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Abslraet-Aluminum films were prepared on H~-plasma pretreated TiN substrates at deposition temperatures of 60- 
250 ~ by metallorganic chemical vapor deposition using dinlethylethylamine alane as a precta-SOl: The fflras were 
highly pure and the gro~h rates were 3-50 nm/min, where the lowest deposition temperature was 60 ~ The resistivity 
was as low as 2.8 gQcm. High substrate temperatures tended to favor a low resistivity and smooth surface morphology 
of the films, compared to films with a low temperature at a given thickness. Numerous empty pores appeared in the 
A1 films deposited at a temperature below 150 ~ when the film thickness exceeded 200 iN1. The number of these 
pores tended to increase with decrease in temperature. However, in films deposited at temperatures above 200 ~ there 
were no pores and the large grains were interconnected to a high degree. Higher deposition temperatures yielded a 
greater preference of  the (111) orientation of A1 films. 
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INTRODUCTION 

As ultra large-scale integrated circuit (ULSI) devices are scaled 
down to a deep sub-quarter micron regime with increments of the 
device density, achieving adequate conformality is becoming ex- 
b-emely difficult by the curl-ently used PVD tect~fiques. Dutfig the 
past few years, chemical vapor deposition (CVD) aluminum has 
been widely investigated as an alternative to sputtelfig-altanintal 
because of its capability to achieve conformal films with various 
source chemicals, such as trimethylaluminum [Masu et al., 1990], 
triisobutylaltaninum (TIBA) [Levy at al., 1984; Gr-een and Gal- 
lagher, 1984; Lee et al., 1992; Amazawa, 1999; Jonnal,qgadda et 
al., 1999], dimethylaluminum hydride (DMAH) [Kondo and Oht,% 
1995; Sugai et al., 1995, 1997; Nail( et al., 1998], and amine-alane 
adducts such as trimethylamine alane [Gladfelter et al., 1989], tri- 
ethylaraine alane [Gross et al., 1991], diraethylethylamine alane 
[Simmonds et al., 1991, 1994; Kim et al., 1995; Yun et al., 1998; 
Jang et al., 1999]. However, CVD A1 revealed the excessively 
rough topography of the film, regardless of  the precursor use4 
This rough surface morphology is known to be caused by the 
slower nucleation of CVD A1 conlpared with the subsequent film 
growth. To enhance the nucleation density and thus improve the 
surface morphology of A1 films, it has been suggested to pretreat 
the substmte surface either physicaUy or chemicaUy before CVD 
A1 [Cooke et al., 1982; Sugai et al, 1995; Jonnalagadda et al., 
1999]. 
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Although pretreatment was found to be effective at increasing 
A1 nucleation, which resulted in a decrease in surface roughness 
of CVD A1 films, there have been only few papel-s reporting the 
properties of A1 films grown on pretreated substrate, and even 
these are lacking in detail [Sugai et al., 1995; Iang et al., 1999]. 
Therefore, in the present study, the properties of A1 films grown 
on TiN that was pretreated by in site hydrogen plasma were in- 
vestigated by varying the deposition temperature. 

EXPERIMENTAL 

A1 film g r o ~ h  was carried out at total pressure of 67 Pa using 
dimethylethylamine alane, [(CH3)2C2HsN]A1H3], (DMEAA) in a 
cold wall type, vertical reactor which was equipped with a load- 
lock system. Compared to other chemicals, the liquid DMEAA 
has been shown to deposit purer A1 at low deposition temperatta-es 
of 100-270 ~ [Simmonds et al., 1991; Kim et al., 1995; Yun et al., 
1998]. The base pressure of the reactor was kept low at 1.32• ~ 
Pa. Silicon wafers (200 irml) covered by sputtered TiN (50 ira1, 
-150 ~tflcm) were used as substrates, which were heated with a 
resistalce healer to temperatures of 60 to 250 ~ After loading the 
air-exposed TiN substrate into the reactor, in situ pretreatment was 
conducted using H2-plasma for one minute at a treatment tem- 
perature of 120 ~ a power of 200 Vr and a total pressure of 
265 Pa before A1 deposition. 

DMEAA was bubbled in a stainless-canister at 30 ~ and in- 
troduced rote the reactor by a carrier gas, 350 sccm of He. The de- 
livery line between the bubbler and inlet of the reactor, and the 
reactor wall were heated to 40 ~ to prevent precursor cc~ldensa- 
don. Also, the telnperature of the shower head in the reactor was 
strictly controlled at 45 ~ to avoid the thermal decomposition of  
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the precursor. Under these conditions, residues caused by conden- 
sation and decoraposition on the interior reactor wails and the de- 
livery lines were avoided 

Scanning electron microscopy (SEM) was used to study the sur- 
face morphology and also to llleasure the film thickness. Sulface 
roughness was evaluated by measuring the relative reflectivity of 
the A1 films based oi1 a bare silicon wafer (100%) at a wave length 
of  405 nm and also by using atomic force microscopy (AFM). 
Resistivity and film purity were analyzed by using a four-point 
probe and Auger electron spectroscopy (AES), respectively. 

RESULTS A N D  DISCUSSION 

Since TiN is the most commonly used diffusion barrier in alu- 
rainum-based IC device fabiication, studies on the properties of 
CVD A1 grown on the TiN are of great interest from various prac- 
tical points of view. 

The dependence of the film thickness on reaction time was first 
evaluated, and linear dependence of film thickness on time was 
observed which indicated that film growth rate was constant with 
respect to reaction time. Also, there was no differentiable incuba- 
tion time in this work. To discern the controlling regime of the 
CVD reaction, the deposition rate of A1 was examined as a func- 
tion of the substmte temperature at the substmte temperatures of 

60-250 ~ (Fig. 1). The other conditions for Fig. 1 were 30 ~ bub- 
bler tenlperature, 350 SC~l of helitan gas flow rate, and 67 Pa to- 
tal pressure. The deposition time was 1 to 30 min and the thick- 
ness of the deposited alraninuln was between 10 to 500 nm. Es- 
sentially all the films deposited were extremely pure regardless of 
the deposition temperature, and possible impurities in the bulk of 
the filnl were always below the detection limit of AES analysis, 
as shown in Fig. 2. The minimum deposition temperature for A1 
gro~Wh on the plasma-pretreated TiN was about 60 ~ (under the 
conditions studied), which was 40 ~ lower than the previously re- 
ported value of 100 ~ obtained from using the same precursor 
[Sinlnlonds et al., 1994; Yun et al., 1998]. There seems to be a 
transition temperature in between 125-155 ~ from surface reac- 
tion to gas-phase mass-transfer under the conditions investigated. 
Film growth rate increased linearly with incaeasing the deposition 

Fig. 1. Film growth rate dependence on substt~te temperature 
at 67 Pa total pressure. 

Fig. 2. AES eleclron speclrum of the AI films deposited at (a) 
80 ~ Co) 160 ~ and (c) 250 ~ (after 3 min sputtering). 

temperatures of  60-120 ~ which reveals that the A1 growth is 
controlled by die surface reaction. The activation energy for die 
film gro~Wh at this temperature range was estimated to be about 
48 KJ/nlol. The transition temperature and die value of the acti- 
vation energy are similar to the results ofYun et al. (42 KJ/mol). 

As the subsllate temperatures were further increased above 150 
~ the growth rate leveled off, as shown in Fig. 1. This was con- 
tmry to the observations made by Kim et al. [1998] and Yun et al. 
[1995], who reported a rapid decline in the deposition rate as the 
substrate temperatures were increased above 150 ~ The decline 
of growth rate was explained by rapid dissociation of DMEAA in 
the gas phase. This difference is probably clue to the different re- 
actor systems. For example, our system has the capability to con- 
trol the temperature of a shower-head in the reactor to suppress 
an excessive gas phase dissociation of DMEAA. 

In order to study the morphological evolution of DMEAA-based 
CVD A1 filnls, SEM analysis was conducted with A1 filnls that 
were deposited at 120 ~ as shown in Fig. 3. Tile flhn dlicknesses 
for Figs. 3a, b, c, and d were 10 (estimated by the deposition rate 
for a tiff& film), 40, 75, and 210 nnl, respectively. It can be clearly 
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Fig. 3. Morphological evolution of the DMEAA-based AI film on the plasma pretreated TiN at 120 ~ substrate temperature; (a) 10, 
(b) 40, (c) 75, and (d) 210 nm Al thickness. 

seen that the growth of the CVD A1 follows the Volmer-Weber 
three-dimensional mode on the TiN substrate. At  the early stage 
of the A1 film growth, reflectivity was low at 35%, due to the for- 
marion of discrete A1 islands (Fig. 3a). As the coarsening of the se- 
parate A1 grains progressed~ reflectivity increased with increments 
of film thickness UlN1 the complete merging stage, i.e., COlNnuous 
fihn formation. Reflectivities of die films of Figs. 3b and c were 
88 and 140%, respectively. However, as the film thickness in- 
creased fi-Oln 75 to 210 nm, reflectivity decreased to 31% clue to 
grain growth; strface morphology revealed a grooved grain slruc- 
ture with many voids. The resistivity values of the samples in Figs. 
3b, c, and d were 38.68, 4.60, and 3.47 ~ttlcan, respectively. As the 
films were highly pure, the main reason for the higher resistivity 
above bulk A1 (2.67 g ~ c m )  would be the various stmctul-al de- 
fects in the deposited films, as appeared in Fig. 3. 

Fig. 4 shows the root mean square (RMS) roughness of the 
films measured by AFM as a function of file A1 film thickness. The 
values of peak to valley, Re~ ) and the surface grain size were sum- 
marized in Table 1. The RMS roughness, R~_~, and grain size in- 
creased with increase m the film fffickness. It should be noted that 
m the case where the film was 100 nm thick, the value of R 0, ~) 
was more than four times the film thickness, but in cases where the 
film was 210 ira1 thick, the value of R0, ~) was close to the film 
thickness. This may suggest a relatively low nucleation rate of the 
A1 on the TiN surface compared to the growth rate of the A1 at the 

Fig. 4. Effect of film thickness on the RMS surface roughness 
for the AI films deposited at 120 ~ 

Table 1. Dependence of peakto valley, I~_ m and grain size on 
AI film thickness 

A1 thicialess (Ira1) R e_~ Grain size (ira1) 

10 45.8 62.4 
40 61.0 207.0 
75 94.1 235.2 

210 221.0 441.0 
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Fig. 5. SEM miwo~g~apl~ of the A1 films deposited on the plasma 
preWe~ed TiN at (a a~ad b) 100~ (c a~ad d) 160~ a~ad 
(e ~ d  r) 200 ~ 

early stage of  film growth. 
Fig. 5 shows an oblique view and eross-sectional views of the 

A1 films deposited at substrate temperatures of 100, 160, and 200 
~ As observed in Fig. 5, the surface morphology of A1 became 
smooth and faceted with increasing deposition temperature. It is 
interesting to note that many empty pores appeared in the A1 films 
deposited at 100 ~ However, the number of empty pores greatly 
decreased as the deposition temperature was increased to around 
160~ and above 160 ~ the empty pores eventually disappeared. 

Note also that there were no empty pores in the films depos- 
ited at the l o w t e m p ~  of120 ~ in the case of thickness less 
80 nm, as shown in Fig. 3. ]]herefor~ it may be inferred that such 
empty pores begin to form alter the complete merging (i.e., contin- 
uous film) of the isolated Al crystal, due to intensive grain growth 
and agglomeration of the A1 films relative to the growth rate of  the 
A1. The low density of  the A1 nuclei and low surface mobility of  
the A1 adatom on the TiN surface at tempemarres below 160 ~ 
and also poor wetting between the A1 films and the TiN surface 
could be considered as aher  possible masons for this phenome- 
non, although there is no clear proof at present. The reflectivity 
of the A1 films deposited at 200 ~ and 100 ~ was 92% and 31%, 
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Fig. 6. Resistivity of the AI fll~S as a function of sub strate tem- 
perature. 

respectively. The deposition temperature also affects the grain size 
of  the film. For films with the same thickness, the grain size of the 
film deposited at the higher temperature is larger. This might be 
attributed to the high degree of aa-face diffusion and gr in  growth 
at high temperatures. 

Fig. 6 shows the resistivity of  the ,41 films as a function of the 
substrate temperature. The value of the resistivity of  the A1 films 
that were 250-300 nm thick was in the range of 2.8 to 5.5 ~ff~an. 
In particular, the resistivity of 2.8-2.9 ~g-2cm was routinely obtain- 
edfor the films greater than 250 nm thick deposited at tempera- 
tares above 200 ~ due to the improved degree ofinterconnection 
between the A1 grains at this high deposition temperature. This 
value is comparable to the bulk resistivity of  A1 (2.67 ~2cm)that  
suggests an extremely low defect density in the films deposited at 
ahigh temperature. 

Microstmctures such as texture, grain size, and grain size dis~- 
bution ~ne known to strongly hi'luence the electromigr~on (EM) 
resistance [Murarka, 1992]; the median time to failure (MTF) in- 
creases in proportion to the cube of  the intensity ratio of  I ( l l l ) /  
I(200), where I is the corresponding x-ray diffraction peak. The 
crystal orientation of the A1 films prepared at temperatures of 60- 
250 ~ was exanined by XRD. The deposited films were poly- 
crystalline and showed a (111) preferential texture in all cases as 
shown in Fig. 7. This (111) preferred orientation could be ex- 
plained by the minimization of the surface energy. Because (111) 
plane has the highest ~xnic  packing density in face centered cubic 
(fee) metals (such as A1, Cu and Pt) and the lowest surface en- 
ergy, the atoms of  the A1 islands prefer to arrange themselves in 
the (111) orientation, in order to reduce the anface energy ~f ing  
the early stages of film growth when the separate A1 grains are 
coarsened. As is common in ~he film gmulh process, subsequent 
film growth continues to replicate the initial texture of the growing 
tilm. 

Fig. 8 shows the intensity ratio of(111)/(200) of  XRD peaks as a 
fimction of deposition temperature. The appearance of the strongly 
preferred structure (111) at the higher temperatures may be at- 
tributed to the higher surface mobility of the adatoms at higher de- 
position temperatures in trying to establish an orientation with a 
low interface energy with respect to the subslrate. However, con- 
tmry to the result o f  this work, opposite trends of the intensity r~io 
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Purity, the evolution of strface morphology, electrical resistivity, 
surface roughness, and the preferred orientation of  the D ~ -  
based CVD A1 films deposited on the plasraa pretreated air-ex- 
posed TiN substrate were evaluated. Highly pure A1 films were 
groval at the substt-ate temperatta-es of 60-250 ~ and the of the A1 
films follows the three-dimensional growth mode on the plasma- 
pretreated TiN subsmates. At high deposition temperature, the grain 
structure was highly interconnected, which led to its low resistivity 
of 2.8 J.tY2cm. Ft~-tlhermore, the surface roughness was reduced 
significantly along with increment of the intensity ratio of (111)/ 
(200) by increasing the deposition temperature. 

A C K N O W L E D G E M E N T S  

The at~hors deeply appreciate the technical assistance and valu- 
able discussions offered by DI: J. ~r Park at Hyundai Microelec- 
tronics Co., Ltct and G. T. Lira at Chonnam National University. 
Tt~ work was carried out wiffl the support of a grant ~ron! Chon- 
nam National University, Korea, made in the program year of 
1996. 

REFERENCES 

Fig. 7. X-ray diffraction patterns of the AI films deposited at 
(a) 80 ~ Co) 160 ~ and (c) 250 ~ 

Fig. 8. Intensity ratio of I011)/I000 ) of the Al films as a func- 
tion of subs~rate temperature. 

of (111)/(200) of XRD vs. deposition temperahlre were reported 
by Yun et al. [1998], who deposited the A1 film on the ~air ex- 
posed TIN" without plasma treatment. Despite any clear evidence, 
the suspected main causes of this discrepancy seem to be the dif- 
ferent types of TIN and also diffeaence in the degree of gas phase 
decomposition of DMFAA at high temperahlres due to the differ- 
ent CVD reactor system. 

Amazawa, Z, "Sdective Chemical Vapor Deposition of Smooth Alu- 
minum Films from Highly Supelsaturated Source Gas;' 27 Electro- 
chem. Soe., 146, 4111 (1999). 

Gladfelter, W. L., Boyd, D. C. and Jense11, K. F., "Tiiraethylanmle 
Complexes of Alane as Precursors for the Low Pressure Chemical 
Vapor Deposition of Alumintml;' Chem. Mater., 1, 339 (1989). 

Green, M. L. and Gallagher, le K., "LPCVD Aluminum for VLSI Pro- 
cessing~',L Eleetrochem. Sot., 131, 2175 (1984). 

Gross, M. E., Fleming, C. G., Cheung, K. P. and Heirabrook, L. A., 
"Liquid Source Metalorganic Chemical Vapor Deposition of Alumi- 
num using Triethylamme Alane;'Appl. Phys. Lett., 69, 2589 (1991). 

Jang, J. W, Rhee, H. S. and Aim, B. T., "Hydrogen Plasma Pretreat- 
m~lt Effect Oll the Deposition of Alulllinuln Thin Fihns ti-ora Met- 
alorganic Chemical Vapor Deposition using Dimefllylefllylamine 
Alane:'27 Vac. Sci. Technot., A17, 1031 (1999). 

Jolmalagadda, R., Yang, D., Rogers, B. R., Hfllman, J. T., Foster; R. E 
and Cole, T. S., "Programmed Substt-ate Te~npe~-atul~ Ramping to 
Increase Nucleation Density and Decrease Surface Roughness 
during Metalorgauic Chemical Vapor Deposition of Altaltintal~' J 
MaL Res., 14, 1982 (1999). 

Kim, B.-Y, Li, X and Rhee, S.-W., "Microstructuae and Deposition 
Rate of Ahtmintml Thin Filras fi-ora Chentical Vapor Deposition 
with Dimethylethylamine Alane;' Appl. Phys. Leg., 67, 3426 
(1995). 

Kondo, E. mid Ohta, Z, "Chemical Vapor Deposition of Almlfinum 
from Dimethylaluminumhydride (DMAH): Characteristics of 
DMAH Vaporization and A1 Growth Kinetics;' ,L Vac. Sci. Tech- 
sot., A13, 2863 (1995). 

Lee, K.-I., Kiln, Y-S. and Joo, S.-K., "Effect of Substmte Tempera- 
ture Oll the Selectivity in Low Pressure Chemical Vapor Deposition 
of Alttminul~' 27 tHec*rochem. Soc., 139, 3578 (1992). 

Metsu, K., Tsubouchi, K., Skigeeda, N., Matano, T. and Mikoshiba, 

Korean J. Chem. En~(Vol. 17, No. 4) 



454 D IIHI Kiln and B i - [  ~ n l  

N., "Selective Deposition of Aluminum from Selectively Excited 
Metalorgauic Source by file RF Plasma;' AppL Phys. Lett., 56, 
1543 (1990). 

Mur,~-ka, S. R, "Metallizalion: Theory and th-aclice for ULSI and 
VLSI;' Butterwo~h-Heinemann, Stoneham (1992). 

NNk, M., Guo, T., Cher~ L., Mosely, R. and Beinglass, I., "Tex~re and 
Surface Morphology Improvement of A1 by Two-stage Chemical 
Vapor Deposition and its Integration in an Al-plug-interconnect 
Scheme for sub 0.25 gm Metallization:' s Vac. Sci. Technol., 
A16, 1233 (1998). 

Simmonds, M. G., Gladfelter, W. L., Nagara, R., Szymans!d, W. N., 
Alto, K. H. and McMurry, P H., "Particle Contanmlation in Low 
Pressure Organometallic Chemical Vapor Deposition Reactor: 
Methods of Particle Detection and Causes of Particle Formation 
using a Liquid Alane (A1H3) Precursor,' 2i Vac. Sci. Technol., A9, 
2782 (1991). 

Simmonds, M. G., Tanpin, I. and Gladfelter, W L., "Selective Area 
Chenfical Vapor Deposition of Aluminum using Dimethylethyl- 
amine Alane~' Chem. Mater., 6, 935 (1994). 

Sugai, K., Kishida, S., Shinzawa, T., Okabayashi, H., Yako, T., Ka- 
dokura, H., Isemura, M., Kobayashi, A. and Hosokawa, N., "Alu- 
minum Metallization using a Combination of Chemical Vapor De- 
position and Sputteling2',,~ Etectrochem Sot., 144, 1028 (1997). 

Sugai, K., Okabayashi, H., Shinzawa, T., Kishida, S., Kobayashi, A., 
Yako, T. and Kadotatm, H., "Aluminum Chemical Vapor Deposi- 
tion with New Gas Phase Treatment using Tetmkis-dimethyl- 
amino-titanium for Ultralarge-scale Integrated Circuit Metalliza- 
tioll~'2[ Vac. Sci. Technol., B13, 2115 (1995). 

Yun, J.-H., Kim, B.-Y and Rhee, S.-W, "Metal-organic Chemical Va- 
por Deposition of Aluminum from Dimethylethylamine Alane:' 
Thin Sotid Films, 312,259 (1998). 

July, 2ooo 


