
the p-n junction devices and have the same sharp, clegn,
reverseavalanchebreakdowncharacteristics.
Efficient rectificationat higher frequencies means that
switching regulators and dc-to-dc power converters can
b e d e s i g n e dw i t h s m a l l e ra n d l i g h t e rf i l t e r c o m p o n e n t sA. n
additional benefit of hybrid hot carrier power rectifiers is
transient spikes caused by
freedom from reverse-recovery
stored charge; such spikes frequently produce substantial
radio-frequencyinterferencewhen p-n junction rectifiers
are useo.
Where low-voltage,high-current dc power supplies are
needed, such as for systemsemploying quantitiesof integrated circuits, a hybrid hot carrier rectifier can provide a
Microwave Mixers and Detectors
Other hot carrier diodes are being made by the same hybrid lower forward turn-on voltage; this improvesthe rectificaprocess that is used in the 5082-2800.In some of these tion efficiency, since the principal losses are due to the
diodes, the epitaxial-layerthickness and resistivity,the forward voltage drop of the rectifier.As a result, smaller,
more compact, more reliable power supplies for computer
active-areasize, and other characteristicsare optimizedto
produce,for example,a higher forward conductanceand a
a p p l i c a t i o n ss h o u l d b e p o s s i b l e .A n a d d i t i o n a lb e n e f i t i s
lower barrier capacitanceat the expenseof a lower reverse freedomfrom reversetransients,which eliminatesthe highbreakdownvoltage.This tradeoff gives the diodes optimum level,fast-risenoise spikes often generatedby p-n junction
rectifiers.
characteristicsfor receiverapplicationsat frequencieswell

High Voltage, High Temperature
The first hybrid diode to be produced is the HP 5082-2800,
which has a reversebreakdownvoltage greater than 70 V
and a maximum operating and storage temperature of
200oC.lts low cost, high-temperaturecapability,reliability,
and rugged contact structure have led to its use in highvolume projectilefuze productionand in other applications
requiring similar characteristics.Low cost also makes it a
p r a c t i c a lr e p l a c e m e nfto r o r d i n a r y p - n j u n c t i o n d i o d e s i n
many RF and digital applicationsin a wide rangeof military
l q u i p m e n t .l t i s p a r t i c u l a r l yu s e f u li n d i g a n d c o m m e r c i ae
ital circuits which call for low forward turn-on voltage or
sub-nanosecondswitchingtimes. In fast samplinggates its
high reversebreakdownvoltage gives wide dynamic range,
its low turn-on voltage gives low offsets,and its negligible
charge storage gives high sampling efficiency and further
freedom from offsets.
Resistanceto burnout, high reverse breakdownvoltage,
and negligible charge storage make the 5082-2800 an
efficient rectifieror high-leveldetectorthrough UHF. lt can
UHF mixer or modualso be used as a wide-dynamic-range
lator at high local-oscillatorlevels.
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electron value for silicon),tzt and Sro is the barrier height
for zero field. t6(V) is the image force correction to the
barrier height and is given by I8l

^+(v):[#

(r""*, -+)]"'

(2)

where N2,,1 is donor or acceptor density, es is the semiconductor dielectric constant, and V so is the difiusion
potential of the Schottky barrier (dro minus the Fermi
energy).
According to (1) and (2), the reverse current of the
Schottky barrier depends only weakly on the carrier
density or applied voltage (neglecting tunneling) but depends very strongly on gao. For electron-beam evaporated molybdenum, dBo- 0.42 on p-type silicon; saturation current Iu for a diode of area 10-' cm, and N" 5 \ 701?
/cm3 would be about 160 pA. Under the same
conditions a gold barrier (gso = 0.3 V on p-type silicon)
can provide a current at 1 V reverse of about 17.5 mA.
For platinum silicide, with {ro - O.25 on p-type silicon,
the saturation current is about 120 mA. Thus, the gold
and platinum silicide contacts to the difiused ring, because
of their high saturation currents, are essentially ohmic,
while the molybdenum contact is a fairly good rectifier
which limits the current in the p-n junction, thereby preventing charge storage to a great extent.
We have chosen molybdenum as the metal to be used
in the new hybrid diodes.

Fig. 5, Forward l-V charccteristic ot typicat
Mo-Si hybrid diode contorms c/ose/y to theory.

Gharacteristics Agree With Theory
Fig. 5 shows a forward I-V characteristic of a typical
molybdenum hybrid diode formed on n-type silicon. The
value of 'n' (sometimes called the 'ideality factor') in the
relation
I:It(sovlnkr-l)
was 1.01. This agreeswith the value of n calculatedfrom
the image force effect.tel
The reverse characteristicsof this diode are shown in
Fig, 6. The diode breakdown at 10 pA is approximately
87 V and sharp. The reverse characteristicsare plotted
on a semi-logarithmic scale vs (V * Vuo - kT/q)rt+ 16
show that the increase of reverse current with voltage
follows the V|/a dependence expected from image force
lowering. The slope of the curve expectedfrom Eqs. (1)
and (2) using a dielectric constant of e : 1j..7 q is 2.52
V1/1/decade. The measured value is2.47 yl/n/decade.

Fig. 6. Reverse l-V characteristic ot typicat Mo-Si hybrid
diode, showing essentialtyexact agreement with image
torce lowering theory.

Both the forward and the reverse characteristics agree
very well with simple Schottky barrier diode theory.
There is no need to invoke complex theories involving
interfacial films and/or surface statesto explain measured
deviations from more simple theory. We suggest that in
many of the experiments reported in the literature the
true Schottky barrier diode electrical characteristics have
been obscured by serious edge efiects, and that the hybrid structure eliminates these effects.
Noise Suppressed

Fig. 7. Norse temperaturc ratio tor typical Mo-Si hybrid diode, biased to total dynamic resrslanceol 1000 g.

The noise theory of Schottky barrier diodes has been
discussed in another paper.llol It was shown there that
silicon Schottky barriers with space charge fields of the
order of 10n V/cm or greater have a noise temperature
ratio tn given by
ta:*\l+

/

*nrsot@__t)r)
nIffi+I

)

tll

where 16e is the saturation current of the diode extrap'ideality factor,'lel
olated to zero applied voltage, n is the
and 1is the forward bias current. The noise temperature
ratio of a device biased to a dynamic resistance R is defined as the ratio of available noise power from the device to the available noise power of a resistor R, for the
same bandwidth.
For a practical diode consisting of a barrier region and
a parasitic series resistance R", the noise temperature
ratio I of the composite structure is
l:7,

Rutu * Rs
-r Rg

(4)

where Ra is the dynamic resistanceof the barrier and
Ru * R" is the total dynamic resistanceof the device,
which we denoteby R. In a hybrid diode structure,the
noise propertiesof the diode at moderateforward bias
levels should be dominated by the Schottky barrier,
so (3) and (4) should apply. This has generallybeen
found to be the case,apart from a small amountof excess
noise at low frequencies.Sometypical data are shown
in Fig. 7. The relevantparameterswere Ise = l0-e A,
'75
Q, and Rr
I - 2.9 X 10-' A, n - 1.01,Rs - 925 o. The resultantac diode resistancewas 1000 o,
and the calculatednoisetemperatureratio was0.55' The
data are in agreementwith this value above 30 kHz,
while at lower frequencies,there is a small excessnoise
componentwhich varies approximatelyas 1/f.
A convenientquantity commonlyusedto indicatethe
'noise
severityof the excessnoise in thesediodesis the

Fig. 8. Au, Mo, and Ti hybrid diode forward l-V charac'
feristlcs. Diodes were all made on the same silicon
wafer. Au dlode shows very strikingly the additional current due to hote iniection by the p-n iunction. This p-n
iunction cutrent for the Mo and Ti diodes is essentia//y
absent because of the limiting eftect of the reverse
biased rectitying contact to the diltused ring.
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'noise corner.' We will decorner frequency,' or simply
note it by 11g.It is defined as the frequency at which the
excess component of the diode noise is equal to the sum
of the thermal and shot noise components. The diode
in Fig. 7 has an l" of about 400 Hz The amount of excess noise has been found to vary somewhat from diode
to diode; the diode of Fig. 7 was judged to be typical and
was selected after examining several dozen diodes from
four fabrication runs. Diodes selected for lowest noise
have noise corner frequencies well below 100 Hz under

A. Michael CowleY
Mike Cowleytaught electrical
engineeringat the Universityof
Californiaat Santa Barbaraand
worked as a consultantin
physical electronicsbefore
j o i n i n gH P i n 1 9 6 5 A
. t H P ,M i k e
has been concernedwith the
technologyand microwave
propertiesof SchottkYbarrier
diodes.Currently,he is studYing
microwavegenerationusing
avalancheeffectsin silicon and
t h e G u n ne f f e c ti n g a l l i u ma r s e n i d e .

the same conditions.
In contrast to the data shown in Fig. 7, it has been
observed in our laboratories that passivated Schottky
barrier diodes fabricated by simply depositing metal in
an oxide window on a silicon wafer have noise corner
frequencies ranging from about 50 kHz to over 1 MHz
under similar bias conditions. The noise is generally ob-

Mike receivedBS and MS degreesin electrical
engineeringfrom the Universityof Notre Dame in 1959
a n d 1 9 6 1 ,a n d t h e P h D d e g r e ei n e l e c t r i c ael n g i n e e r i n g
from StanfordUniversityin 1965.He has publisheda
numberof paperson solid-statedevices.He is a member
o f I E E E ,T a u B e t aP i , S i g m aX i , a n d t h e A m e r i c a n
PhysicalSociety.

served to have l/f spectrum.
We have concluded from this comparison, and from
other data, that the excess noise arises at the periphery
of the planar passivated Schottky barrier, and it is apparent that the p-n junction guard ring has significantly
suppressed this excess noise.

RobertA. Zettler
Bob Zettlerreceivedthe AB
d e g r e ei n p h y s i c sa n d
mathematicsfrom Brown Universityin 1960.After a year of
designinglow-frequency
transistorcircuits,he movedto
the MassachusettsInstituteof
Technology,where he worked as
a researchassistant.He received
the MSEEdegreefrom MIT
i n 1 9 6 3 ,a n d j o i n e dH P
the same year.

Charge Storage Reduced
Hybrid diodes made with three different metals gold, molybdenum, and titanium - were studied to determine their charge-storage characteristics. Fig. 8 shows
the forward I-V characteristics of the three diodes. It is
apparent from the non-constant series resistance that
the p-n junction on the gold diode is injecting at somewhat less than 1 volt, while the diodes with molybdenum
and titanium barriers are not injecting heavily even at
1.5 or 2 volts. This difference is to be expected,because
the gold barrier on the p-type diffused ring is so low that
its saturation current permits the p-n junction to conduct
large currents and hence store significant amounts of
charge. Molybdenum and titanium, on the other hand,
with their much higher barrier heights on the diftused
ring, have merely to avoid breakdown below 1 or 2 volts
to ensure relatively small amounts of stored charge. The
Schottky barriers on the diffused ring are not very close
to ideal, since they have the same oxide-interface problems as Schottky barriers without the guard ring, but
they can typically be made to withstand 2 volts before
breakdown, and occasional units will require 5 to 6 volts
for breakdown. This is adequate to prevent charge-storage problems over the normal operating range of the

At HP. Bob has been concernedwith researchand
diodes,tunnel diodes,
developmentof electroluminescent
avalanchetransistors,and Schottkybarrierdevices.Now
supervisorof applied researchat HP Associates,he is
responsiblefor projects in siliconepitaxy,GaAs Gunn
oscillators,avalanchediode oscillatorsand Ga(As,P)
He has co-authoredseveralpapers
electroluminescence.
on Schottkybarrierdevices.He is a memberof IEEE
a n d S i g m aX i .

Direct measurements of charge storage in the three
types of diodes were made at forward currents of 5 mA
and 15 mA. At 5 mA, the molybdenum and titanium
diodes stored less than I picocoulomb (the estimated
accuracy of the measurement) while the gold diode stored
approximately 16 pC. At 15 mA, the gold diode stored
more than 100 pC. At this same current, which correspondsto about 1.5 volts acrossthe diode, the molybdenum diode stored approximately 1.4 pC and the titanium
diode still did not store anv measurable charge.

hvbrid diodes.
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HP 5082-2800 hybrid diodes, made with molybdenum, typically store less than 4 pC at 15 mA and have
eftective minority-carrier lifetimes less than 100 ps.
Acknowledgments
We wish to thank E. Petherbridge and R. D. Patterson for their assistancein fabricating and characteizing
the experimental devices,and C. Forge for the design of
our charge-storagetest set. We also acknowledge many
helpful discussionswith R. W. Soshea,J. L. Moll, and
M. A. Clark. @
References
'PN Junction-Schottky
tll. R. A. Zettlerand A. M. Cowley,
Barrier Hybrid Diode,' IEEE Transactionson Electron Devices,Vol. ED-16, January 1969. (The material in this article is derivedprimarily from this reference.)
'SiliconSchottkyBarrier
t2l. M. P. Lepselterand S. M. Sze,
Diode with Near-Ideal I-V Characteristics,'Bell System
Technical Journal, YoL 47, pp. 195-208,February 1968.

'Breakdown
Voltage
t3l. C. Leistiko, Jr., and A. S. Grove,
of Planar Silicon Junctions,'SolidStateElectronics,Vol. 9,
pp.847-852,1966.
'Effect of Junction Curvat4l. S. M. Sze and G. Gibbons,
ture on BreakdownVoltagein Semiconductors,'
Solid State
Electronics,
Vol. 9, pp. 831-845,1966.
'Fermi Level Position
t5l. C. A. Mead and W. G. Spitzer,
at SemiconductorSurfaces,'PhysicalReview Letters, Vol.
10, pp. 471-472,I June 1963.
16l.H. K. Henisch,Rectilying SemiconductorContacts,Oxford University Press,London, 1957,pp. 196-201.
'Metal-Semiconductor
SchottkyBarriers,
t7l. M. M. Atalla,
Devices and Applications,' Proceedingsof the Microelectronics Symposium,pp. 123-157,Munich, 1966.
'PhotoelectricDetermination
of the
t8l. S. M. Sze, et al.,
ImageForce DielectricConstantfor Hot Electrons,'Journal
of Applied Physics,Vol. 35, pp. 2534-2536,August 1964.
'Current Transport in
t9l. C. R. Crowell and S. M. Sze,
Metal-Semiconductor
Barriers,'Solid StateElectronics,Vol.
9, pp. 1035-1O48,1966.
[10]. A. M. Cowley and R. A. Zettler,'ShotNoise in Silicon
Schottky Barrier Diodes,' IEEE Transactionson Electron
D e v i c e sV, o l . E D - 1 5 ,p . 7 6 1 , 1 9 6 8 .

SPECIFICATIONS
HP5082-2800
SeriesHotCarrierDiodes
T^ = 25'C
Matched

Ouad,

Single
Diode

Single
Diode

Bridge Ouad,
Epoxy
Encapsulaled

HP50822805

HP50822 8 10

HP50822 8 11

HP50822813

S in s l e
Diode

CHARACTERISTICS

Symbol

;rysg!ry rglragr
REVERSECURRENT
atvn:()

HP50822800

".VF,

FOFWARD CUFRENT

lFl

70

70
200
{50v)

200
(s0v)

410

CC

15
100
(15V)

35

410
20

-

CONDITIONS

410

20

410

20
20

Nole 1

2.0

2.0

2.0

1.2

1.2

1.2

100

100

100

100

100

PRICES:

HP 5082-2800
5082-2804
5082-2805
5082-2810
5082 2811
5082-2813
5042-2414
5082-2815

1
to
99
0.99
2.20
4.40
2.50
1.25
12.m
12.00
6.00

100
to
999
0.75
1.90
3.75
2.10
1.00
10_20
10.20
5.10

1000
to
4999
0_55

l n = 1 . 0t o l o m A

20

100

" Ereakdown voltage, reverse current, capacitance, and elfective minority
carier liletime cannot be readily verilied afler assembly and encapsulal;on b€cause ol the shuniing elfect of the other diodes. The encapsulated
quads have lhe same parameler values as the HP 5082-2815 un€ncapsuIated quad priof lo assembly and encapsulation.
" Quads and pairs having additional and/or tighter matching are avaitabte
upon request. Please contact the local HP field sales offjce.

t R= r 0 4

100
(8V)

lrro

;l _

UNITS

!I
V

-20

20

HP50822815

=

100
(8v)

410

4lo

15
20

.aI

20
200
(50v)

110
5

FOBWARDVOLTAGE
MATCH"

EFFECTIVEMINORITY
C A R R I E RL I F E T I M E

70

Quad,

HP50822414

r'1

FOBWARD VOLTAGE

CAPACITANCE

HP50822804

Rins Ouad,
Epoxy
Encaosulat€d

VR-0.f=1-0MH

ps

5.OmA

Note 1: The test condition and specification are jnlerchanged to make lh€
tabulation sasier to read. The actual test condition is forward current; the
actual specification is forward vottage. The foruard cuilont is timit6d to
prevent thermal runawav,

ABSOLUTE MAXIIIUM RATITGS
PDss Power Dlssipation @ T^ = 25'C
T^
Operating Temp€reture Range
TsrG Storage Temperature Range

250 mW lNote 2)
-65'Cto
+zOO'C
-65"Cto
+200"C

Not€ 2: As measured using an inlinite heai sink.
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