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Remote-plasma chemical vapor deposition of conformal ZrB 5 films
at low temperature: A promising diffusion barrier for ultralarge scale
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High-quality ZrB, thin films have been deposited at substrate temperatures as low as 300 °C by a
new method: remote hydrogen-plasma chemical vapor deposition from the single-source precursor
Zr(BH,),. Carrying out the deposition in the presence of atomic hydrogen generates films with
properties that are far superior to those deposited by purely thermal methods; the latter are
boron-rich, oxidize readily in air, and adhere poorly to the substrates. In contrast, the films generated
at a substrate temperature of 300 °C in the presence of atomic H have a B/Zr ratio of 2, a resistivity
of 40 u{) cm, an oxygen content ¢4 at. %, and are fully conformal in deep vias. A 20 nm thick
amorphous film of ZrB on c-Si(001) prevents Cu indiffusion after 30 min at 750 °C. We propose
that the beneficial effects of atomic hydrogen can be attributed to promoting the desorption of
diborane from the growth surface. @002 American Institute of Physics.
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I. INTRODUCTION because they are thermodynamically stable in contact with

Cu, Si, and SiQ and their bulk resistivities are remarkably

There is considerable current interest in the developme bw (~10 xQ cm). In this work we demonstrate the growth
of new and improved materials to serve as diffusion barriers '

for copper, awing to the fact that copper is rapidly becomin of thin ZrB, films with resistivities below 6Qu{) cm. These

- . . ""Yiims are amorphous and remain amorphous during annealin
the metal of choice for interconnects in ultralarge scale inte- P P 9 9

grated circuits(ULSI).}? In the absence of a diffusion bar- EIJ_PNtOT7?\IO C. dlnv\iontrast, trI?nsmon .:netal (;ntrrl]d(esslch F.S
rier, copper and silicon rapidly combine to form copper sili- N, Tal, an N) crystallize easily, and the resulting

cide phases, which destroy device performance owing t(grain boundarie_s enable.fast (?u Qiﬁusion. Amorphous films
their high electrical resistivities. One of the most difficult O ternary material$W—Si—N, Ti—Si-N, eto.are less prone
challenges in integrated circuit fabrication is to line high-t0 crystallize but suffer from high resistivities of
aspect vias with a thin coating of a diffusion barrier before™> 300 cm.*°
the vias are filled with metal. As device feature sizes shrink ~ Chemical vapor depositiofCVD) and PVD methods to
below 0.12 um, conventional physical vapor deposition deposit films of group 4 transition metal diborides have been
(PVD) methods become incapable of providing good stegpreviously described:*® In conventional CVD of ZrB
coverage, even with modifications such as ion-enhanced fofims, the precursors Zr¢land BCk are reduced with bl
ward recoil of deposited atoms. In addition, as the diffusionThis approach yields high-quality films but requires a sub-
barrier becomes thinner, amorphous materials become irstrate temperature above 600 °C, which is far too high for
creasingly preferable because the absence of grain bounti S| processing! At lower temperatures, overstoichiomet-
aries reduces the diffusivity of foreign atorhhus the de- ric films with B/Zr atomic ratios greater than 2 are typically
velopment of new processes to deposit conformalpbserved. This is a general phenomenon: excess B is ob-
amorphous barriers with low resistivities is one of the mostserved in films grown by other CVD and PVD methods if the
important challenges for the next generation of ULSI. substrate temperature is below 600%2 zrB, does not
The group IV transition metal diborides TIBZrB,, and  haye a wide phase field: the B/zr ratio ranges only from 1.94
HfB, are particularly interesting as copper diffusion barriersiy 2 03 at room temperatuté Therefore a significantly over-
stoichiometric film must consist of a mixture of ZyBnd B.
dElectronic mail: abelson@uiuc.edu Thermodynamic studies show that, in the ZreBCl;—H,
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system, the mixed phas?sis favored at low temperatures and T™MP

high supply rates of BGL™ To obtain high conductivity and |

mechanical hardness, transition metal diborides must be [ Substrate L Microwave

nearly stoichiometric; excess boron degrades the Heater Plasma (100W)

properties®!” Controlling the film composition is thus a = —H

critical issue. QMS == 2
An attractive, and single-source, CVD precursor for Reaction Zone

ZrB, has been described: tetraltetrahydroboratir- __i l____

conium(V), Zr(BH,),, hereafter referred to as zirconium

borohydride'® This compound has the highest vapor pres- ] Precursor ( 0 °C)

sure of any known zirconium compoufiet 1 Torr at 0 °Q,*° Load

contains no undesirable impurities such as carbon, oxygen, ngk

or chlorine, and decomposes to produce conductive films at

substrate temperatures as low as 18G° M principle, zir- FIG. 1. Diagram of apparatus used for remote hydrogen-plasma chemical
conium borohydride should transform to stoichiometric ZrB Vapor deposition.

by means of the overall reaction:

Zr(BH,) 4(9)— ZrBx(s) + BaHe(9) +5H,(9). (1) " . 3 but d b d in order t
Although the formation of diborane and molecular hydrogen © suriece was-s cm Bt cou © vared in order ‘o

. : change the gas conductance, and thus the relationship be-
Fju;m% &VDﬂhas bste n C%ngmlﬁd by ?Eés\g"r? mat%%rzalﬁﬁgt/_, tween precursor flow rate and deposition pressure. Atomic
In fact the ims obtamned by thermal & ave rratios ydrogen was generated in a 0.625 cm o.d. Pyrex tube by
greater than 2:1. Evidently, the formation and desorption o

B.H lecules is ineffici lati d ; H lasma dissociation of molecular,Hvith a 100 W micro-
»Hg molecules is inefficient relative to desorption of . _wave power sourcéOpthos MPG-4M. Throughout our ex-

Lhelexcess t:rJ]oron ht?eﬁonlwes t.rapl)ped.m.s[d_e the glms, C%qs"b%riment, the partial pressures of zirconium borohydride and
the latter to have high electrical resistivities and to oxi |zeH2 were kept below 10* and 3x 103 Torr, respectively.

readily n-air. Under these conditions, the mean free path® cm) of both
In this work we show that the excess boron can be re-

o .~species are larger than the length of the mixing z&em)
moved from the growth surface by directing a flux of alomiCiqide the chamber. The absolute flux of atomic H at the

hzdrogenf, genertatet(rj] by g trertno'ije mlcr?k\]/va\cl:ei/Dplasma d'_ss'ubstrate is difficult to estimate because the dissociation frac-
charge o 'd onto the substrate during the Process;iqn in the excitation zone and the rate of recombination of
this technique is referred to as remote-plasma CVD

. . tomic hydrogen to molecular hydrogen on the wall of the
(RPCVD). The atomic hydrogen enhances the formation ancgyrex tube are not known
desorption of diborane at substrate temperatures below The sheet resistance.of the deposited Zfms was
300°C. This approach produces stoichiometric, amorphoupne

7B fil 1 istivities(40—60 1) We sh asured using the four-point probe technique. Film thick-
by Ms with low YESISIIV!tIeS( —60u02 cm). We show nesses were measured by stylus profilometry and by scan-
that the films can be deposited conformally,

e . and t.hat.they arﬁing electron microscopySEM). The average growth rate
excellent _d|ffu_5|on barrle_rs for_ Cu. The grOWth Kinetics andwas calculated by dividing the film thickness by deposition
the resulting film properties will also be described. time. Film composition was measured by Rutherford back-
scattering spectrometifRBS) with 2 MeV He'. Secondary
ion mass spectréSIMS) were measured with a Cameca IMS
5f instrument, and x-ray photoelectron spedtk®S) were
In order to minimize carbon and oxygen contamination,measured with a PHI 5400 spectrometer. X-ray diffraction
zirconium borohydride was prepared by a solvent-free(XRD) profiles were obtained on a Rigaku D-MAX diffrac-
method from ZrCJ and LiBH,.%! Glass(Corning 7059, and  tometer.
n- and p-type S(100 substrates were prepared by standard  To analyze the surface reactions of zirconium borohy-
RCA cleaning to remove organic and metallic residues. Fodride,in situ Fourier transform infrared spectroscof®yTIR)
Si substrates, the RCA cleaning was followed by a dip inin reflectance mode was used in a different vacuum system.
10% HF to remove surface oxide. To observe the initial stage of reactions, a multilayer dielec-
The deposition chambéFig. 1) had a base pressure of tric stack was used for the substrate. This substrate consisted
1x10~ 7 Torr. The Zr(BH,), reservoir was maintained at of a double polished Si wafer with a thermal oxide thickness
0 °Cin an ice bath and the precursor pressure in the chambef 1040 nm on both sides and an Al backside coating; we
was maintained between XA0 ° and 0.8<10 2 Torr by  previously showed that a combination of coherent and inco-
adjusting the precursor flow rate with a needle valve. Theherent multiple internal reflections greatly enhances the IR
chamber was equipped with a mass spectrometer, which waensitivity??
used to determine the relative partial pressures of the precur- For diffusion experiments, PVD copper was deposited
sor and stable reaction by-products. on top of a RPCVD ZrB film. A multilayer structure con-
The precursor was delivered to the reaction surfacesisting of Cu(100 nm)/ZrB20 nm)/Si(100) was annealed in
through a 2.5 cm i.d. reaction tube that terminated just abova tube furnace at 500—800 °C for 30 min in flowing.N'he
the substrate. The spacing between the end of the tube ai@l depth profile was measured by RBS after annealing.

Il. EXPERIMENTAL SECTION
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The RBS data were fitted using theump software
packagé€® After the annealed multilayers were characterized, 1.002 -
the Cu and ZrB films were etched away with a 20% i) {
HNO;—10% HCI solution, and then atomic force microscopy 1.001 Fi |

o

(AFM) and scanning electron microscoffyEM) were used o
to examine the morphology of the exposed Si surface. o 1000
For the step coverage experiments, A8 diameter vias 0,999
with an aspect ratio of 5:1 were fabricated by reactive ion ' 1148
etching of a 1.5um thick SiG, layer on S{100). After ZrB,
deposition, the substrate was cleaved, etched with a 1% HF ) . ) ) ! )
solution to accentuate the ZyBSiO, interface, and coated 1000 1500 2000 2500 3000
with 0.5 nm of gold. The step coverage was determined by Wave Number (cm™)
SEM.

0.998 |- 2608

FIG. 2. Infrared reflectance spectrum of a Si€urface(the optical cavity

substratg after exposure to Zr(BfJ, at a partial pressure of 1.2
Ill. RESULTS AND DISCUSSION %1078 Torr for 67 s at 250 °C.

A. Thermal CVD

For comparison with the studies described below, we
briefly summarize the properties of films grown by thermal

CVD from Zr(BH,;),. As mentioned in the Introduction, precursor the bridging hydrogen atoms give rise to IR bands
thermal CVD of Zr(BH,), at substrate temperatures of at 2198 and 1223 cnt.?*3! Instead, we assign the
250-450 °C affords boron-rich films with B/Zr ratios near 3. 1148 cm* band to a deformation mode of a BHinit that
The thermally deposited “Zrg;,” films prepared under pears two terminal hydrogen atoms: this deformation mode
these conditions often are blister&drhe blistering, which is s typically seen between 1094 and 1175 ¢nt®>3°We can
present even before the films are removed from the depostule out the possibility that the 1148 crhfeature is due to
tion chamber and handled in air, is most severe when theghe presence of oxidized species: the compoung®;B
growth rate is relatively high>* 100 nm/min) and the tem- HBO,, and B(OH) do not have vibrational modes near
perature is relatively low<€ 450 °C). These observations in- 1150 cny 13234

dicate that the blistering occurs during deposition and is  The bands at 2605 and 1148 tiseen for the ZrB,
caused by the formation of gas inside the films, possibly dugiim are therefore assigned to a terminal B—H stretch and a
to the slow release of diborane, rather than by thermal stresgrminal BH deformation mode, respective|y_ The presence
during heating/cooling steps or by air oxidation after theof the latter mode rules out the possibility that intact
films are removed from the growth chamber. Zr(BH,), molecules are present on the substrate. Instead, we

Films of ZrB, ., deposited at substrate temperatures bepelieve that the excess boron in the as-deposited thermal-
low 450 °C and at lower growth rates generally do not blis-CvD films is largely(if not exclusively present in the form
ter, but tend to oxidize readily. These films exhibit XRD of surface-bound Bk fragments, which are generated by
peaks that correspond to boric acid B(QHput none due to  incomplete reaction of the precursor. These,Btagments
B,O3 or ZrO,. When boric acid starts to form, the films oxidize readily in air, and the resulting formation of oxide
begin to peel from their substrates. The ease with which thghases Signiﬁcanﬂy degrades the film properties_
thermally deposited ZrB_, films oxidize in air suggests that
the excess boron is present not as elemental boron, which is
relatively slow to oxidize at room temperature, but rather in
the form of BH, fragments.

If BH, fragments are present in the thermally deposite
ZrB, ., films, they should give characteristic IR bands. Fig- In an effort to deposit stoichiometric, single-phase £rB
ure 2 shows the IR reflectance spectrum obtained from &lms, we added plasma-generated atomic hydrogen to the
SiO, surface after it had been heated to 250 °C and exposegrowth flux of Zr(BH,),. We hypothesized that the atomic
to 1x 10 Torr of Zr(BH,), for 67 s. Two broad absorption hydrogen would help to remove excess boron from the films
bands, at 2605 and 1148 ¢ are seen. We assign the by enhancing the formation and desorption of diborane.
2605 cm ! band to terminal a B—H stretch; terminal B—H The results are dramatic: films with B/Zr atomic ratios of
stretches normally occur near 2600 ¢thin a wide variety of 2 can be obtained at substrate temperatures of 30FfC
compound$>~3° For comparison, an IR band at 2584 ¢ 3), provided that the flux of atomic hydrogen is sufficiently
is assigned to the terminal B—H stretch of the zZr(BH high (Fig. 4).3° Such films have very low electrical resistiv-
precursor, which has four tridentate BHjroups, each of ities(as low as 46u{) cm) and low oxygen contenig at. %9
which bears one terminal hydrogen atom. as discussed below. The use of atomic H also eliminates film

The 1148 cm? feature seen for the ZgB, film cannot  blistering and oxidation after air exposure. The films grown
be due to hydrogen atoms that bridge between boron anby RPCVD at high temperatures have B/Zr ratios of less than
zirconium. Such bridging hydrogen atoms are signaled by; the substoichiometry is due to the residual incorporation
bands at other frequencies: for example, in the Zr{BH of oxygen from the vacuum background during growth.

GB. Remote hydrogen plasma CVD
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FIG. 3. B/Zr atomic ratio vs substrate temperature for thermal GsiBsed -E 3F a)
squares and remote plasma CV@Dopen circles The partial pressures of |
Zr(BH,), and H, were 1.2<10°° and 2.3< 102 Torr, respectively, and the 2t
plasma input power was 90 W. |
1 :MMJ
In order to prove that the benefits of the remote plasma " )

a 1 e "
can be attributed to atomic rather than molecular hydrogen, 020 30 40 50 60 70
we grew control samples by thermal CVD from mixtures of
Zr(BH,4)4 and H,. The films obtained are identical to those 2 Theta ®)
obtained from Zr(BH), alone and suffer from the same

. ; ; ; ; o o FIG. 5. X-ray diffraction profile of films growr(a) at Ts=300 °C with a
problems: excess boron, blistering, and rapid oxidation in alrJ;r(B|_|4)4 pressure of 1.2 10°° Torr, (b) at T.— 500 °C with a precursor

pressure of 1.2 107° Torr, and(c) at T,=500 °C and a precursor pressure
1. Film purity of 3.1x10 * Torr. The H, partial pressure was 210 2 Torr and the

. . ) . plasma input power was 90 W.
Carbon is not detectable in the RPCVD films by either

RBS or XPS, and its concentration must therefore be less

than 0.1 at. %. The principal impurity in the films is oxygen.

Under RPCVD with a Zr(BH), pressure of 1.2

X 107° Torr, a H, pressure of 2.8 1072 Torr, a microwave contain 10-15 at. % oxygen; the concentration rises with an
plasma power of 90 W, and a substrate temperature dhcrease in substrate temperature and/or precursor pressure.
250-400°C, the oxygen concentration<g} at. % and no XPS data also reflect the reduction in oxygen content. In
further oxidation of the film occurs after air exposure. Forthermal CVD films, a large Zr(@8°?) peak at 183.5 eV indi-
ZrB, films prepared by a physical vapor deposition methodcates the presence of Zs3° in RPCVD films grown with
plasma-spraying, similar results have been reported: the oxyF ,=250—-300°C and Zr(Bl), pressure< 104 Torr, the
gen content decreases when hydrogen is added to the argeg3.5 eV peak is nearly absent, as is the §(fpeak at 193
carrier gas” In contrast, films of Zr grown by thermal ey that would indicate the presence of boron oxide
CVD from Zr(BH,), under otherwise identical conditions (B,05).38-38 Owing to peak overlaps, the XPS data are not
sufficient to determine the chemical environment of the oxy-
gen remaining in the RPCVD films.

26 - The presence of oxygen in the films has several possible
° 25¢ explanations(1) the Zr(BH,), precursor(which is air and
f_; 24} water sensitivecontains a volatile oxygen-containing impu-
S rity that contributes to the film growth chemistrig) water
2 2‘3_' present as a background géfesorbed from the chamber
g 22} = wall or sample manipulatprreacts on the growth surface
S 24 i durlng' deposition, of3) postgrowth sur.face oxidation or hy— .
D A drolysis occurs when the deposited films are handled in air.
Y By O The first alternative is certainly possible; a likely candidate
19 [ ) N L for a volatile oxygen-containing impurity is boric acid,
10 100 B(OH)5. In our experience, however, low oxygen contents
P./P are most clearly correlated with cleaner environments during
H,"" precursor deposition, which suggests that proc&3sis important. Pro-

. L _ cess(3) is eliminated by the finding that the oxygen content
FIG. 4. B/Zr ratio of deposited films vs precursor partial pressur@ at . . .
—300°C. The H partial pressure was 2:310~3 Torr and the plasma input of the RPCVD films does not increase as the films are ex-

power was 90 W. posed to air for longer periods.



3908 J. Appl. Phys., Vol. 91, No. 6, 15 March 2002 Sung et al.

a) 100¢ = Thermal CVD
[ O Remote Plasma CVD|
E | °

£

o 10¢ .

o i o

g

o . °

O
1 1 L ]
600 400 200

Substrate Temperature (°C)
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low as 46 ) cm. For comparison, the resistivity of amor-
phous MOCVD TiN, which is widely used in current ULSI
processing, is 250-35@) cm?? For the RPCVD ZrB
films, the lowest resistivities were obtained at the lower sub-
strate temperatures; this finding reflects the fact that the oxy-
gen content of the films is also minimized at lower tempera-
tures, as described above.

4. Growth rate

FIG. 6. AFM image of films grown at a substrate temperature of 300 °C by The Zr rowth rate with a Zr(B artial pressure
(a) thermal CVD(rms roughness 6.7 nm and(b) remote hydrogen plasma Bz 9 ( |Z|)4 P P

CVD (rms roughness 4.3 nm. of 1.2x10° 'I_'orr was measur_ed as a _function of substrate
temperaturéFig. 7). The behavior is typical of CVD: at low
substrate temperature¥<£ 300 °C) the growth is limited by

2. Microstructure the surface reaction rate, and at high substrate temperatures

(T>300°C) the growth is limited by the precursor flux;

they are grown at substrate temperatures above 456/C wherl 4 the ﬁrecurSOL pressure ois : increase;:i 0 55
5). At lower temperatures, the films are amorphous. No dif-<10 " Torr, the growth rate at 500 °C increases from 30 to

fraction peaks due to zirconium oxide or boron oxide areo00 NM/min(data point not shown At temperatures below

observed at any temperatdfe 300°C, the growth rate is sensitive to whether or not the

The orientation of the crystallites relative to the substratd®/@Sma is on. Under purely thermal CVD, growth occurs
plane depends on the precursor partial pressure, which i_W'th an apparent acﬂgaﬂon_engrgyef_().sz e\/_ and th? rate
turn controls the growth rate. At low growth ratéselow 50 IS <1 nm/m|n8r;1tt) 180°C; this finding is consistent with pre-
nm/min), there is a preference for t1i@01) basal plane of the ~V'OUS results.” In the presence of the hydrogen plasma,
hexagonal structure to be oriented parallel to the substra@owth occurs with an apparent actlv?tlon energy  of
plane; at faster growth rates, crystallites with {81 plane ~0.24 eV and the rate is-2 nm/min at 180 °C.

parallel to the substrate plane are prevalent. C. Diffusion barrier and step coverage properties

Atomic hydrogen dramatically reduces the surface To test the ability of a RPCVD ZrBfilm to serve as a

roughness, as shown by AFkFig. 6). We suggest that an . : - . .
h leati i< th . for th h |tfu§|on barrier, a silicon substrate was first coated with a 20
enhanced nucleation rate is the main reason for the smoot %m film of amorphous ZrB grown at 300 °C by RPCVD,

surface. Atomic hydrogen is known to enhance the nucle- ) ;
ation of TiB, in hofwirg cvp4 and the resulting surface was then coated with 100 nm of

PVD copper. When the heterostructure is heated, no changes
are evident by XRD below 650 °(Fig. 8). At 650°C, the
ZrB, film begins to crystallize. No XRD peaks due to copper
Amorphous ZrB, , films deposited by thermal CVD ex- silicide are evident even after the heterostructure is heated
hibit high resistivities of>300 () cm owing to the pres- for 30 min at 700 °C. Only above 750 °C does;Subegin
ence of excess boron and oxide impuriti€$n contrast, the to form; no other phases could be detected by XRD. These
films obtained by the RPCVD method exhibit resistivities asresults are consistent with the behavior of other amorphous

XRD profiles show that the ZrBfilms are crystalline if

3. Resistivity
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FIG. 8. X-ray diffraction profile of a Cu/ZrB/Si heterostructure after an- 8 [As DePOSited A_
nealing at different temperatures for 30 min. » 1*
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diffusion barriers, in which the main failure mechanism is 06 08 1.0 12 14 16 1.8 2.0
crystallization of the barrier layer followed by diffusion Energy (MeV)

through grain boundariés.
The conclusion that the RPCVD ZsBilms prevent dif-  FIG. 10. RBS spectra of a Cu/ZsBSi heterostructure after annealing at

fusion up to 650°C is supported by resistivity, RBS, anddifferent temperatures for 30 min.

SEM data. The Cu sheet resistarieég. 9) is unaffected by

heating the heterostructure to 650°C. Above 750°C, the

sheet resistance begins to increase, a result that is consistef)f | |ndesirable waythe | —

with the formation of copper silicide. RBS daéig. 10 also 1 getermine whether the extent of this B/Si diffusion pro-

show that the Cu starts to diffuse through the ZiBlyer — ;oqq gepends on the stoichiometry of the zirconium boride
above 650 °C. Further information was obtained by annealg ., fiims were deposited by thermal CVD and by RPCVD
ing separate samples of Cu/Zi5i(100) heterostructures o o pothn- andp-type Si substrates. The B/Zr ratio measured

successively higher temperatures, removing the copper Iay%ry RBS was 2.54 for the thermal CVD film and 1.96 for the

_and ZrBz_l_Jarrier by etching in aqua regia, and then examingpeyp film. Thel -V characteristics of the contact struc-

ing the silicon surface by SEM. For the samples annealed o5 \ere measured at room temperature as a function of the

temperatures of 650 °C or less, no pits or craters had formegnnealing temperature. For the Zrg film grown by ther-

on the surface of the Si substrate, and SIMS showed that NQal CVD on n-type Si, ap-n junction starts to form upon

Cu was present in the Si. _ _ o annealing above 550 °C; by 650 °C the forward bias current

_ In aggmon to the _dlﬁusmn of Cu into Si, the diffusion of 5 oquced to only 10% a at 2 V, not visible in the plaftFig.

B into Si is also possible. If such a process occurs, the boroRy )1 These changes presumably result from the diffusion

will serve as ap-type dopant and will significantly altein of excess boron into the Si substrate. For the stoichiometric
ZrB, film grown by RPCVD, the ohmic characteristics of the
contact actually improve upon annealing to 500 °C, degrade

V properties of the Si substrate.

04l —®— Thermal CVD o slightly by 600 °C, and @-n junction starts to form upon
' —-O— Remote Plasma CVD annealing to 650°C. For thermal CVD films deposited on
[ ] p-type Si, the diffusion of excess boron enhances the ohmic
03 contact behavior after the sample is annealed to 750°C; in
(14 contrast, annealing the RPCVD film yields only small
% 02} o changes. Thus we find evidence for significant diffusion of B
[ from the thermal ZrB film due to the presence of excess B,
01r " but a much smaller effect in the RPCVD film. These anneal-
| 7/ ing temperatures are far above the limit of 400°C for the
0.0 —@——§ “back end” processing of next-generation ULSI microelec-
600 200 800 900 tronic devices.
T °C) The step-coverage characteristics of diffusion barriers
anneal( are crucially important to the performance of ULSI devices.

To test the ability of the RPCVD method to deposit confor-

FIG. 9. Sheet resistance of a Cu/ZiSi heterostructure after annealing at Mal ZrB; films, a~30 nm thi_Ck film was grown on top Qf a
different temperatures for 30 min. test wafer that featured a Si@verlayer having 0.3:m di-
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FIG. 11. |-V characteristics of ZrB films deposited om-type Si as a
function of the annealing temperature. Films were grown(&ythermal
CVD (B/Zr=2.54) and(b) RPCVD (B/Zr=1.96).

ameter vias with 5:1 aspect ratios. SEMg. 12 shows that

Sung et al.

IV. CONCLUSIONS

The problems previously reported for CVD growth of
ZrB, films from Zr(BH,),—excess boron incorporation, se-
vere oxygen contamination, and high electrical resistivity—
are eliminated by simultaneously directing a flux of atomic
hydrogen from a remote plasma source onto the growth sur-
face. In thermal CVD(i.e., in the absence of the atomic
hydrogen, the formation and release of diborane are ineffi-
cient relative to desorption of H and thus excess boron
becomes trapped in the film, probably in the form of BH or
BH, fragments. The thermal CVD films have B/Zr ratios
near 3, have relatively high electrical resistivities, and oxi-
dize readily in air. In contrast, by supplying atomic hydrogen
during growth by RPCVD, diborane desorption is promoted
and high-quality films are obtained even at low substrate
temperatures. At 300 °C, stoichiometric ZrBIms are ob-
tained that have resistivities as low as 48 cm and oxygen
contents below-4 at. %. These films are fully conformal in
deep vias, and a 20 nm thick amorphous Zrfdm on
c-Si(001) prevents Cu indiffusion after 30 min annealing at
700°C. These properties suggest that RPCVD ,ZfiBns
may be better Cu diffusion barriers than the metal nitride
materials currently in use.
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FIG. 12. SEM micrograph of a 30 nm thick ZyBilm deposited onto a 0.3
um diameter via in Si@Q by remote hydrogen plasma CVD &=300°C
with a Zr(BH,), pressure of 1.210 ° Torr and a H pressure of 2.3
%102 Torr. The plasma input power was 90 W.

Electrical measurements were performed in the Microelec-
tronics Laboratory at the University of Illinois.
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