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Techniques have been developed to produce ohmic contacts to naturally ocnm ringe bt (on ................

doped semiconducting diamond- Thin films of Mo, Mo/Au, and Mo/Ni/Au dClcpo,,tcd on A,,ML'.DtV, .',d
diamond produced adherent ohmic contacts after annealing at 950 "C A thermally acij'ated i Av,-, i di1 ot
solid state reaction which produces a refractory carbide precipitale at the original )ISI 5 wI
diamond/metal interface is the princil al factor in affecting the properties of the contact, Ihi:
interface reaction has been characterized using Auger electron spectroscopy, scanning clectronl
microscopy, x-ray diffraction, ruetallography. and I- " measurements.

I. INTRODUCTION relatively low dielectric constant, and high thermal conduc-

There is an ever increasing need for electronic devices tivity. Comparative alues of the Johnson's figure of merit'

that provide high power, or operate at extremely high fre- for high frequency and high wer performance and the
quency, and can also perform reliably in adverse operating Keyes' figure of merit." for transistor switching speed flot

environments.1 ' 2 Adverse operating environments of inter- various semiconductors are provided by Davis et al ' I)Ia-

est include exposure to high temperatures, to high levels of mond is shown to have significant advantage over other

radiation, to corrosive media, or to some combination of semiconductors based on both the Johnson and the Keyes'
these conditions. The requirement to cool existing electronic figures of merit.' The unique physical, electronic, and opti-

devices is a significant engineering problem in supersonic cal properties of the wide hand gap semiconductors also pro,-

aircraft and space-based vehicles. Other applications where vide promise for new classes of high voltage optoelectronic

the demand for these devices exists include motor vehicles, switching devices.ii""

power generation, and well logging.' An important requirement for any emerging device

Table I provides a list of the melting or dissociation tern- technology is the development of suitable electrical contacts.
The challenge is to produce electrical contacts which are

peratures, the theoretical intrinsic limits, and the band gap
energies of various semiconductors. Note that while silicon compatible with the unique physical and chemical proper-

and gallium arsenide do not melt until 1420 and 1238 *C, ties of diamond and are also capable of sustained operation

respectively, the corresponding theoretical intrinsic limit at in the severe operating conditions in which the devices are

which the material ceases to function as a semiconductor is intended to operate. This paper will discuss techniques for

350 and 450 *C, respectively. Consequently, the silicon- and the production of ohmic electrical contacts to semiconduct-

gallium arsenide-based devices require auxiliary cooling for ing diamond which are compatible, as far as possible. with

operating temperatures exceeding 350 and 450 C, respec- present microelectronics production methods and yet pro-

tively. The use of wide band gap semiconductors such as vide the desired performance characteristics.

diamond, silicon carbide, and boron nitride could extend the
operating temperature of devices to temperatures in excess
of 1000*C. TABLE I. Selected properties of semiconductors

Recent advances in the epitaxial growth of silicon car-
bide, diamond, boron nitride, and other wide band gap semi- Band gap Theorctical

conductors offer the potential for developing new types of energy intrinsic Melt etmp

device structures which can be utilized in applications where Semiconductors (eV) limit (C) i C?

existing devices are ineffective.i"'? These semiconductors, Ge 0,71 100 q37

in addition to the capability of operating at higher tempera- Si 1.12 00-1350 1420

tures, possess other unique physical, chemical, optical, and GaAs 1.43 450 12 )1

electronic properties that would be useful in many applica- GaP 2.24 800 t;74)
AlGaAs 1.43-2 15 175-475

tions. For example, diamond windows were used for the in- AIGaP 2.24-2 45 550

frared radiometers on the Pioneer spacecraft which operated SiC 2 3-2.9 8oo} 1200

within the hostile atmosphere of Venus." Diamond 5.5 11 00 h

Semiconducting diamond is a promising material for 3LX7)

high frequency and for high power device applications due to *Sublimes above 1800 'C
its high carrier saturation velocity, high breakdown voltage, 'Transforms to graphite above 1240) 'C
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IL.BACKGROUND Inad.i~ ±t'.ilqP11 a ittt, 1, I u

It is rarclN po~ssible t achic~ i tit ohia 't Inttt a~atiat,: %%i ot it)o , I - ttl 'ti ±± I' hl m t ,c .if t fa t I a lt .11 a ImItf'U 1 ;I'

.xnN scrnicatdttcting LIt.Y.ICe. I tic It atIII tW ' tic tgcltt~t I I ' I C Ii,t[. I'I 1 I P' dt.wtt, i \tua ItL ' I I , L i .t I.t, it

,gardcd as satisfactory ifItihe poicimialI d I Ola.ac1010ss tiw .attlli~ta. )N I kA a I It Ili c h tIs , I I ia titI iIII t i ia Iat. c It1,iL 1, i I ,'I ;

is small compared to that acras-, (lie, tkti'sc poritoi of the im,11 ttu cl Olk-± dIe ipa'Itjaetialat't tý.'! ' 'tx) ý

device. Consequentlyv. ohntic coi~t,- -Arct ofren aficitotii'd bti ilictial\ i' " CLIn thit I tt i ud at Illt. ~A! If \k.

doping the semiconductor '.cr\ titcj'st tli the %ictniti' oith Ill~ P
metal contact Iin order to reduce Uth I.% itith of tilie potential I tic i ratit'.ttt 0 netak lt.1%c a .t tltl I tfhk a.

barrier at the metal/semniconductor interface, Alt houh 11-a ti .ce.e ' el tt.IOtr et.lttal I kt

barrier height is not affected appreciably by doping, the re- inoltet 'tz 'Ime %lle t IC 11tc ttil.1Cc Id tttiaa itod th!, d1-- ta
duction in the barrier width results Iin :jn increased tunticling Ithesrtiracc. tormting lo\4s i s'ii. 2I\.1 bide IL tltap at1itdv

probability for electrons through thle po-tential barrier. Ani- en han11cing thle dtffumaon oft hefit, bleit I erIlcal hrita t hc dffl ti
other approach to obtaining ohmic contacts to semniconduc- Rogers and Raalý' t irsi Wused Ohe apprat.,tc h.a1ya
tors is to reduce the barrier height by appropri Iate matchinig 'Seal, , to form11 tiete 11tistor eleitefit t' frt 1111 t1,tu r.tl t me
of the metal work function to thle band structure oft he wint- ductitug dlaina'nld \k~ Iih a ,]I%' er a. appcr I ttaltmnuta. ti a' i

conductor. A third approach depends onl reconmhination lin Ag. 25", CuA, I 1_" ' It). (Collinis ct ail t'ae u~ctgld tmi.thii.± I

the depletion region of surface defects induced by intention- (991" ALI, I", a) and gold tanit al um alumi nilurn 1

ally damaging the surface of the semiconductor. A detailed Au. 911*ý I a. I 1:I Al ) .lo 'tvrtg leeittatn be~itit 'seldinýtaý
discussion of these methods and a sumnmary of the di'. rse form electrical contact,, tot natural inisulaiting anti setlit.Ott

techniques utilized to produce ohmic contacts to sernicOnl- ductiing diamiond suirfaces, The use tif these a'-bcait 'Aeldcal
ductors are noted elsewhere. t" contact,, for ultra'. ii let photaK'Oidticti'.t mas reei'11

Low resistance ohmic contacts to wide band gap semi- both Itnsulating and semi1cotidUCting dMiamond resuilicl
conducting materials are expected to be difficult to form be- in anl increase Iin signal to utuse ratio ofrnortr than a f etcr to,
cause of the large barrier height which results when a metal 10 over that obtained '.vith sit'ser paint contacts. Notie st
is deposited on the surface of the semiconductor. For exam - these early investigations atitempted to eharactertie thle ,tir
pie, evaporated gold films on boron doped semiconducting face reactions which produced the ohmic behavior Ini iddi-
diamond were shjwn to provide a barrier height of 1.73 eV."0 tion, no attempt wns made to make comparati'. studies of
The situation is further complicated by the fact that dia- these alloys.
mond is a covalently bonded semiconductor with a high den- Another method of producing ohmic contacts tc dia-

*sity of surface states leading to a barrier height essentially mond reli.-s on the impingement of energetic ions into the(
*independent of the metal work function.' 6 Further, it is diamond surface, e.g., sputtering, ion implantation. etc

difficult to produce a heavily doped surface layer in dia- Sputtered contacts of Ti/Pt/Au to natural diamond t type
mond. Nonetheless, ohmic contacts to semiconducting dia- Ila) have been used as ohmic contacts in a study of high
mond have been produced by several distinctly different voltage optoelectronic switches. " In another stdN hard
methods, as discussed below, conducting diamond layers were produced by carbon tin-

Previous attempts to develop ohmic contacts to natural plantation above a threshold dose of -~ 3 x 10"' cm Ni ore
and to synthetic diamond have been made in conjunction recently, it has been reported" that a graded structure of
with measurements of the electrical transport, photocon- silicon/silicon carbide/diamond has been produced bv "'ion
ductivity, and other physical properties of these materials. mixing'- to reduce the barrier height and obtain ohmic con-
Ohmic contacts to natural and synthetic diamond have also tacts to diamond. In another study." boron ions wecre tim-

been produced for prototype nuclear radiation detectors, planted (35keV, 3X l0"cm -) into naturally boron -doped
high temperature thermistor elements, and light sensitive semiconducting diamond (type lib) and fairly lowk resis-
switches. tance contacts could be obtained by just pressing metal

Metal contacts applied to smooth semiconducting dia- probes against the contact areas.
mond surfaces have exhibited an immeasurably large electri- Another method of applying electrical contacts to dill-
cal impedance, due to the large potential barrier at the dia- mond "is to heat the diamond sample in an inert at mosphere
mond/metal interface. When metal is placed in contact with to a ttmperature of 1500 *C. This treatment produces it laver
a mechanically damaged area such as a crack, a corner, or an of graphite on all exposed diamonid surfaces. Affixing a wivtrc
area which was deliberately roughened. reasonably good to the graphite layer on the diamond was shown to produce
electrical conductivity has been obtained. Successful electri- ohmic contacts todaond" This approach has also beet)
cal tasot17, "and infrared photoconductivityt '" measure- utilized as a method of applying large area metal contacts to
ments. were made using colloidal grp ite'" or silver paint both natural and synthetic semiconducting diamond--" Thec
contacts2 19 ,20 on roughened surfaces, or point contacts on graphite layers can be selectively removed, without dlamage
the edge of a polished block. "~ The silver paint and colloidal to the metal contacts, by boiling the diamond in a mixture of
graphite contacts are mechanically fragile and electrically perchloric, sulfuric, and nitric acids. The production of a
noisy. The rough surface features and the large concentra- graphite surface layer by a laser beamn has been proposed by
tions of surface defects of early synthetic semiconducting Burgcmeister." More recently, anl ArF laser was used to
diamonds allowed electrical transoort measurements to be modify the surface of types, Ila and Ilb diamonds to a depth

2247 J. Appi. Pthys., Vol- 68, No. 5, 1 September 1990 Woaited. Zeidier. and Taylor 2247



conttacts to type I lb diamond up to I S(X) (4n t hil Itic Cs-VCt.Inca!l 11thi c'l-1 Io0 the .Ollt.h, 11, 1-(1 tis I . %+,c ,s , s I!

Many of the methods dcscribcd abosc ate inadcquate lbh a thaet bccii lnbem es poratcd tihij. I Ib.! (stnlcuIr
for producing durable ohnncl contct'.s tfor diatmond desices iioI+ bdIciunes/gold. ansi rIl( b)I•iii nicvkel'g.i d /F(cr s-o,,
for the following roastoii cd tn imu Ita!tt-r-A htitii dpCd sn.onduci dalglitold, n III•i +

(a) Dimensional int'grilN for metalt ation of contact,, pro% ,ideohmitc contacts after ji4tnealing the dcpi'.iicd ht+.l it
to diamond using a liquid phase process, such a's electron- 950"C It is further shown that there is an t inral ; i neal
beam welding, is difficult to achic, c. time at his temperature which prodluces a minnnum c .n lasl

(b) The liquid phase reaction process can nor be accu- res•iatace, This optimal annealing tinte is sho,,t n o ht- ;1"!'o
rately controlled to achieve reproducible results and to mini- ciated with the random nucleation and grow th of earhide
mize contact resistance. precipitates at the original diamond/metal interface The

(c) The effect on the electrical properties of the contacts relative adherence of the metals examined in this sthud, \w ill
by formation of defects, or by formation of sp' (graphitic) also be discussed.
bonds produced by techniques such as sputtering, ion im-
plantation, or laser annealing, etc. has not been fully deter- IV. ADAPTATION OF PHOTOLITHOGRAPHIC
mined. TECHNIQUES FOR DIAMOND SUBSTRATES

(d) Graphite layers produced by some forms of particle Comparative measurements of the electrical rtmsisiancc
bombardment or thermal reactions are easily removed by of the contacts were made using a series of rectangular pads
various chemical treatments. Consequently, the long-term 120 x 300min, each sparated from the adjacent pad by sys-
reliability of contacts produced by these techniques are ques- tematically increasing distances of 5, 10, 20, 30, and 50t);ni.
tionable. as shown in Fig. 1.

(e) It is difficult to produce durable wire bonds to the The initial results using standard photolithographic
graphite layer. Therefore, the formation of mechanically sta- techniques were found to be unsatisfactory for two principal
ble contacts to graphitized diamond surfaces is impractical. reasons. First, the freshly deposited metal film did not ad-

here to the diamond surface and would be dislodged during
the photoresist lift-off step. Second, the photoresist would

Ill. OHMIC CONTACTS USING A THERMALLY deteriorate during the deposition ofthe metal film because of
ACTIVATED SOLID STATE REACTION the excessive heat generated by the relatively high vaporiza-

The overall goal of this research is to develop proce- tion temperatures of the refractory metals utilized.
dures for fabrication of strongly adherent low-resistance oh- The approach that was utilized incorporated a silicon
mic contacts to diamond for microelectronics device appli- nitride film 0. 15-0.2 pm thick grown on the cleaned dia-
cations. For the reasons cited above, the scope of this study, mond surface. Photoresist was spun onto the silicon nitride

vapor deposition of metals which form stable carbides. oped to reveal the rectangles described above. The silicon
In an earlier communication, 3 :. was demonstrated that nitride film below the rectangles is chemically etched off,

evaporated and annealed films of Ta/Au and of Ti/Au pro- thereby exposing the diamond surface for selective metalli-
duced ohmic electrical contacts to natural semiconducting
diamond ((C)). The Ta/Au films deposited on (C) were
annealed for I h at 885 *C. The Ti/Au films deposited on
(C) were annealed for I h at 775 *C to prevent the allotropic

transformation, at 880 *C, of alpha-titanium to beta-titan-
ium. The Ta/Au and Ti/Au contacts to (C) were annealed
in a quartz tube furnace in an atmosphere of flowing purified
hydrogen gas. No significant change in the electrical re-
sponse of the (C)/Ta/Au or the (C)/Ti/Au samples were
observed when reannealed for an additional hour under the
annealing conditions that were used initially. It was conclud-
ed that the reaction products had stabilized during the initial
hour of annealing. In a recent paper,' ohmic contacts to epi-
taxial semiconducting diamond films were produced by elec-
tron beam evaporation of titanium onto a boron doped dia-
mond epitaxial film held at a temperature of 400"C.
However, at this substrate temperature evaporated films of
tungsten, molybdenum, and gold each formed a rectifying
contact to boron-doped epitaxial diamond films.

None of the studies cited above investigated the dia- • 835 pm

mond/metal interface or the role of the reaction at the inter- FIG. 1 Pholograph of ihe Shockley photothographic mask wiih reciangu-
face on the electrical properties of the contacts. This paper lar pads 120 Xw 300 Jim with spacings of 5. t0. 20. 30, and 50 !ini in each

will examine and characterize the thermally activated solid series

2248 J, AppI. Phys., Vol. 68, No. 5, 1 September 1990 Moazod. Zeidler, and Taylor 2248
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V. ELECTRICAL MEASUREMENTS

The diamond samples that were used in this ,tud •ere
naturally occurring semiconducting grade (type I [b) which
are p type due to the presence of boron at concentrations in
the mid 10" cm 'and earrner concentrations in the mid 10"
cm ', as determined by secondary ion mass spectroscopy
(SIMS) and Iall measurements, respectively. Electrical
measurements were made using a curve tracer, A voltage
was applied to each set of adjacent rectangular metallized
pads and the I-V response was recorded. The electrical re-
sponse of the as-received samples at applied potentials less

FIG,2. Schemati of theprocessingsequenceformetallizingdiamondSam- than 100 V is shown ine Fig. 3. A photograph of the metal-
pies. lized pads after metal deposition an prior to anncer aing

shown in Fig. 4. The electrical response of the samples after
deposition but prior to annealing exhibited rectifying behav-

zation. A schematic diagram of the processing sequence is ior of the same order of magnitude (a current of less tha
illustrated in Fig. 2. pA at an applied potential of 10 V) as the as-received sam-

The samples were next placed in an ion-pumped ultra- ples, illustrated in Fig. 5. Following the annealing step, a
high vacuum system that contains an electron beam heated
source as well as a resistively heated source. The electron
beam evaporation source was utilized for the refractory met-
als, while the resistively heated source is used for metallic
components that vaporize effectively at temperatures below
2000 *C. With this system, it is possible to vaporize combina-
tions of metals sequentially or simultaneously. Both abrupt
and graded interfaces between two layer and three layer met-
al contacts have been produced in this system.

Following the deposition, the photoresist was chemical-
ly removed which also removes the metal from all but the
rectangular pads. The configuration of the sample at this
point consists of metallized rectangular pads on the surface
of the diamond substrate separated by silicon nitride covered
regions between the metallized pads. At this juncture, the
sample was annealed.

The annealing step is an essential part of the process to
produce ohmic contacts that will adhere to the diamond.
Subsequent to annealing, the silicon nitride layer is removed j.------- 835 pm
by hydrofluoric acid. The sample now consists of metallized
and annealed rectangular mesas separated from one another FIG. 4, Photograph of metal deposits in rectangular pad% prior to anneal-

on the bare diamond surface. ing.

2249 J. Appi. Phys., Vol. 68, No. 5, 1 September 1990 Moazed, Zeidter, and Taylor 2249
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1- ' 10 Vm state arid riot that which is a'.sociated xk it h) adrdsabed carhi 'a
or with diamond. ;"' h"1le A ES %pcctrurn obtained mt the

FlG. 9. SEM micrograph of a diamond seimple that had twen metaltiied vacuum/metal interface and that v. hich \\;I,, obtained aftet-
with molybdenum. annealed at 950*C for 8 mini and etched Random depth profiling toward the original racial/diamond interfa-ec
.patches"of carbide precipiates~ remain at the original diajaurid/aucial III is shown in Fig. 11. -ray diffraction sttudies, uin~tg cilppe1r

terface.
Ka radiation, of the annealed i(C)/Mo and of ((C) /Mo/Au
samples, with the gold film remnovd after annealing, pro-
duced a peak at 20 ý- 37.8' and a much weaker peak at

20 ý-79.0'. These diffraction peak's are due to I I 1} and
VI. PROPERTIES OF THE DIAMOND/METAL (222} planes of Mo., C, respectively. J hic ahscence (if other
INTERFACE

The removal of the metal films prior to annealing is easi-
ly accomplished. However, attempts to remove the metal
films after annealing have been only partially successful,
even after numerous cycles of prolonged immersion in hot - -

solutions of chromic acid. As can be seen in Figs. 9 and 10,
remnants of the reaction product of the refractory carbide
forming metal with the diamond substrate persist even after
several attempts to remove the deposit by etching.

Scanning electron microscopy (SEM) and metallogra- z W
phic studies of the annealed samples as a function of anneal-
ing timne clearly substantiated that carbide precipitation pro- -.

0 200 00 600
ý--] JimELECTRON ENERGY, eV

FIG. 10. SEM mricrograph ofa diamond sample that had been metallizedl FIG I I Auper spectrat or ft)atihe %acutunimotthdetium intlerface aind of
with mollybdenum, annealed at 950*Cfor 16mmn and etched. A monolithic th; the molvb~tenum/dtamon~i mirit~face Nollt-.n~drticea~ itt
pollycrystalline carbide phase remains at the interface. the carotti '%pecira (26i05e einIa~etedtthte 'oitrae
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to diamond %\a,, acceptable. the go ld Ii idein sin s r 111C

FIG. 12. SEM micrograph of goldwire bonded to asample of (0/ko/Au tnau in~hdatnec odlmlicdi igtelf

off oft thc photoresist, as showni in F~ig 14 lie adhiciciiecof
titanium/gold films to diamond after I It anneal at 77 5 C'

Mo, C diffraction peaks (originating from f200}, f{220}, was inferior to Mo, Mo/Au, and Mlo/Ni/Au. Attempts to
and f{3111} planes) is likely due to a high degree of preferred consistently produce adherent metal contact" to diamond

orientation of the carbide phase in relation to the single crys- using nickel were unsuccessful, as seen tin Filg. 15. 1In a few
talline diamond substrate. However, due to the extreme instances where the nickel films adhered sufficientl% to tile

thinness of the carbide films, it is imprudent to completely semiconducting diamond substrate to enable P- V measure-
rule out the possibility that the most intense peak may origi- methecnasdipydomcrspse*hees-

natefromthetranitin cabid phae M 04 2 0 ~tance measurements of a (C)/N i/Au sample, annealed at
900 *C for I It, were 760. 800, 1200, 1300, and 2000 11

VII.ADHRENC OFMETL COTACS TODIAOND between adjacent contact pads separated by 5, 10, 20, 30, and
VII.ADHRENC OFMETL COTACS TODIAOND 50 rim, respectively. Although, there is uncertainty regard-

The adherence of the metal contacts to diamond de- ing the thermodynamic stability of Nii C below 60 kbars,4 14

pends on the contact metal and the annealing conditions that there can be no disagreement regarding the superior stability
were utilized. The best results, to date, were obtained with of molybdenum carbide, tantalum carbide, or titanium car-

(C)/Mo/Au and (C)/MoINi/Au samples annealed in a bide relative to nickel carbide. 4 " Therefore, the relatively
flowing purified hydrogen atmosphere at 950 TC for 6-8 min. poor adherence of nickel to diamond compared to the adher-

samples were sufficient to allow ball and wedge bonds to be pected.

K- 1mm
[50 PM -1

FIG. 13. Photograph of an annealed (C)/Mo/Au sample depicting rela-
tively good adherence of (a) Mo to (C), tb) Au to Mo to (C), and (c) FIG. 14. Micrograph ofa (C)/I'a/Auamipleftiiiotrating delarnlftidin itic
relatively poor adherence ofAu to (CQ. gold film from the tantalum film during photorctsi-, lift-tiff

2252 J. Appi. Phys., Vol, 68, No 5, 1 September 1990 Moazed, Zeidier, and Taylor 2252



t Ioscopy,. ( ra % d 1t1li, ~li Iu I, a d lI I t:.1Ilop 'ra p I N lb/A11, 1
of'I hsct ecthniqllues d sho% cd Ibs haItmciv 11 IS llj (pm)[ IIII 41v, d

Ing tillc at 9-50 'C %k hlch pdfi~t A R1tws ll IIIill (tll III iii the thl 11
cal resistanice of' thet conikll i I'tic anuea het)lilv lev ..i

showvn ito be responsible for rayidom nucleatiol in rd I!'ss li
M of rnolybdenumi -itrt)Ide precipiut~tes I'Lurt her it VWa, 01ýl% .I

W that the electrical conductance oftliccolitact-, ,was a Ltilict lolla1lll of the area] density of tilie precipitates, at tilhe ol igi nil i-

miond/metal interface. Alm), it was, shown that the electrical
resistance of the contact-s began ton Increase as, the carbidc
phase completely cov ered the original diamond/mectal inter.
face,

L The results that were obtained for Mo, Mo/Au, and
U ~ *UMo/Ni/Au contacts to diamond %ere essentially the( sariin,

5m MM ~ - with the inference that thle (C)-Mo reaction at the interface
la) is the principal factor in determining the properties (if thle

contacts.
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