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ABSTRACT 
 

LPCVD silicon nitride is investigated for use as spacer material in bipolar 
emitter-base structures where the nitride is deposited directly on the 
silicon and thus becomes the e-b junction passivation material. This has a 
significant advantage for dimensional control due to nitride’s high 
tolerance to HF etching, but several other material properties of the 
nitride, as compared to silicon dioxides, are points of concern and are 
addressed in this work: higher thin-film stress, lower diffusivity of 
hydrogen, higher electrical conductivity and more fixed charge storage. 
The processing parameters and device design are varied and correlated to 
the device characteristics.  Conditions have been found that allow the 
fabrication of transistors with high yield and good I-V characteristics. 

 
INTRODUCTION 

 
 Spacer technology has become a widely used means of obtaining self-aligned sub-
lithographic dimensions.  In many processes were spacers are applied to separate two 
device areas, a contact to silicon must be formed after spacer formation. Prior to the 
deposition of the contact material, often wet chemical HF-etching is used to remove the 
(native) silicon dioxide from the contact-silicon interface. When the oxide is removed, an 
extended etch in the HF-solution will also terminate the silicon surface with hydrogen, 
which prevents the formation of native oxide when the surface is exposed to air [1]. 
However, if the spacer, or a part of it, is made of silicon oxide, this HF-etching affects the 
dimensions of the spacer which could lead to a lack of control over the spacer-related 
device characteristics. For example, in self-aligned shallow junctions, over-etch of the 
spacer would lead to intolerable junction leakage. One of the materials with a high 
tolerance for etching with HF is LPCVD silicon nitride. In this work, the relevant 
material properties of silicon nitride are investigated and full silicon nitride spacers, in 
direct contact with silicon, are applied in an npn BJT with a self-aligned implanted 
emitter contact.  
  

SILICON NITRIDE MATERIAL PROPERTIES 
 
LPCVD deposition conditions and thin film stress 
 Stoichiometric silicon nitride (Si3N4) has an intrinsic tensile stress of about 910 MPa at 
room temperature. If it is applied in direct contact to silicon, this intrinsic tensile stress 
can result in a high mechanical stress in the underlying silicon that, depending on the 
geometry, can exceed the yield stress of silicon. The resulting crystal damage can 
intersect neighboring pn-junctions and result in junction leakage. Therefore a stress relief 
layer between the silicon and the stoichiometric silicon nitride is often required. An 



Table 1: Deposition conditions and intrinsic thin film stress of stoichiometric and low-stress 
silicon nitride. The stress is measured on a TENCOR FLX system. 
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Table 2: Diffusion constants of hydrogen in different materials at 400oC [5, 6, 7].  
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example of this is the pad oxide in LOCOS processes [2]. However, in processes where 
extended HF etch times after spacer formation is required, a stress relief oxide under the 
spacer is not a viable solution. Instead, the high stress levels associated with the deposited 
silicon nitride must be directly avoided, preferably by reducing the intrinsic stress in the 
layer itself. 
In the past a low-stress silicon nitride (SiNx) was developed for MEMS applications. The 
low tensile stress allowed the formation of membranes, beams etc. [3]. The intrinsic 
tensile stress of this material is 125 MPa and is obtained by increasing the silicon content 
to form an SiNx composition. The LPCVD deposition conditions and the resulting thin 
film stress of Si3N4 and SiNx are listed in table 1. The precursors are NH4 and SiCl2H2 
and the NH4/SiCl2H2 ratio for Si3N4 and SiNx is 3 and 0.176, respectively. To avoid the 
formation of a polysilicon layer in the initial stage of the SiNx deposition, the deposition 
commences with an NH4 rich gas mixture before the SiCl2H2 content is increased. 

 
Hydrogen diffusion constants 
 In most IC technologies, the silicon dangling bonds at the silicon-isolator interface are 
passivated with hydrogen to reduce the interface trap density. Typically the metallized 
wafers are annealed in forming gas (10% hydrogen in nitrogen) at 400 oC [4], which for 
an Al/Si metallization also has the advantage of reducing the contact resistance to the Si 
by dissolving any residual native oxide. This so-called forming gas anneal, or alloy, relies 

on the diffusion of hydrogen to the interface. Therefore the diffusion through the isolator 
covering the interface will play an important role. The diffusion constants of hydrogen at 
400 oC in different materials are given in table 2. Obviously, the LPCVD silicon nitride is 
practically impermeable for hydrogen and can prevent the diffusion to the nitride-silicon 
interface. 
 
Electrical conductance 
A spacer that separates the emitter from the base must isolate so well that the leakage 
current through the spacer is negligible with respect to the active device emitter-base 
currents. However, the silicon content of SiNx is high, up to 50%, and this will deteriorate 
the isolation properties of the material. This was investigated by measuring the current 
through Si3N4 and SiNx films incorporated in a metal-nitride-n+Si capacitor. The nitride 



Table 3: Calculated equivalent surface charge and relative permittivity in low-stress and 
stoichiometric silicon nitride. The value of Qs/q in SiNx is estimated. 
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film thickness was 150 nm and the capacitor area was 0.0018 cm2. At 1 MVcm-1 the 
leakage current for Si3N4 is measured to be 1.1 nAcm-2, while for SiNx it is 860 nAcm-2. 
The current in a 100 nm thick thermal gate oxide is about 1 nAcm-2 at 1 MVcm-1 [8]. 
While the leakage current of Si3N4 and thermal oxide are more or less comparable, the 
current through SiNx is almost 3 decades higher. Nevertheless, the current through 1 µm2 
of the SiNx would not be more than 10 fA at 10 V, which indicates that use of this 
material as isolation material between the emitter and base of a BJT would not be 
problematic.  
 
Fixed charge in silicon nitride 
One of the most useful devices for studying the electric charge in the silicon nitride-
silicon system is the metal-insulator-silicon (MIS) capacitor. The nitride is either Si3N4 or 
SiNx, both deposited at 850 oC on p-type silicon, the thickness is 100 nm. Prior to the 
nitride deposition, the native oxide of the silicon is removed in a 0.5% HF solution with 
an etch-time of 4 min. The top-electrode (gate), made of 600 nm thick PVD Al/Si, is wet 
chemically etched and the diameter is 500 µm. Since nitride is impermeable for 
hydrogen, no forming gas alloy is performed. In this work, not the charge distribution in 
the nitride and its interface, but rather the effect in the silicon is of interest. This unknown 
charge distribution will be considered as an equivalent charge density at the interface 
(Qs). The determined Qs/q values (q is the electron charge) and the calculated relative 
permittivity for silicon nitride are given in table 3. 

 
SPACER INTEGRATION 

 
Bipolar test structures 
Two different bipolar test structures with spacers are used to evaluate nitride as a spacer 
material. A common feature in both structures is that the emitter and intrinsic base are 
implanted through the same emitter contact window, this process is further referred to as 
washed-emitter-base (WEB) [9]. The first bipolar test structure is the WEB-inside-
spacers test structure, where spacers are inserted in the emitter window of the basic WEB 
structure. This is shown in figure 1. The boron extrinsic base and link base are implanted 
through the oxide (figure 1a). In the experiments, LPCVD oxides of different thicknesses 
(from 300 to 800 nm) were then deposited at 700 oC on the thermal oxide to form thick 
field oxides. The emitter window is partly etched with RIE till an oxide thickness of 
about 100 nm is left. The remaining oxide is removed in a 7:1 BHF solution (figure 1b). 
With this 2-step etch process, in the following referred to as HF-last, RIE induced 
damage in the emitter window is avoided. Just before the deposition of the spacer 
material, the native oxide in the emitter window is removed in an HF 0.5% solution with 
an etch time of 4 min. Three different LPCVD spacer materials were investigated using 
this test structure: the nitrides SiNx and Si3N4 were deposited at 850 oC and SiO2 was 
deposited at 700 oC using Tetra Ethyl Ortho Silicate (TEOS) as a precursor. The 
deposited film thickness was 300 nm. Anisotropic reactive ion etching selective to silicon 



Figure 1: Schematic of the WEB-inside-spacers process flow. 
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is used to form the spacers that have a final width of 250 nm.  
As shown in figure 1c, the emitter and intrinsic base implantations are performed in the 
emitter window. Contact windows to the base and collector regions are then etched and 
all dopants are activated by a single thermal anneal at 950 oC for 30 min. After a wet dip-
etch to remove the native oxide, Al/Si metallization is deposited by sputtering and 
patterned (figure 1d). A final alloy in forming gas completes the process.  

The second bipolar test structure is the WEB-recessed-emitter test structure. In this 
structure the extrinsic base is implanted over the whole emitter-base area and the link 
base is omitted. Again, a LPCVD oxide is deposited and the emitter window is etched 
through the oxide stack. The emitter window etch is extended into the silicon to remove 
the highly boron doped silicon. Like in the WEB-inside-spacers test structure, the native 
oxide is removed, immediately followed by the deposition of the spacer materials to be 
investigated, in this case SiNx and Si3N4 and SiO2. Further processing is similar to the 
WEB-inside-spacers test structure.   
 
Comparison of different spacer materials 
The measured Gummel-plots of WEB-inside-spacers transistors that were fabricated with 
different spacer materials are shown in figure 2. As a reference, a WEB-no-spacer 
transistor with a thermal oxide interface passivation is included in the graph. No 
significant difference is observed between all the different devices and an ideal base 
current is measured above a VBE of 0.5 V. Therefore, either the spacer-silicon interface of 
SiNx, Si3N4 or SiO2, all deposited by LPCVD, is comparable to that of thermal oxide, or 
the reduced interface quality that normally would be expected is not revealed by the npn-
test device.  
In the WEB processing scheme, the link-base concentration is 1019 cm-3 at the interface. 
Due to the presence of interface states, a trap-assisted tunnelling mechanism is expected 
to enhance the tunnelling current [10, 11]. This would appear as a non-ideal base current 
in the Gummel-plot. Such a current would have very weak temperature dependence. This 
is confirmed in by measurement of the non-ideal base current at different temperatures. 
The thermal activation energy is very low, about 0.07 eV, for all the three spacer types. 
This indicates that trap-assisted tunnelling is responsible for this excess base current. 



Figure 2: (a) Gummel-plots of WEB-inside-spacer BJT’s with different spacer materials. (b) 
A cross-section of the WEB-inside-spacer BJT. (c) The WEB-no-spacer BJT with thermal 
SiO2 interface. The emitter area is 0.5 x 431 µm2. 
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Figure 3: (a) ∆IB versus 1/Vs for a fixed stress charge, in (b) a linear graph is given. The 
emitter area is 0.5 x 431 µm2. A schematic cross section of the device is shown in (c). 
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The emitter-base junction was reverse biased with stress-voltage Vs. During the stress 
period the emitter current was monitored and integrated to find the stress charge Qstress. 
After each stress period the forward collector and base currents were measured. All the 
measurements were taken at 300 K. The excess base current as compared to an unstressed 
device is often used as degradation monitor [12].    
Figure 3 shows the excess base current ∆IB versus 1/Vs for devices with an emitter of   0.5 
x 431 µm. The ∆IB for SiNx spacers is less than that of the SiO2 and Si3N4 spacers. 
Moreover, it is also noteworthy that transistors with SiNx spacers show a slightly negative 
∆IB at stress voltages up to 3 V. This can probably be correlated to the increase in 
injected charge in the nitride upon reverse biasing of the spacers. Such an extra charging 
of the spacer could alter the electric field at the interface which may reduce the 
interaction of the base current with interface states. 

 



Figure 4: The effect of the equivalent surface charge desity (Qs/q) on the effective acceptor 
concentration at the interface. 
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Electric charge in the nitride spacers 
If an isolator that contains fixed charge is deposited on the silicon, the surface potential is 
shifted with respect to the bulk level. This altered surface potential corresponds with a 
different acceptor concentration. A positive charge in the nitride spacers will reduce the 
effective acceptor concentration at the interface and with sufficient charge even inversion 
can occur. The calculated ratio of the effective surface acceptor concentration to the bulk 
concentration is given in figure 4.  At common link-base concentrations, the fixed charge 
in the nitride is large enough to have a significant effect on the acceptor concentration. 
Thus, the emitter-base depletion layer and the associated characteristics are likely to be 
changed by the nitride spacers.  

 
Hydrogen passivation 
The final process step of the active device fabrication in most silicon IC processes, and 
also in the WEB processes, is the forming gas alloy step that supplies hydrogen for 
passivation of interface states. In the oxide-nitride surface isolation of the WEB emitter, 
the hydrogen can diffuse to the emitter-base junction via the oxide and the silicon. Since 
the diffusion coefficient of hydrogen in oxide is about 100 times faster than that in silicon 
(see table 2), the diffusion through the oxide is probably the most effective diffusion path. 
The diffusion of hydrogen through silicon nitride is negligible, so in BJT's with a nitride-
silicon interface, the only diffusion path for hydrogen to the emitter-base interface is 
through the silicon. In self-aligned implanted shallow contacts, like the WEB process, 
this distance is short, about 80 nm for the WEB-BJT's used in this work. Furthermore, 
Gummel plots of BJT’s with different interfaces and spacer materials are comparable to 
the BJT with an oxide interface, this means that in a WEB-BJT, only the hydrogen 
diffusion through the silicon is already sufficient for an effective hydrogen passivation.  
 
RIE induced damage 
In the WEB test structures with spacers, the oxide windows in which the spacers are 
formed are RIE etched anisotropically to give vertical side-walls. However, during over-
etch the accelerated ions involved in the RIE process can induce damage in the silicon. 
Since it is a highly selective process only very little silicon is removed and an 
accumulation of the damage in the silicon can occur. The spacers are formed in the 
emitter window and etch-related damage can end up in the emitter-base space charge 
region under the spacers.  
To estimate any RIE-related damage in the emitter window, WEB-inside-spacer BJT's 
were fabricated with a completely RIE-etched emitter. Gummel-plots of BJT's with 



Figure 5: Gummel-plots of WEB-inside-spacer BJT's with a fully RIE-etched emitter 
window etch (a). Schematic cross section of the device after RIE (b) and the completed 
device (c). The emitter area is 0.5 x 431 µm2 
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Figure 6: Gummel-plots of WEB-inside-spacer BJT's with a two-step RIE-etched emitter 
window etch. In (a) step two is oxide RIE with reduced power, in (b) the emitter window 
etch is extended into the silicon to form a recessed emitter. The emitter area is                     
0.5 x 431 µm2. 
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different spacer material are shown in figure 5. Contrary to the devices etched with the 
HF-last procedure, a large non-ideal base current is observed. Obviously the quality of 
the spacer-silicon interface is reduced due to the RIE-induced damage.  
A two-step RIE process can be used to reduce the damage in the silicon [13]. First the 
bulk of the oxide is removed using a high power anisotropic RIE, whereafter the 
remaining oxide is etched in an over-etch step using a low power, less isotropic RIE. This 

process sequence is often referred to as soft landing. The Gummel-plots of devices with 
different spacers are shown in figure 6a.  
With this two-step oxide RIE process, the low-current characteristics are improved with 
respect to the one-step RIE process referred to in figure 5, but are still not as good as for 
the HF-last process. A particularly large non-ideal base current is observed for the SiNx 
spacers. A further reduction of the RF-power in step 2 could be considered. However, 
another option has been pursued here.  



Table 4: Number of emitter-collector shorts measured on transistor array’s of 1200 emitters 
each with a size of 0.5 x 20 mm2. In (a) the field-oxide is 610 nm, in (b) the field-oxide is 
876 nm. 
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A different (full RIE) approach is to remove the damaged silicon using silicon-RIE. After 
the oxide RIE, a thin layer of silicon is removed with a RIE process optimized for silicon 
removal. This is the technique used to form the WEB-recessed-emitter devices. 
The Gummel-plots of WEB-recessed-emitter BJT's with different spacer materials are 
given in figure 6b. Compared with the full oxide-RIE emitter window etch, the low-
current characteristics are improved. Thus, along with the etched silicon, also the amount 
of RIE-damage is reduced. Nevertheless, the base current is not as ideal as in the case of 
the HF-last process.  
  
Thin film mechanical stress 
High mechanical stress, introduced during device fabrication can damage junctions and 
cause emitter-collector shorts that degrade the device yield. Since Si3N4 is a high-stress 
material, the generation of EC-shorts is monitored in both WEB-inside-spacer and WEB-
recessed-emitter transistors where different combinations of materials are used in the 
fabrication process. To have a sensitive detection of emitter-collector shorts (EC-shorts), 
Gummel-plot measurements are performed on BJT test structures composed of an array 
of 1200 devices in parallel, each with an emitter size of 0.5 x 20 µm2.  
Surprisingly, despite the high tensile stress in Si3N4, almost no EC-shorts were found in 
the WEB-inside-spacer BJT's with Si3N4 spacers. The yield is comparable to BJT's with 
SiNx and SiO2 spacers. However, for the WEB-recessed-emitter devices, the number of 
EC-shorts is dramatically increased if a relatively thick field oxide is applied. These 
results are summarized in table 4. It is evident that the combination of 876 nm field oxide 
combined with nitride spacers and recessed emitters does not deliver good devices. 
However, when the spacers were made of LPCVD oxide, the same material as the field 
oxide, only one EC-short was detected. Apparently the combination of different materials 
at a certain thickness will create significant mechanical stress [14].  Not only the 
mechanical stress in the completed devices affects the final device yield but also the 
stress history is of importance. If critical stress levels are exceeded, albeit only 
temporarily during the processing, the device may be damaged even though the stress 
levels in the finished device are relatively low.  

To identify the critical processing steps, WEB-recessed-emitter BJT's were fabricated 



Table 5: Number of EC-shorts measured on WEB-recessed-emitter transistors with different 
combinations of field oxide and sacrificial nitride depositions. 
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with either LPCVD SiO2 or PECVD SiO2 as field oxide. The thickness was 806 - 807 nm 
for both oxides but the stress levels (at 20 oC) are -91 MPa and -174 MPa, respectively. 
Before spacer formation a sacrificial layer of either 300 nm LPCVD Si3N4 or SiNx is 
deposited at 850 oC. This layer is removed directly after deposition by wet etching in hot 
phosphoric acid. If during this deposition, critical stress levels are exceeded, the damage 
remains in the silicon and can be detected in the completed device. Instead of silicon 
nitride, the spacers are now made of LPCVD SiO2. WEB-recessed-emitter devices with 
these spacers showed a good device yield as indicated in table 4. After the formation of 
the SiO2 spacers, the device is completed following the process flow given in figure 2. 
The occurrence of EC-shorts for different combinations of deposited oxide and spacer 
depositions is measured and the results are summarized in table 5.  
The results show that 3 of the 4 combinations with sacrificial nitride layers give very 
poor yield. The fact that the fourth combination gives good yield makes it evident that the 
combined stress of the different materials involved in the device fabrication will 
determine the final yield. For example, if LPCVD oxide, with a compressive stress of 91 
Mpa (at room temperature) is used in combination with Si3N4, with a tensile stress of 910 
MPa, the number of EC-shorts is 96%. With the replacement of Si3N4 by SiNx, with a 
tensile stress of 131 MPa, the number of EC-shorts is still as high as 85%.  
It is more effective to replace the LPCVD oxide with a PEVCD oxide, the compressive 
stress of which is 174 MPa. The number of EC-shorts of the BJT's that received a Si3N4 
deposition is now reduced to 22%. For the combination PECVD oxide - SiNx, the number 
of EC-shorts is reduced to 4%, which is comparable to the amount measured on the 
control devices with LPCVD oxide spacers 

 
CONCLUSIONS 

 
Although the LPCVD silicon nitride spacers in the WEB-inside-spacer structure are 
positioned so that the e-b junction is terminated at the spacer-silicon interface, the above 
study demonstrates that these spacers are not only process-wise but also electrically 
viable candidates for npn-emitter-base spacer fabrication. With respect to stress issues, 
the comparison of stoichiometric high-stress Si3N4 and low-stress SiNx showed that for 
BJT’s with inside spacers and non-recessed emitters, the stress levels with either of these 
materials did not exceed the critical level that leads to EC-shorts. On the other hand, 
BJT’s with recessed emitters are seen to be far more sensitive to mechanical stress. For 
these BJT’s, it was experimentally shown that the mechanical stress during the LPCVD 
nitride deposition can exceed critical levels and result in a high percentage of EC-shorts. 
The tensile stress during nitride deposition must be compensated by sufficient 
compressive stress in the field oxide. The compressive stress of LPCVD SiO2 is not 



effective enough to avoid EC-shorts. Only with the combination PECVD SiO2 and 
LPVCD SiNx could the number of EC-shorts be adequately reduced. 
Electrically the low-stress SiNx is a poorer insulator than stoichiometric Si3N4, but the 
results show that the leakage current through the former is nevertheless still very low and 
can be neglected in the present application as spacers in npn-emitter windows. Other 
properties such as base leakage during normal operation of the npn’s or reverse bias 
degradation, are comparable to or better than those of devices with oxide or Si3N4 
spacers. The results indicate that this is related to the high level of fixed charge in the 
material that influences the effective surface doping under the spacers. Both Si3N4 and 
SiNx exhibit a positive fixed charge that can deplete the region under the spacer and even 
induce an n-channel. Since this can be the source of parasitic base leakage currents, this 
aspect must taken into account when designing BJT’s with nitride isolation.  
Just like in a BJT with thermal oxide surface isolation, a forming gas anneal was 
employed to passivate the dangling bonds at the nitride-silicon interface. The diffusion of 
hydrogen through silicon nitride is negligible, so in the nitride spacer BJT’s the hydrogen 
must diffuse from the emitter window edge to the emitter-base junction via the silicon. 
For emitters implanted through the emitter window, the distance from emitter window 
edge to emitter-base junction is short enough (about 80 nm) to obtain an effective 
hydrogen passivation during the standard 20 min forming gas anneal. 
Low-current characteristics of the fabricated BJT’s could be made comparable to those of 
BJT’s with oxide passivation if RIE-induced damage was avoided using a dry/wet emitter 
window etch (HF-last). A full RIE emitter window etch resulted in a large non-ideal base 
current, but the I-V characteristics were improved by using a two-step RIE process with 
so-called soft landing. The RF power is reduced to 25% in the second step. RIE induced 
damage is also removed in a two-step oxide/silicon RIE process. In the first step, the 
emitter window is etched with full RIE, and the damaged silicon is removed in a second 
RIE process, optimized for silicon etching. In this way, recessed emitters are formed. 
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