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Low-stress silicon-rich SiNx deposited at or below 700 °C by either LPCVD or PECVD has been studied for 
potential use in the surface processing of a 45 GHz SiGe I-IBT IC-process. The films underwent a thermal 
anneal at 700 °C and in all cases a thin oxide buffer layer was necessary for achieving suitable film quality. 

1. INTRODUCTION 

Low temperature deposited silicon nitrides have 
been developed for the purpose of using them in the 
surface processing of a 45 GHz SiGe heterojunction 
bipolar transistor (HBT) process [ll. The resistance 
of SiNx to wet etching in HF can simplify the 
processing and improve the control of device 
dimensions. This has already been demonstrated in 
the pure Si version of the process, where the 
surface isolation of very low-stress LPCVD SiNx is 
deposited at 850 °C [2]. In general, the reduction of 
device dimensions by for example introducing 
spacers and surface planarization is also facilitated 
if a suitable SiN× is available. 

In the present SiGe process a very thin (32.5 nm) 
strained Sio.TGeo.3 layer is epitaxially grown at 
700 °C. To preserve the SiGe quality, all further 
temperature steps (including the thermal anneal 
step to activate all implanted dopants) are 
performed at 700 °C or below. The SiNx must 
therefore both be deposited at low temperature and 
also be able to tolerate 700 °C thermal annealing. 
Limiting the stress is also very important because 
any stress may induce damage in the underlying 
silicon. High frequency SiGe HBT's are 
particularly vulnerable since the base is very 
narrow and may easily be intersected by extended 
defects. This results in emitter-collector shorts. 
Furthermore, the strained SiGe layer may relax, 
leading to excessive base leakage currents and 
reduced current gain. 

Three types of silicon nitride have been 
investigated here: LPCVD SiNx deposited at 
700 °C and PECVD SiNx deposited either in a 

parallel system or a horizontal furnace at 400 °C 
and 350 °C, respectively. The LPCVD deposition is 
slow and it is difficult to lower the stress in the 
film. The PECVD films do not have these 
disadvantages, but after 700 °C annealing, the 
stress always becomes tensile and the film buckles 
and delaminates. Introducing a thin buffer layer 
between the Si and the SiNx is shown to alleviate 
this problem, resulting in material that may be 
applicable in SiGe processing. 

2. EXPERIMENTAL PROCEDURES 

2.1 Film depositions 
In all experiments 100 nun (100) silicon wafers 

are processed and a standard cleaning procedure is 
performed before film deposition. The SiNx film to 
be studied is deposited either directly onto the 
substrate with native oxide or onto a thin buffer 
layer of LPCVD SiNx or TEOS, both deposited at 
700 °C. The thermal stability of the deposited films 
is tested by subjecting them to a 30 min 700 °C 
thermal anneal step. 

The LPCVD of SiNx is performed in a Tempress 
hot wall ditSision system. The reactant gases are 
SiCIEH2 (DCS) and NH3. Throughout the 
experiments the temperature and pressure are 
maintained at 700 °C and 150 reTort, respectively. 
The residual stress in the film is adjusted by 
varying the gas flow ratio of DCS to NI-I3. 

For SiNx depositions in the parallel PECVD 
system (the Novelhis Concept One) the substrate 
temperature is kept at 400 °C. The pressure is fixed 
at 2.8 Tort and the gas flows of SilL, NH3 and N2 
are 280, 1800 and 1000 sccm, respectively. The 
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total power, including the HF power at 13.56 MHz 
and the LF power at 280 kHz, is 0.8 kWatt. In a 
standard procedure the film stress can be controlled 
from tensile to compressive by varying the percent 
of LF power applied to the susceptor. The low 
energy ion bombardment produced is also known to 
enhance film density. 

The horizontal furnace PECVD system is a 
Tempress hot-wall disc-boat reactor, where the 
reactant gases are Sill4 and NH3. The substrate 
temperature and RF power are kept at 350 °C and 
200 Watt, respectively. To improve the uniformity 
of the deposited film thickness, the RF plasma 
electric field is pulsed with an external 10 Hz 
signal with a 20% duty cycle. The film stress is 
studied as a function of pressure, RF frequency and 
gas flow ratio. 

Film stress is calculated from measurements of 
the wafer curvature performed with the laser-based 
Tencor FLX-2908 thin film stress measurement 
system. The stress measurements are carried out at 
several stages in the processing: directly before and 
after SiN× deposition as well as after the 700 °C 
anneal step. For LPCVD depositions, SiN× is 
deposited on both sides of the wafer, and 
measurements are performed both before and after 
removal of the SiNx on the back of the wafer by 
plasma etching. The film thickness and the 
corresponding refractive index are determined from 
measurements with the Leitz MPV-SP ellipsometer 
and the Sopra ellipsometer. 

2.2 Transistor fabrication. 
A cross section of the SiGe HBT and the 
fabrication process flow are shown in Fig. 1. The 
surface isolation, in the standard flow a 300 nm 
LPCVD TEOS, is deposited near the end of the 
process. All contact windows are plasma etched in 
this layer, and the phosphorus emitter and the 
boron base contact are implanted at 15 keV in their 
respective contact windows. The dopants are 
activated by a single 30 min thermal anneal step at 
700 °C, and the windows are contacted by 
sputtering A1/I%Si. Since the implantations are 
annealed after the deposition of the surface 
isolation, this layer can be replaced by another 
dielectric layer without influencing the basic 
characteristics of the transistor. In this flow it is 
therefore possible to directly compare the quality of 

transistors fabricated with different isolation layers 
in terms of the frequency of e-c shorts and base 
leakage currents. 
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Fig. 1 Schematic cross section of the SiGe HBT 
and process flow to the first metallization. 

3. RESULTS AND DISCUSSION 

3.1 LPCVD SiNx 
At a deposition temperature of 700 °C, the stress 

in the SiNx film is decreased by increasing the ratio 
of DCS to NH3. For deposition temperatures from 
750 °C to 900 °C [2, 3, 4], this procedure has been 
shown to result in low-stress silicon-rich material. 
However, as shown in Fig. 2, at 700 °C the 
deposition rate is low and the reduction in stress is 
also much lower than achieved at the higher 
temperatures. When going from a gas flow ratio of 
DCS/NH3 =170/30 to 180/15, the refractive index 
changes from 2.13 to 2.19, indicating that the Si 
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content in the SiNx film is slightly increased. 
However, for a ratio of 180/15 = 12, the NH3 flow 
is so low that there is an excess of Si l l  and Si 
particles are found at the end of the tube atter 
deposition. A gas ratio of 180/20=9 is therefore 
chosen in the device experiments. 
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Fig. 2 The stress and deposition rate versus ratio 
of DCS to NH3 for LPCVD SiNx deposited at 
700 °C. The thickness is about 100 nm. 

Upon 700 °C thermal annealing, the film is stable 
and the stress and thickness are barely changed. 
The stress in the films of 50 - 100 nm thick is 
found to be independent of the film thickness. 
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Fig. 3 The stress and film thickness versus 
percent of LF power for Novellus PECVD SiNx. 
The deposition time is fixed. 

Fig. 3 shows the change in residual stress from 
tensile to compressive with an increasing percent of 
LF power for Novellus PECVD SiNx deposited 
directly on the bare wafer. Also shown is the film 

shrinkage of about 20 nm upon 700 °C annealing. 
The stress then becomes tensile and is in all case 
estimated to be about 10 9 Pa. The corresponding 
refractive index is 2.07, indicating that these SiN× 
films are of nearly stoichiometric composition. The 
films are not thermally stable. They buckle and 
delaminate under the production of a large number 
of particles, the size and amount of which increases 
with an increasing percent of LF power. 

3.2 PECVD SiNx, horizontal furnace 
In the Tempress PECVD system, the pressure is 

found to be the most effective parameter for 
controlling the stress in the film. When the 
pressure increases from 1000 to 1500 mTorr (with 
an RF frequency of 480 kHz), the stress decreases 
from -1.17 x 10 9 to -7.32 X 108 Pa. The pressure as 
well as the RF frequency influence the stress via 
the effects of ion bombardment. On the other hand, 
the stress remains at a level of about -1.2 x 10 9 Pa 
if the ratio of SiI-h to NH3 is varied from 1600/100 
to 400/100. The problem of delamination upon 
annealing increases with decreasing the gas ratio, 
and is more pronounced than is the case with 
Novellus PECVD SiNx. The particles are smaller, 
but much more numerous. 

The shrinkage and delamination of the PECVD 
SiN× films during annealing are believed to be 
caused by a partial release of hydrogen which is 
incorporated in the film to a content of 20 - 30% 
atm during film deposition [5]. During annealing, 
the Si-H and N-H dissociate, H is released and 
more stable Si-N bonds are formed. This 
rearrangement of the bonds will result in a denser 
film with more tensile stress. To improve the 
thermal stability of PECVD SiNx, the hydrogen 
content should be reduced as much as possible. 

3.3 Stacked layers 
Delamination of the PECVD films upon 700 °C 

thermal annealing was effectively prevented by 
introducing a thin oxide or LPCVD SiNx buffer 
layer of at least 10 nm thick. As shown in Fig. 4, 
with PECVD layers of 300 - 800 nm, the total 
stress of such a stacked layer is only slightly lower 
than that of the thick film on its own. The latter 
therefore still determines the overall stress. For a 
buffer layer thickness below the 10 nm, 
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delamination remains a problem. The role of the 
buffer layer is not entirely understood, but the 
properties of the interface appear to be of great 
importance for the stability of the SiNx film. 
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Fig. 4. The stress in single or stacked PECVD 
SiNx films before and after a 700 °C anneal. 

Fig. 4 also demonstrates that the increment in 
stress upon annealing is independent of the initial 
stress of the film as well as the film thickness and 
the method of deposition. Thus the resulting film 
stress can be tailored by adjusting the same 
variables that are used to determine the stress of the 
as-deposited film. 

10 "2 V B C = 0  

I c 

10-8 

10 -10 j J ~ , , 

0 .4  0 .5  0 .6  0 .7  0 .8  0 .8  1.0 

VBE(V) 

Fig. 5 Gummel plots of SiGe transistors with a 
100 nm LPCVD SiNx surface isolation with 
(solid lines) and without (dashed lines) a 30 nm 
TEOS buffer layer. 

10-4 

~o-6 

The LPCVD SiNx deposited at 700 °C appears to 
be mechanically stable upon thermal annealing at 
700 °C. Nevertheless, transistors fabricated with a 
100 nm SiNx layer deposited directly on Si, have 
an extremely high frequency of e-c shorts, an 
example of which is shown in Fig. 5. Correlation to 
the emitter geometry show that this is related to 
film relaxation as a result of contact window 
etching causing damage to the underlying Si. A 
thin oxide buffer layer before SiNx deposition is 
efficient in relieving this stress, and the level of e-c 
shorts becomes comparable to that achieved with 
pure oxide isolation. 

4. CONCLUSIONS 

It has been demonstrated that to achieve suitable 
properties of low-stress SiNx deposited at or below 
700 °C and then thermally annealed at 700 °C, it is 
necessary to develop stacks with for example a thin 
oxide buffer layer. As surface isolation in the SiGe 
process, thin (~ 100 nm) LPCVD SiNx is 
applicable with such a buffer layer being used to 
relieve the stress which otherwise causes serious 
damage of the underlying Si during further 
processing. For thicker layers, up to at least 
800 nm, low-stress PECVD is suitable. The buffer 
layer is here essential for preventing buckling and 
delamination of the films during 700 °C annealing. 
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