Titanium nitride prepared by plasma-based titanium-ion implantation

Ken Yukimura® and Masanori Sano
Department of Electrical Engineering, Faculty of Engineering, Doshisha University, 1-3,
Tatara-Miyakodani, Kyotanabe, Kyoto 610-0321, Japan

Toshiro Maruyama®
Department of Chemical Engineering, Faculty of Engineering, Kyoto University, Yoshida-Honmachi,
Kyoto 606-8501, Japan

Shunji Kurooka and Yasuo Suzuki
lon Engineering Research Institute Corporation (IERIC), 2-8-1, Yamate, Tsuda, Hirakata, Osaka 573-0128,
Japan

Akiyoshi Chayahara, Atsushi Kinomura, and Yuiji Horino®
Osaka National Research Institute, AIST 1-8-31, Midorigaoka, Ikeda, Osaka 563-8577, Japan

(Received 4 June 1998; accepted 22 November 1998

By using a titanium dc arc of 70 A with a pulse modulator with specifications of 60 kV/2.5 A$30
titanium nitride (TiN) films were prepared on a silicon substrate-r{*, [111], 400 um in
thicknes$ and titanium ions were simultaneously implanted by applying voltages of 20-50 kV of
negative polarity to the substrate. The crystal orientation of the film produced by pulsed voltage
application in plasma-based ion implantati@Bll) is different from that prepared by applying dc

bias of —500 V. It is strongly(200) preferred orientation for PBII, while it i$111) and (220
preferred orientations for the dc bias. The film hardness increases with increasing pulse voltage, and
the hardness for the application 840 kV pulse is almost equal to that for the dc bias. Thus, the
hardness maintains the same value while the crystal orientation differs from that for the dc bias.
© 1999 American Vacuum Socieffs0734-211X99)01702-3

[. INTRODUCTION Titanium nitride(TiN) thin films have been prepared from
nitrogen ions reacting with titanium atoms. The films were

Plasma-based ion implantatiofPBIl) is an attractive prepared both on 100Ct®y a magnetron sputtering and on

method for modifying the surface properties of materials inTi-6Al-4V° using a 13.56 MHz rf plasma.

order to improve wear resistance, lifetime of work, hardness, The advantage of using metal ions instead of gas ions for

and fatigue in engineering fields. Both metal and gas plasmagsreparation of TiN is that the implantation of Ti ion into the

have been used for the modificatibi’.A negative high volt-  substrate can be made easily with simultaneous preparation

age applied to the substrate causes positive ions to flow t@f TiN film on the substrate. This saves production time and

ward the substrate through the sheath formed between thgproves film hardness and adhesion property.

substrate and plasma. In this paper TiN thin films are prepared using a titanium
To increase productivity and reduce cost, a simple iondc arc in nitrogen gas. The difference of crystal orientation

extraction system for producing high-density ions around thef TiN compared with that prepared by applying dc bias of

substrate is desired. Our PBII facility for obtaining metal —500 V are explored as well as dynamic hardness of the

ions includes a metal plasma source in a common vacuurfim.

chamber with the substrate. As a result, PBIl has the advan-

tage that a high density of metallic ions with a large volume|| ExPERIMENT

can be quickly implanted into the substrate. L . e
Although the PBII technique shows some similarities to A sghematlc dlagr.am of.the gxper|meqtal facilities is

ion-assisted coating or ion beam mixing, PBII has the advan§hOWn in Fig. 1. The inner dimensions of width, depth, and

tages of easy handling, large area, and low cost treatmerrt'.eight (_)f tlhel;\/aculun:j chzls\mber ?re 40(_)' 740|’ ?”d 350 mm,
Pulsed ion implantation widely distributes ions inside therespectively. A puised voltage of negative polarity was sup-

substrate, whereas in a conventional dc system, ions are irH—“ed to a substrate via a feedthrough placed at the end of the

planted at a specified depth of the substrate. PBII also has tﬁgamber, opposite to the ion source. A water-cooled titanium

advantage that thin film preparation and ion implantation aré’at;o??hwai motl)Jnte_lqhwnh a trlggir eltta)ctrode at the dotgetr
simultaneously carried out and it is possible to apply to ob N Of the chamber. The vacuum chamber was grounded to

jects with three-dimensional topologies without using magetﬁm atr;]o(:je. d tri lectrod ted t
vacuum manipulation for obtaining uniform doses. oth cathode and trigger electrodes were connected 1o a
dc power source capable of generating the maximum current
¥Electronic mail: kyukimur@mail.doshisha.ac.jp _Of ].'00 A at .OUtPUt vo!tage of 3.0 V. A trigger dlscharge was
bE|ectronic mail: maruyama@cheme.kyoto-u.ac.jp ignited by disconnecting the trigger electrode from the cath-
9Electronic mail: horino@onri.gp.jp ode to generate a dc metal arc between cathode and grounded
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ArcSource .. o1 of about 4%. As a result, the deposition occurred between
rigger Electrode
pulses.

The titanium arc was generated using a dc source in ni-
trogen gas at pressure of about 0.27 Pa. The typical current
and voltage of the arcs were 70 A and 20 V, respectively. By
applying a pulsed voltage to the substrate, the titanium ions
were implanted into a silicon substrate through the TiN film.
ﬁl;zfllator A silicon substraterf-n*, [111], 400 um in thickness

was positioned about 400 mm from the ion source. The
pumping system consisted of a turbomolecular pump and a

Insulator

Substrate
Feedthrough

DC Power
R § Supply

| rotary pump, which were positioned on the sidewall of the
RP Rotary Pump = = discharge chamber. The turbomolecular pump could be sepa-
TMP:Turbo-Molecular Pump rated from the discharge chamber by a gate valve.

The voltage pulse applied to the substrate was varied from
—20 to —50 kV at the maximum repetition rate of 1428 Hz.
The preparation time was 15 min. Thex6 mm substrate
was mounted on the front end of the feedthrough.
chamber. ResistancR in Fig. 1 suppressed the trigger-  The implanted sample was characterized by x-ray photo-
discharge current after the main arc ignition. The plasmalectron spectroscopfXPS) and Rutherford backscattering
density at the substrate was approximatelPtth > as mea-  spectrometryRBS). For XPS the sample was etched every
sured by a Langmuir probe. 2.5 min by argon ions to analyze the implantation profile in

The pulse modulator was used with the following speci-the silicon substrate. At argon pressure of61D * Pa, the
fications: maximum output voltage of60 kV and average ion-acceleration voltage was 2 kV and the emission current
current of 2.5 A during a pulse width of 2@s for the maxi- was 20 mA in detection of the RBS signal. The incident
mum repetition rate of 2 kHz corresponding to a duty cycleangle of helium ions of 1.5 MeV was 7 deg to the normal
axis of the sample surface, and a semiconductor signal de-
tector monitored the scattering beam at an angle-8fdeg.

Fic. 1. A schematic diagram of the experimental facility.

Ill. RESULTS AND DISCUSSION
A. Applied pulse

Figures 2Za) and 2Zb) show waveforms of the applied tar-
get voltage and current through the target. In the PBII sys-
tem, the pulse is intermittently applied to the substrate in a
dc metal plasma. Consequently, the deposition occurs be-
tween pulses. It should be noted that the measured current
includes the secondary electron emission from the substrate.

The voltage change is approximately a rectangular form
0 0 20 60 with a rise time of about 1.5s and a duration of about 20
#S. The current exhibits a fast rise in the initial stage peaking
at about 2us and then rapidly decreases until a normal cur-
rent is achieved which continues to the end of the negative
voltage pulse.
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B. TiN preparation

Figure 3 shows an XPS spectrum of the @i2lectron
state for the TiN film. There are dominant peaks at 454.8 eV
(2py3) and 461.0 eV (B10). These binding energies indi-
cate a chemical shift of 1 eV for the TiN combination. Shin-
ing golden TiN films were formed at nitrogen pressure of
[ ] 0.27 Pa and at an applied voltage 20 kV. However,

- 1 porous matt dark TiN films were obtained at nitrogen pres-
0 20 40 60 sure of 1.1 Pa.

Figure 4 shows TiN concentration versus etch time. It was

obtained from XPS for the films at an applied voltage-dfo

Fic. 2. Waveforms ofa) applied pulsed voltage ar) current through the ~ KV. The film was prepared Under_the following conQitions:
target. arc current of dc 70 A, preparation time of 20 min, and

Current [A]
o

(b) Time [ups]
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Fic. 3. XPS spectra of TiN film prepared by applied pulsed voltage 20

clra ¢ . 0 20 30 40 50
kV and preparation time of 20 min.

Etch Time [min.]

N . Fic. 5. Titanium concentration for the films prepared at the repetition rate of
repetition rate of 600 Hz at nitrogen pressure of 0.27 Pa. Theso0 Hz with applied voltage of 20 to —50 kV.

etch rate was 4 nm/min, if the depth from the as-deposited

surface is assumed to be proportional to the etch time. Oxy- . . . .

gen of about 15% is recognized in the TiN film. This may bethe Ti ions Into the S'. substrat_e IS prgmoted. Hoyvevgr, for

caused by the adsorption of,@fter the preparation. —.50 kv t_here is a noticeably higher Ti concentrat_lon in the
The film preparation rate was obtained by dividing theTI deposngq layer th.an for the lower v.oltages..lt is thought

film thickness by the preparation time. The rate at 0.13—0.2‘}hat the Ti implantation may saturate in the Si substrate at

Pa and at 400—1400 Hz was about 16 nm/min, which wa.'c,_5_(|_)hkvdand that furtr:jer)thsan;al giffusior;_ of Til s l?mhitﬁd'
about 20% larger than that for the dc bias. e dose estimated by changes linearly with the ap-

plied voltage. The titanium concentrations at the surface are
40%-60% for the applied voltage 6f20 to —40 kV and the
concentration attains about 80% fei50 kV. These charac-
Another example of the ion implantation is the titanium teristics are based on the difference of the ion energy causing
ion implantation into a silicon substrate in a vacuum of 40 @ temperature rise of the substrate, because the applied volt-
Pa at applied voltages 20 to —50 kV. Figure 5 shows the @de accelerates ions.
Ti concentration as a function of etch time. A result for ~ The titanium concentration profile in Fig. 6 also suggests
deposition is also shown in Fig. 5. Both the total dose andhe formation of a mixed layer as well as an implantation
implantation depth increase with increasing applied voltageProfile. For the repetition rate of 180 Hz, the implantation
Figure 6 shows XPS results for the film prepared at repeti.effect is small. ACCOfdingly, the prOﬁle is similar to that for
tion rates from 180 to 1800 Hz, which corresponds to adeposition where the titanium concentration maintains about
change of a duty cycle from 0.36% to 3.6%. 100% in the deposition layer. For the repetition rate of 600
It is seen in Figs. 5 and 6 that the titanium concentrationtiZ, the titanium concentration reaches only about 40% to
decreases with increasing depth. Temperature rises observ@g% in the deposition layer. It is thought that the difference
commonly for the cases of varying both the applied Vo|tagé'n percentage of the titanium ions between 180 and 600 Hz is
and repetition rate suggest that the mixing layer is formed bygaused by the temperature rise due to the rate of energy
the thermal diffusion. Thus, it is highly characteristic in met- transfer to the sample. With increasing the repetition rate, the
allurgical implantation employing a negative high voltage rate of implantation increases and causes a higher tempera-
that the implantation is accompanied with thermal diffusionture rise within the near-surface region of the substrate. Ac-
of the deposited material into the substrate. cordingly, the deposited titanium would migrate into the sili-
When the pulsed voltage 6f50 kV is applied(Fig. 5),
the temperature is inferred to become higher than it does for

C. Titanium ion implantation into silicon substrate

—20 and—30 kV and consequently the thermal diffusion of 100 rrTT T
= — O0kV(Deposition)
580 - - 180Hz -
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Fic. 4. XPS depth profile of TiN film on silicon substrate for substrate biasFic. 6. Titanium concentration for the films prepared at the applied voltage
of —10 kV. of —50 kV with repetition rate of 180, 600, and 1800 Hz.
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Fic. 8. Dynamic hardness of TiN film for the pulsed bias ofd@position,

g 500V EDC)? —20, and—40 kV, dc bias of-500 V.
g Eg ]
; K 4'0 5'0 S . ranges of repetition ratérom 400 to 1428 Hz at-20 kV)
and pulsed bias voltagérom —20 to —40 kV at 400 Hz.
@) 20 [deg] There have been reports about dependences of the crystal
orientation on target voltage and nitrogen concentration. In a

i C T 40k (Pulse) dynamic mixing, the(111) and (200 preferred orientation

L ] appears by supplying nitrogen ions in titanium v&pand

- ,\ 1 the density ratio of titanium to nitrogen ions was an impor-

i ' ye ' tant factor affecting the orientation. The variation of crystal
> - -30kV (P“lse): orientation was also found for the TiN film prepared by the
g i ] metal ion plating method: th€111) preferred orientation
2 o, RSP with dc bias from—200 to —400 V and the(220) preferred
= g -20kV (Pulse) orientation without dc bias.

r zZ ]

e TA N E. Hardness of TiN

] éﬂ 'SOOVA(DC): Figure 8 shows the dynamic hardness of a TiN film for

P g Eé ] the applied voltages from-20 to —40 kV. The result for the

; dc bias is also represented for comparison. The dynamic

30 40 S0 60 hardness was measured using a trigonal tip of the angle of
(b) 26 [deg] 115 deg with a load of 1 gf. The hardness increases with

applied voltage and reaches about 1700 kNfmwhich is
almost equal to that for dc bias ef500 V. Thus, a similar
hardness of the TiN film can be efficiently obtained even in
a short application time of bias in PBII.

Figure 9 shows dependence of hardness on the depth of
the film. It is seen that the hardness decreases with increasing
con substrate by thermal or ion-assisted diffusion morelepth. At a depth of 170 nm, the hardness is two-thirds of
readily at a higher repetition rate. However, it is thought thatthat at the surface.
the Ti implantation may saturate in the Si substrate at 1800 The results for PBII show that the crystal orientation of
Hz and furthermore the thermal diffusion of Ti is limited. TiN film differs from that for the dc bias, while maintaining
This is similar to that for 50 kV in Fig. 5. an approximately equal hardness of the film.

Fic. 7. XRD patterns of TiN film prepared &) the pulsed bias of-20 kV
with the repetition rate of 400, 800, 1250, and 1428 Hz and dc biass60
V and (b) the repetition rate of 400 Hz with the pulsed bias-620, —30,
and —40 kV and dc bias of-500 V.

IV. CONCLUSIONS

The TiN thin film is prepared on a silicon substrate by
The crystal orientation of the TiN film was investigated means of PBII using titanium plasntdc 70 A) in a nitrogen

for PBII in comparison to that prepared by the conventionalgas.

dc bias method. The XRD patterns for the film prepared at The crystal orientation of the TiN film produced by PBII

nitrogen pressure of 0.27 Pa are shown in Fig. 7. It is seeat an applied pulse voltage 6f20 kV to the substrate is

that the(111) and(220) preferred orientations appear for the different from that for the dc bias. The film of strondB00

dc bias while strongly200) preferred orientation appears for preferred orientation is prepared by PBII while the film of

PBII. The (200 preferred orientation is prevailing over wide (111) and (220 preferred orientations are produced

D. Crystal orientation of TiN
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but different crystal orientation compared with that for dc
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