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lengths longer than 1.5 ~m show a reduction, as expected  
for long channels.  F igure  6 shows normal ized  t ransfer  
characterist ics for low threshold FET's  of different chain 
nel  lengths,  with the m a x i m u m  t r ansconduc tances  ob- 
tained at the inflection point. The highest  value obtained 
was 465 mS/ram, with an associated voltage gain of 39.5 
for a 0.75 ~m opening in the chrome mask and 0.5 ~m es- 
t imated  channel  length.  The high vol tage  gain demon-  
strates that  no ex tended  high field domain  is needed  at 
the drain end of the channel  to improve  current  confine- 
ment,  as this is already provided by the (A1,Ga)As/GaAs 
junct ion.  

The second parasitic effect invest igated is the I-V col- 
lapse. HEMT devices  using the A1GaAs/GaAs mater ia l  
sys tem have been widely plagued with the phenomenon  
of the collapse of the I-V characterist ics at low tempera-  
tures  in the dark, apply ing  high drain bias (2). This has 
been  associa ted with e lec t ron  t rapping  at deep donor  
centers  ( "DX"-centers )  in (A1,Ga)As. A high field is 
needed,  so that  the electrons can surmount  the repulsive 
barrier surrounding the center  before being trapped, the 
high field being provided in a high field domain region in 
the N-doped (A1,Ga)As adjacent  to the gate meta l  at the 
drain side outs ide  the intr insic  device  region. The I-V 
col lapse  should,  thus, not  be related to the in t r ins ic  de- 
vice structure, and be absent  in HEMT structures with a 
na r row recess  s t ruc ture  as descr ibed  above.  F igure  7 
shows curve  t racer  ou tpu t  character is t ics  of a 1 ~m 
HEMT at room tempera ture  (7a), 77 K in light (7b), and at 
77 K in dark (cooled down in dark) (7c). No ins tabi l i ty  
leading to the I-V col lapse is observed,  a l though the 
threshold voltage shift of approximate ly  0.40V indicates 
a large percentage of "DX"-centers  in the (A1,Ga)As. 

Conclusion 
Specif ic  character is t ics  of the chemica l  e tch ing  of 

he te ros t ruc tu re  (A1,Ga)As/GaAs mater ia l  have been  de- 
scribed. It is shown that  a number  of recess profiles can 
be obtained and narrow recess HEMT structures can be 
produced with the channel  length smaller than the gate 
length.  The major  parasi t ic  mater ia l  effects,  mask ing  
shor t  channe l  device  behavior ,  could be e l imina ted  in 

devices of 0.3 ~m gate length. These are channel  current  
l imit ing effects, due to surface depletion, and the I-V col- 
lapse phenomenon ,  due to a high field domain  in the 
(A1,Ga)As layer. It is expec t ed  that  by t igh te r  control  of 
processing parameters  and the use of high resolut ion li- 
thography,  devices with essentially negligible parasitics, 
in the 100 nm range and below, can be fabricated. Thus, 
it seems that  wet  chemica l  e tching,  especia l ly  when 
using low etch rates, can be very useful in achieving high 
ver t ica l  and lateral  resolut ion  in the process ing  of 
submic ron  3-dimensional  devices.  Moreover ,  wet  etch- 
ing does not  suffer  from the e lectr ical  damage  intro- 
duced by dry etching. 

Acknowledgment 
Sincere  thanks  to K. Hofmann  for many  s t imula t ing  

d iscuss ions  on short  channel  and parasi t ic  device  as- 
pects, and t o R. Bernadi,  W. Wiegmann, L. Harner, and T. 
Jones  for materials preparat ion and assistance in device 
process ing.  We also thank K. Za in inger  for his s teady 
support  of this project. 

Manuscript  submit ted on Feb. 24, 1987. This was Paper  
769 SOA presented at the San Diego, CA, Meeting of the 
Society, Oct. 19-24, 1986. 

SIEMENS Research and Technology Laboratories as- 
sisted in meeting the publication costs of  this article. 

REFERENCES 
1. K. R. Hofmann, R. J. Cheponis,  C. L. Shieh, K. Alavi, 

and E. Kohn, Presented at the SDHT-Conference,  
Hawaii, Dec. 1-6, 1986. 

2. A. Kastalsky and R. A. Kiehl, IEEE Trans. Electron De- 
vices, ED-33, 414 (1986). 

3. U. K. Mishra, S. C. Palmateer, P. C. Chao, P. M. Smith, 
and J. C. M. Hwang, IEEE Electron Devices Lett., 
EDL-6, 142 (1986). 

4. E. Kohn, This Journal, 127, 505 (1980). 
5. H. M. Macksey, IEEE Electron Device Lett., EDL-7, 69 

(!986). 
6. E. Kohn, Electron. Lett., 11, 160 (1975). 
7. M. Schneider, C. Colvard, K. Alavi, and E. Kohn, SPIE 

Proc., 797 (1987), Paper 797-12. 

Laser Chemical Vapor Deposition of Gold 
The Effect of Organometallic Structure 

Thomas H. Baum 
IBM Almaden Research Center, San Jose, California 95120-6099 

ABSTRACT 

The laser:indueed pyrolytic deposition (LCVD) of gold from dimethylgold acetylacetonate and two fluorinated deri- 
rates has been examined. The incorporation of fluorine substituents on the acetylacetonate ligand increases the vapor 
pressure of the organogold complex substantially. Rates of gold deposition are strongly dependent upon the vapor pres- 
sure and therefore, the gold complex utilized. Rates of deposition, deposit resistivities, and deposit purities are compared 
for each of the gold complexes. 

The laser - induced depos i t ion  of gold has been  re- 
por ted  from plat ing solut ions  (1), meta l lo-organic  films 
(2), and from the LCVD of dimethylgold acetylacetonate 
(3). The lat ter  approach is a comple te ly  dry, s ingle-s tep 
process in which the rates of metal  film formation can be 
inf luenced  by increas ing the partial  pressure  of the or- 
ganometal l ic  precursor  or by the addi t ion of a buffer gas. 
The localized deposit ion of metal, which can be achieved 
by LCVD, enables one to fabricate, repair, or modify cir- 
cuits, and repair clear defects in l i thographic masks. 

Laser chemical  vapor  deposit ion (LCVD) of metals is a 
modif ica t ion  of conven t iona l  CVD, in which  a focused 
laser is absorbed by the substrate and utilized as a local- 
ized heat  source. An organometallic,  adsorbed or collid- 
ing with the surface, undergoes  a thermal  decomposi t ion  

to metal  with the l iberation of volati le reaction products.  
The surface t empera tu re  profile, induced  by laser heat- 
ing of  the substrate ,  defines the react ion zone and con- 
trols the depos i t ion  of metal.  The opt ical  and thermo-  
physical  proper t ies  of the subs t ra te  and depos i ted  
material  are thus important  process parameters.  Another  
cr i t ical  c o m p o n e n t  to LCVD is the organometa l l i c  com- 
p lex  used as the metal  precursor .  The decompos i t i on  
t empe ra tu r e  of the organometa l l ic  will  de t e rmine  the 
laser power necessary for the initiation of deposi t ion and 
the vapor  pressure will profoundly influence the deposi- 
t ion rates. An ideal precursor  will decompose  cleanly to 
metal,  in a selective manner,  be stable at room tempera-  
ture  and in air. The thermal  chemis t ry  is ex t r eme ly  im- 
por tan t  for o ther  reasons as well;  a low decom pos i t i on  
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tempera ture  facilitates the deposit ion of metal onto ther- 
mal ly  sensi t ive subs t ra tes  (i.e., polymers)  wi thout  dam- 
age. 

The role of precursor  propert ies  will be i l lus t ra ted  in 
this paper by examining  the pyrolytic, vapor phase dep- 
osition of high puri ty gold metal  from diinethylgold(III)  
acetylacetonate, Me2Au(acac), and two fluorinated deriv- 
atives. These three complexes possess similar decompo- 
sit ion temperatures,  are stable to air, and exhibit  a clean 
the rmal  decompos i t ion  to gold metal.  Both dimethyl-  
gold trifluoroacetylacetonate, Me2Au(tfac) and dimethyl- 
gold hexafluoroacetylacetonate ,  Me2Au(hfac), offer 
higher ambient  vapor pressures than the nonfluorinated 
analogue. All three organogold complexes decompose at 
sufficiently low temperature  to permit  the LCVD of gold 
onto some polymeric  substrates .  A compar i son  of the 
depos i t ion  rates, resist ivit ies,  and  the qual i ty  of the 
metal  produced is made for the LCVD of gold from these 
three related precursors. 

Exper imenta l  
The gold complexes  uti l ized th roughout  this s tudy  

were synthes ized  according to the l i terature  procedure  
of Brain and Gibson (4). Dimethylgold iodide dimer was 
prepared  from te t rachloroaur ic  acid and  then  reacted 
with the potassium salt of acetylacetone, trifiuoroacetyl- 
acetone, or hexafluoroacetylacetone. '  The final products 
were purif ied by careful dis t i l la t ion or subl imat ion ,  as 
appropria te .  The physical  propert ies  for the three gold 
complexes  are given in Table I. Differential  scann ing  
calorimetry (DSC) was performed on the neat  complexes 
to de termine  the temperatures of decomposit ion.  Vapor 
pressures were determined with a capacitance manome-  
ter after several freeze-pump-thaw cycles. 

In  the laser deposit ion experiments,  the 514.5 n m  line 
from an argon ion laser was uti l ized (Coherent  Innova  
20). The beam was a t t enua ted  with a ha l~wave  plate 
combined  with a polarizing prism and was focused with 
a single,  p iano-convex  lens (10 cm focal length). The 
laser power  was moni to red  with a Newport  photodiode  
(Model 815) th rough the use of a beamspl i t t e r  while the 
expe r imen t  was in  progress. The power readings  were 
corrected for absorbance/reflectance losses at the optical 
interfaces. At the substrate,  the power densi ty was calcu- 
lated after account ing for the focal spot diameter (45 ~m 
for the 10 cm lens). 

The substra~e was con ta ined  in a v a c u u m  cell (stain- 
less steel) fitted with an optical quartz window and vac- 
u u m  valve. Neat gold complex  was placed into the cell 
prior to evacua t ion  and the cell was p u m p e d  to a back- 
g round  pressure  of 10 -4 torr with a t u rbomolecu la r  
pump;  cooling of the cell dur ing  p u m p  down was re- 
qu i red  to p reven t  evapora t ion  of the highly  volati le 
Me2Au(hfac) complex. The cell was mounted  on a motor- 
ized stepper stage (Ealing) and could be scanned through 
the focused beam to "wri te"  l ines of metal.  The beam 
was kept  normal  to the substrate at all t imes and focused 
onto the subs t ra te  surface. All of the deposi t ions  were 
carried out with the cell at room temperature  (24~ 

The heights and widths  of deposi ted  gold spots, used 
for rate measurements ,  were de te rmined  from optical  
and s cann ing  electron microscopy (SEM), respectively.  
The electrical res is tances  were measured  on a Magne- 
t ron  I n s t r u m e n t  (Model M-700) four-point  probe 
equipped with a Probex head. Typically, a gold line was 
laser deposi ted across evaporated gold pads (3000A). 
Cross-sectional areas were calculated from profilometer 
traces and used to calculate line resistivities. Anneal ing  

1 A modification of the procedure in Ref. (5) was used. 

Table I. Properties of gold complexes. Melting point 
and ambient vapor pressure of the gold complexes 

Complex Tm (~ P~.~ (roT) 

]a  82 9 
lb 40 40 
lc -5 350 

V A P O R  D E P O S I T I O N  O F  G O L D  

CH3 O ' R 

CH3 / O ' e R  , 

2617 

Complex Stwcture Abbreviation 

la R = R ' =  CH 3 Me2Au(acac ) 

1 b R CH 3 Me2Au(tfac ) 

R ' =  CF 3 

lc  R -- R' = CF 3 Me2Au(hfac) 

Fig. 1. Molecular structure of the gold complexes utilized in this 
study. The incorporation of fluorine atoms in the acetylacetonate li- 
gand is depicted by structures lb and lc. 

of laser deposited lines was achieved by placing the sam- 
ple in a quartz tube in a convection furnace. 

S c a n n i n g  Auger  e lectron spectroscopy (SAES) of the 
deposited gold was performed at Surface Science Labo- 
ratories, Mounta in  View, California. Argon ion sput- 
ter ing was employed to depth profile the gold deposits. 

Results and Discussion 
Complex properties.--The synthesis  of MezAu(acac), 

la, was reported as early as 1939 (4). The incorporat ion of 
f luorine atoms into the ace ty lace tona te  l igand affords 
the synthes is  of Me~Au(tfac), lb ,  and Me2Au(hfac), lc, 
complexes as reported by Kochi in 1978 (6). Fluor inated 
organics are know n  to have higher  ambien t  vapor  pres- 
sures when  compared  to their  hydroca rbon  analogues,  
p r e sumab ly  by decreased van  der Waals and hydrogen  
b o n d i n g  in terac t ions  (7). As expected,  the f luorinated 
gold complexes have increased vapor pressures (Table I) 
u n d e r  ambien t  condi t ions.  Differential  s cann ing  calo- 
r imetry (DSC) of the neat complexes shows that all three 
gold complexes undergo exothermic decomposi t ion be- 
g inn ing  at 160~ Although the decomposi t ion  tempera-  
tures are similar, the activation energy to decomposi t ion 
may be qui te  different.  The increas ing  volat i l i ty of the 
complexes  with increasing tempera ture  makes an accu- 
rate measure  of the decompos i t ion  en tha lpy  (AHd) 
difficult. 

The purified, neat  materials  are qui te  stable in air at 
0~ for long periods of time. However,  at elevated tem- 
pera tures  or in protic solvents,  decompos i t ion  is 'ob- 
served with reductive el iminat ion (8) of ethane and sub- 

Fig. 2. Gold line deposited on du Pont RC5878 from ]a at 2 ~m/s. 
Line is 90 I~m wide and 20 ~m in height. 
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sequen t  precipi ta t ion  of gold (9). The relat ively low 
decompos i t ion  tempera ture  of the neat  complexes  ena- 
bles the facile deposi t ion  of gold onto polymeric  sub- 
strates which possess a high glass t ransi t ion (10) temper- 
ature (Tg) wi thout  damage to the polymer.  The 
deposit ion of gold onto a commercially available polyim- 
ide (du Pont  RC5878) is shown in Fig. 2. The high vapor 
pressures  at ambien t  t empera tures  and low thermal  de- 
composi t ion temperatures makes these three complexes 
highly desirable precursors for the LCVD of gold. 

Rates of  Deposi t ion  
Rates of gold deposit ion were determined for the three 

compounds  by growing spots of gold onto silicon wafers 
with a thermal ly  grown SiO2 layer (2800A). Deposi t ion 
rates were compared ut i l iz ing the ambien t  vapor pres- 
sures of the precursors while all other exper imental  con- 
dit ions were identical. 

Previous  studies on the growth of gold deposits  with 
t ime were shown to increase with increasing laser power 
for la  (3). The growth of gold spots occurs in two dist inct  
stages; the induct ion or nucleat ion stage and the steady 
growth stage. The nuc lea t ion  t i m e  is often long, bu t  is 
observed to decrease with increasing laser power. Thus, 
a higher laser power induces a higher local surface tem- 
perature,  a shorter  nuc lea t ion  time, and a wider  depos- 
ited spot. As seen in Fig. 3, the t ime for the ini t iat ion of 
deposi t ion decreases in going from la to lc, for an iden- 
tical substrate ,  laser power, an d focal spot size. The de- 
creased induc t ion  t ime suggests that  the format ion of a 
thin,  nuc lea t ion  layer is dependen t  on the vapor phase 
concent ra t ion .  After the in i t ia t ion  of deposi t ion,  the 
vapor  phase concen t ra t ion  will be a ra te -de te rmin ing  
factor as demonstrated in these studies for the LCVD of 
gold. 

Deposit ion at elevated cell temperatures  was found to 
Yield faster rates of deposit ion (3) with la. The enhanced 
rate of deposi t ion was a t t r ibuted  to the increased vapor  
pressure  of the complex,  cons is ten t  with the models of 
Ehrl ich (11) and Kodas (12). A similar  increase in vapor  
pressure  is achieved in these exper iments  wi thout  
chang ing  the cell tempera ture ;  the three o rgan �9  
complexes  have different  ambien t  vapor  pressures,  but  
s imilar  decomposi t ion  temperatures .  Thus,  unde r  iden- 
tical experimental  conditions, deposit ion of gold from lb  
and lc showed increased rates of deposit ion when com- 
pared to la (Fig. 3), as expected based upon their relative 
vapor pressures (Table I). 

Using the kinetic model of Ehrlich and Tsao (! 1, 13) we 
can calculate theoretical rates of gold deposition, assum- 
ing a hard-sphere  approx imat ion  (14), to compare with 
our exper imenta l ly  de te rmined  rates. In  the simplified 
rate expression,  where the mean  free path (I) is much  
greater than the focal spot diameter, the rate, r, is given 
by 
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Fig. 3. Thickness of deposited gold as a function of irradiation time; 
comparison of the three complexes under identical laser conditions (1.0 
• 10 ~ W/cm 2) onto Si02 over silicon at room temperature (24~ 

Table II. Calculated physical properties. Calculated values 
of {R} and v for the gold complexes. The 

calculated values of r assume e = i .0 

{R}  v r 
Complex mol/cm 3 cm/s atom/cm2-s 

la 2.8 • I014 1.4 x 104 2.0 • I0 TM 

Ib 1.3 • I0 i'~ 1.3 • 104 8.5 x i0'" 
Ic I.i x i0 '~ 1.2 • 104 6.6 • i0 ''~ 

D{R} {R} e~ 
r - - - -  

l 2 

where {R} is the concentration of precursor at its room 
temperature vapor pressure, e is the probability for reac- 
tion of a precursor molecule upon collision with the lo- 
cally heated substrate, and v is the rms velocity of the 
precursor at room temperature. Values of rates (T), in 
which e is unity, are given in Table If, as well as values 
for {R} and v. If e is similar for the three gold complexes, 
then the rates are governed predominantly by the vapor 
phase concentration, for identical laser conditions. As- 
suming that e is equal for the three compounds, the cal- 
culated rates of deposition for ib and ic are 4.3 and 33 
times faster, respectively, than the rate for la. This calcu- 
lated rate trend is similar to that observed experimen- 
tally as shown in Fig. 3; the vertical growth rates are 0.45 
~m/s (4.5 times) for lb ,  and 2.5 ~m/s (25 times) for lc as 
compared to 0.1 ~m/s for deposit ion from la. These verti- 
cal growth rates indicate  that  the deposi t ion  of gold is 
governed predominant ly  by the gas phase concentrat ion 
and that e is similar for the three organ�9 complexes. 

Surface Analyses  and Resist ivi ty M e a s u r e m e n t s  
Resist ivi t ies  of gold l ines were examined  at several 

laser powers, scan speeds, and after a pos t -annea l ing  
step. The laser power has a minimal  effect on line resis- 
tivity, but  does increase the width of the line and the ob- 
served grain size of the metal. Also, the laser power can 
alter the deposit shape, such that volcano (15) profiles are 
noted at high laser powers. This is especially true for lc 
in comparison to both la  and lb  on SiO2 over silicon and 
may result  from a lower desorpt ion  tempera ture  for Ic. 
Scan speeds of <10 ~m/s result  in thick l ines with the 
thickness being determined by the rate of deposit ion and 
thus, the precursor complex (i.e., lc > lb  > la). At a con- 
stant  laser power, increasing the scan speed results in an 
increased resis t ivi ty for deposi t ion from la  (3). The de- 
creasing l ine th ickness  (<0.5 ~m) with the increas ing  
scan speed results  in gold lines which become increas- 
ingly d i scon t inuous  and finally, are no longer  conduct-  
ing (>40 ~m/s). Resistivities of gold lines deposited from 
lb  and lc, however, were inversely affected by the scan 
speed. Fast scan speeds (->5 ~m/s) produced lines of 
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Fig. 4. Calculated resistivities as a function of scan speed for gold 
lines deposited from lb and lc before annealing. 
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sufficient  th ickness  (>2 ~m) which had lower resistivi- 
ties when compared to lines wri t ten at slow scan speeds 
(Fig: 4) for one laser power. The slower scan speeds re- 
sult in thicker l ines and may possess a poor morphology 
for electr ical  conduct ion .  The n u m b e r  dens i ty  of voids 
(16) in evaporated films is related to the rate of metal dep- 
osi t ion and an analogous s i tua t ion may exist  for the  
LCVD of metals. 

The puri ty  of the deposited gold from la  was found to 
be 96-98% based upon  scann ing  Auger and x-ray photo- 
electron emission data (3). Both lb  and lc produce gold 
deposi ts  which conta in  trace amoun t s  of carbon and 
oxygen, but  have been observed to be -> 95% puri ty after 
dep th  profil ing (100A) 2 with argon. The calculated 
resistivities of gold lines deposited from lb  are shown in 
Fig. 4 (0.50W) and these lines had gold concentrat ions of 
95-100% with no correlation to' scan speed. Thus far, the 
deposi t  pur i ty  does not  vary with laser power and/or 
scan speed wi th in  exper imenta l  error. This would seem 
to indicate  that  the morphology of the gold film, rather  
than purity, will determine the observed resistivities. 

Resistivities can be reduced with a post-anneal ing step 
(3) th rough a reduc t ion  in the n u m b e r  of defects wi th in  
the film (16). Typically, temperatures  of 300~176 for 30 
min  in air were used to anneal  the films. In teres t ingly ,  
annea l ing  reduces  the resist ivit ies of l ines deposi ted 
from la, lb ,  and lc, but  the observed decrease is smaller 
for l ines deposi ted from lc  when  compared  to l ines de- 
posited from la and lb. Similar behavior upon  anneal ing 
has been observed for gold films grown by convent ional  
CVD (17) from both lb  and lc. Once again, this behavior 
can be at t r ibuted to the film's morphology. The grain size 
of gold part icles deposi ted by CVD from l b  are small,  
while larger grained deposits  are observed from lc. 
Lines deposited by LCVD from all three gold precursors 
genera l ly  have resist ivi t ies which are two to 20 t imes 
bulk  gold (2.44 ~tfl-cm) and can be reduced to two to five 
t imes bulk  material after annealing.  

Recent  t empera tu re  measu remen t s  and calcula t ions  
(18) have shown that  the surface t empera tu re  does not  
vary greatly with scan speed on SiO2 over silicon. How- 
ever, the surface t empera ture  is s t rongly inf luenced by 
the thickness  of the gold l ine being deposited; thus, the 
surface temperature  will decrease with increasing thick- 
ness of the deposited l ine as a result  of thermal conduc- 
t ion (19). At the slow scan speeds, deposit ion of a thicker 
l ine occurs s imul t aneous ly  with a decrease in surface 
temperature.  The lowered surface temperature  could re- 
sult in a m i n i m u m  of thermal annealing,  a change in de- 
posit  morphology,  and u l t imate ly ,  in higher  observed 
resistivities for lines deposited from lb  and lc. For lines 
deposited from la, the surface temperature  remains high 
with the increasing scan speed, but  the lines become dis- 
cont inuous  due to a decreasing line thickness. 

Conclusions 
LCVD of gold metal from la, lb, and lc has been dem~ 

onstrated.  The deposi t ion  rates are s t rongly depende n t  
u p o n  the vapor pressure  and therefore, the precursor  
uti l ized. Relative exper imenta l  and theoret ical  rates of 
deposi t ion have shown good agreement.  The low decom- 

2 This is an estimated depth for argon ion sputter based upon a 
standard film of TarO:,. Gold may sputter two to three times as 
rapidly as the standard. 

posit ion temperatures  allow the deposit ion of gold to be 
achieved,  by a pyrolyt ic  process, onto thermal ly  sensi- 
t ive substrates .  The pur i ty  of meta l  is high and  highly  
conduc t ing  gold l ines can be produced  on several sub- 
strates; a pos t -annea l ing  step may be uti l ized to reduce 
the l ine resistivities.  The deposi t ion process can be 
tailored by the choice of gold,complex, laser power, and 
scan rates for a specific application. 
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