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Abstract-A high-performance 0.5-pm BiCMOS technology 
has been developed for a fast 4-Mb SRAM class of circuits. 
Three layers of polysilicon are used to achieve a compact four 
transistor SRAM bit cell size of less than 20 pm2 by creating 
self-aligned bit-sense and V,, contacts. A WSi, polycide emitter 
n-p-n transistor with an emitter area of 0.8 x 2.4 pmZ provides 
a peak cutoff frequency (f,) of 14 GHz with a collector-emitter 
breakdown voltage (BV,,,) of 6.5 V. A selectively ion-im- 
planted collector (SIC) is used to compensate the base chan- 
neling tail in order to increasef, and knee current without sig- 
nificantly affecting collector-substrate capacitance. ECL gate 
delays as fast as 105 ps are obtained with this process. 

I. INTRODUCT~ON 
0.5-pm BiCMOS technology designed to support a A high-performance fast 4-Mb SRAM class of products 

must satisfy a number of requirements. The SRAM bitcell 
area must be less than 20 pm2 to meet package size con- 
straints. The active transistors, and particularly the gate 
oxide thickness, must be designed to support a 5-V power 
supply. The NMOS and PMOS transistors should exhibit 
acceptable MOSFET behavior for minimum effective 
channel lengths of 0.35 and 0.50 pm, respectively. To 
maintain the performance advantage of bipolar over 
CMOS, the n-p-n transistor should have a peak cutoff fre- 
quency fT exceeding 10 GHz while the bipolar snapback 
voltage SV,,, is maintained above 6.5 V.  To satisfy all 
of these requirements, a 0.5-pm BiCMOS technology has 
been developed that combines a triple polysilicon process 
architecture with Framed Mask Poly-Buffered LOCOS 
(FMPBL) isolation [ 11, a disposable poly spacer module, 
a polycided emitter structure, and double-level metalli- 
zation. 

Addition of a bipolar transistor to a CMOS process pro- 
vides the circuit designer with the capability to drive large 
capacitive loads with less cost in input capacitance and/ 
or silicon area. Alternatively, because of the reduced sen- 
sitivity of gate delay to load capacitance, design can 
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be simplified since the requirement for exact a pr ior i  
estimates of circuit parasitics is eased. High-density 
BiCMOS SRAM’s typically use a small number of bipolar 
transistors relative to the large number of CMOS devices 
comprising the memory array and periphery. Formation 
of the memory array and reduction of process complexity 
and defect density levels are of fundamental importance. 
The bipolar transistor must be added with minimal in- 
crease in process complexity while maintaining the tech- 
nology as CMOS-like as possible. 

An aggressive bit cell size of less than 20 pm2 has been 
achieved with the introduction of an additional WSI, 
polycide layer which forms self-aligned bit sense contact 
landing pads, a global interconnect to supply V,, to the 
cell, and the emitter of the n-p-n bipolar transistors. The 
self-aligned contact landing pad relaxes the requirements 
for bit sense contact to word line and active edge spacing 
encountered in a conventional bit cell design. 

11. PROCESS TECHNOLOGY 

The process that was developed is a CMOS-based 
0.5-pm generation BiCMOS technology in which bipolar 
transistors were added to an existing 0.5-pm CMOS pro- 
cess. Growth of a thin epitaxial layer as well as addition 
of three masking steps; self-aligned buried layer, deep 
collector, and active base, were required to form the bi- 
polar transistor. The original CMOS process featured self- 
aligned twin-well formation, framedo mask poly-buffered 
LOCOS (FMPBL) isolation, a 150-A gate, oxide thick- 
ness, surface-channel NMOS and buried-channel PMOS 
transistors, a reverse sequence, disposable polysilicon 
spacer module, three levels of polysilicon, and two layers 
of metallization. A large numerical aperture (NA = 0.54) 
G-line stepper was used for patterning all masking layers, 
resulting in pitches of 1.2 pm for gate polysilicon and 
1.3 pm for active isolation. 

The primary role of the bipolar transistor in this tech- 
nology is to drive large capacitive loads in a BiCMOS 
gate configuration. To decrease the risk of bipolar satu- 
ration, a low collector resistance Rc is essential. Both an 
n+ buried layer in a thin epitaxial region and a deep col- 
lector implant were added to the original CMOS process 
in order to minimize Re A self-aligned p +  buried layer 
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(or chan-stop) compensates the lateral diffusion and au- 
todoping of the arsenic buried layer and reduces the n +  to 
n+ buried layer spacing at the expense of increased bi- 
polar collector-substrate capacitance Ccs in the bipolar 
transistor. An offset between n+ and p +  buried layers will 
reduce Ccs but will increase process complexity, requir- 
ing an additional masking step and will increase the min- 
imum required separation between n + buried layers. 

A 1.6-pm thick lightly p-doped epitaxial layer was 
grown subsequent to buried-layer formation. The p dop- 
ing as well as a heavier p-type cap layer are used to con- 
trol arsenic autodoping. Thinner epitaxial layers, and well 
and field drives with reduced thermal cycles were devel- 
oped to improve bipolar performance and reduce updif- 
fusion of the buried layers. The final flat zone width is 
approximately 0.4 pm. 

The self-aligned twin-well approach from the base 
CMOS process was retained; although, the temperature 
and time of subsequent thermal cycles was reduced to 
combat updiffusion of the buried layers. 

To meet the needs of a high-density memory array for 
lower defect density levels and reduced process complex- 
ity, the isolation was maintained unchanged from the base 
CMOS process. This is at the cost of increased bipolar 
parasitic capacitances and reduced bipolar performance. 
A framed-mask poly-buffered LOCOS (FMPBL) isolation 
is used to achieve an active pitch of 1.3 pm and accept- 
able MOSFET narrow-width effects down to effective 
channel width of 0.25 pm [ l ] ,  [2]. Gate oxide integrity 
and reliability were maintained relative to a standard LO- 
COS process, as indicated with time-zero breakdown and 
charge-to-breakdown measurements. 

CMOS transistors are fabricated with a 150 A gate ox- 
ide which provides a compromise between oxide reliabil- 
ity at 5-V operation and MOSFET short-channel behav- 
ior. Surface-channel NMOS and buried-channel PMOS 
transistors provide long-channel MOSFET characteristics 
down to effective channel lengths of 0.35 and 0.50 pm, 
respectively. Both transistor types use shallow threshold 
adjust and deeper punchthrough suppression implants. 
Moderately doped drain (MDD) regions are used for both 
NMOS and PMOS transistors to provide improved short- 
channel behavior. A reverse sequence, disposable poly- 
silicon spacer module is used for MOSFET MDD for- 
mation to reduce the lateral encroachment of the source/ 
drain regions and provide improved diode leakage [3]. 

Three levels of polysilicon are used in this process. The 
first layer is the gate electrode for the CMOS transistors. 
The second is a tungsten-polycidelpolysilicon stack that 
performs three functions: creating self-aligned contact 
landing pads in the SRAM bit cell, forming the emitter of 
the n-p-n, and providing a global interconnect. The third 
polysilicon layer forms the teraohm resistor load for the 
bit cell. 

The bipolar transistor is formed using the PMOS n well 
for the collector, the p+ S / D  implant as the extrinsic base 
contact, added implants for the active or intrinsic base 
region and the deep collector, and the second tungsten- 
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polycide layer as the emitter. The extrinsic base and 
emitter regions are not self-aligned to each other. Allow- 
ing adequate margin for misalignment and dimensional 
variation, results in a large separation between extrinsic 
base and emitter. This translates into a relatively large 
base resistance RB. The benefit of this approach is a sim- 
plified process in which lateral encroachment of the ex- 
trinsic base dopant is not a concern and design of a link 
base implant is not required. Reduced base-emitter break- 
down voltage SVEBo and enhanced bipolar hot carrier in- 
jection (HCI) effects are thus not an issue. The active base 
implant could be merged with the p-MDD implant with- 
out degrading PMOS characteristics. This implant, how- 
ever, is also used to form the ECL load resistor and merg- 
ing would reduce the freedom to adjust resistor values. 
The requirements of the PMOS transistor for a high n-well 
doping to suppress bulk punchthrough and the n-p-n bi- 
polar for a low collector doping to ensure acceptable col- 
lector-base and collector-emitter breakdowns and re- 
duced collector substrate capacitance were decoupled by 
the use of a PMOS punchthrough suppression implant. 
Placing this implant under the bipolar emitter-base junc- 
tion also would serve to retard the onset of base pushout 
or the Kirk effect [4]. Alternatively, the selectively im- 
planted collector or SIC [5] approach in which a deep 
n-type pocket is formed by an implant self-aligned to the 
emitter was investigated. 

The polycide emitter and the self-aligned contact land- 
ing pad are formed simultaneously. Consequently, both 
are affected similarly by interfacial oxide and dopant loss 
during polycide formation. An HF dip is used prior to 
emitter polysilicon deposition to reduce the effect of any 
interfacial oxide. Additionally, the emitter is annealed 
with a rapid thermal anneal (RTA) which balls up inter- 
facial oxide at the emitter polysilicon/silicon interface as 
well as activating the arsenic and driving it out of the 
emitter polysilicon. 

Contacts are formed either using a conventional tapered 
etch process or with a straight-wall etch followed by a 
tungsten plug formation. The tungsten plugs are fabri- 
cated in the conventional fashion using a deposition plus 
etch-back process. The conventional TIN barrier is em- 
ployed in either case. The patterned contact size is 0.6 X 
0.6 pm2. 

Two levels of metallization are required in this process. 
The RTA emitter anneal also flows the BPSG layer below 
Metal 1 .  A photoresist deposition plus etchback technique 
is used for planarization between metal layers. 

A schematic cross section of this technology is shown 
in Fig. 1 and a SEM cross-sectional micrograph in Fig. 
2. In Fig. 1, NMOS, PMOS, and n-p-n bipolar transistors 
are schematically depicted and all three polysilicon layers 
are represented. The first polysilicon layer is used for the 
MOSFET gates. The second layer forms the self-aligned 
contact landing pad in the SRAM array as well as the bi- 
polar emitter. The third polysilicon layer forms the load 
resistor for the bit cell. Fig. 2 is an actual cross section 
of the SRAM bit cell. All three polysilicon layers can 



rent by less than 2 7%. independent of whether the second 
polysilicon contact is placed at the source or drain ter- 
minal. 

A reverse-sequence, disposable polysilicon spacer pro- 
cess has been used for MOSFET MDD formation [3] in 
order to reduce lateral encroachment of the MDD regions 
by approximately 0.05 pm per side. 

IV. n-p-n TRAKSISTOR CHARACTERISTICS 
The WSi, polycide which forms the self-aligned contact 

landing pads in  the bit cell is also used for the emitter of 
NMOS PMOS NPN the n-p-n bipolar transistor. A schematic cross section of 

the bipolar transistor is shown in Fig. 4 and a SEM mi- 
crograph in Fig. 5.  Fig. 6 is a high resolution TEM photo- 
micrograph of the emitter polysiliconisilicon interface. 

, < l o o >  P-SUBSTRATE LAYER 

Fig l Schematic cro% wction of the 0.S-Fm BiCMOS technology. 

A Gummel Dlot for the nominal n-D-n transistor with 

Fig. 2 .  SEM cross-sectional photomicrograph of the 0.5.pm B,CMOS tor. where measurements are made at a constant collector- 
base voltage, VcB, of 2.0 V and the peak in fT occurs 
around 100-200 pA/pm2.  Emitter-base (BVEBo) ,  collec- 
tor-base (BVcBo),  and collector-emitter breakdowns 
(BV,.Eo) are maintained above 6.0, 18.0, and 6.5 V, re- 
spectively. Electrical parameters for the nominal WSi, 
polycide emitter n-p-n device are listed in Table 11. 

Bipolar parasitic resistances and capacitances have in 
many instances been sacrificed for the sake of reduced 

technology. 

again be seen. The second polysilicon layer acts here as 
both self-aligned contact and local interconnect. The first 
polysilicon layer forms the MOSFET gates and the third 
laycr forms the bit cell load resistor. 

111. CMOS TRANSISTOR CHARACTERISTICS 
Surface-channel NMOS and buried-channel PMOS de- 

vices are designed with nominal poly gate lengths of 0.70 
and 0.90 pm and electrical or effective channel lengths 
Letf of 0.50 and 0.65 pm, respectively. Long-channel be- 
havior is maintained to minimum Left values of 0.35 and 
0.50 pm. The NMOS and PMOS inverse subthreshold 
slopes ( 1  Vns 1 = 5.0 V) are 93 and 86 mV/decade, re- 
spectively, and off leakages ( 1  v,, I = 5.0 v) at minimum 
Lett values are below 1 pA/pm as is illustrated in Fig. 3. 
Intrinsic gate delays of less than 100 ps/gate at a power 

process complexity. Non self-aligned emitter and extrin- 
sic base regions result in larger base resistance R g ,  and 
collector-base capacitance Ccs, but allow acceptable 
base-emitter breakdown voltage BvEB,, and bipolar HCI 
resistance. Use of a LOCOS-type nonrecessed isolation 
degrades collector-substrate Ccs and collector-base ccs 
capacitances. A self-aligned buried-layer process with a 
pt buried layer, while reducing n c  to n +  buried layer 
spacing, also degrades 

V. EPITAXIAL-LAYER THICKNESS 

supply voltage of 5.0 V have been obiained for unloaded The effect of epitaxial-layer thickness on bipolar tran- 
CMOS ring oscillators. CMOS device characteristics are sistor characteristics has been evaluated. A sensitivity 
presented in Fig. 3 and summarized in Table I .  analysis was performed in which the grown epitaxial layer 

The triple-polysilicon technology allows a second poly- thickness was varied from 1.4 to 1.95 pm while the im- 
silicon contact to the n regions. The polysilicon contact planted collector dose was maintained constant. The 
adds little resistance. changing the drain saturation cur- grown epitaxial layer thicknesses correlate to flat zone 
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Fig. 3. CMOS transistor characteristics. (a), (c) are I D  versus VGI curves at 1 Vr,s 1 = 0.1 V, I Vns 1 = 5.0 V for 0.35-pm NMOS 
and 0.50-pm PMOS transistors, respectivelv. (b). (d) are off-leakage currents (log [ I , ] ]  at Vc = 0. V,, = 5 V) versus L,, , .  The 
transistor widths are 25 pm in all figures. 

N + BURIED LAYER 

LAYER 

Fig. 4. Schematic cross section of the WSi, polycide emitter n-p-n bipolar 
transistor. The location of the n-doping pocket created by the SIC implant 
is shown. 

TABLE I 
CMOS T K A ~ V ~ T O K  P A R A M r T F R 5  

Fig. 5. SEM cross section of a WSi, polycide emitter n-p-n transistor. The 
emitter area is 0 .8  x 2.4 pm’. The polycide is comprised of 2 k A  WSi, 
and I kA polysilicon. 

Parameter NMOS PMOS 

L,,, [nominal] ( p m )  0.50 0.65 
v, (VI 0.90 ~ I . 0  
I,,, [sat, nominal] (mA/pni) 0.43 0.19 
SS- ’  [nominal] (mV/dec.)  93 86 

widths from 0.20 to 0.75 pm, respectively. Fig. 8 dem- 
onstrates the improvement in knee current (defined as the 
collector current for a 50% reduction in transistor gain 
hFE)  and gate delay of a loaded BiCMOS ring oscillator. 
The delay in the onset of base push-out or the Kirk effect 
is predicted theoretically [4] and has been reported in the 
literature [lo]. The thinner epi reduces the component of 
the collector resistance under the intrinsic device and in- 
creases the collector current at the onset of quasi-satura- 
tion. Retardation of the onset of base push-out and quasi- 
saturation both serve to increase the ability of the bipolar 

Fig. 6 .  TEM cross section of the emitter polysiliconisilicon interface 
showing balled up interfacial oxide as well as partial epitaxial regrowth. 
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Fig. 8. Measured n-p-n bipolar knee current IK and loaded BiCMOS gate 
delay as a function of epitaxial-layer thickness. The knee current is defined 
as the collector current for a 50% reduction in transistor gain. 

TABLE I1 
n-p-n BIPOLAR TRANSISTOR CHARACTERISTICS 

(The emitter area is 0.8 X 2.4 pm'. The polycide 
comprises 2 kA WSiI and 1 k A  polysilicon.) 

Parameter Value 

B VCBO 18 V 
B V C E O  6 .5  V 
BvEBO 6.0 V 
C E B  8 f F  
C C B  13 fF 
ccs 67 fF 
RE 25 fl 
fT 14 GHz 
hFE 100 

transistor to source large currents. This combination re- 
sults in the observed reduction in BiCMOS gate delay. 
Fig. 9 indicates that there is a tradeoff between higher 
peak cutoff frequency and lower bipolar snapback voltage 

cutoff frequencyfT results from the delay in the onset of 
base push-out as well as a narrowing of the intrinsic base. 
The effective collector doping under the base is increased 
because a constant collector dose has been placed in a 

with thinner epitaxial layer thickness. The higher peak 

7.0 15 
> 

5.5'  " " ' ' " " " ' ' ' 1  10 
1.2 1.4 1.6 1.8 2.0 

GROWN EPITAXIAL LAYER THICKNESS 
tepi (v) 

Fig. 9 .  Measured n-p-n bipolar snapback voltage BVcE0, and peak cutoff 
frequency fT, as a function of epitaxial layer thickness. 

thinner epilayer and because of up-diffusion of the buried 
layer. The higher effective collector doping pinches the 
intrinsic base profile, increasing the peak cutoff fre- 
quency, fT, the base Gummel number, and transistor gain 
h,. The higher effective collector doping and higher cur- 
rent gain both contribute to the observed reduction in the 
bipolar snapback voltage, BVcE0. 

V I .  OPTIMIZATION OF THE SIC IMPLANT 
The selectively ion implanted collector (SIC) [5]  been 

proposed as a means of increasing cutoff frequency f r  and 
knee current ZK, without sacrificing collector-base capac- 
itance Ccs. In the SIC approach, an n-type pocket, self- 
aligned to the emitter, is placed below the active base. 
This pocket cuts off the channeling tail from the boron 
implant, increasing f T .  Additionally, the higher n-type 
doping serves to delay the onset of base push-out or the 
Kirk effect [4]. The potential benefits of the SIC implant 
were investigated through extensive process and device 
simulation with PEPPER [6] and MEDUSA [7], respec- 
tively. Active base and SIC implant conditions were 
jointly optimized using a matrix of simulations based on 
an experimental design generated by the RSl software 
package 181. Fig. 10 shows simulated doping profiles 
through the intrinsic bipolar device with and without the 
SIC implant. Device simulations were performed to study 
current gain hFE, peak cutoff frequency f T ,  knee current 
(defined as the collector current for a 50% reduction in 
hFE), ZK, and bipolar snapback voltage BV,,,, as a func- 
tion of active base and SIC implant dose and energy. Re- 
sponse surfaces were fit describing the dependence of 
these electrical parameters on the implant parameters and 
contour plots of the results of the device simulations were 
generated across the matrix of input parameters using 
RS1. These contour plots are shown in Figs. 11-14. Con- 
tour plots of cutoff frequency, knee current, and snapback 
voltage exhibit clear tradeoffs as implant conditions are 
varied. The primary dependence for fr and Z, is on base 
implant energy. As the base implant energy is reduced, f T  
increases while ZK decreases. A narrower base width de- 
creases base transit time and improves peak cutoff fre- 
quency. A lower base implant energy results in more 
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Fig. 10. Simulated doping profiles for the intrinsic bipolar transistor com- 
paring the standard with the SIC devices. 
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Fig. 11. Contour plots of simulated fr and I ,  characteristics for the nom- 
inal n-p-n device as functions of base implant energy and SIC dose. The 
base implant dose was 2 X I O l 3  cm-’ and SIC energy was 150 keV. 
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Fig. 12. Contour plots of simulated fT and Z, characteristics for the nom- 
inal n-p-n device as functions of base implant energy and SIC implant en- 
ergy. The base implant dose was 2 X 10” cm-* and SIC implant dose was 
3 x IO’* cm-‘. 

compensation of the base dopant by the emitter, lowering 
the peak base doping and lowering the threshold for the 
onset of high-level injection. Additionally, a shallower 
base profile implies a larger flat zone which lowers the 

15 17.5 20 22.5 25 
BASE IMPLANT ENERGY (keV) 

Fig. 13. Contour plots of simulated BV,,, and h,, characteristics for the 
nominal n-p-n device as functions of base implant energy and SIC implant 
dose, for a base dose of 2 X IO”  cm-’ and SIC energy of 150 keV. 
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Fig. 14. Contour plots of simulated BV,,, and h,  characteristics for the 
nominal n-p-n device as functions of base implant energy and SIC implant 
energy. The base implant dose was 2 X 10” cm-* and SIC implant dose 
was 3 x IO”  cm--. 

collector current required for the onset of base push-out 
or the Kirk effect. Higher SIC doses and lower SIC ener- 
gies increase fr by pinching off the base profile and re- 
ducing the base width. Higher SIC implant energies and 
doses improve the knee current by placing more n-type 
dopant below the intrinsic device and increasing the col- 
lector current required for the onset of the Kirk effect. By 
adjusting the SIC implant dose at fixed active base and 
SIC implant energies, ZK can be improved by approxi- 
mately 20% as long as the base implant energy is above 
20 keV. A lower SIC implant energy is required to im- 
prove ZK for lower energy base implants. Higher SIC im- 
plant doses degrade the bipolar snapback voltage because 
the heavier n-type doping lowers the collector-base 
breakdown voltage BVcso and, hence, BVcEo. Lower SIC 
implant energies actually improve SVcEo since more of 
the SIC implant is compensated by the base profile. Bi- 
polar snapback tends to decrease with lower base implant 
energies. This correlates with the increase in transistor 
gain as the base Gummel number is reduced. Simulation 
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Fig. IS. Measuredf, versus IC characteristics illustrating the effect of the 
SIC implant on peak cutoff frequency. The emitter area is 1.2 X 10 pm2 
and VCB = 2.0 V .  
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Fig. 16. Measurements Of fr and BVCEo as function of the SIC implant 
dose. The emitter area is 1.2 x 10 &m2. 

results indicate that an improvement in IK is expected to 
be coupled with the reduced BVcEo. 

The selectively ion implanted collector (SIC) was also 
investigated experimentally. Fig. 15 is a plot of peak cut- 
off frequency versus collector current for a series of SIC 
implant doses. The SIC implant increases fr from 12 GHz 
with no implant to a maximum of 19 GHz. Fig. 16 dem- 
onstrates that the improved cutoff frequency must be 
traded off against a lower bipolar snapback voltage BV,,,. 
A peak cutoff frequency of 14 GHz can be achieved while 
maintaining a BVcE, of 6.5 V. 

VII. TUNGSTEN POLYCIDE 
The emitter polysilicon layer must be strapped with a 

silicide to provide a low sheet resistance interconnect for 
the V,, connection in the bit cell. A WSi, polycide and a 
TiSi2 salicide were compared experimentally. The impact 
of adding a TiSi, or WSi, layer on top of the emitter poly- 
silicon was evaluated by examining the n-p-n transistor 
characteristics as a function of emitter polysilicon thick- 
ness and emitter rapid thermal anneal (RTA) sequence. 

10 

a 
TiSi2 -L WSi2 

POLY-Si 

0.011 ' 1  ' I I ' 1 1  ' I I ' 1  ' I " I I I ' 1  I '  

50 100 150 200 250 300 
POLY-Si THICKNESS (nm) 

Fig. 17. n-p-n base saturation current IBSAT versus the emitter polysilicon 
thickness for the three emitter structures. The WSi., thickness was 2 kA 
and the TiSi, thickness was SO0 A .  

c POLY-Si 
150 

WSi2 

TiSi2 
50 

0 
50 100 150 200 250 300 

POLY-Si THICKNESS (nm) 

Fig. 18. n-p-n peak current gain h ,  versus emitter polysilicon thickness 
for the three emitter2tructures. The WSi, thickness was 2 ki\ and the TiSiz 
thickness was 500 A .  

Formation of a TiSi2 salicide on the emitter polysiiicon 
caused a significant increase in base saturation current 
(ZBSAT) and decrease in transistor gain hFE as the emitter 
polysilicon thickness was decreased. WSi, polycide only 
slightly affected the n-p-n characteristics. This is illus- 
trated in Figs. 17 and 18. When the TiSi, formation is 
performed prior to the emitter RTA anneal, the structure 
of the polysilicon emitter is dramatically affected. During 
salicidation, a large portion of the arsenic implanted into 
the emitter is lost due to arsenic segregation and con- 
sumption during the TiSi, reaction. This results in a re- 
duction in the arsenic dopant segregated at the polysili- 
con/silicon interface which in tum reduces the 
effectiveness of the blocking layer or potential barrier at 
the polysilicon/silicon interface [9]. The lower potential 
barrier causes devices with TiSi, strapped emitters to be- 
come more susceptible to the effects of reducing the final 
emitter polysilicon thickness. As the polysilicon thick- 
ness approaches the hole minority-carrier diffusion length 
in the polysilicon emitter, an increase in IBsAT is observed 
[9]. The thermal stability of the TiSi, layer is also an is- 
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Fig. 19. SIMS profiles for emitter and base regions of n-p-n bipolar with 
polysilicon and WSi, polycide emitters. 

sue. Performing the RTA emitter anneal after formation 
of the TiSiz, will often result in agglomeration of TiSiz. 
In WSi, polycide devices, some arsenic segregation also 
occurs, but to a lesser extent. Fig. 19 compares the SIMS 
profiles for the polysilicon and the WSi, polycide emitter 
n-p-n transistors. Because of arsenic segregation, the WSi, 
device has a shallower emitter and thus a wider base and 
larger base Gummel number. The result is a decrease in 
transistor gain hFE and emitter resistance RE. The tungsten 
polycide also exhibited superior thermal stability, exhib- 
iting negligible degradation after the RTA emitter anneal. 

VIII. BIPOLAR HCI 
It is well known that under reverse-bias emitter-base 

stress, bipolar transistors undergo HCI (hot carrier injec- 
tion) degradation which is manifested as an increase in 
the nonideal base current component and a decrease in the 
low current gain [ 111. Physically, charge is injected into 
the oxide above the emitter-base junction edge. This re- 
sults in an increase in the density of interface states (DIT) 
above the junction edge, which contribute a recombina- 
tion leakage component to the overall current. In standard 
operation of a BiCMOS gate, the emitter-base junctions 
of the bipolar transistors are transiently reverse-biased and 
bipolar HCI is hence a significant concern. A comprehen- 
sive study was carried out of HCI degradation in the bi- 
polar transistors fabricated in this process. Earlier work 
was confirmed in which the generation of HCI damage is 
a function of the level of reverse bias stress the device is 
subjected to. In particular, when bipolar transistors ex- 
perience a low-level stress corresponding to the band-to- 
band tunneling region of the reverse emitter-base break- 
down characteristic, the nonideal base current component 
increases as If,’ * t ,  as shown in Fig. 20. When the bi- 
polar transistors are stressed under avalanche breakdown 
conditions, the nonideal base current component AZ, in- 
creases as a function of the total stress charge Q. Here, Q 
is equal to the product of the stress current and total stress 
time. This is illustrated in Fig. 21. In Fig. 22, the results 
of bipolar HCI stress under band-to-band tunneling and 
avalanche breakdown conditions are combined and the 
time for 50% beta degradation is plotted as a function of 
reverse stress current for different emitter-base forward 
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Fig. 22. The time to 50% reduction in transistor gain h, as a function of 
reverse bias stress current. 

biases. It should be noted that the bipolar HCI stressing 
was carried out under dc conditions whereas the typical 
emitter-base reverse bias stress a bipolar transistor is sub- 
jected to is a transient waveform and the resulting duty 
cycle is quite low. 

IX. ECL RING OSCILLATOR MEASUREMENTS 
ECL gate delay was measured as a means of character- 

izing bipolar performance. Fig. 23 compares gate delay 
to ECL ring oscillators with single- and double-base 
n-p-n bipolar transistors laid out with conservative design 
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Fig. 24. Measured ECL gate delay as a function of gate current. The plot 
demonstrates the effect the p +  buried layer has in increasing collector- 
substrate capacitance Ccs and degrading ECL gate delay. 

rules and single-base n-p-n bipolar transistors laid out with 
aggressive design rules. The single-base n-p-n with ag- 
gressive design rules achieves an ECL gatedelay of 105 
ps/gate at a gate current of 350 pA/pm2. An ECL ring 
oscillator with double-base n-p-n bipolar transistors laid 
out with aggressive design rules would exhibit even faster 
gate delays. Increased process complexity in the form of 
a more recessed isolation, a lithographic offset between 
n+ and p t  buried layers, and a double-polysilicon, fully 
self-aligned bipolar structure, would provide improved 
ring oscillator performance, at the expense of reduced 
SRAM yield. 

The impact of the p +  buried layer in increasing the pe- 
ripheral component of the collector-substrate capacitance 
Ccs was investigated. Fig. 24 demonstrates that leaving 
out the pf  buried-layer implant improves ECL gate delay 
by approximately 10%. This is at the expense of increas- 
ing the minimum n+ buried layer to n+ buried spacing 
from 2.5 to 6.5 pm. 

X. CONCLUSIONS 
A high-performance 0.5-pm BiCMOS technology has 

been demonstrated which uses a triple-polysilicon process 
architecture for a fast 4-Mb SRAM class of products. 
Three layers of polysilicon were used to achieve a com- 
pact four transistor bit cell size that is less than 20 pm2 
by forming self-aligned bit-sense and if,, contacts. A WSi, 

polycide emitter n-p-n transistor was implemented with 
an emitter area of 0.8 x 2.4 pm2 and peak cutoff fre- 
quency of 14 GHz. A selectively ion-implanted collector 
was used to compensate the base channeling tail as well 
as increase cutoff frequency and knee current while main- 
taining a collector-to-emitter breakdown voltage of 6.5 V. 
n-p-n base and SIC implant conditions were optimized 
through device simulations coupled with statistical exper- 
imental design. A minimum ECL gate delay of 105 ps 
was achieved at a gate current of 350 pA/pm2. 
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