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A nonfluorinatedB-diketonate precursor, bisbutylacetoacetato)Cu) or Cu(tbaoag)
was synthesized by modifying bis(dipivaloylmethanato)Qw(r Cu(dpm) for chemical
vapor deposition (CVD) of copper. The complex was characterized by a variety
of techniques, such as melting point determination, mass spectrometry, infrared
spectroscopy, elemental analysis, thermogravimetric and differential thermal analysis,
and x-ray diffraction. Cu(tbaoachas a higher sublimation rate than Cu(dproyer

the temperature range 90—-150. Pyrolysis of Cu(tbaoag)eads to the formation of
copper films at 228C, compared to 330C for Cu(dpm). As-deposited copper films
were highly dense, mirror-bright, adhered strongly to Siéhd showed a resistivity of
less thar2.9 u()-cm at a thickness as low as 1380 A possible mechanism for the
decomposition of the ligand tbaoac has been proposed.

I. INTRODUCTION increase the sublimation rate and lower the pyrolysis

Chemical vapor deposition (CVD) is a versatile temperature. The ligands-butylacetoacetate(tbaoac)
process for the preparation of thin films of a variety WNich has a-butyl ester group to the carbonyl group
of materials, such as metals, semiconductors, oxide si/@S considered for this purpose because the presence of
perconductors, and oxide ferroelectric® Choosing ~€lectronegative oxygen may be expected to produce a
the optimal precursor with high volatility and thermal MOre repulsive shell around the complex, reducing the
stability during its evaporation and transport, and with aS'ength of metal-oxygen bonding and thereby increasing

low reaction temperature, is a considerable challengdh€ volatility. The ligand tbaoac was chelated with Cu

Various organic ligands have been employed to syn{C Synthesize a new CuY precursor, namely bis(
thesize metal-organic (MO) precursors, for examplebutyIacetoacetato)CmX or Cu(tbaoag) Figure 1 shows

the B-diketonate class of complexes like the acetyl—the molecular structures of Cu(dpmmgnd Cu(tbaoag)

acetonates(acac), hexafluoroacetylacetonates(hfac), a this paper, we report the synthesis and characterization

dipivaloylmethanates(dpm), and alkoxides of different®! Cu(tbaoag), including a detailed comparative study
metals. These compounds have been used as prec-thermal properties of Cu(tbaoaand Cu(dpmy). We

sors for CVD of metals like Cu, superconductors like /SO report its application to CVD of thin copper films.

YBa,Cu;0,_,, and other oxide$:'® In particular, a

variety of g-diketonate complexes of copper have been, experRIMENTAL

investigated in recent years for suitability as precursors . o

for the CVD of copper, a process of great potential® Synthesis and characterization of

importance in the metallization of VLSI circuité:2tOf ~ Pis(t-butylacetoacetato)copper(  1):

these, the acac and dpm complexes have been found to be The ligandz-butylacetoacetate (3.16 g, 0.02 moles,

insufficiently volatile, leading to low deposition rat&s. Fluka) in ethanol was buffered with potassium acetate

Fluorinated Cu) and Cu() B-diketonates (hfac-based) (1.96 g, 0.02 moles, AR grade) and stirred in ice-cold

have led both to high rates of deposition and to sig-conditions. A hot aqueous solution of cupric acetate

nificantly lower deposition temperatur&€s?® However, (2.0 g, 0.01 moles, AR grade) was added dropwise.

fluorination makes precursor handling more difficult, The mixture was stirred continuously for 3—4 h in

which it is very desirable to avoid. Additionally, hfac- ice-cold conditions to yield a green-colored precipitate

based Cuj precursors, even when ligand-stabilized, (yield = 70%). The chelate was filtered, washed with a

have poor thermal characteristics and short shelffife. mixture of water and ethanol, and suction-dried. It was
The goal of the present work was therefore tothen recrystallized in hexane. Green, thin, platelet-like

design and synthesize a neg@-diketonate precursor single crystals of dimensions up 1® X 10 mn¥ were

by modifying the dpm ligand, without fluorination, to obtained by slow evaporation from hexane.
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(CH 3) 3C C(cH 3) 3  steelreactor with downward vertical flow arrangenvént.
Films were deposited on thermally oxidized silicon (100)
substrates20 X 20 mm?). A graphite block was used
C as substrate support and was heated by quartz halogen
///"_ \ / —“‘\\ lamps. Substrate temperature was controlled through a
/ \ thermocouple kept inside the graphite block. The accu-
HC ‘\ Cu /’ CH racy of substrate temperature measurement (to within
\\\ / \ 7 / *5 °C) was ensured by conducting dummy growth runs
- _ under various conditions on substrates to which a ther-
/ mocouple was glued using silver paint. The precursor

was evaporated from a stainless steel vaporizer main-
C C(CH3)3 tained at appropriate temperatures. The temperature of
(a) the vaporizer, which was kept in an oil bath to ensure
uniform heating, was controlled to withitt1 °C. High
purity argon (99.995%) was used as carrier gas. The
C (CH3)3 c (CH3 ) 3 precursor was fed into the reactor through heated lines
/ to avoid condensation. The reactor was first evacu-
ated below10~* Torr with a Roots pump of capacity
0 2500 litYmin. The flow of argon gas was regulated by
/ electronic mass flow controllers. The total pressure of the
reactor was measured by a capacitance manometer and
o) O—¢C was controlled manually during depositions by a throttle
Pl =~ valve placed at the inlet of the pump. Manual control
// \ / \\\ of pressure was required only because of the mechanical
u CH instability of the bellows-sealed throttle valve. The vapor
\ / pressure of the precursor used, as deduced from subli-
\\\ / \\ _ 7 / mation rate measurements, is about 0.02 Torr at°0
T 0 - C The CVD was conducted at a reactor pressure of 10 Torr.
/ \ Thus, any increase in reactor pressure due to precursor

decomposition would be very small and beyond the
sensitivity of the pressure transducer employed.
H 3C CH3 Films were characterized for their resistivity by the
(b) van der Pauw method, surface morphology by scanning
electron microscopy (SEM) and optical microscopy,
FIG. 1. Molecular structures: (a) Cu(dpsmnd (b) Cu(tbaoas) crystallinity by x-ray diffraction, and for composition
y Xx-ray photoelectron spectroscopy (XPS). Average
Im thickness was calculated by measuring on a semi-
microbalance (Mettler 240) the weight gained by the
Yubstrate due to deposition (the weight gain due to a

The copper complex was characterized by a variet;ﬁ
of techniques like melting point determination, elemen-
tal analysis, mass spectrometry, infrared spectroscop

thermal analysis (TGA/DTA), and single-crystal x-ray film of thickness~1000 A and measuring 400 mirin

diffraction.
The mass spectrum was recorded on a JEOLTE? Was 0.36 mg).

JMA-DA5000 mass spectrometer. The IR spectrum
of Cu(tbaoac) in KBr matrix (spectroscopic grade) IIl. RESULTS AND DISCUSSION
was recorded using an IR spectrometer (Perkin-ElmeA. Precursor characterization
781). The thermal analysis was carried out using the |, the mass spectrum (Fig. 2), the parent peak of
simultaneous TG/DTA analyzer (STA1500, POIymerCu(tbaoac;), i.e., (GeHasOs)CU, m/z = 377, corre-
Laboratories). Single-crystal x-ray diffraction data ONgnonds to the molecular weight of the complex and
Cu(tbaoag) were obtained on a Siemens single crystaly, s confirms the formation of the complex. The other
diffractometer using MoK (A = 0.7107 A) radiation  aiqr neaks of the various fragments of the complex are
in ©/26 scan mode up to a maximu@® value of 25. 55 follows: The base peak at/z = 221 corresponds

to (CsH1405)Cu. The peaks ati/z = 57, 85, 147, and
B. MOCVD 265 correspond to £y (z-butyl), GHgO, (CH40,)Cu,

Reduced pressure MOCVD was carried out in aand (GH1006)Cu, respectively. The other fragments at

system built in-house, consisting of a cold wall stainless43, 44, 56, 58, 102, 164, 237, and 321 correspond to
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100

. thermal analysis (TG/DTA) were carried out at atmos-
pheric pressure over the temperature range 25-@00
with 10 °C/min heating rate, using-10 mg of finely
- powdered sample. To mimic the ambient used eventually
s in the CVD chamber, TG/DTA was done under flowing
s high purity argon (99.995%, 20 sccm). The comparative
L fes - 23 o TG/DTA of Cu(dpm} and Cu(tbaoag)is as shown in
| 0 ’ﬁ’ I8 ]JI m e Ul ﬁe e | o Fig. 4. The melting points of (a) Cu(dpﬁn;nd (b) Cu-
A Do 1m0 200 230 200 o 460 (tbaoac) are 192°C and 110°C, respe.ctlvely, as re-
M/Z vealed by the DTA results. These are in full agreement
with the melting points of the respective complexes
measured in a sealed capillary tube. The TGA data for
Cu(dpm) show a monotonic weight loss with tempera-
C2H30 (acetyl), CQ (carbon dioxide), GHs (isobutene),  ture, with virtually no residue, whereas the data for Cu-
CsHeO (acetone), 4HsOs, (C4HsO3)Cu, (GH1005)Cu,  (thaoac) show a complex behavior including a residual
and (G2H1g06)Cu, respectively. of about 22% of the original weight. The latter begins to
The copper complex showed a complicated infraredjecompose at a low temperature of about 180which
(IR) spectrum because of the strong mode couplingsndicates that deposition of Cu by MOCVD may be
(Fig. 3). The spectrum showed sharp peaks in the chelajgossible at a reduced substrate temperature, as desired.
carbonyl region (400—1630 cm™'), indicating the pres- In a CVD process where precursors are solid mate-
ence of enolig3-ketoester, while the metal-oxygen peakrials, the sublimation rate of the precursor in the flowing
at 480 cm™' confirmed the formation of the desired carrier gas ambient actually determines the rate of pre-
complex. The peaks in the regio2872—2962 cm™'  cursor delivery into the reactor. Using the TG analyzer,
correspond to Chi a detailed study was conducted to determine the weight
Elemental analysis of single crystals of the materialloss of the complex as a function of time for different
gave the following calculated (found) atomic percent-syplimation temperatures. To keep the sample surface
ages: C, 50.86 (49.99); H, 6.88 (6.69). These datarea constant, for every experiment, the sample crucible
confirm that the desired complex had been obtained. \as densely filled by a fine powder of the material of
Structure refinement using single crystal XRD nearly the same initial weight(17 mg). All the experi-

data shows that the compound crystallizes in thements were carried out under flowing argon (40 sccm)
orthorhombic system, belonging to space grdupma

with a = 9.558 A, b = 20.676 A, ¢ = 9.591 A, and
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FIG. 2. Mass spectrum of Cu(tbaoac)

Z = 4. Details of the crystal structure have been
published elsewheré. 100 (a) q20
Thermogravimetry (TG) has been used as an effec o [ TGA %10
tive tool for the rapid determination of the relative i DTA ]
volatilities of various metaj3-diketonates? A detailed 60 10
thermal analysis of Cu(tbaoacyas therefore carried = - .
out to evaluate its suitability as a CVD precursor. This< 40 1-10
is also required to optimize the temperature at whichn B ] 20
the precursor vaporizer should be maintained durin¢S 20_ 1~
CVD. Simultaneous thermogravimetric and differential - oL J-30 =
T ~ _ =8
& 100 b 20 =
O UL TGA (b) 2
Lg 80 DTA 410
H 60 40
B 4of 4-10
: 20} -20
s 0 [ 1 | T L 1 1 | ! ] -30
0 100 200 300 400 500
03_0|00 25[00 20'00 1BI00 16:30 14I00 12I001 102)0 8(;0 6(;0 4(;0 TEM PE RATURE(C)
Wave number {em) FIG. 4. Simultaneous TGA and DTA: (a) Cu(dpmaind (b) Cu-
FIG. 3. Infrared spectrum of Cu(tbaoac) (tbaoac) under flowing Ar (20 sccm).
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environment. Figure 5 shows the comparative study o 200
the sublimation of the two precursors (a) Cu(dprand
(b) Cu(tbaoag) at 120°C and 95°C, respectively. The
data were recorded after the sample temperature had si
bilized. Sublimation rates of Cu(dpmand Cu(tbaoag)
are 2.18 X 107> mg/min at 120°C and 2.37 X
1073 mg/min at 95°C, respectively. The constant slopes
obtained show that the sublimation rate of the precursor
remain unchanged over a length of time similar to that
involved in a typical CVD growth run employed in
this study. Figure 6 shows sublimation rates of the twc
precursors at different temperatures, calculated from th
slope of the weight loss versus time curves. These dal
show that, at a given temperature, Cu(tbagad@s a
higher sublimation rate than Cu(dpm)rhus, compared 0 .
to Cu(dpm), the sublimation of Cu(tbaoac)should 80 100 120 140 160
result in higher precursor flow rate; i.e., it could be a
useful precursor for the CVD of Cu.
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FIG. 6. Sublimation rate as a function of temperature: (a) Cu(gdpm)
and (b) Cu(tbaoasg)

B. Film deposition and analysis

Pyrolysis of Cu(tbaoag)results in the deposition
of metallic copper at a substrate temperature as lo
as 225°C compared to 330C, the threshold tempera-
ture for the deposition of Cu from Cu(dpp?y In
the reactor as-designed, a growth rate of 2.7min

PHOTO= 3

range of 225 to 320C, where the activation energy
is 45.7 kJmol. The as-deposited copper films are very[®
smooth and mirror bright, with a dense microstructure as
revealed by the SEM m|crograph shown in F|g 7. Theﬁz

is remarkable that, although the deposition temperatur‘_
is as high as 288C, the average grain size is so small. .
In general, as-deposited copper films are polycrystalline — «

FIG. 7. SEM micrograph of Cu film grown from Cu(tbaoacpub-
strate temperature: 225 °C, pressure= 10 Torr, vaporizer tempera-
ture = 90 °C, Ar carrier flow = 50 sccm, and film thickness
30 nm.

100

with a slight preference for the (111) plane being parallel
to the substrate. The intensity ratio of (111) and (200)
(a) peaks is 10016 compared to 10@6 for polycrystalline

bulk copper (JCPDS File No. 4-836). The fine-grained
(b) structure appears to be the cause of the strong adhesion
of the copper film to the Si© substrate surface, as
T T T revealed by the scotch tape test. This is in contrast to

9100 150 200 250 300 the poor adhesion of Cu to SjOgenerally reported,
necessitating an adhesion promoter layer between Cu

Weight (%)

lllllllll]llll1

Time (min) and SiQ in the metallization schemes proposed for
VLSI 17,30-32
FIG. 5. Weight loss (%) as a function of time: (a) Cu(dpnand ; . L.
(b) Cu(tbaoag) deduced from TGA data. Amount of starting mate- Th_e room-temperature _eleCtrlcal resistivity of as-
rial = 17 mg. deposited copper films on Sias been measured as a
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function of film thickness for Cu(tbaoacjFig. 8). The 100
film resistivity decreases abruptly to belotvu)-cm

at a thickness of~50 nm due to the formation of
dense and well-connected microstructure at an early~ 80}
stage of growth as observed in SEM micrograph (Fig. 7).Z
This result contrasts with earlier reports where similar §

connectivity in CVD-grown copper films was observed © 601
only at a thickness exceeding 200 Athe sharprisein = € |
resistivity at thickness below50 nm, even though films g

are continuous (as revealed by SEM and STM), can beo 40
explained semiquantitatively as arising from (a) perhaps-2
on increased concentration of contaminants during early g
stages of deposition and (b) grain boundary and surfac< 20
scattering®® The lowest resistivity value in our study was
2.9 nQ-cm for 1300A thick Cu film. This relatively
high resistivity compared to bulk copper.§7 w-cm) OoF
can be attributed to the incorporation of carbon and
oxygen during film growth as observed in XPS analysis. Sputter time (min)

Figure 9 shows the atomic concentration depth prOﬁIeFIG 9. Atomic concentration depth profile for Cu film as determined
determined by XPS of a copper film deposited on ZSi_O by XPS Substrate temperature 285p°c, vaporizer temperature:

at 285°C, under 50 Torr reactor pressure. Increasingss-c, pressure= 50 Torr, and Ar carrier flow= 50 scem.

sputter time corresponds to deeper layers in the film.

The observed high carbon and oxygen concentration in

the top_lay«_ers pf the copper film is due to atmospherlczo min of sputtering. Atomic concentrations correspond-
contamination in the form of hydrocarbons and OX|des]-ng to the bulk of the copper film were then obtained

Surface contamination appeared to be removed afteI{Zesults indicate the presence of 13 at.% carbon and

13.5 at. % oxygen. Simultaneous incorporation of car-

bon and oxygen in copper can be attributed to the
10 decomposition of the organic ligand associated with
the precursor due to pyrolysis in the chemically inert
argon atmosphere. We have not observed any significant
differences in resistivity of Cu films grown at differ-
ent substrate temperatures (225-36) and pressures
(10-50 Torr), for a similar film thickness. So, we believe
that the carbon and oxygen contamination of the films
is associated with the decomposition of Cu(tbagac)
the argon ambient. Attempts are underway to study the
deposition process using hydrogen as the carrier gas.

80

C. Mechanism of copper deposition

We propose a possible pyrolysis mechanism by
which copper is produced from Cu(tbaoac)The
pyrolysis of Cu(tbaoag)at a lower temperature than
2 - Cu(dpm) can be attributed to the presence of tHautyl

ester which triggers a decomposition pathway shown
schematically in Fig. 10. In this mechanism, thbutyl-
acetoacetate anion(tbaoac) in the form of ester enolate

Resistivity (p{lcm)

| | 1 anion X can undergo a thermal “ene” type reactfdn a
O 400 800 1200 concerted pathway to produce isobutene and acetoacetate
o anion Y. Precedence exists in the literature for similar
. rearrangement (Ireland—Claisen) of ester enolates even
Thickness (A) under mild conditions (28C).2° The next step involves

FIG. 8. Room temperature electrical resistivity of Cu films as athe facile loss of C@from Y and formation of acetone
function of film thickness. after hydrogen abstraction. The probable reason for the
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FIG. 10. Mechanism proposed for the decomposition of the ligand
tbaoac.

low decomposition temperature of Cu(tbagas)that (i)
the Cu-0 linkage from the ester moiety is weaker tha

latter Cu—O bond cleaves easily as it yields the stable
molecule acetone.

V. CONCLUSIONS

A new, nonfluorinategB-diketonate complex, bis(
butylacetoacetate)Cu), intended as a CVD precursor,
was obtained by modifying Cu(dpm)The complex is

stable in air and does not decompose at low vaporizing2.
temperatures. It has the advantage of having highe3.

sublimation rate and lower decomposition temperature
than Cu(dpmy. The lower decomposition temperature of
Cu(tbaoac) can be attributed to the thermal “ene” type ,5
reaction of thez-butylacetoacetate anion(tbaoac) in a
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