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CONTRACTUAL ORIGIN OF THE INVENTION

The United States Government has rights in this inven-
tion pursuant to Contract No. EY¥-76-S-02-4081 between the
U.S. Department of Energy and the University of Arizona.

This application is a continuation-in-part of U.S.
Patent Application S.N. 27,439 filed April 5, 1979.

BACKGROUND OF THE INVENTION

The instrumentation of‘geothermal wells requirés devel~
opment of electronic circuits for well-logging tools. Such
circuits must be able to withstand environmental conditions
generally much more severe than are encountered by conven-

tional or military electronics. Components suitable for

‘utilization in the instrumentation of geothermal wells are

required to maintain their stability at temperatures up to
about 500°c. Instrumentation for'other high-temperature

applications, such as nuclear reactors, also requires high-

' temperature stable components.

Useful electronic circuits require a combination of
both péssive,compénents and active devices. This means
that passive components, such as resistors, which meet

the high-température stability requirements, must also be
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compatible'with active components both in fabrication
processing and in circuiﬁ performance. Thus what is needed
is a thin-film technology which is compatible with the
processing methods used in fabricating eiﬁher semiconductors
or integrated thermionic devices and will produce passive
components_which are electrically‘compatible with these
active devices.

Resistors for use in such circuits must have a well
characterized resistivity and temperature coefficient of
resistance, hereinafter referred to as TCR._ The TCR is a
measure of the change in resistance with respect to the
change in operatingitemperature of the resistor and‘is
commonly expressed in units of ppm/°c. A resistor with a
positive, negative or zero TCR may be required depending
on the type of circuit and its particular applications.
Moreover, the bulk and sheet resistivities of these com-
ponents should be as independent of the TCR as possible.
Thus, the method of fabricating thin-film resistors in

addition to the requirements mentioned above, must be able .

to produce resistors of Preselected resistivity and TCR.

Present processes for preparing thin-film resistors
include the plaﬁing of nickel-chromium on a substrate by
the}thermai’evaporation of nickel-chromium compounds in a
vacuum or by the ion-bombardment of a nickel~chromiumj
target. While thin films of nickel-chromium and also
tantalum‘have'found acceptance, they are not capable of
withstending temperatures greater than about 125°c and thus
are unsuitable for applicetions which require high-

temperature stability.
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U.S. Patent No. 3,563,873 to D. S. Beyer describes a -
method for producing thin=film tungsten-silicon resistors
suitable for high-temperatﬁre applications by sputter
deposition from a tungsten-silicon target onto a silicon
substrate. The sputter deposition method does not provide

for strict control of the resistivity of the final product

" because the resistivity depends on the elemental composition

of the deposited material ahd that composition can not be
predicted from the composition of the ion-bombarded target.
Furthernore, there'is no control over the temperature
coefficient of resistance (TCR) of the sputtered material

which is necessary for full integration of electronic

functions. 1In order to change the composition of a

| sputtered film a target of a different composition must be

used. The high cost of these targets restricts the range
of tungsten to silicon ratios of the final resistors. U.S.
Patent 3,540,920 to G. F. Wakefield describes a method of
producing oxidation-tesistant coatings by vapor deposition
of silicon and tungsten onto metal alloy subst:aﬁeé. This
invention, because it is directed to the‘ndn-analégous art
of qoatings rather than thin-film resistors, doeé not dis-
close a method of fabricating,reSistors of predetetmined
resistivity and TCR which are compatible with other elec-
trohic éomponents for use under high temperature conditions.
SUMMARY OF THE INVENTION

A method has been developed for fabricating high-
temperature stable thin-film resistors of a preselected
resistivity and TCR. The method of the instant invention,

involving the chemical vapor deposition of tungsten and
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silicon from a reactant gas mixture of gaseous tungsten

and silicon compounds onto a heated substrate, comprises

controlling the ratio of tungsten to silicon in the reactant
gas flow to control the ratio of tungsren to silicon in the
deposited thin film whereby the TCR becomes increasingly
positive as the proportion of tungsten increases and in-
creasingly negative as the proportion of silicon increases
and the bulk resistivity increases and decreases directly
with the proportion of silicon, and controlling the temper-
ature of the substrate during deposition whereby the TCR
becomes increasingly positive at higher deposition temper-
ature and approaches O ppm/°C at deposition temperature.
The method of the subject invention has significant

advantages over other methods of fabricating thin-film

resistors. Thin-film resistors can be made over a wide

range of bulk resistivity and TCR values by simply adjust-
ing the fabrication parameters.' Small changes in tungsten
to silicon ratio, substrate temperature, gas flow rate,
deposition time,'orAany other fabrication parameter gives
sensitive control of the properties of the thin-film
resistors. Thus, different resistors can be made for a
variety of applications without major chanées in the fabri-

cation apparatus. Interconnecting metalization between

}'compOnents can be easily depoéited by this method by changing

the reactant gas to a tungsten compound instead of a mixture

of silicon and tungsten compounds. Simiiarly, passivation

films can be deposited by changing the reactant gas to one
which will deposit silicon nitride or silicon dioxide.

Still another advantage is that annealing of the resistors
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is not necessary bebause of the stability of the films
as deposited.

The process of this invention employs methods similar
to those used for manufacturing semiéonductor integrated
circuits, and the resulting resistors are compatible with
integrated circuits in material properties, area réquire-
ments, and electrical performance.

It is therefore one object of the invention to provide
a method for preparing thin-film resistors in which the
bulk resistivity of the thin film is controllable and
reproducible;

It is another object of the invention to provide a
method for preparing high-temperature stable thin-film
resistors in which the temperature coefficient of resis-
ance of the film can be controlled.

It is another object of the invention to provide a
method for preparing thin-film resistpts which are capable
of withstanding temperatures up tb at least 500°c.

Finally, it is the object of the invention to provide

a method for preparing thin-film resistors which is com-

- patible with preseht methods for preparing microelectronic

circuits.
BRIEF DESCRIPTION OF THE DRAWINGS
The figure is 'a graph showing thé resistance~temperature
relationship of three different tungsﬁen-silicon resistors.
DESCRIP".I'ION OF THE PREFERRED EMBObIMENT
In the method of making tungsten siiiéide thin-films,
these and other objects of the invention may be met by

controlling the ratio of silicon to tungsten whereby within
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the range of 3:1 to 1:3 the'bulk resistivity varies propor-
tionall} with the concentration of silicon while the. TCR
remains essentially zero, and beyond this range the TCR
beéémes increasingly positive as the proportion of tungsten
increaseé and increasingly negative és the proportion

of silicon increases; and by controlling the deposition
temperature of the substrate between 500°C and 9009C whereby
2 higher deposition temperature causes the tungsten and
silicon £ovdeposit in a more crystalline grain structure

which results in a more positive TCR and a lower substrate

' temperature causes silicon and tungsten to deposit in

a more amorphous grain structure which results in a more
negative TCR.

The method of the instant invention is more easily
understood in terms of the free electron model of metals.
In this model, the conductance of electronic circuit compon-

ents is determined by the number of conduction electrons

~in the material and the mean free path of these conduction

electrons within the lattice of the material. Thus, a
material with few conduction electrons and a short mean free
path for each conduction electron will have a high electri-
cal resistance. The number of conduction electrons is an
intrinsic prbperty of the particular material. The iength
of the mean free path is influehced by the lattice vibrations
of- the materlal such that large lattice v1bratlons shorten
the mean free path of the conduction electrons.

Sem:conductor naterials haVe relatively few conduction
electrons. Silicon, for example, has on the order of 10;4

gonduction electrons/cm3. "As silicon is heated many more
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conduction electrons are released, lowering the resistance.
This decrease in resistancelwith an increasé in temperature
corresponds to a negatiQe TCR. Silicon is an inherent
glass-former, which means that it tends to form an
amorphous grain structure with a short mean free path.
Simultaneously, the'higher temperature?induces greater
lattice vibratipns which tend to reduce the mean free path
of the conduction electrons even further and increase the
resistance to produce a positive TCR. In the case of semi-
conductors, the vibration effect is much smaller than the
effect‘of the increase in the number of conduction electrons,
and a negative TCR results. |

Metals generally have many more conduction electrons
than semiconductors. Tungsten has on the order of 5x1022
eleétrons/cm3 which is close tofthe maximum number possible
for any material. When tungsten is heated only a few
additional conduction electrons are released. In this
case the effect of the increased lattice vibrations in
shortening the mean free path of the conduction electrons
and raising thé resistance of the cSmponents is large
enough to compensate for the small decrease in resistance
caused by thé few additional thérmally released electrons.
The resulting increase in resistance with temperature
corresponds to a positive TCR. |

Previdusly, thin-film resistdrs were made of a ceremet
(a‘ceramic-metai~mixture) which is usually highly crystalline
in structure. The regularly ordered lattice of the crystal-
line structure magnifies the effects of the lattice vibrations

and changes in the number of conduction electrons. 1In this




t
-

10

20

type of material, a 0 ppm/°c TCR was approachéd by controll-

ing the amounts of semiconductor and metal to balance the
the two effects just described.

In the method of the subject invention, the ﬁeed to
balance these two effects is‘obviated by depositing the
tungsten and silicon So that an amorphous grain structure
is formed. Conduction electrons moving within the disordered
laﬁtice can travél on the average the length of only one
atom before colliding with another aﬁom and being deflected.
In other words, the mean free path is minimized. A lattice
of this nature can still vibrate when heated but it is
already so disordered that vibrations produce very little
change in the mean free path of the conduction electrons.

As the operating temperature is increased, there is little
or no change in the resistance of the material and a 0 ppm/
°C TCR is approached. Thus, the subject invention achieves
the desired result of O ppm/°C TCR by means of an amorphous
lattice structure instead of by balanéing the effects of
semiconductors and metals. This effect holds until’the
operating temperatﬁre becomeS'sb-great that a significant
number of the conduction eléctronsrare produced thermally
or until the,proportioh of either tungsten or silicon in
the resistor becomes so great that the ptbperties of the
resistor app:oach those of the predominant element.

Thus, Qhen the ratio of tungsten to silicon ié main~-
tained bgtween 3:1 and 1:3 and the structure is amorphous,
increasing’the'operatihg temperature will neither raise
nor lower the resistivity becauée the mean free path has

been minimized and a nearvo ppm/°C TCR will be achieved.
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The desired resistivity of the material can be attained

by controlling the tUngsteh to siliébn ratio within this
raﬁge so that at a»fatio of 3:1 therresistivity is on

the order of 100x10~®_a. cm and the TCR is about +200 ppm/

oC, and at a ratio of 1:3 the resistivity is on the order

- of 0.5.L.cm and the TCR is about ~200 ppm/oc. As the

raﬁio becomes higher and‘the resistor becomes more like
pute tungsten the resistivity approaches a limit of about
7.5x10'641.cm and the TCR approaches +3000 ppm/ C. As
theratio becomes much lower and the resistor is more like’
pure silicon the resistivity approaches aﬂ upper limit of

6. cm and the TCR approaches —4000vppm/°C.

about 10
The amorphous léttice structure of the subject invention
is achieved by controlling the temperature of the substrate

during vapor deposition. At low substrate temperatures the

- deposited atoms of'tungsten,and silicon remain in the

random configuration in which they originally strike the
substrate, resulting in an amorphous structure. At higher
substrate temperatures, the‘deposited atoms receive
sufficient energy,from the hot substrate to rearrange into

an ordered crystal structure. It can be seen that simul-

taneous control of the deposition temperature and the

tungsten to silicon ratio enables thé preselection of
almost any combination of resistivity and TCR desired.

Specifically, resistors are made according to the

method of the subject invention by placing a‘sﬁbstrate

of an oxidized silicon wafer in a reactor, flowing a
reducing carrier gas at a pressure of from about 0.1 to

about 10 torr through the reactor to displace the ambient
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gas, heating the substfate to a reaction temperature of.
from about 500 to 900°C, and introducing a reactant gasv
containing at least one decomposable tﬁngsten compound
such as tungsten hexafluoride énd at least one decomposable
silicon compound such as silane into the carrier gas,
the ratio of tungsten hexafluoride to silane varying from
almoét all tunggten compound to almost all silicon compound,
whereby the reactant gas contacts the surface of the hot
substrate and decomposes to form a thin film of tungsten
silicide on the substrate, thus forming a thin-£film
resistor. The proportion of}tungsten to silicon and the
temperature of deposition will determine the degree of
crystallinity of the thin £ilm.

The substrate upon which thé thin films are deposited
serves only as avmechaniCal support. The substrate must
be inert to the deposited materials and to the high-
temperature deposition conditions. The surface of the
substrate should be an electrically insulative surface
such aé silicon dioxide and is preferably polished since
scratches and surface deviations doqld lead to component
instability and failure. Suitéble substrate materials in
addition to oxidized silicon include sapphire, quértz énd
péssivated molybdenum. | |

The reducing carrier. gas may be any suitable inert gas
such'as helium or argon to which sufficient hydrogen has
been:added to make the gas reducing such as, for example,
a ratio of ét least 1 part hyd?ogen to 10 parts inert gas.
Alternatively, the carrier gas may consist of hydrogen alone.

The carrier gas serves to remove the ambient gases which
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would otherwise contaminate the thin films, to provide a
‘reducing environment for the reaction and as a carrier

and diluent for the reactant gases. The flow rate of
carrier gas will depend upon the particular chemical vapor
deposition system being used and must be adequate to ensure
an even depositien ef W-Si on the substrate. . For a 4"
diameter reactor, a flow rate of 1 to 2 liters per minute
ﬁas found satisfactory. -

The temperature to which the substrate is heated must
be sufficient to decompose the reactant gases and form the
W-Si film on the surface. Thus, the temperafure_must be at
least 500°C to promote decomposition while 600°C is pre-
fefred tO'ensufe an adequate deposition rate. Deposition
may occur at temperatures as high as 900°C and still be
consistent with the instant invention.

The pressure in the reactor may vary f£rom about O.l to
about 700 torr, although e preseure range from about 0.1 to
about 10 torr has proven‘satisfactory.

The reactant gases may be any of the gaseous compounds
of tungsten and siiicon which are thermally decomposable in

a reducing atmosphere to form metallic tungsten and silicon.

Although tungsten hexafluoride and silane have been found to

provide good results, other gases such as tungsten penta-

chloride, tungsten organo-metallic compounds, silicon tetra-

chloride and dichlorosilane will also be satisfactory. The

ratio of these gaseous compounds in the reactant gas may
vary from almost all gaseous tungsten compounds to almost
all gaseous silicon compounds, depending upon the tungsten-

silicon composition desired. Thus for a gas ratio of 1l:1,
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a bulk resistivity of about 2500 uohm cm was attained with

-about a 0 ppm/°C TCR. The ratio of the carrier gas to the

reactant gas generally will vary from 100:1 to 1000:1. For
a 4" diaméter reactor a flow rate of about 2-6 cc per minuté
of reactant gas in a carrier gas flow_rate of 1-2 liters

per minute is satisfactory.

Deposition timesvdepend'upon the rate of deposition,
upon the bulk resistivity of the f£ilm which is being
deposited and upbn the desired sheet resistivity. Thus
deposition times may vary from about 3 to about 12 minutes.
Film thickness may range‘from 0.01 ym to> 1.0 pm, while
typically, film thickness is abéut .025 pm and typically
sheet resistivity is 400 to 1000 ohms/square.

The method of the invention may be'practiced in any

suitable chemical vapor deposition apparatus such as a

. vertical or horizontal reactor which may be either cold

wall or hot wall heated.

Resistor patterns can be delineated in the film by
standard photolithqgraphic methods incorporating chemical
eﬁching. 7 ‘ |

It can be seen thaﬁ there are many interrelated

variables such as gas pressure, gas flow rate, reactant gas

‘ratio and flow rate and reaction temperature and time which

have an effect upon ‘the bulk resistiVity_and the TCR of
the thin-film resistor, which cannot be set forth with
particularity here, but which, with thé information which
has been given, can readily be determined with a minimum
amount of experimentation by those skilled in the art in

order to obtain thin films which exhibit the desired high-
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temperature resistivity-and temperature coefficient of

resistance characteristics.
EXAMPLE 1

A chemical vapor deposition apparatus was used which

_cdnsisted of a quartz reaction tube 4" in diameter surrounded

by a RF coil and containing’a graphite susceptor 2 1/2" x 6"
which permitted processing of two 2" diameter substrates at
a time. The temperature range of the reactor was 400 to
greater thah‘l200°c. |

The pressure in the reactor was reduced to about 5.5
torr and hydrogen as a carrier gas was flowed through the
reactor at a rate of 1-2 liters per minute until all the
atmospheric gases were displaced. The susceptor was heated
to 750 to 780°C and WF and SiH, in a ratio of 1:1 were

introduced into the carrier gas at a total rate of 6 cc

per minute. After a depositibn time of 6 minutes, the flow

was stopped and the reactor cooléd. Thé deposition rate
of the material varied siightly, but was in the 0.01 pm/
min range.

_The tungsten-silicon'composition of the film was not

entirely uniform, varying from tungsten-riéh at the front

to. silicon-rich at the rear. Thé film was delineated into

several resistor test patterns having surface dimensions

2 x 120 mils. ‘The TCR was'less than 100 ppm/oc for all
the film grown under.these conditions. Resistance versus
teﬁperature testsAwere‘made‘on the resistors and the
results are given in the figure. It4shou1d be noted that
neither hysteresis effects nor voltage coefficient of

resistance were observed as the temperature was cycled.




EXAMPLE II

An additional series of films were deposited on silicon -
wafers undér conditions as in Example I except that the
pressure waé 5.2 torr, the carrier gas was hydrogen and

helium in a ratio of 1l:1 and the temperature varied from

700 to 900°C. Following.deposition of the resistive
material, the wafers were measured with a four-point probe
and processed into resistors. It was fodnd that there was
a concentration gradient across the wafers in the reactor
10 with the rear wafer having a higher concentration of
silicon. Thus the reéistivities on the rearmost wafers
were higher and the TCR's lower than on the front wafers.
The TCR's for this series of runs varied from +268
ppm/°C to +72 ppm/°C except for wafers run at 900°c. It
should be noted that all the Resistance vs Temperature

curves for all the resistors were straight lines and have

constant TCR's over the entire measurement range of

25°¢ t§ 550°C. Material with a very high silicon cohtent

had a réSulting Resistance vs Temperature curve that was
20 logarithmic. The sheet resistance at room temperature

was on the order of 10% ohm/square.

‘As can be seen from the preceding discussion and
examples, the method of the invention provides an‘effective
mgihod for preparing composite high-témperatufeéstableT‘
thin-film resistors in which the bulk resistivity of the
film is controllable and reproducible and whose temperatﬁre

coefficient of resistivity can be controlled.

Pages 15, 16 and 17 intentionally left out
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ABSTRACT OF THE DISCLOSURE

A chemical vapor deposition method for manutacturing

tungsten-5111cide thin-film resistors of predetermined.

bulk resistivity and temperature coefficient of resistance
(TCR) . Gaseous compounds of tungsten and silicon are
decomposed on a hot substrate to deposit a thin-film of

tungsten~silicide. The TCR of the film is determined by

the crystallinity of the grain structure, which is con-

trolled by the temperature of déposition and the tungsten
to silicon ratio. The bulk resistivity is determined by

the ﬁungsten'to silicon ratio. Manipulation of the

fabrication parameters allows tor sensitive control of

the properties of the resistor.




