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Abstract-Limited reaction processing (ERP) has been used to fahri- 
cate in-situ silicon-silicon dioxide-polycrystalline silicon layers for 
metal-oxide-semiconductor (MOS) capacitors. The process consists of 
multiple &-situ rapid thermal processing steps to grow or deposit 
different layers. Capacitors have been fabricated from these layers and 
analyzed by capacitance-voltage measurements for interfacial fixed 
charge and interface state density. The capacitors exhibit excellent 
characteristics. 

T 
I. INTRODUCTION 

HE metal-oxide-silicon (MOS) capacitor structure forms 
a crucial element in modern integrated circuit technology. 

The capacitor typically consists of an insulating layer (silicon 
dioxide) grown thermally on a polished silicon wafer. A 
conducting layer (originally metal but now usually  heavily 
doped polycrystalline silicon) is then deposited on the insulator 
to form the “gate”  electrode. Conventionally, the oxide is 
grown in one reactor and the wafer is physically transported to 
a second reactor for the polycrystalline silicon (polysilicon) 
deposition. 

We report here  the in-situ fabrication of the multilayer 
MOS structure using multiple rapid thermal processing steps. 
In-situ multilayer fabrication might avoid the inevitable 
chemical and particulate contamination that occurs when 
wafers are carried from the oxidation furnace to the polysili- 
con reactor. Such .contamination could diffuse through the 
oxide during later high-temperature steps to the substrate- 
oxide interface where it would affect the performance of 
MOSFET’s, etc. 

11. FABRJCATION 
Various individual rapid thermal processing steps such  as 

silicon epitaxy [ 11 and thermal oxidation [2]-[4] have already 
been demonstrated in separate reactors. However, by chang- 
ing the ambient gases between high-temperature cycles (from 
oxygen to silane, e.g.); multiple thin layers of different 
composition (oxides, polysilicon, etc.) can be grown in a 
single reactor withput removing the sample from the process- 
ing chamber. In our experiments, the “limited reacton 
processing” (LRP) system described in [l] was used for the 
multiple-level in-$tu growth. Because the system is essen- 
tially a cold wall reacior without a susceptor, only the wafer 

Manuscript received January 9, 1986; revised February  25,  1986.  C.  M. 
Gronet was supported by an ONR Fellowship,  This  work was supported by 
DARPA under Contract DAAG29-85-K-0237. 

sity,  Stanford, CA 94305. 
The  authors  are with Stanford Electronics Laboratories. Stanford Univer- 

IEEE Log Number  8608606. 

gets heated during a deposition or growth cycle. Thus 
“history” effects from one cycle to the next from wall and 
susceptor deposition should be negligible. 

To fabricate the capacitor structure, the two  steps of rapid 
gate oxidation and polysilicon deposition were sequentially 
performed in  the LRP chamber without disturbing the wafer 
between the steps. The wafers used for the experiments were 
2-in diameter phosporus-doped (100) silicon wafers with a 
resistivity of - 3 Q cm. After a chemical cleaning, the wafers 
were loaded into the LRP  chamber. The gate oxidation was 
performed in an oxygen ambient with 4-percent HCl at a 
temperature of 1150°C and a pressure of 500 torr.  A typical 
oxidation time of 2 min yielded an oxide thickness of from 290 
to 310 A. Because of the reduced pressure and relatively short 
time at high temperature, a direct comparison of the oxide 
thickness to that expected with conventional equipment is not 
possible. After the high-temperature step, the process gases 
were changed, and a layer of  heavily boron-doped polysilicon 
was deposited using a combination of silane, diborane, and 
hydrogen as the source gases. It should be  noted  that the 
source gas flow was stabilized before the heating lamps were 
turned on, so that the wafer temperature and  not the gas flows 
determined the start and stop of the deposition reaction. The 
polysilicon layers were deposited at 580°C at a pressure of 1.5 
torr. The layer thickness was about 0.4 pm, and the sheet 
resistivity of the layers ranged from 50 to 100 Q ,  Conventional 
deposition of “polysilicon” below 600°C usually results in 
amorphous rather than polycrystalline material [5], However, 
defect etching indicated that our deposited polysilicon layers 
were indeed polycrystalline. We have not pursued the cause of 
this result. 

To provide a comparison with conventional processing, a 
control wafer was processed exactly as above, except that  it 
was removed from the LRP chamber after the oxidation and 
given a chemical cleaning to simulate conventional handling. 
It  was then reloaded into the LRP chamber for the polysilicon 
gate deposition. 

After the polysilicon deposition, conventional processing 
and photolithography were performed on all samples to change 
the uniform layers (Fig. l(a)) into the final capacitor structure 
shown in Fig. l(b). The final processing step was a 375 “C 
forming gas .anneal (90-percent Nz, 10-percent Hz). 

111. RESULTS 
Conventional high- and low-frequency capacitance-voltage 

(CV)  measurements were performed to measure the quality of 
the substrate silicon-silicon dioxide interface (see [6] for a 
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Fig. 1. (a) The  structure  created in situ by LRP and (bj the finished 

capacitor  structure. 

good review of CV techniques). From the high-frequency 
curve, the oxide thickness, substrate doping, and the interfa- 
cial fixed charge Nf can be extracted. From a combination of 
the two curves, the interface state density Di, can be calculated 
[6], [7]. The capacitor area was 4.5 x cm2. Several 
capacitors were measured on each sample for statistical 
significance. The effect of mobile ions on N f ,  as revealed by 
bias-temperature stress measurements, was less than 1 X IOto 
cm-2. 

The measured high- and low-frequency CV curves exhib- 
ited the classical shape [6], and the extracted interface state 
density of all samples yielded the conventional U-shaped curve 
with a minimum near midgap. The extracted substrate dopings 
were consistent with the resistivities of the starting wafers. 
Both the in-situ sample (LRP 91) and the sample that received 
an external chemical cleaning between the oxidation and the 
polysilicon deposition (LRP 90) showed midgap interface state 
densities of  2-3 X loLo cm-2.eV-1. Sample LRP 91 had an 
interfacial fixed charge of 2.5 fr 0.1 X 10" cm-2, compared 
to a fixed charge of 2.1 +- 0.1 X 10" cm-2 for sample LRP 
90.(A difference in work functions between the gate and an 
intrinsic substrate CPms of 0.54 eV  was assumed [8].) Fixed 
charges and interface state densities in these ranges are typical 
for conventional thermal oxides grown at 1150°C and  not 
annealed at high temperature in an inert ambient [9]. It is not 
known if the difference in fixed charge between the two 
samples is significant or represents a normal run-to-run 
variation. It is possible that removing LRP 90 from the 
chamber and subjecting it to a chemical cleaning would lead to 
a different @,nS than for the sample processed in situ because of 
an interfacial dipole layer [8]. 

After the polysilicon deposition, one of the samples 
processed in situ received a further 1150°C 15-s anneal in an 
argon ambient. It is well known that such anneals improve 
interface quality [4], [9]. [lo]. The high- and low-frequency 
CV curves for this sample are shown in Fig. 2 ,  and the 
interface state density is shown in Fig. 3. With the anneal, the 
midgap interface state density decreased to -5 X lo9 cm-2 
eV- l ,  indicative of an excellent interface. The fixed charge 
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Fig. 2. Typical CV curves  for  an in-situ MOS capacitor (1150°C 15-s 
anneal) with an  area of 4.5 x cm2.  The capacitance values have been 
normalized to the maximum capacitance of 504 pF. 
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Fig. 3.  Interface state density as a function of position in the bandgap for the 
capacitor of Fig. 2. 

measured 0 jl 1 X 1O'O cm-2. Although such a interface 
charge is unusual, an error in the assumed CP, of only 0.03 eV 
would change the calculated Nf by 2 X 1O'O cm-2. 

To further probe the oxide quality, tunneling current 
measurements were performed.  Fig.  4 shows the tunneling 
current in  an annealed, in-situ polysilicon capacitor of area 
4.5 X cm2. The gate was biased positive to inject 
electrons from the substrate into the oxide. (Because of a 
larger barrier height [ 1 I], hole tunneling from the gate into the 
oxide can be  ignored.)  The voltage was scanned five times, but 
the first four times the scan was stopped 4  V before destructive 
breakdown. The fact that the curves fall on top of one another 
indicates good oxide stability. On the fifth scan, the voltage 
was increased until breakdown. The breakdown field of 10 
MV/cm is  that expected for high-quality Si02 films. 

IV. SUMMARY 
In summary, the use of limited reaction processing to 

fabricate in-situ multiple layers for MOS capacitors has  been 
demonstrated. The fabricated capacitors exhibit, excellent 
characteristics. The ability to deposit gate electrode layers in 
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Fig. 4.  Tunneling current  for  a capacitor annealed at high temperature. 

situ should provide a useful tool for studying gate electrode- 
semiconductor work function differences. Larger scale experi- 
ments are still needed, however, to evaluate the process yield 
and uniformity implications of in-situ multiple layers. 
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