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Ion Beam Processing of Diamond

J.W. Mayer (Cornell) and S.S. Lau (UCSD)

ABSTRACT

The objective of this work was to make an ohmic contact to

diamond by the graded band gap concept whereby a smaller band

semiconductor is intermixed epitaxially onto a larger band gap

material. 7he project is a joint effort between Cornell

Universityi(J.W. Mayer) and the University of California, San

Diego (Prof. S.S. Lau) under subcontract to Cornell. The project

was successful in that low-resistance contacts to diamond were

made/by ion beam mixing.

All three aspects of the program were successful:

1. The Cornell group carried out or provided facilities

for ion beam deposited at other laboratories.

2. The UCSD group formed ohmic contacts to diamond by

depositing Si on Diamond and ion-mixing.

3. The Cornell group demonstrated compound formation

between Ni and BP (boron phosphide) which was chosen

as a prototype of a high melting point refractory

semiconductor with a wide band gap for evaluation of

ion beam mixing. i

The ohmic contacts to natural type-IIb diamond were formed

be depositing Si on the diamond and then ion-mixing the Si with

diamond at 700C with a dose of 2x10'6 Kr ions/cm2. A

Si/SiC/diamond structure was formed a evidenced by IR absorption

measurements of SiC bands. Contact resistance measurements were

made after annealing the ion-mixed sample at 1200°C for 1 hour in

flowing forming gas. The specific values determined from
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made after annealing the ion-mixed sample at 1200°C for 1 hour in

flowing forming gas. The specific values determined from

transmission line measurements were contact resistivity of 6x10- 4

±3x10- 4 Q-cm 2 . These values are a factor of two below that of

standard, alloyed Au/Ta/diamond contacts.

I. INTRODUCTION

Diamond films are now being formed by a number of research

groups. In anticipation of the growth of electronic quality

diamond films, J.W. Mayer (Cornell) and S.S. Lau (UCSD) proposed

to Max Yoder (ONR) that the Cornell/UCSD groups form ohmic

contacts to diamond. The conventional contacts to diamond

involve alloying a metal-film, for example Au-Ta, which leads to

penetration of alloy spikes into the diamond while the alloyed

contacts are adequate for bulk materials, non-uniform,

penetrating alloy contacts are unacceptable for diamond-films.

Mayer and Lau proposed ion-mixing to form a graded band-gap

contact.

The concept of graded-band gaps for ohmic contacts has been

used in GaAs structures. The barrier height of metal-Schottky

barriers on n-type GaAs is about 0.8 eV and carrier concentrations

rarely exceed 5xl03'/cm 3 . Hence tunneling contacts will not be

appropriate. However you can grade the band-gap from InAs (easy

to contact) on the surface to InGaAs to GaAs. The lattice

mismatch of InAs on GaAs is large and grading by way of

In.Ga-.As is required to prevent internal barriers.

Our proposition for diamond was to make a Si/SiC/Diamond

structure. We can make ohmic contacts to silicon. If we could



tailor the structure from Si to Si. C,-, to diamond, we should be

able to form a low resistance contact. We chose to use

ion-mixing. In this case a layer of Si is deposited on diamond

and ion implantation at 700°C (to prevent amorphization) is

carried out to intermix the Si and diamond. The concept works.

II. RESULTS

1. The two key papers acknowledging ONR support are

included as appendices:

Appendix A. "Ohmic Contacts Formed by Ion Mixing

in the Si-Diamond System". F. Fang, C.A. Hewett,

M.G. Fernandez and S.S. Lau. IEEE Trans ED 36, 1783

(1989).

Appendix B. "Thermal and Ion Beam Induced Reactions in

Ni Thin Films on BP (100)." N. Kobayashi, Y Kumashiro,

P. Revesz, Jian Li, and J.W. Mayer. Appl. Phys. Lett.

54, 1914 (1989).

2. Ohmic Contacts to Diamond.

The diamond samples were colorless type IIb p-type diamond

with a resistivity of 1200 ohm-cm. A 500 Si layer was deposited

on the samples, implanted with 2x1026 K ions/cm 2 at 240 key and

annealed at 12000C for 1 hour in forming gas. Th Kr implantation

formed an n-type layer on t!? D-type substrate so than

transmission line measuremen:. could be made to evaluate the

contacts. The specific contact resistivity is 6x10-4±3x10- 4

Q-cm 2 . The uniformity and contact resistivity are better than

that of conventional Au/Ta diamond contacts.
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Ohmic Contacts Formed by Ion Mixing in the
Si-Diamond System

FANG FANG, CHARLES A. HEWETT. MARK G. FERNANDEIS, ANDI S. S. LAU

AbftneE-Graded-bantup contact, to natural type-ilb diamond material. A contact is more readily formed on the smaller
weeformed by Inn-beam mixing of Si (.M* A /diamond 'ape~ on bandgap material, and current transport across the june-

mixing carried out using 240-key Kr* ions at a 6ose of I x 20/cm 2tion is. facilitated by the graded bandgap. This technique
at a temperature of M'C. SI-C bontds -ere observed by IR absorption
measurements. indicating the formation or a Si/SiC/dinwond gruited was first utilized in the Ge (Eit - 0.66 eV )/GaAs (Et
structure. Transmission line model rtLbt) measurbements show that 1 .42 eV ) system 171- We propose the use of two smaller
well behaved ohmic contact- can be. frmed on n-type channels by ion bandgap materials in series to formt the graded bandgap to
mixing with a subsequent thermal anneal. SRamphes without ion Ming diamond. First. SiC with a bandgap of 2.9 eV (for cr-SiC)
showed higher specific contact resistivity then !on mixced samiples ( - 5 is utilized to "reduce" the bandgap of diamond from 5.5
X 10-- fl-cm' versus - I X 10-" fl-cm'). For comparison purposesn, eV. Then Si is uscd to "reduce" the bandgap of SiC to

Au-T-batd cntats wrv ho pepaed.1. 1 eV. Forming an ohmic contact to Si is relatively easy.
The graded-bandgap scheme har, the further advantage of

1. hI~NTOrUCTION' allowing us to form ohmic contacts to n-typc diamond

A MONG the group IV semiconductors, diamond is at- (barrier height -4 eV). Previous reports have all in-
tracting a great deal of interest because of its electri- volved contacts to p-type diamond, with a barrier height

cal, physical, and chemical propcrties. These properties of - 1.5 cV. In this work we form the Si/SiC/diamond
make diamond a leading candidate for high-voltage up- structure by first depositing Si on diamond. High-tcmper-
toelectronic switching 111, spacc optics devices 12). and ature ion mixing, plus subsequent thermal annealing, is
high-temperature devices f 3]. In order to fulfill its prom- then used to promote the formation of a uniform SIC layer
ise. however, it is necessary to develop an easily fabri- at the Si-diamond interface. The resulting ohmic contacts
cated reliable ohmic contact. are analyzed using a transmission line model (TLM) to

Low-resistance ohmic contacts to diamond are difficult determine the contact resistivity. A TLM measurement is
to form due to the very wide bandgap of diamond (E,, the conventionally accepted technique for accurate deter-
5.5 eV). A metal deposited on polished n-type diamond mination of contact resistivity. The TLM is well docu-
will not form a good ohmic contact because of the - 4- mented in the semiconductor technology literature 18).
eV barrier height 14). Some limited success has been Briefly, the technique consists of a linear array of equally
achieved by mechanically damaging the diamond surface sized contact pads, with varying contact spacing. Current
prior to metal deposition, a technique that produces a high is passed betwcen two pads, and the voltage drop is inca-
surface recombination velocity and inhibits minority-car- sured. The resulting resistance (11/I) is plotted as a func-
ricr injection. Refractory metals such as tantalum. tung- tion of contact spacing. Extrapolation of the data to zero
sten, or titanium have also been used on p-type diamond contact spacing yields the resistance due to the contact
with some success 15]. 16). At high temperatures these itself. In order to correctly apply the TLM technique, one
metals will chemically react with diamond to form their requirement it, that current flow between contact pads be
respective carbides. allowing the alloy to wet the diamond two dimensional. i.e., no vertical Hlow of current in the
and form a reasonable ohmic contact. diamond. Since type-lb diamond is p-doped, it is nec-

A different approach to forming ohmic contacts was essary to further dope the surface region in order to form
used in this work. Wei applied the graded-bandgap con- a conducting channel. To the best of our knowledge there
cept utilized in ill-V semiconductor technology to form have been only limited attempts to apply the TLM inca-
ohmic contacts. This concept involves the deposition of a sut'ement to diamond, and none of these has utilized a
smaller bmndgap semiconductor onto a larger banidgap conducting channel. Our n-type channel was formed by

high-temperature implantation (concurrent with the for.
Manuscoipt received April 3, 1989: revised May 22. 1989. This wor mation of the SIC layer).

was supported by the Office or Naval Research under Contract 1400014487-
K-0263 and by the Natiotnal Science Foundation undier Grant DMR 86- II . EXPERIMENTAL
1876 1. The review of this paper was arranged by Associate Editor Xt. P.
linog. Three simple types were prepared. All were natural

The authors art with the Department of Electrical and Compu~ter Eflgi-
neering. Universiy of California. San Digo La Jei. CA 92093-0407. colorless type-lib p-type diamonds with a resistivity of

IEEE Log Number M99558. 1200 01-cm. The sample size was 4 x 4 X 0.25 mm. The

MI 8-9383189/0900-1 783$01 .00 Cc) 1989 IFEE
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diamonds were etched for 30 min in boiling TAB.F. I

HNOi: H2S0 4 : HCIO4  ( : 1: ) for the removal of any CAatut.u TYrf ma ID#F r.F.Fr KM.ANt C tn IONS

existing amorphous layer. After cleaning with trichioreth- ... . I ( -,

ylene, acetone, and isopropyl alcohol, the samples wer Tem CC)8 0oge (r'- )
rinsed in deionized water (18 MO) and blown dry with 3?.
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I IxlO'6 2xlO,6 3.5,clo
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nitrogen. .
Sample doping was investigated by implanting Kr' into R.T P p P p

the diamond. The ion energy selected was 80 keV. The I
dose was systematically varied from I x 10"/cm 2 to 5 '7. -

x 1016/cm ". After each dose, the diamond was electri- 450 n n n f

cally characterized. The process was then repeated for f

substrate temperatures ranging from room temperature up
to 700*C. The implantation current density was hcld at I 700 , , n
ILA/cm 2 throughout the experiment. The substrate tem-
perature was monitored during implantation with an opti-
cal pyrometer focused on the stainless-steel substrate
holder, suggesting that radiation damage may be responsible for

Ion mixing samples for both metallurgical studies and the observed change in conductivity 1101, 1121. Experi-
TLM measurements prepared by e-beam evaporation of a ments have shown that the conductivity is dependent on
500- A Si layer onto a cleaned diamond substrate in a vac- the ion dose, dose rate. and the temperature during im-
uum chamber with a base pressure of 2 x 10-8 torf. The plantation 112]. For this study we are interested in ion
ion energy selected was 240 keV. with a dose of 2 x 10 "' mixing of Si on diamond, necessitating the use of a
Kr + /cm 2. The sample was held at 700°C during implant. "heavy" ion. Kr' ions were chosen as having the most
The energy was sufficient for the Kr ion to penetrate the suitable mass-ion range combination. Four-point probe
Si-diamond interface. After implantation the samples measurements were used to determine sheet resistance
were annealed at 12001C for 1 h in flowing gas ( 15-per- after implantation. Additionally, hot probe measurements
cent H2 , 85-percent N 2 ). Since not all Si is consumed dur- were carried out to determine carrier type. The results are
ing ion mixing or thermal annealing, the final structure is summarized in Table I and Fig. 1. Room-temperature im-
Si/SiC/diamond. Infrared absorption analysis of the plantation resulted in p-type conductivity, possibly indi-
Si/diamond contacts was used to monitor SiC phase for- cating the formation of a graphitic layer. Higher temper-
mation. ature during implantation gives n-type conductivity up to

TLM samples prepared for comparison with ion mixed much higher doses. Subsequently post-implant annealing
samples were prepared as follows. First, 150-keV Kr" of these n-type layers at 1200"C resulted in a slight in-
ions were implanted to a dose of 2 x 10' 6/cm' at a tern- crease in sheet resistance, but the layer remained n-type.
perature -f 700°C to form an - 500- A n-type conducting Because ion mixing is more efficient at high temperature,
layer. (TRIM calculations [9) were used for determining the remainder of this investigation was carried out with
the ion energy necessary for creating conducting layers implantations at 7000 C.
equal in thickness and depth to those created in ion mix-
ing.) Next. a 500-A Si film was deposited by c-beam B. SiC Formation
evaporation, and the sample was then annealed at 1200°C Infrared absorption analysis for wavelengths between 2
in flowing forming gas. In addition, in order to compare and 25 um was used to monitor the formation of SiC and
graded-bandgap contacts to diamond with Au--Ta-based subsequent structural changes after ion mixing and ther-
contactS, Au (940 A )/Ta (100 A )/diamond contacts mal annealing. SiC has an intense absorption band at 797
were prepared and annealed at 1000"C for I h in flowing cm- due to photon interaction with transverse optical
forming gas. phonons (Si-C bonds) 1131. Fig. 2 shows the absorption

spectra obtained in the as-deposited sample (dotted line),
III. RESULTS AND DISCUSSION after I-h anneal in flowing forming gas at 1200*C (dashed

A. Doping of Diamond line), and after ion mixing with 2.1 x 10"' Kr' /cm' at
an energy of 240 keV and substrate temperature of 700°C

Doping vf diamonds has been investigated for a number plus a 1200°C anncal in flowing forming gas (solid line).
of years with limited success. In-situ doping during After annealing, an absorption band near 797 cm-1 ap-
growth of both n- and p-type epitaxial layers on synthetic pears. The peak height increases after Kr' ion mixing and
diamond has recently been successful at introducing im- a high-temperature anneal. This is taken as an indication
purities in an activated state 10J. Ion implantation has that ion mixing leads to the enhancement of the SiC struc-
also been investigated as a doping techniquc, primarily ture. Diamond is relatively inert even at temperatures as
by workers in the Soviet Union 1111. Li', B', and P' high as 1200'C; the ion mixing may thus help to break
ions have been used with varying degrees of success. carbon-carbon bonds. (Diamond has a vacancy formation
however, C' and Xe' ions may also be used for doping. energy of 3.7 cV versus 2.1 eV for Si and 1.9 eV for Ge.)



*MAR 27 '90 11:52 ?005

FANG et al.: OHMIC CONTACTS FORtMED BY ION MIXING, IN TlIM Si DIAMOND s5ys5TM 175

A 1500 (bWII
$00

0M (v ) 10,cane Spacnqi (Microfsl

Fig. 1. Sheet resstance versus dose fr diamond %amnples %cequentially ini- Fill. 3. (a) Measured contact registance as a function of contact spacing
planted with 90-keV Kr' at v'arious temperatures-. Dose rate was, held i't for the ion mixied Si/dianjtnd tample altr annealing at izoo*C r 1 h

I ,Aem 1 .In flowing R"uiig gas. The specific contact resistivity calculated from
this data is 6.68 ± 3.73 X 1()- 0-CMZ with a linear cortelation coieffi-
cient of 0.99. (b) Measured contact resitance or. a function of contact

015 _____- ,.spcn for the Sildiamond sample after annealing at 12M*C ror 1 h in
flowing formint gS. The specific contaoct riesistivity calculated from this

is 4eve-'sr data is 4.78 ± 2.13 X 10' ti-emz with a linear cooveltiowt coefficient
A~r OPOWof 0.92.

010- ~ -~ an n-channel region in diamond. Since the bulk diamond
is p-type, this avoids bulk conduction and gives an ac-I curate TLM measurement. Contact pads ( 150 lim square)
with varying intercontact spacing (2 to 32 pm) were

j. formed on diamond (500 A. n-type. 2 x 101(/cm 2 Kr'
- , .. implanted) substrates. Test structures were isolated by

CFd plasma etching at a power of 100 W to form mesa
structures. The injected current for the TLM measure-
ment is I mA. The best measu~cd contact resistances of

00 M 9 S 3 the Si/diamond contacts with and without ion mixing as
Wovtrrnt~ra function of contact spacing are shown in Fig. 3(a) and

Fig. 2. The IR stisorption spectra of Si/diamond sample% annealed at (b). respectively. The linear correlation coefficient is 0.98
12M0C, for I It in flowing fonring gas, with and without ion mixing, in the case or the ion mixed contacts, and 0. 92 in the mae

of the non-mnixed contacts. The actual spcific contact re-
sistivities are 6 x 10 4 ± 3 X 10'4 f-cm2 and 4.78 x

C. Formation of Ohmic Conacts 10- 3 ± 2.15 X 10-' f-cm2 for the ion mixed and non-
A metal-semiconductor ohmic contact is formed by mixed contacts. respectively. It is clear, then, that the ion

lowering the effective barrier height or by doping the mixed sample has a lower contact resistivity and better
semiconductor very heavily in the vicinity of the cmntact, linear correlation. This may he taken as an indication of
In the high doping case, although the barrier height re- the usefulnes.s of ion mixing in the formation of more Si-
mains the same ' the barri~r thickness is greatly reduced. C bonds, a necessity for the formation of a well behaved
and charge carriers in the semiconductor can easily tunnel graded-bandgap ohmic contact. A summary of experi-
through the barrier, mental results is presented in Table 11. The average spe-

It is difficult to form ohmic contacts on wide-bandgap cific contact resistivity of Au/Ta/diamond contacts is
materials such as diamond for two reasons. First, di2- comparable with that of Ion mixed Si/diamond contacts.
mond (a covalent semiconductor) has a barrier height es. However. the standard deviation in contact resistivity for
sentially independent of the metal work function [41. Sec- the Si/diamond contacts is half that of Au/Ta/dia r~nd
ondi. it is difficult to produce a heavily doped surface layer contacts. Au/Ta/diamond alloyed contacts may have me-
in diamond structure. In this work, the graded-bandgap tallic penetration into the diamond, as evidenced by the
contacts to diamond involve the Si/SiC /structure. substantial roughness observed on the contact surface.

Specific contact resistivity was determined using TLM This could lead to contact spikial or difficulticit in pro-
measurements. To the best of our knowledge this hs the ducing the planar device structures favored in integrated
first time TLM meamuements have been carried out using circuit fabrication.



MAR 27 '90 11:53 PNE e06

1710 FTE~j TRANSACTIoNs OIN tUl.cW(N lItFVICF.S. VOL. .16. NO 9. SEPTEMBER IM5

TABLEP 11
OHtMIC CnWTACTA Tt) IDIAW)NI,

Sample Contact System Thickness (A) Treatnent specific Contact CommentMs
Type Resitivt'

I Wdiamond i0 on mixed and Arlicaltrd - bdO ' uniform
atI lOWoft 12M0C. contact
I hour

2 Si/diaond S00 annealed at 100rw - SXIl01 uniform
12w0C, I hour contact

3 Au/Takliamand 941/100 annealed at 1007*C. - 1I0r, non-uniform
I hour aloydontse

t 'Averale Value for echd senple type.

SAlthough typ I AMd type 3 vontarts hwve asinilw "mean vPlue, the tli4oibutio., Of mealixrad vilues is much
IU~closely spced for th. Si/disaond (type 1) contacts.

IV. SUMMARY 1:ram for the transport ortencrgct ic ions in amorphous targets." Nuci,
Instruni Mrt bofs. vol. 174. pp. 217-269. 1980.

Kr' implantation into diamond with different doses and 1101 R. F. Davis et' al.. "Critical evaluation of the status of the 1ress for

sample temperatures was investigated, It was found that future reseafrh regarrcting the wide band gap semiconductors; diamond.

the surface layer of the diamond could be miade n-type gallium nitride. and silicon carbide.- Mater. Sci. Fng.. vol. 91, pp.
77-104.1(998.

with a five to six orders of magnitude decrease in sheet 111) V. -N. Vavilov, ' Ion imiplantation into diamsond- Radiation Z''c,
resistance. IR absorption measurements show that an- Vol, 37, pp. 229-236, 1978.
ncaling of Si on diamond at 1200*C leads to the formation 1121 J. F. Prins. "Bipolar transistor action in ion implanted disaond.-

Appi. Phys. Wet.. vot. 41. no. 10. pp. 950-952. 1992.
of SiC. High-temperature ion mixing prior to annealing 1131 D. W. Feldman. 1. H. Parker. Jr.. W. 3. Choylte. and L. Patrick.
enhances the formation of SiC. TLM measurements "Phonon dinpestion curves by Ramon scattering in SiC, polytypes

showed that well behavied ohmic contacts, on n-type dia- 3C. 414. 614. 15R. ant! 2 1R. " PIkvs. Rev.. Vol. 173. no. 3. pp. 787-

morid can be formed with a graded-bandgap 79,%8

Si/SiC/diamond structure formed by ion mixing. The aXFrwstr nSoglPpe'RpuicfChaheisa
unifrmiy o suc cotacs ismuc beter hantha of graduate student from 1982 to 1955 at the Shanghai Institute of Metallurgy,

convcnrionai Au/Ta/diamond contacts. Au/Ta/diatrond Academia Sinica. majoring in semicunductof physics and devices.
alloyed contacts may have metallic penetration into thc Since gradwilion,. he has been on the research staff or the Ion beam
diamond. Laoratory. Shanghai Institute of Metallurgy.
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Thermal and ion beam induced reactions in NI thin films on BP(100)
N. Kobayashi and Y. Kumashiro
Electrotechnical Laboratory, 1-1-4 Urnezono, Tsuku&a. Ibaraki 305, Japan

P. Revesz, Jian U, and J. W. Mayer
Materials Science and Engineering Department, Cornell University, Ithaca, New York 14853
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Thermal and ion beam induced reactions in Ni thin films on BP(100) have been investigated.
For thermally annealed samples the reaction of the Ni layer on BP started at temperatures
between 350 and 400 *C and the formation of the crystalline phase corresponding to a
composition of Ni4BP was observed at 450 C. It was observed that oxygen in the Ni layer
could retard the progress of the reaction. The full reaction of the Ni layer with BP induced by
energetic heavy ion bombardments (600 keV Xe) was observed at 230 *C. The crystalline
phase has the same composition and x-ray diffraction pattern for both thermal and ion-induced
reactions.

BP (boron phosphide) is one of the attractive electronic were bombarded with 600 keV Xe2
, ions. The projected

materials as a refractory semiconductor with a wide band range and the straggling of 600 keV Xe ions in Ni are 71.4
gap of 2.1 eV. This compound is also characterized by sever- and 12.7 nm, respectively.
al outstanding properties such as a high melting point above Analyses of the thickness, compound composition, and
3000 "C, a high decomposition temperature of about 1130 °C homogeneity of the reacted layers of Ni with BP were per-
under I atm, extreme hardness, and high oxidation resis- formed with the Rutherford backscattering (RBS) mea-
tance at high temperatures. The fabrication of the Schottky surements using a 2 MeV He 2 + ion beam. Observations with
barrier diodes using BP wafers has been reported.' Recently, x-ray diffraction were also performed in order to investigate
attention has been focused on the ion beam induced epitaxial the phase of the reacted layer. Auger electron spectrometry
crystallization (IBIEC) in BP. 2  (AES) was employed for the depth analysis of the composi-

The investigation of the mechanism of the reaction of tion in the layers.
metals with BP attracts interest from the technological view For the samples deposited in a poor vacuum with the
ofthe device applications of BP and also physical and chemi- resistive method (sample I), the reaction of the Ni layer
cal views of the reaction of metal thin films on the refractory started at 350 °C and proceeded up to the formation of the
compound semiconductor. Ion-induced reactions in thin- reacted layer with 100 nm thickness at 400 *C. Although the
film systems, on the other hand, have been used to form Ni layer was only partly consumed, the reaction proceeded
many phases from equilibrium to amorphous phase and can no further up to 500 *C. Figure I shows the RBS spectrum of
provide a knowledge of production of innovative materials.' this partly reacted Ni layer on BP after annealing at 450 °C.
From these points of view, this research work was intended For the samples deposited in the clean vacuum with the EB
to make an investigation on the fundamental mechanism of
reactions of the metal BP system. In this letter we present the
first observation of both thermal and ion beam induced reac- Energy (MeV)
tions of Ni thin films on BP(100). The striking result is that 1.0 1.5 210
the reaction temperature was around one-fifth of the melting Ni/P(100) 450,C 30,inutes
point (K). o sample I

Wafers with BP film thicknesses of around 1 pm were 40 2MeV He

prepared by the thermal decomposition of B2H 6 and PH3 in BP
a hydrogen atmosphere on Si(100) substrates at tempera- 5 5deg I
tures between 950 and 1150 "C.4 All wafers were confirmed 30 sample R Reacted
to be grown epitaxially by reflective high-energy electron X
diffraction (RH EED) and channeling experiments using - 20 P
MeV He ions. Ni thin layers with a thickness between 50 and
150 nm were deposited onto BP(100) wafers at room tem-
perature (RT) by evaporation with the resistive method and 1 0
with the electron beam (EB) method. The pressure during P
evaporation was 4 x 10 - Torr for the resistive method and 1 4 Ni1
was less than 4 x 10- " Torr for the EB method. For the ther- 100 150 200 250 300 350 400
mally induced reaction experiments, samples were annealed Channel
in the vacuum ( 1.5 X 10- 7 Torr) at a given temperature for FIG. i. RBS spectra of partly reacted Ni layer on BP(100) [sample I (con-
30 min. In order to investigate the ion beam induced reac- taminated) ) and fully reacted layer [sample ll(clean)] with 2 MeV He

tions, samples with the thickness of 50 nm of the Ni layer ions after the thermal annealing at 450C.
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method (sample II), the reaction started at 400 'C. Thermal Energy (MeV)
N annealing at 450 "C has induced the fully reacted layer of Ni 50 1.0 1 5 2.0

with BP. The RBS spectrum of this sample is also shown in Ni/BP (100)
Fig. I after the annealing. The compound composition of the o As - deposited 2MeV He
reacted layer determined by the RBS measurements has the 40/6
atomic ratio for Ni:B:P to be 4:1:1 both in samples I and II. B P 0

The depth profile of the composition of the partly react- 1
ed layer (sample I) observed with the AES measurements is • 600 keV 5x1*X 1*/mZ 2300C
shown in Fig. 2. The composition of the reacted layer de- t
rived from the AES analysis has coincided with that derived 0 20 BP

from the RBS analysis. One can observe oxygen atom accu- Z Reacted
mulation at the interface between the Ni layer and the react-
ed layer. This suggests that oxygen atoms have an important 0P
role in the retardation of the progress in the reaction in the xe
Ni layer on BP. 0 T

Ion bombardment experiments were performed for the 100 150 200 250 300 350 400
samples with a thin clean Ni layer deposited with the EB Chonnel

method (sample III). Figure 3 shows the RBS spectra of the FIG. 3. RBS spectra of Ni on BP( 100) (sample 1l) before and after the 600
sample before and after the ion bombardment with 600 keV keV Xe2 * bombardments with the fluence of 5 x 10" ions/cmr at 230 "C.

Xe2 + ions. One can see the fully reacted layer of Ni on BP
after the ion bombardment at 230 C with the fluence of
5 X 10' ions/cm2 together with the spectrum of the sample didate for the reacted phase of Ni thin film on BP from the x-
before bombardment. The reacted layer has the same com- ray diffraction experiments. The dominant moving species
position ratio as that of the thermally reacted layer from the in the reaction of Ni on BP is thought to be Ni from the
analysis of the RBS measurements. results of the oxygen accumulation between the reacted layer

Thin-film x-ray diffraction experiments on the fully and the nonreacted layer.'
reacted layer (sample II) have revealed that this layer has a In conclusion, we have observed the reaction of Ni thin
crystalline phase. The ion-induced layer (sample III) has films on BP(100) at temperatures around 400 C for the
also shown the same diffraction pattern. As an example of thermal reaction and around 200 "C for the ion beam in-
the reaction of metal films on a refractory compound semi- duced reaction. Metal-rich ternary phase or mixed binary
conductor, the reaction of Ni on SiC was reported.5 In this phase is thought to be the first crystalline phase formed both
case, the first phase is thought to be a binary phase in the thermal and ion beam induced reactions. Although
(Ni3,Si 12) and no reaction of Ni with C atoms was observed. further studies on kinetics of the compound growth are nec-
In contrast to the case of SiC, a ternary phase (Ni4BP) or essary for the detailed investigation of the reaction mecha-
mixed binary phase (NiB + Ni3P) is thought to be the can- nism, it is noted that the reaction of Ni thin films on refrac-

tory BP was found to occur at temperatures as low as
one-fifth of the melting point (K).
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