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ical Communication Links,"A. R. Goodwin etal., Jour- nal of Light Wave
Technology, Vol. 6, No. 9, Septem- This Invention relates to methods for
making low  ber 1988, pp. 1424-1434, further documents degra- resistance
contacts to semiconductor materials and,  dation due to the
eleclromigration of gold into the de- more particularly, to methods for
making ohmic con-   5   vice during operation. Furthermore, as described In
tacts to lll-V materials.                         "Interaction Between Zinc
Metallization and Indium Phosphide," S. Nakahara et al., Solid-State
Electron- Background of the Invention                        ice, Vd. 27,
No. 6, June 1984, pp. 557-564, dopant atoms added to the contact diffuse
rapidly through In- One of the most significant developments in sem-   10
dium phosphide, which can result in a reduction of the Iconductor
technology In recent years has been the  ohmic behavior. A high contact
resistance not only re- increased use and Importance of compound semicon-
suits In low efficiency and reduces the speed of such ductors, particularly
the group III-V compounds com-  devices, but also Increases the temperature
of the ac- posed of elements III and V of the periodic table such  tive
region leading to a higher threshold current. An- as gallium arsenide and
Indium phosphide. The band   15  other consideration in designing ohmic
contact is the gap characteristics of III-V semiconductors make
desirability of using a metal that can be patterned by them particularly
useful as photonic devices such as  reactive ion etching (reactive ion
etching or dry etch- lasers, light emitting diodes (LEDs) and photodetec-
ing is a well-known technique for using ions of a plas- tors. The high
electron mobility of such materials also  ma selectively to etch metal
films). make them promising for the production of high   20   Accordingly,
there has been a long-felt need for speed electronic devices such as high
speed integrat-  a method for making ohmic contacts to III-V semicon- ed
circuits. Photonic devices are often made by form-  ductor substrates that
are uniform, reproducible, rail- ing on the surface of the substrate a
succession of  able, adhere well, do not Interfere with the electrical
epitaxial layers (an epitaxial layer Is a layerof material  characteristics
of the semiconductor substrate, and deposited on a substrate such that it
has a crystal  25  are amenable to reactive ion etching. structure that
constitutesin effect an extension of the crystal structure of the
substrate). For example, a las-  Summary of the Invention er structure
based on indium gallium arsenide phos- phide epitaxially grown on an Indium
phosphide sub-  In accordance with the invention, an ohmic con- strats
emits light in a wavelength range where ab-  3o  tact to a substrate of
III-V semiconductor material sorption losses of silica based optical fibers
is at a  comprises a thin film composed of at least tungsten minimum. Also,
modulation doped hetero structures  and antimony. Preferably, the contact
should be grown on indium phosphide substrates such as         eighty to
ninety-five percent by weight of tungsten, [err]As/lnP have been used to
make high     five to ten percent by weight of antimony and zero to speed
Integrated circuit devices.             35  fifteen percent by weight of
Indium. The film Is prefer- Most useful Ill-V semiconductordevices require
a  ably applied by simultaneously sputtering tungsten, low resistance or
ohmic metal contact to the III-V ma-  antimony and Indlum onto the
substrate In a manner terial for applying electrical current to, or
removing  that will be described in greater detail below. electrical
current from, the device. Such ohmic con-  Ohmic contacts In accordance
with the Invention tacts are usually made by evaporating a thin gold film
4o  do not alloy to a III-V semiconductor substrate such onto the
semiconductor substrate. While such gold  as Indium phosphide but they
nevertheless adhere films have reasonably good electrical characteristics,
well; specifically, it has been found that the presence they frequently do
not adhere well to the substrate  of indium in the contact significantly
aids contact ad- and are often characterized by poor uniformity, repro-
herence and reduces sheet resistance. There is very ducbility and
reliability. Many ofthese problems prob-  45   little metal diffusion into
the substrate and little elec- ably result largely from the fact that the
gold alloys to  tromigration during operation. The contacts have the III-V
material and then diffuses into the substrate.  been found to be uniform,
reproducible, reliable, and The papers, "On the Formation of Binary
Compounds  amenable to patterning by known reactive ion etching in AullnP
System,"A. Piotrowskaetal., Journal ofAp-  techniques. pled Physics, Vol.
52, No. 8, August 1981, pp. 5112-  50  These and other objects, features
and benefits of 5117, and "The Migration of Gold from the p-contact  the
Invention will be better understood from a consid- as a Source of Dark Spot
Defects in InP/InGaAsP    eration of the following detailed description
taken In LED's," A. K. Chin et al., /EEE Transactions of Elec-  conjunction
with the accompanying drawing. troic Devices, Vol. ED-30, No. 4, April
1983, pp. 304- 309, document the large diffusion depth of gold Into  as
Brief Description of the Drawing the substrate and the problems that can
result. The paper, "The Design and Realization of a High Reliabil-  FIG. l
isa schematic sectional view of a semicon- ity Semiconductor Laser for
Single-Model Fiber-Opt-   ductor diode having an ohmic contact In accor- 
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Invention;                      cated below the wafers are a series of
targets 23,24 FIG. 2 Is a schematic diagram of apparatus for  and 28 which
constitute sources of the metals to be sputtering metal onto a
semiconductor to make  applied. Atungsten target 23 and an indium target 24
ohmic contacts In accordance with the Invention.  are respectively
connected to dc sources 25 and 26. 5   Atarget 28 of antimony is connected
through a match- Detailed Description                              Ing
circuit 29 to a source of radio-frequency power 30. The sputtering
apparatus 18 Is evacuated by a va- The use of ohmic contacts on various
semicon-  cuum pump 32 and is further evacuated by a cryo ductor devices
such as lasers, Integrated circuits,  pump 33, both of which are
selectively connected to photodetectors and light emitting diodes is so
well  10  the sputtering apparatus by a valve 34. A controlled known and
well understood In the art that their use in  amount of argon is introduced
into the apparatus from these different contexts will, for the sake of
brevity,  a source 35 selectively connected to the sputtering not be
described. Basically, an ohmic contact is one  apparatus by a valve 36. In
which there Is a small or no electronic barrier at the  As Is known In the
art, the combination of va- interface between the metal contact and the
semi-  15  cuum pump 32 and cryo pump 33 produce a near va- conductor, as
opposed to an Interface which consti-  cuum within the sputtering apparatus
18 and argon -tuts a junction barrier or Schottky barrier. With the  source
35 provides a precisely controlled source of electronic barrier being very
small, there is a small re-  gas molecules within the apparatus. The de
sources sistance to the flow of electricity across the interface.  25 and
26 and the r-f source 30 accelerate gas mol- Various methods of deposting
metals on semicon-  2o  ecules toward the targets 23, 24 and 28, and the
col- ductors to makesuch conitacts arewell known and the  1ision of such
molecules provides enough energy to following description presupposes a
knowledge of   cause molecules of the target material to be ejected. such
methods, some of which are exemplified in the  These target molecules then
collect on the underside prior art cited above.
38 of wafers 21. In accordance with the Invention, all FIG. I shows
schematically and only for purposes  25  three metals are sputtered
simultaneously, with the of illustration a semiconductor diode 10 having
aJunc-  proportions of each metal sputtered being controlled tion 11
defined at the interface between semiconduc-  through control of the power
sources 25, 26 and 30. tor portions 12 and 13 that are doped with p-type
and  Aftersputtering, the wafers 21 are preferably an- n-type impurities,
respectively. Metal contacts 14 and  nealed by heating in a separate
furnace. Various op- 15 are used to connect the diode to external circuitry
3o  erations such as photolithographlc masking and etch- and illustratively
both of them are required to be low  ing may then be used to define a
number of electrical resistance or ohmic contacts. The semiconductor re-
contacts from the metal film that has been coated on glons 12 and 13 are
both of III-V semiconductor ma-  the wafer. In accordance with one aspect
of the in- terials and the diode may be of the type which is used  vention,
the metal film can be cut or patterned by a as a photodetector, that is, it
generates electricity  35  known process known as reactive ion etching.
Typi- upon the impingement of light on junction 11. III-V  cally, the wafer
Is thereafter cut to form a number of semiconductordiodes, as Is known in
the art, can also  individual chips which eventually constitute Individual
be used as lasers, LEDs and rectifiers.            electronic devices. In
accordance with the Invention, the metal oh-   In demonstrations of the
Invention that have mic contact 14 is composed of eighty to ninety-five
4o  beenmade, indiumphosphidesubstratesweredoped percent by weight of
tungsten, five to ten percent by  with either tin or zinc to give n-type or
p-type doping, weight of antimony, and zero to fifteen percent by
respectively, of 1018 atoms per cubic centimeter. The weight of indium.
Metal contacts of this composition  substrates were cleaned of surface
oxide by etching have been found to give extremely low resistance  In a
solution of sulfuric acid and hydrogen peroxide, contact to the
semiconductor. The presence of indium   45  were then spray rinsed in
deionized water and blown significantly reduces sheet resistance, and it
aids ad-  dry. They were mounted as shown In FIG. 2 after herence, but is
not absolutely essential for obtaining  which the sputtering apparatus was
cryo pumped to an ohmic contact                                   a base
pressure of about 2,6.[err] Pa. (2 x [err] torr). FIG. 2 illustrates
schematically sputtering appa-  The antimony target was biased with 100-150
watts ratus 18 that illustratively is used for applying ohmic  50  of r-f
power during operation, and the tungsten and in- contacts to III-V
semiconductors in accordance with  dium targets were biased with dc
voltages of between the invention. The sputtering apparatus 18, which has
eighty and two hundred fifty volts. The argon pressure been used for
demonstrating the invention, is a ma-  during sputtering was held at 0,7
Pa.(five millitorr), chine known as the CVC 601 Sputtering Machine,     the
equivalent of about fifty standard cubic centime- 



which is commercially available from the CVC Com-  55  ters per minute, In
which case the sputtering rate was pany of Rochester, New York. The machine
includes  typically 0,1 to 0,2mm/s (one to two angstroms per a rotatable
support 19, driven by a central axle 20, for  second). The substrates
revolved above the targets supporting a plurality of semiconductorwafers
21. Lo-  at ten revolutions per minute with their (100) crystal- 3    5
EP 0 442 203 B1                6 lographic surfaces being exposed for
coating. The  Claims contacts were found to be ohmic with eighty to ninety-
five percent by weight of tungsten, five to ten percent  1. An electronic
device comprising a substrate of III- by weight of antimony, and zero to
fifteen percent by  V semiconductor material and an ohmic metal weight of
Indium. After sputtering, the samples were   5  contact adhered to said
substrate characterized annealed in an argon atmosphere at a temperature of
In that 300-[err] for between ten and thirty minutes.              the
ohmic contact comprises a thin film As Is known, the sputtering rate for de
biased tar-  composed of at least tungsten and antimony. gets is a function
of applied dc voltage and the rate for r-f biased targets is a function of
applied r-f power.  10  2. The electronic device of claim 1 further charac-
A preponderance of sputtered tungsten over indium is  terized In that
obtained by biasing tungsten target 23 at voltages of      the ohmic
contact comprises substantially between two hundred and two hundred fifty
volts       eighty to ninety-five per cent by weight of tung- while biasing
indium target 24 at voltages of between  stan, five to ten percent by
weight of antimony, eighty and one hundred fifty volts. As Is known, sput-
15  and zero to fifteen percent by weight of Indium. tering rate Is also a
function of argon pressure. f de- sired, one could sputter from a single
target contain-  3. The device of claim 2 further characterized In Ing all
three metals orone containing two metals. Pure  that antimony does not
sputter too dependably when              the substrate comprises
crystalline Indlum biased by a dc source because it has a high resis  2o
phosphide. tance, giving it a tendency to accumulate charge, and for this
reason r-f sputtering from antimony target 28  4. A method of making an
electronic device com- is preferred. if combined with more conductive met-
prising the stetps ofapplying a metal filmtoasub- als, It could easily be
dc sputtered. Further, no reason  strate of III-V material so as to make an
ohmic is known that would in principle preclude other plating   25  contact
thereto characterized In that methods, such as evaporation.
m tungsten and antimony are deposited by The contacts that were made were
found to be       sputtering onto the substrate so as to form the ohmic
after annealing. Contacts made to n-type in-    metal film. dium phosphide
were ohmic prior to annealing, but p- type contacts appear to require
annealing. For pattern  30  5. The method of claim 4 further characterized
in dimensions of between fifty and two hundred fifty ml-  that crometers,
the contact resistance was found to be in       the tungsten and antimony
are sputtered the range of [err] ohms per square centimeter. The
simultaneously. sheet resistance of the films having a thickness of about
100 nanometers (one thousand angstroms)  35  6. The method of claim 5
further characterized In was approximately twelve ohms per square when an-
that nealed at [err]. Microscopic examination showed            tungsten,
antimony and indium are sput- that there was little or no alloying of the
metal to the  tered simultaneously onto the substrate to make
semiconductor. As a consequence, there was little     the metal film.
diffusion of the metal into the semiconductor as com-  40 pared with the
diffusion of gold in an indium phos-  7. The method of claim 6 further
characterized in phide matrix under similar conditions. From these ex-
that: aminations, It has been inferred that the antimony of       the
sputtering of tungsten and indium is the structure provides a low band gap
Interfaced to   done by dc sputtering and the sputtering of anti- the
semiconductor, while indium in the metal contact  45  mony is done by r-f
sputtering. minimizes out-diffusion of indium from the semicon- ductor
substrate. Unlike alloy contacts, the solid  8. The method of claim 7
further characterized In phase reacted tungsten-indium-antimony contact re-
that tains the sharp lateral conductivity profile even after      the
substrate comprises crystalline Indium annealing at [err].
50      phosphide. 



It is to be understood that the embodiments shown are merely illustrative
of methods for practic-  9. The method of claim 8 further characterized in
Ing the invention. While sputtering is the preferred  that method for
applying the component metals, other             approximately eighty to
ninety-five per- methods could alternatively be used. Annealing aids  55
cent by weight of tungsten, approximately five to long-term stability and
reduces contact resistance,   ten percent by weight of antimony and
approxi- but is not essential in obtaining ohmic contacts in n-  mately
zero to fifteen percent by weight of Indium type substrates.
are deposited by sputtering to form the metal film. 4    5
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L  M   S* lographic surfaces being exposed for coating. The  Claims
contacts were found to be ohmic with eighty to ninety- five percent by
weight of tungsten, five to ten percent  1. An electronic device comprising
a substrate of III- by weight of antimony, and zero to fifteen percent by
V semiconductor material and an ohmic metal weight of indium. After
sputtering, the samples were   5  contact adhered to said substrate
characterized annealed in an argon atmosphere at a temperature of  in that:
300-[err] for between ten and thirty minutes.              the ohmic
contact comprises a thin film As is known, the sputtering rate for dc
biased tar-  composed of at least tungsten and antimony. gets is a function
of applied dc voltage and the rate for r-f biased targets Is a function of
applied r-f power.  10  2. The electronic device of claim 1 further charao-
A preponderance of sputtered tungsten over indium is  terized in that
obtained by biasing tungsten target 23 at voltages of      the ohmic
contact comprises substantially between two hundred and two hundred fifty
volts       eighty to ninety-five per cent by weight of tung- while biasing
indium target 24 at voltages of between  sten, five to ten percent by
weight of antimony, eighty and one-hundred fifty volts. As Is known, sput-
15  and zero to fifteen percent by weight of indium. tering rate is also a
function of argon pressure. If de- sired, one could sputter from a single
target contain-  3. The device of claim 2 further characterized In ing all
three metals or one containing two metals. Pure  that: antimony does not
sputter too dependably when               the substrate comprises
crystalline indium biased by a dc source because it has a high resis-  20
phosphide. tance, giving it a tendencytto accumulate charge, and for this
reason r-f sputtering from antimony target 28  4. A method of making an
electronic device com- is preferred. if combined  with more conductive met-
prising the steps of applying a metal film to a sub- als, it could easily
be dc sputtered. Further, no reason  strate of III-V material so as to make
an ohmic is known thatwould in principle preclude otherplating   25
contact thereto characterized In that methods, such as evaporation.
tungsten and antimony are deposited by The contacts that were made were
found to be       sputtering onto the substrate so as to form the ohmic
after annealing. Contacts made to n-type in-    metal film. dium phosphide
were ohmic prior to annealing, but p- type contacts appearto require
annealing. For pattern  30  5. The method of claim 4 further characterized
In dimensions of between fifty and two hundred fifty mi-  that: crometers,
the contact resistance was found to be In       the tungsten and antimony
are sputtered the range of [err] ohms per square centimeter. The
simultaneously. sheet resistance of the films having a thickness of about
100 nanometers (one thousand angstroms)  35  6. The method of claim 5
further characterized In was approximately twelve ohms persquare when an-
that nealed at 400C. Microscopic examination showed            tungsten,
antimony and indium are sput- that there was little or no alloying of the
metal to the  tered simultaneously onto the substrate to make
semiconductor. As a consequence, there was little     the metal film.
diffusion of the metal into the semiconductor as com-  40 pared with the
diffusion of gold in an indium phos-  7. The method of claim 6 further
characterized in phide matrix under similar conditions. From these ex-
that: aminations, It has been inferred that the antimony of      the
sputtering of tungsten and indium is the structure provides a low band gap
interfaced to   done by dc sputtering and the sputtering of anti- the
semiconductor, while Indium in the metal contact  45  mony is done by r-f
sputtering. 



minimizes out-diffusion of indium from the semicon- ductor substrate.
Unlike alloy contacts, the solid  8. The method of claim 7 further
characterized in phase reacted tungsten-indium-antimony contact re-
that: tains the sharp lateral conductivity profile even after     the
substrate comprises crystalline Indium annealing at [err].
50      phosphide. It is to be understood that the embodiments shown are
merely illustrative of methods for practic-  9. The method of claim 8
further characterized in ing the invention. While sputtering is the
preferred  that: method for applying the component metals, other
approximately eighty to ninety-five per- methods could alternatively be
used. Annealing aids  55  cent by weight of tungsten, approximately five to
long-term stability and reduces contact resistance,   ten percent by weight
of antimony and approxi- but is not essential in obtaining ohmic contacts
in n-  mately zero to fifteen percent by weight of indium type substrates.
are deposited by sputtering to form the metal film. 4    7
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method of claim 9 further characterized In  S. Verfahren nach Anspruch 7,
that;                                            dadurch gekennzelchnet,
after sputtering, the substrate is annealed  daB das Substrat kristailine
Indlumphosphit auf- at an elevated temperature In excess of about    weist.
4000C.                                    5 9. Verfahren nach Anspruch 8,
dadurch gmkennzelchnnt, PatentansprilOche
daB etwa 80 bis 95 Gew.% Wolfram, 5 bls 10 Gew.% Antimon und 0 bis 15 Gew.%
Indiurn zur 1. Elaktronsche Einfichtung mKt eem halblelten-  to  i31dung
der dfinnen metailischen Schicht durch iden Substrat aus einem
III-V-Maberial und einemn  Kathodenzerstaubung nhedergeschlagen wer-
ohmschen metallischen Kontakt auf dem Sub-       den. strat, dadurch
gekennzaichnet,                       10. Verfahren nach Anspruch 9, daB
der ohmsche Kontakt sine dOnne Schicht  is   dadurch gekennzmichnet,
aufwelst, die mindestans Woifram und Antimon     daB das Substratnach der
Kathodenzerstaubung enhilt.                                          bel
miner Temperatur oberhalb etwa 400eC go- tempert wird. 2. Einrichtung nach
Anspruch 1, *  dadurch gekennzeichWet,               20 daB derohmsche
Kontaktimwesentlichen 80 bis   Revendicatbons 95 Gew.% Wolfram, 5 bbi 10
Gew.% Antimon und 0 bis 15 Gew.% Indium aufwelst.               1. Un
dispositif 6lmctronique compranant un subs- trat d'un matriau
semiconducteur III-V et un 3. Einrichtung nach Anspruch 2,              25
contact metallique ohmique qua I'on a falt adh6- dadurch gakennzmichnmt,
rer au substrat, caracterlse en cm quo: dog das Substrat kristailines
Indiumphosphit auf-     le contact ohmique comprend une couche welst.
mince constituee au mons par du tungastne et de I'antimolne. 4. Verfahren
zur Herstellung einer elektronischen  30 Einrichtung, mit dem mine dinne
metallische   2. Le dispositef dlectronique de la revendlcatkon 1, Schicht
auf einem Substrat aus III-V-Material zur  caracteris6 en outre en cm que:
Biidung mines ohmschen Kontakts aufgebracht           le contact ohmique
comprend approxima- wid,
tivement 80 a 95% en masse de tungstene, 5 A dadurch gakennzeichnmt,
35      10% en masse d'antimolne et 0 A 15% en masse daB Wolfram und
Antimon durch Kathodenzer-       d'indium. stiubung auf dem Substrat zur
Bildung der dOn- nen metailischen Schicht aufgebracht wird.    3. Le
dispositf de la revendication 2, caractrise en outre en cm qua: 5.
Verfahren nach Anspruch 4,                40           le substrat consistb
en phosphure dOn- dadurch gekennzeichnet,                          dlum
cristallin. 



dam1 Wolfram und Antimon glelchzeitlg durch Ka- thodenzerstiubung
aufgebracht warden.         4. Un proced6 de fabrication d'un dispositif
6lectro- nique comprenant leas tapes qui consistent A ap- 6. Verfahren nach
Anspruch 5,                45      pliquer une couche de metai sur un
substrat an dadurch gakennzeichnet,                          matriau III-VU
defagon A former un contact ohml- dag Wolfram, Antimon und Indium
gleichzeitig     qua avec le substrat, caracterise en ce qua: durch
Kathodenzerstaubung auf dem Substrat             on d6pose du tungstene et
de l'antimolne zur Bildung der dflnnen metallischen Schicht auf-  par
pulv~risation cathodique sur le substrat, de gebracht warden.
50     fagon A former la couche de metal. 7. Verfahren nach Anspruch 6,
5. Le procde de la revendication 4, caract6rise en dadurch gekennzelchnet,
outre en cm qua: dao Woifram und Indium durch Gleichstrom-Ka-           on
effeclue simultanementla puiverisation thodenzerstaubung und Antimon durch
Hochfre-  s5  cathodlque de tungstene et d'antimolne.
quenz-Kathodenzerstlubung aufgebracht war- den.
6. Le proced6 selon la revendicatlon 5, caracterise en outre en ce qua:
9                  EP 0 442 203 B1              10
1111111111111111111111111111 *C  L  M   S* on offectue simultanement la
pulv6risation cathodique de tungstene, d'antimolne etd'indlum sur lo
substrat pour former la couche de metal. 7. Le proced6 de la revendication
6, caract6risi en   s outre en co quo: on effectue la pulvdrisation
cathodique de tungstene et d'indlum on procedant par pulv6risa- tion
cathodique A courant continu, et on offectue la pulverlsatlon cathodique
d'antimoine en pro-  10 -..cedant par pulvbrisation cathodlque radlofrb-
quence. 8. ie procede de la revendicatlon 7, caracterlse on outre en co
quo:                          15 lo substrat consiste en phosphure d'in-
dium cilstallln. 9. ie proc~d6 de la revendication 8, caracteris6 en outre
en ce que:                          20 on depose par pulv6riatbon
cathodique, pourformerla couche dem6tal, environ BO a95% on masse de
tungstene, environ 5 a 10% en mas- t se d'antlmolne et environ 0 A 15% en
masse din- dium.                                    25 10. ie procede de Ii
revendicatbon 9, caractirise en outre en ce que: apres pulvdrisatlon
cathodique, on recuit Ie substrat A une temperature dlev6e depassant  3o
environ 400C. 35 40 45 50 55 6    


