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The mechanisms and kinetics of the deposition processes of Cu-0 phases by chemical 
vapor deposition from the Cu(acac)z precursor were studied under A d 0 2  in a horizontal flow, 
low-pressure MOCVD reactor. The nature and the deposition rate of films were determined 
under different operating conditions (e.g., reactant composition, substrate temperature, and 
carrier gas flow rate). Fully oxidized CuO films with no carbon contamination were deposited 
at 723 K and above using Oz/Cu(acac)2 mole ratios L lo3. Lower temperatures (in the range 
523-723 K) and/or lower Oz/Cu(acac)z mole ratios (in the range 10-103) gave films of mixed 
Cu/CuzO/CuO composition. The deposition rate under higher temperatures (>593 K) was 
linearly dependent on the Cu(acac)z partial pressure. Below this temperature, a saturation 
limit was approached by increasing the partial pressure. The saturation limit, in turn, was 
found to increase linearly with the oxygen partial pressure. The dependence of copper 
deposition rate on the substrate temperature was also investigated and an activation energy 
value of 48 f 6 kJ/mol was obtained. The proposed reaction mechanism is based on a 
dissociative adsorption process of Cu(acac):! on active surface sites, followed by copper 
oxidation and ligand decomposition. 

Introduction 

The metal-organic chemical vapor deposition 
(MOCVD) of copper films and of other copper-containing 
phases represent an area of increasing importance to  
the electronics industry for interconnects between solid 
state devices.lI2 

Copper oxide phases produced by MOCVD appear to 
be of even greater relevance for multicomponent thin 
films of high-Tc ceramic superconducting  material^^-^ 
as well as in the fabrication of low cost solar  cell^.'^-'^ 

In this context mechanistic aspects involved in the 
deposition of copper-based phases by MOCVD are of 
relevance since both the nature and the integrity of 
phases are crucial for better performing materials. 
Several MOCVD procedures using various Cu precur- 
sors have been reported to date (Table 1). 
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Table 1. Chemical Vapor Deposition (CVD) of Thin Films Containing Copper Phases 
CVD method metal precnrsor' gas atm deposited film ref 

conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
conventional 
laser-assisted 
laser-assisted 
laser-assisted 
photoassisted 
plasma-enhanced 
microwave plasma-enhanced 
microwave plasma-enhanced 

CuFz or CuF 
CuCh or CuCl 
Cu(tf~cach or Cu(hfacach 
Cu(hfaead2 
Cu(hfacac)z 
Cu(hfacaclz 
Cu(hfacach 
Cu(O-t-Bu)h 
(B-diketonate)Cu(alkynlkyne) 
(B-diketonate)Cu(COD) 
@-diketonate)Cu(COD) 
@-diketonate)CuPRa 
(hfacac)Cu(vtms) 
Cu(acac)z 
Cu(acac)z 
Cu(acac)z 
CsHsCuPEts 
CUIR 
Cu(&ketoiminateh 
Cu(hfacach 
Cu(hfaeac)zEt, 
CsHsCuPEta 
Cu(,%diketonateh 
Cu(hfacac)z 
Cu(acad2 
Cu(acac)r 

HzOIAr 
HzO/He 
Ar 
H2 
Ar or atm 

CO or COmz 

Ar, Hz, 0 2  or HzOIOz 
Nz, H2. 0 2  
0 2  

Hz 
Hz 

HaOIHdAr or OdAr 
Arm2 
Ar, Arlo2 or Arm20 

copper 
copper 
copper 
copper 
copper 
copper 
copper or copper oxide 
copper or copper oxide 
copper 
copper 
copper 
CODOer 

L .  

copper 
copper 
copper or copper oxide 
copper oxide 
copper 
copper 
copper or copper oxide 
copper 
amorphous copper-carbon complex 
copper or copper oxide 
copper 
capper or copper oxide 
copper 
capper or copper oxide 

15,16 
17.18 
19. 
20 
21 
22 
23 
24 
25,26 
26,27 
28 
29,26 
30,31 
32,33 
34 
35 
36 
37 
38 
39,40, 41 
40,42 
43 
44 
45 
46 
47 

tfacac = trifluomacetylacetonate, bfacac = hexafluoroacetylacetate, acac = acetylacetonate, 0-t-Bu = tert-butoxide, COD = 1,5- 
cycloodadiene, vtms = vinyltrimethylsilane, HL = N-(fluoroalkyl)salicylald~ine. 

nisms of thin film deposition of Cu-0-based thin films 
as a function of the most relevant operating variables. 
The study focuses on the use of the bis(pentane-2,4- 
dionato)copper(II) coordination complex (Cu(acac)z) as 
the precursor. This precursor, commonly employed in 
the thin-film deposition of HT, s~perconductors,"~~ pos- 
sesses suitable volatility and thermal stability for 
MOCVD studies. Moreover it has proven a reliable 
candidate for the production of copper-containing thin 
films, free from fluorine and nitrogen contamination. 

Experimental Section 
Experiments were performed in a low-pressure MOCVD 

reactor made of a silica tube (id = 7.3 em). The reactor, 
consisting of some contiguous sections (Figure 11, was evacu- 
ated with a double-stage rotary pumping unit. Each section, 
including the susceptor, was independently heated, with f2 
"C accuracy, using computer-controlled hardware. Films were 
deposited on glass slides placed on a boron nitride susceptor. 
The substrates were preliminarily cleaned with a saturated 
KOH solution, washed with bidistilled water and acetone and, 
finally, dried in air a t  100 "C. The total pressure was held 
constant in the range 4-5 Torr using a MKS Baratron 122AAX 
and a vacuum angle valve. Prepurified Ar and 0 2  were used 
as carrier and reaction gases, respectively. The flow rates were 
controlled using MKS flow controllers and a MKS Multi-gas 
Controller 147. 

Quantitative analyses of Cu (mp/em2) in the deposited 
material were made using a Philips PW 1410100/60 wavelength- 
dispersive X-ray fluorescence spectrometer equipped with a 
tungsten anode and a LiF (220) crystal as secondary radiation 
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Figure 1. MOCVD reactor. 1 = reaction gas inlet; 2 = carrier 
gas inlet; 3 = thermocouples; 4 = precursor containers; 5 = 
heaters; 6 = susceptor; 7 = gas outlet. 
dispersive element. The intensities of Cu Ku peaks measured 
for several Cu and CuO, MOCVD-deposited standards were 
used as calibration references. The absolute masses of the 
above mentioned standards were determined by atomic ab- 
sorption spectroscopy. X-ray diffraction (XRD) spectra were 
made using a Philips PW 2103/00 difiactometer equipped with 
a copper anode. X-ray photoelectron spectra ( W S )  were 
obtained using a PHI 5600 Multy Technique System with a 
monochromatic Al source. Sputter etching was made with a 
2 kV argon ion gun with a beam current of 1 pA. The bis- 
(pentane-2,4-dionato)copper(II) precursor was purchased from 
Aldrich and was purified by low-pressure sublimation. In all 
the experiments weighed amounts of the precursor were moved 
from the cold presublimation section into the preheated 
sublimation section. The carrier gas was then flowed for 
different selected times. The total quantity of the sublimed 
precursor was determined hy weight loss measurements. 
Unless otherwise specified, all experiments were made under 
steady state conditions a t  403 K precursor sublimation tem- 
perature ( T a d  

Results and Discussion 
Influence of the Carrier Gas Flow Rate on the 

Sublimation of Cu(acac)z. Several experiment.? were 
carried out to establish suitable experimental param- 
eters to warrant a local equilibrium regimeZ1 for precur- 
sor sublimation at 403 K. The mass of the Cu(acac)z 
sublimed per unit volume of the carrier gas (mn3 
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Figure 2. Dependence of the m N  ratio upon the flow rate 
(F). "he dotted line shows the range of flow rates under which 
sublimation takes place in an equilibrium regime. 

depended on the flow rate (F) of the carrier gas itself. 
The ratio m N  remained constant in the range 0-40 
sccm (Figure 2) thus indicating that the sublimation 
process took place in a quasi-equilibrium regime under 
these conditions.21 The same data in Figure 2 were also 
used to determine the standard sublimation enthalpy 
of the Cu(acac)z precursor ( A W 2 9 8 K )  using the Clausius- 
Clapeyron equation and assuming an ideal behavior to 
evaluate the equilibrium vapor pressure of the precursor 
at  403 K.21 The required standard entropy, AS", and 
heat capacity, C,, values have been taken from ref 48. 
The 60 & 2 kJ/mol value obtained here is in good 
agreement with previously reported values.32 

Influence of Reactor Operating Variables. Un- 
der constant flow rate of reaction ( 0 2 )  and carrier (Ar) 
gases (200 and 30 sccm, respectively) the chemical 
nature of the deposited films depended on several 
operating variables, namely the susceptor temperature 
(hence of the target substrate) and the Oz/Cu(acac)s 
mole ratio (R).  

Figure 3 shows the X-ray diffraction patterns of films 
deposited at  various susceptor temperatures at  a R 
value of lo3. Below 573 K, Cu and Cu20 were present. 
In the range 573-723 K both Cu20 and CuO became 
evident, while above 723 K only CuO was present. 

Figure 4 shows the X-ray diffraction patterns of films 
deposited at susceptor temperature of 723 K and at 
various values of Films were made exclusively of 
CuO for R = lo3. At R = lo2 CuO and Cu2O were 
evident and a mixture of Cu and CuzO was present for 
R = 10. 

The XPS spectra (Figure 5) provide a clear indication 
that the deposited films have carbon contamination only 
on the surface, not in the bulk, since contamination can 
be easily removed by Ar-sputtering revealing the non- 
contaminated bulk. 

Deposition Rate. The deposition rate of copper was 
investigated under several operating conditions. In all 
cases the total pressure inside the reactor was kept 
constant at 4.3 Torr. 

Under the constant flow rates of both the reaction gas 
( 0 2 )  and the carrier gas (Ar), 200 and 30 sccm, respec- 
tively, and under constant Cu(acac)z partial pressure 

(48) Teghil, R.; Ferro, D.; Bencivenni, L.; Pelino, M. Thermochim. 
Acta 1981;44, 213. 

tion temperatures in the 403-443 K range. 
(49) Different R values have been obtained by varying the sublima- 
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B 

(8) C 
I 1 ,- 
30 40 50 60 70 

2 e  
Figure 3. XRD patterns of films deposited at various sus- 
ceptor temperatures (R  = lo3; reaction gas ( 0 2 )  flow rate = 
200 sccm; carrier gas (Ar) flow rate = 30 sccm): (a) 723 K, (b) 
693 K, (c) 663 K, (d) 613 K, (e) 573 K. A = CuO; B = CUZO; C 
= cu. 

C 
1 

I I 

30 40 50 60 70 

2e 
Figure 4. XRD patterns of films deposited under various R 
= OdCu(acac)z mole ratios at 723 K susceptor temperature: 
(a) R = 10, (b) R = lo2, (c) R = lo3. A = CuO; B = CuzO; C = 
cu. 

(2.8 x lop3 Torr), the deposition rate of copper-contain- 
ing films depended on the susceptor temperatures in 
the range 523-723 K (R = 1.3 x lo3). The data in 
Figure 6 show that the deposition process occurred in 
two different regimes. Below 593 K the process rate is 
surface-reaction-rate limited since the log of the deposi- 
tion rate b g  of Cu/cm2 min) depended linearly on the 
reciprocal of the temperature. The activation energy 
calculated from the Arrhenius plot is 48 & 6 kJ/mol. 
Above 593 K, the deposition rate was constant, there- 



1864 Chem. Mater., Vol. 6, No. 10, 1994 Condorelli et al. 

0 

0 200 400 600 aoo 1000 

Binding Energy (eV) 

figure 5. X-ray photoelectron spectra of films deposited using 
0 2  as reaction gas: (a) as grown, (b) after sputtering (4 min). 
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Figure 6. Arrhenius plots of deposition rate @g/cm2min) vs 
1/T (1K). 

fore, the process may be feed rate or diffusion rate 
limited since the precursor is consumed in the surface 
reaction faster than it can be supplied from the subli- 
mation zone. Experiments carried out in the mass 
transport limited regime (above 593 K) showed that the 
deposition rate depended linearly on Cu(acac)z partial 
pressure (Figure 7) in the range investigated (1.46 x 
10-3-10.77 x Torr). 

Above 723 K a growth rate of 0.5 pmfh was calculated 
at  the Cu(acac)z partial pressure of 2.62 x lop3 Torr. 
In these conditions pure CuO films were obtained, and 
therefore the growth rate can be easily evaluated by 
using both the X-ray fluorescence analysis to measure 
CuO surface density (g/cm2) and literature data50 for 
CuO density (g/cm3). 

The dependence of the copper deposition rate on both 
the Cu(acac)z partial pressure (9 x 10-5-9.3 x lop3 
Torr) and the oxygen partial pressure (2.22-3.74 Torr)51 
was thoroughly investigated at 573 K (surface reaction 
rate limited regime) in order to throw light on the 
reaction mechanisms. 

The deposition rate increased with the Cu(acac12 
partial pressure until a constant saturation limit was 

(50) CRC Handbook of Chemistry and Physics, 65th ed.; Weast, R. 
C., Astle, M. J., Beyer, W. H., Eds.; CRC Press, Inc.: Boca Raton, FL, 
1984. 

(51) Different oxygen partial pressures have been obtained by 
varying OdAr flow rate ratio in the reaction gas. 
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Figure 7. Dependence of the deposition rate upon the Cu- 
(acac)Z partial pressure above 593 K (mass transport limited 
regime). Reaction gas ( 0 2 )  flow rate = 200 sccm; carrier gas 
(Ar) flow rate = 30 sccm. 

O J  
0 2 4 6 8 10 

Cu(acac), partial pressure (torr x lo3) 

Figure 8. Dependence of deposition rate on Cu(acac)z partial 
pressure. T = 573 K, reaction gas ( 0 2 )  flow rate = 200 sccm; 
carrier gas (Ar) flow rate = 30 sccm; Ptot = 4.73 Torr; PO, = 
3.74 Torr. 

obtained for partial pressures higher than 15.3 x 
Torr (Figure 8). In this saturation range the reaction 
is zero order with respect to Cu(acac)z. This behavior 
indicates that the rate-limiting step involves a surface 
reaction where the active sites become saturated under 
high Cu(acac)z partial pressure. In addition, it was 
found that the saturation limit value depended linearly 
on oxygen partial pressure (Figure 9) thus implying that 
the reaction is first order with respect to the oxygen 
partial pressure. 

Reaction Mechanism. Previous mechanistic stud- 
ies of copper deposition suggest that the metal-ligand 
bond is easily broken on surface active sites. 

Girolami et al.,52 who studied Cu(acac)z, Cu(hfacac)a, 
and Cu(hfacac)(vtm) adsorption processes by vibrational 
and mass spectroscopies, have reported that these 
molecules adsorb dissociatively on the surface thus 
forming copper and adsorbed ligands. The ligands 
(Figure loa) are oriented perpendicular to the surface 
and are bonded to active sites by the carbonyl oxygen 
atoms. 

In contrast, on the basis of XPS and HREELS experi- 
ments, Cohen et al.27 suggested that Cu(hfacac)z adsorbs 

(52) Girolami, G. S.; Jeffries, P. M.; Dubois, L. H. J .  Am. Chem. 
Soc. 1993, 115, 1015. 
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0, (g) + S,* - 2 0  (ad) 

1865 

K 
[21 

Adsorbed acac ligands undergo decomposition into 
volatile byproducts when reacting with adsorbed 0 
atoms [31. 

2acac(ad) + 2 0  (ad) - k3 

volatile byproducts + Sz* + S1* [31 

The deposited copper is oxidized by adsorbed 0 atoms 

[41 

[51 

The regeneration of active sites by acac decomposition 
in step [31 represents the ratelimiting step of the overall 
reaction. 

[41 and [51. 

4Cu(s) + 2 0  (ad) - 2Cu,O(s) + Sz* 

2C%O(s) + 20(ad) - 4CuO(s) + Sz* 

The deposition rate (rd is 

rl = klpc"(acac)14 (1) 

where 81 is the fraction of unoccupied active sites SI*.  
From steps [21 and [31 and assuming that the fraction 

of active sites SZ* occupied by adsorbed oxygen atoms 
is negligible in equilibrium conditions, the rate (r') of 
ligand decomposition is 

f = k'P0$1 - 0,) (2) 

where k' = K k 3  and (1 - &), equal to [2acac(ad)l, 
represent the fraction of active sites occupied by ad- 
sorbed ligands. 

In the steady-state conditions, the fraction of unoc- 
cupied active sites remains constant, and therefore 

rl = f (3) 

From eqs 1-3 the deposition rate is 

(4) 

The same expression can be arrived at by assuming 
steps [la] and [lbl instead of [l] under steady-state 
conditions. Therefore, there is no experimental evidence 
of whether [l] or [la] and [lbl mechanisms apply to the 
present experiments. 

Equation 4 fits well the experimental results in 
Figures 8 and 9. In fact, at high Cu(acac)z partial 
pressure (klPCu(acach - k'Po2), eq 4 becomes 

~ l ~ ' ~ 0 2 ~ c u ~ a c a c ~  
- klP,(,,h + k%, r -  

M O W  of Copper Containing Phases 

21 

I 

2 2.5 3 3.5 4 

oxygen partial pressure (ion) 

Figure 9. Dependence of deposition rate on oxygen partial 
pressure. Reaction gas (Adoz) flow rate = 200 seem; carrier 
gas (Ar) flow rate = 30 s e a ;  T = 573 K; Pw = 4.3 Torr; Pcy(-k 
= 9.3 x Torr. 

a1 Cu(-k*% Ioul  

v ~, u,..s =..c.-% 

L A  4 ;  D D  c & g y  J L  

s i  s; 

b) C v ~ u c l ,  + Oz (or) 

1 

St. s; $1. 5' 

C " * T )  - -.r= O D  - - - > ' ' L  I t  

Figure 10. Proposed mechanisms for M O C M  experiments. 

dissociatively thus giving Cu(hfacac) and hfacac (Figure 
lob). 
Rees et al.= suggested that in CuzO deposition, copper 

is first deposited as Cuo and, then, oxidized to CuzO. 
Differential scanning calorimetry experiments on Cu- 

(acaclz (Chang et al.9 indicated two different steps for 
the metal-ligand dissociation and the reaction between 
02 and the ligand. 

In this perspective, the present experimental results 
become consistent with the following reaction scheme 
(Figure 10) in which Cu(acach adsorbs dissociatively on 
active surface sites (SI*) in one [l] or more steps [la1 
and [lbl. The adsorption of Cu(acac)z is irreversible, 
with the Cu atoms becoming part of the film surface. 

Reversible dissociative adsorption on Werent surface 
sites SZ* occurs for 0 2  [21. Note that two different active 
sites SI* and SZ* must be assumed in the process, as a 
consequence of the already discussed linear dependence 
of the deposition rate on the 02 partial pressure when 
the active sites for Cu(acac)z adsorption are already 
saturated. In addition, the assumption that the same 
active sites are involved for both Cu(acac)z and 0 2  
adsorption gives deposition rate expressions which do 
not agree with the present experimental results. 

Cu(acac), (g)  + Sl* - Cu(s) + 2acadad) 
kl 

[ l l  

or 

Cu(acac), (g) + S,* - Cu(acac)(ad) + acadad) [la1 

[Ibl Cu(acac)(ad) - Cub) + acadad) 

rl = k'Po, (5) 

Thus, the deposition rate becomes zero order with 
respect to Pcdaeaeh (Figure 8)  and first order with respect 
to PO, (Figure 9). 

Additonal support for the proposed deposition mecha- 
nism become evident when considering the general 
expression (4) of the deposition rate in the reciprocal 
form: 
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Plots (Figure 11) of l/rl vs both l/Pcu(acac)z (under 
constant Po,) and l/Poz (under constant Pcu(acac)z give 
good straight lines. Moreover, the values of k' obtained 
from the two sets of independent data are almost 
identical within experimental error. A similar agree- 
ment is found as far as k1 is concerned. Note, however, 
that data in Figure 11 only provide the lower limit of 
the k1 since they are related to experiments made under 
saturation conditions (klPcu(acac)z >> k'Po,). 

In this context the proposed mechanism, which as- 
sumes consecutive steps for the deposition and oxidation 
process of copper, is tuned well with the observed 
dependence of the copper oxidation state upon both the 
temperature and the 02/Cu(acac)z mole ratio. In fact, 
higher oxidation states were observed when increasing 
both the temperature and the OdCu(acac)2 mole ratio 
thus indicating that the layer by layer oxidation in- 
creases faster than the growth of the Cu phase. 

Conclusions 
The formation of Cu-0 phases has been the object of 

several studies in terms of the preparative and phe- 
nomenological implications. There is, by contrast, a 
paucity of data as far as the mechanistic aspects are 
concerned. Models to describe MOCVD reactions in- 
volved in the deposition of Cuo films are well-known, 
but no fully comprehensive models have been proposed 
to describe the copper oxide deposition process. The 
present study provides the first ever model to explain 
the intriguing role of the 0 2  reaction gas in the MOCVD 
formation of copper oxide films. In addition, this 
proposed model accounts well for both the kinetic data 
and the chemical nature of the films. 
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Figure 11. (a) Dependence of llr' on 1/PC,~,,,,),. ( x )  [k'l = 
[kl l  = pg cm+ min-l Torr-'; PO, = 3.74 Torr; T = 573 K, 
reaction gas ( 0 2 )  flow rate = 200 sccm; carrier gas (Ar) flow 
rate = 30 sccm; Pbt = 4.3 Torr. (b) Dependence of llr' on 1/Po, 
(W) [k'] = [kl] = pg cm+ min-l Torr-'; Pcucacac), = 9.3 x lor3; 
T = 573 K reaction gas (Ar/Oz) flow rate = 200 sccm; carrier 
gas (Ar) flow rate = 30 sccm; Ptot = 4.3 Torr. 

Finally we note that the present results are of 
relevance to the design of better performing MOCVD 
in situ synthetic procedures of HTc ceramic supercon- 
ductors. Of course, further work is required to study 
possible interferences among the components of mixed- 
oxide matrices. 
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