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ABSTRACT

The research goal was to investigate new high speed VLSI bipolar

integrated structures using simple processing similar to MOS technology.

A novel concept for transistor fabrication was invented, introducing an
idea for protection. against deep saturation. It involves the use of a
Static Induction Transistor or a PNP substrate transistor and was developed
based on transistors designed for a triple or quadruple diffusion
fabrication technique. Simulation showed improved switching times when
compared to similar gates without protection, while the charge-storage was
Practically eliminated. Simple gates protected by SIT or PNP operate with
the speed of ECL gates but with smaller power consumption. Punch-through
space-charge~limited loads have been investigated and fabricated.
‘Resistances in the range of 10 - 100 kohms on the area limited primarily by

the contacts were obtained.

A GEneral one~dimensional semiconductor device performance SIMulation
program (GESIM1) for the static and dynamic analysis has been developed. As
the input data, the impurity concentration @istribution and applied terminal
voltages are required only. Also, a device and processing oriented BIpolar
TRAnsistor Simulator program (BITRAS) has been developed. The program

combines technological and electrical parameters of the device.

Develpment and modification of our local oxidation techniques has been
completed. Parameters necessary to realize a self-aligning isoplanar
process with 2.5 pm geometry have been established. The development of thin

base bipolar transistors is in progress.

Future research plans are focused om device fabrication and the
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INTRODUCTION.

Bipolar integrated circuits will retain their superiority- for high
. speed applications as dimensions are scaled down but require relatively
complicated processing, including thin epitaxial layers and buried
subcollectors. As a result of process complexity, VLSI high speed bipolar

integrated circuits are more costly than MOS structures.

The research goal of this project was to investigate new high speed
VLSI bipolar integrated structures using simple processing similar to MOS
technology. Emphasis was put on simulgtion in order to theoretically verify
the proposed ideas. Technological efforts were concentrated on
development/modification of processing sequences as preliminary steps

towards fabrication of the designed structures.
The accomplishments of the comtract can be summed up as follows:
I. Device design and simulation.

l. A novel concept for bipolar transistor fabrication was invented,
introducing an idea for protection against deep saturation, thus the
name Saturation Protected bipolar Transistor (SPT). It involves the use
of a Static Induction Tramsistor or a PNP substrate transistor as a
clamp. Simulation showed improved switching times when compared to
similar gates without protection because the charge-storage was
practically eliminated. The protection methods use triple or quadruple
diffusion fabrication techniques; . by avoiding gold doping it is
possible to fabricate both digital and analog circuits on the same chip.
The simulated propagation delay times are comparable to ECL performance.
However, ECL gates consume larger amounts of power than the saturation

protected gates. SPT/SIT and SPT/PNP are discussed in chapter 1 of this



2.

II.

Page 2
annual report.

Punch~through space~charge~limited loads as a replacement for diffused
resistors have been investigated. The range of resistance values is
large. The small dimensions lead’ to small capacitances and fast

switching times. The topic is covered in chapter 2.

A GEneral one-dimensio;al semiconductor device performance SIMulation
program (GESIM1), with no simplifying assumptions, has been developed
for static and dynamic analysis. The only input data required is tﬁe
impurity concentration distribution and applied terminal voltages.
Also, a device and processing oriented BIpolar TRAnsistor Simulator
program (BITRAS) has been developed. The program combines the
technological and electrical parameters of the device. Both programs

are discussed in chapter 3.
Technology/process development.

Development and modification of our local oxidation techmiques has been
successfully completed. The parameters necessary to realize a

self-aligning isoplanar process with 2.5 pm geometry were established.

The development of thin base bipolar tramsistors is in progress.
Experimental data including the surface concentration and diffusion
lengths have been collected and appropriate concentration profiles have
been established. Further progress in overcoming existing problems (low
beta and punch-through of emitter-base junctions) is conditioned wupon
development of polysilicon emitter structures or replacing the
phosphorus emitter diffusion with arsenic. The first approach of

developing polysilicon emitters is given priority.

Punch-through space-charge-limited 1loads have been Ffabricated and
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tested. Resistances in the range of 10 - 100 kohms on the area limited
primarily by the contacts were obtained. All technological 1issues are

discussed in chapter 4.
Future research plans.

Future research plans include continued.development of CAD tools, the
fabrication of quadruple diffused structures for a new family of high
speed, low power, bipolar logic gate arrays with space-charge-limited

loads.
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PART I - DEVICE DESIGN AND SIMULATION

1. SATURATION PROTECTED BIPOLAR TRANSISTORS

1.1 Introduction

Integrated circuits such as Emitter Coupled Logic (ECL) using bipolar
devices will retain their superiority for high speed applications as
dimensions are scaled down [1.1, 1.2]. Such circuits require relatively
complicated processing including thin epitaxial layers and buried n* layers.
Some less complex high speed bipolar IC processes have been developed
(1.3, 1.4]. Schottky Tranmsistor Logic (STL) [1.4] provides improved speed
by reducing carrier storage effects. It provides better performance than
the gold doping technique previously used, but requires both low- and
high-barrier Schottky diodes. Integrated Schottky Logic (ISL) [1.4] uses a
PNP transistor as the NPN clamping device. Its performance is very similar

to that provided by STL processing.

For saturating logic gate arrays, a novel  concept for tramsistor
fabrication is discussed in this report. The basic idea is to protect
against deep saturation by using a Static Induction Transistor [1.5] or a
PNP substrate transistor as a clamp. The function of the saturation
protection is to prevent the switching transistor from entering into a deep
saturation mode by limiting the charge stored in the collector. This will
eliminate thé collector minority carrier storage effect and result in faster

switching speeds.
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l.2 SIT Protected Bipolar Tramsistor

1.2.1 Operating principles

The operating principles of the SIT Saturation Protected bipolar
Transistor (SPT/SIT) is best understood by considering the operation of a
series of devices. Figure 1.1 shows the cross section of a lateral
collector device. The s3spacing between the base and the collector of this
device can be made quite small using a simple double diffusion process. A
positive bias applied to the collector creates a depletion region which
reaches the base region of the transistor as shown by the dashed 1line. A
very high electric field exists between the "internmal" collector and the
lateral one after the depletion region is established. Carriers are swept
at velocities close to saturation velocities through the depletion region,

and high speed performance results.
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[/ _/
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collector N o e e -

Fig. 1.1 A simplified bipolar structure for VLSI.

There are two disadvantages of such a structure. First, threshold
collector voltage is required to deplete the collector region. Second, the
base is shorted to the p~ substrate. The latter problem can be -easily
overcome by surrounding the base with an n-region as shown in Figure 1.2(a).
The base is then completely isolated from the substrate by a depleted region

as shown by the dashed line. The device will not operate properly if the
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collector voltage is too low becauée the depletion region 1is not formed
properly. To prevent such improper operation, the substrate should be
connected to a negative potential, thereby creating a permanent depletion
region. In this structure, in addition to the basic bipolar NPN transistor
and Lateral Punch-Through Transistor (LPTT) [1.6], a p-channel Static
Induction Transistor [1.5] between the base and the substrate can be also
identified. The equivalent lumped model is shown in Figure 1.2(b). The
p~type base of the NPN tramsistor is the source of SIT, the n~type collector
region is the gate of SIT, and the negatively biased substrate is the drain
of SIT. For large positive collector (gate of the SIT) voltages, the SIT
transistor is off. If the base current of the NPN transistor is increased
as in a logic circuit, the collecto;~voltage decreases. As this happens,
the SIT transistor will start to conduct, thereby clamping the NPN collector
voltage out of saturation by directing the excess NPN transistor base
current to the substrate. The current flow between the NPN base and the
substrate 1is determined by the potential distribution in the depletion
region under the base. The potential barrier in the SIT transistor, which
is a function of drain and gate voltages, is lower than in bipolar
transistors for the same gate (base) voltage. This was proven
experimentally based on the results of temperature measurements [l1.7]. The
two barriers are in parallel. Because of the lower SIT barrier, the current
will start to flow in the SIT before minority carrier injection occurs in
the collector PN junction. The resulting clamping voltage is a function of
the substrate voltage. A large negative substrate voltage will result in
virtually no minority carrier storage in the collector region. As the
negative substrate voltage is increased toward zero, the minority carriers
storaged in the collector region increase because of the increase of the

barrier potential in the SIT tranmsistor.
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Fig. 1.2 A modified bipolar structure for VLSI, (a), and its equivalent

circuit, (b).
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1.2.2. Circuit simulation

A lumped transistor model is not adequate for modeling the device
structure presented in Figure 1.2(a). This is due to interactions between
carriers of LPTT and SIT, with the mechanism being quite complex. This
device requires advanced two-dimensional numerical simmlation models in
order to obtain reliable results. Such simulations are not available as
yet. However, in the structure shown in Figure 1.3(a), the SIT ard NPN
transistors are not merged. There is no direct interaction between the
carriers of both tramsistors. Therefore, the lumped model shown in Figure
1.3(b) can be adequate for simulation of such devices. Also, the voltage
drop on the space-charge of LPTT is usually much larger than the voltage
drop on the semiconductor material, where the charge neutrality holds. The
widely used SPICE2 circuit simslation program [1.8] was applied to the model
of Figure 1.3(b). A model for the SIT transistor was developed based on
formulas given below [1.5]:

I =1 [exp (Y /V ) - 1] (1.1)
d s o T

where: I, is the device current, I, is the saturation current, dg is the

d

potential barrier height and VT is the electrostatic potential.

Equation (1.1) is valid both for an SIT transiator as well as a bipolar
transistor. Ig and ¥, are given by formlas [1.9, 1.10, 1.i1] (with all

subscripts referring to the four-layer bipolar transistor model):

-for a p-channel SIT tramsistor:

A
SIT 1
I=gqDN =—— Y ==n(V-=V)+V (1.2)
s B W o] C np S Q
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-for a p-n-p substrate bipolar transistor:

A
pup 2
I=qDN -———- Y=V +V1in{N N /n) (1.3)
s C o CB T B C i
fN dx/N '
B 3
where: q - electron charge, D - carrier diffusivity, N - doping

concentration, A = area, weff— effective width of the potential barrier,
N - gate efficiency (0.1 = 0.4), V - voltage, p - amplification factor,

WQ - voltage drop on the space-charge, n; - intrinsic concentration.

E c
\pRB Ln:_J/\_____J

“W”K @)

C

(b)

substrate

Fig. 1.3 A triple diffused bipolar tramsistor  structure with  SIT

protection, (a), and its equivalent circuit, (b).
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The amplification factor p depends on the geometry of the device and

can be calculated using empirical relations given in [1.11]:
p = 2.5 exp(7D/2 2) -1 (1.4)

where: D and Z are the depth and the spacing between the lateral collectors

respectively. Examplary value of p = 5.4 for D = 3 pm and Z = 5 pm. ‘

The model of the SIT protected bipolar tramsistor for SPICE2 simulation
uses the diode model and controlled sources available in the program, and
the effect of charge storage in the region between the source and the top of
the potential barrier is included in the "diffusion" capacitances.
Parameters fof the SIT nonlinear transistor model and the resulting
protected bipolar transistor were calculated from the device lumped model as

shown in Figure 1.3(b).

A simple circuit with the SIT Saturation Protected bipolar Transistor
(SPT/SIT) was simulated. Encouraging switching times, when compared to
similar gates without protection, were obtained. Figure 1.4 shows the
output waveforms for an unloaded inverter to which a 20 nsec input pulse was
applied, and Figure 1.5 presents results for a chain of such inverters
subject to the same input pulse., It has been found that the output voltage
swing and the delay time of such a structure are sensitive to substrate
biasing. For zero substrate biasing, the storage time of a single unloaded
inverter was 8 nsec. With the biasing of =3 V, it was practically
eliminated with slopes of th; waveforms due exclusively to parasitic
capacitances resulting in switching times of 1.2 nsec. The delay between
the waveforms labeled 1 and 3 of the loaded inverter was 1 nsec for the same
negative substrate biasing; thus, the propagation delay time per gate was
0.7 nsec, while the power delay product was less than 1 pJ. The voltage

swing for the same case was only 200 mV, while the actual voltage swing on
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the intermal collector was larger and equal to 470 mV. These results were
obtained for a non-optimized structure, utilizing no Schottky clamp diodes
or gold doping, and for a very simple process with no epitaxial and buried
layers and structures designed using 4 pm geometry. With smaller geometry,

even better results are expected to be achieved.

In conclusion, simulation showed encouraging switching times for the
SPT/SIT gates when compared to similar gated without protection, while the
charge—-storage was pracgically eliminated. The SIT protection transistor
is, in fact, a substrate transistor placed under the base contact and does
not require extra space. However, the structure is sensitive to substrate

biasing which effects also the voltage swing and the delay time.

V

Output voltage,

Time, nsec

Fig. 1.4 Output waveforms for a single stage unloaded inverter with an SIT

protected bipolar transistor.
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Fig. 1.5 Output waveforms for 3 chain of inverters with SIT protected

bipolar transistors.

1.3 PENP Protected Bipolar Transistor
1.3.1 Operating principles

In searching for an altermative approach to SIT protection, the idea of
a PNP protection tramnsistor emerged. By introducing a thin n-type layer
into the channel of the SIT, a PNP protection transistor can be fabricated.
The excess NPN base current drive can be diverted to the substrate, thereby
avoiding deep saturation. If properly designed, the collector minority
carrier storage in the NPN will be minimized. This happens if the base of
the PNP transistor is thin enough with a small value of the "Gummel number".

Once the carriers reach the substrate, no storage effect is possible.
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Fig. 1.5 Output waveforms for a chain of inverters with SIT protected

bipolar transistors.

1.3 PBNP Protected Bipolar Transistor
1.3.1 Operating principles

In searching for an altermative approach to SIT protection, the idea of
a PNP protection tramsistor emerged. By introducing a thin n—-type layer
into the channel of the SIT, a PNP protection transistor can be fabricated.
The excess NPN base current drive can be diverted to the substrate, thereby
avoiding deep saturation. If properly designed, the collector minority
carrier storage in the NPN will be minimized. This happens if the base of
the PNP transistor is thin enough with a small value of the "Gummel number".

Once the carriers reach the substrate, no storage effect is possible.



Page 13

Figure 1.6 shows cross—sections of two realizations of the PNP
protected bipolar devices fabricated using a quadruple diffusion technique.
Structure (a) is a variation of the SIT design, while structure (b) is a
modified érrangement with no deep diffusion under the base on the left side
resulting in smaller parasitic capacitances. The exi;ting base series
resistance Ré of the NPN transistor can be very beneficial. If a large
base current flows, there will be a voltage drop across the base region due
to Ré . Thus, the emitter—base junction of the PNP transistor will be more
forward biased than the collector-base junction of the NPN transistor.
Because of 'this series resistance effect, the PNP transistor will clamp the
NPN transistor out of deep saturation. The clamping action does not rely on
the base resistance effect. It will function as desired so long as proper

fabrication procedures are used.
1.3.2 Circuit simulatiomn.

The structure is simple to simulate, since the NPN switching and the
PNP protection transistors can be separated and implemented in the SPICE2

simulation program. A lumped transistor model is shown in Figure 1.6(c).

Simple inverting gates with the PNP protection transistors were
simulated. The effect of substrate biasing dependence was essentially
- eliminated. The PNP protection transistor can efficiently operate even with
zero biasing. PNP protection is somewhat inferior to SIT protection as far
as delay time 1is concerned, but it may £find mch wider applications
(e.g. TTL gates). The voltage swing of the PNP clamp is larger. Some
results for a single and multiple-stage gates are presented in Figures 1.7
and 1.8. The delay time was 2 nsec per gate and the delay power product was

kept below 1.5 pJ.
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Fig. 1.6 Two realizations of PNP protected bipolar transistors, (a), and,

(t), and the equivalent circuit, (e¢).
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In order to increase the output voltage swing, the structure was
modified to use two existing internal collector series resistances (Figure
1.9). With this double collector structure, the collector Cl can be
connected directly to the positiée bias voltage, while the second collector
C2 will sense the voltage at the internal collector. Current flow‘ towards
the collector C2 is very small, so the voltage drop across this resistance
is negligible and the potential on C2 follows the potential at the internmal
collecﬁor. Thus, the internal collector series resistances are beneficial
as is the b;ée series resistance of the PNP protectién transistor, which was

previously discussed.

cc

out

Ys=5

no protection

Output voltage, V

10 20 30
Time, nsec

Fig. 1.7 Output waveforms for a single-stage unloaded inverter with a PNP

protected bipolar tramsistor.
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Fig. 1.8 Output waveforms for a chain of inversters with PNP protected

bipolar transistors.

E <
\n-__J\,,RB..W..\n__J/\u___J
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substrate

Fig. 1.9 A quadruple diffused P-N-P protected bipolar transistor structure

with two collectors.
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The idea of PNP protection transistors was next expanded to other logic
gates. Interesting results  were obtained for TTL gates. Simulation has
been performed for standard TTL [1.12] gates with and without protection.
In order to maintain reasonable values of resistances, in addition to small

.values of parasitic capacitanées, transistors were individually designed.
In Qll designs, except for the input multi-emitter transistor, pmnp
protection transistors were used. Investigations were focused on
establishing model parameters and evaluation of the effect of substrate
biasing, saturation current, beta;-substrate concentration etc, TTL logic
gates without protection, which were designed with wafers having high
lifefimes (no gold doping), had delay times of the order of 25-30 nsec per
gate. Using the pnp transistor protection, a significant reduction in the
delay time (to aSout 4 nsec per gate) was observed. These results are for a
non-optimized structure, utilizing no Schottky clamp diodes or gold doping.
The devices can be fabricated with a very simple process without epitaxial
layers. This performance compares very favorably with state-of-the-art TTL,
and quadruple diffussed TTL gates require only 25% of the area of Schottky
TTL. It is believed that with optimization, bipolar protected TTL logic is

capable of outperforming other TTL structures.

Output waveforms of a single TTL gate with a standard load are shown in
Figure 1.10. In addition to devices designed for 4 pm geometry,
computations were made for devices designed for 2.5 pm geometry and, as
expected, even better results were obtained. It is worth stressing that
when using the triple/quadruple diffusion technique and avoiding gold
doping, it is possible to fabricate both digital and analog circuits on the

- same chip. This can be an advantage in some cases.
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A comparison of the performance of the SIT or PNP protected bipolar
transistor gatés with the fastest known logic gate - ECL [1.12] (also
designed for the triple/quadruple diffusion fabrication) was performed. ECL
gates are unon-saturating logic gates and, therefore, do not require
Protection transistors. Figure 1.1l presents the results of the comparison.
The output waveforms of unloded ECL and single-stage inverters with SIT/PNP
Protected transistors are presented. Comparable propagation delay times are
observed. The ECL gates consume more power than the SIT Saturation

Protected Transistor Logic gates (SPTL/SIT) or the PNP Saturation Protected

Transistor Logic gates (SPTL/PNP).
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Fig. 1.10 Output waveforms for a single TTL gate.
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Fig. 1.11 Comparison of output waveforms of ECL and SIT/PNP protected

transistor inverters.
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2. PUNCH-THROUGH SPACE-CHARGE-LIMITED LOADS

2.1 Introduction

The performance of bipolar and MOS silicon devices is approaching
limits imposed by device physics and dimensions. The physics imposed limits
often relate to carrier diffusion phenomena limited transit times. The
dimension imposed limits often relate to storage and depletion capacitances.
Shrinking the device size and lowering power of a single stage usually lead
to lower currents and the necessity of employing larger values of re;istors.
At the same time, the values of the sheet resistance and unit capacitance
basically remain unchanged; This has caused device researchers to

investigate devices based on different operating principles.

This part of the annual report discusses a device which operates in a
punch-through condition with space-charge control of currents. The punch
through condition in bipolar devices was identified some time ago as an
undesirable condition to be avoided. It caused loss of control and gaiﬁ in
standard bipolar devices. Also, in the case of MOS devices, punch~through
i1s considered as an undesirable effect. In order to avoid punch-through in
small devices, a much higher impurity concentratidn than usual is required.
This problem is especially important for micrometer and submicrometer
geometries. Increasing impurity concentrations causes large parasitic

capacitances and, therefore, lower device speed.

2.1 COperating principles

The theory for Space~Charge-Limited (SCL) current was given first by
Mott and Gurmey [2.1]. The SCL mechanism was reported in Shockley's Analog
Transistor [2.2] and Teszner's Short Channel FET [2.3], Richman's MOS

Transistor [2.4], Nishizawa's SIT Transistor [2.5] and Ohmi's Punch-Through
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Transistor [2.6]. A lateral version of the Punch-Through Transistor was
also published [2.7]. In the SIT transistor, the effect of series
resistance seems to dominate [2.8]. A detailed theory of SCL for various

devices is given in (2.9, 2.10].

Fig. 2.1 shows the cross sectionm structure of an N'P™NT punch=through
diode which can also be made as a PTN"P* structure. Positive voltage is
applied to the anode A. With an increase of the voltage, the thickness of
the depletion. layer increases. When the depletion layer reaches the N or
cathode C region, current starts to flow. At the same time, injected
electrons in the depletion region will create an internal space-charge which
affects the potential distribution. This will control the current flow as
the voltage 1is increased. The value of the threshold voltage can be

controlled by geometry and substrate resistivity.

Fig. 2.1 A punch-through space~charge~limited (PTSCL) structure.

Once the punch-through is reached and voltage is increased, the diode
performance can be predicted for two conditions, large and small electric
fields. Both approximations are presented followed by computer simulated

results.
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The threshold punch-through voltage th is given by:

~16 2
V =7.5%10 % N*TL : (2.1)
pt

where: N is the substrate doping in atoms/cm**3 and L is the channel length

in microns.

For small electric fields, the diode current I is related to its

voltage V as shown:

9 A 2
8 ° 3

where: p is the carrier mobility, e €, — the permittivity, A - the area

and L -~ the channel length.
For this condition, the dynamic resistance, R, is given by:

3
dav 4 L

R % = =

1 v
dI 9uee, A VvV 21

(2.3)

The carrier transit time, T , and the carrier transit time at the threshold

voltage,7} s are:

2 2
4 L 1 4 L 1
T=aRC= - - - T =- - - (2.4)
9 p v 3 p v

Under conditions of high electric field, the carrier velocity 1is the
saturation velocity vy and the relationships become quite simple as shown

below:
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A
I=2 vs €€, ;2 v (2.5)
2
1 L
R = - (2.6)
2 v €€, A
]
L L
T3 e T, = = (2.7)
2v v
8 s

Using the high electric field approximation which is reasonable for
small dimensions, the relationship between I and V can be calculated as a
function of doping for a 2 micron channel length and a 20 square micron area
as shown 1in .Figure 2.2(a). Figure 2.2(b) shows I vs. V for different
channel lengths. Note that some small voltage is required to reach the
punch-through éondition. Exceeding that voltage, the device appears to be
pure resistance. Equation (2.6) shows that R is a function of geometry only

and, therefore, independently controllable.

This punch-through diode should have applications as a replacement for
diffused resistors. Such resistors take considerable space to attain large
values. Even polysilicon resistors have difficulties associated with them.
These diodes can provide very small area resistors based on the space-charge
limiting action of the device. Thus, they could also be called
space~charge-limited loads. The range of resistance values is large as
shown in Figure 2.2(b). The small dimensions result in small capacitances

and fast switching times.
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Fig. 2.2 Calculated I-V characteristics of PTSCL loads for various spacing
between cathode and anode, (a), and for various substrate

doping, (b).

2.3 Device simulation.

Punch-through space-charge limited loads were simulated using the
general one-dimensional device performance similation program GESIMl. It

was rdeveloped as part of this research and is described in chapter 3 of this

report.
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Figures 2.3(a) through (f) resulted from the simulation and ' show the
predicted static variations of electric field, potential, space charge,
majority and'minority carriers, and hole current for a relatively loﬁg (6
micron) Pty Pt diode as a function of distance along the channel for
different bias voltages. It can be seen that a spacchharge generated
potential barrier exists very close to the cathode region. On the left side
of the potential barrier, the electrical field is negative and is positive
on the anode side of the barrier. A relatively large electric field
condition exists in most of the region between the cathode and the anode. A

small electric field region exists close to the cathode.

Simulating the dynamic performance of the same p*N"Pt punch-through
diode gave the results shown in Figures 2.4(a) through (£f). They show that
equilibrium after a turn on step was applied occurred in 30 psec. Figure
2.5(d) shows the distribution of holes vs. distance during switching from
2 Vto 10 V as a function of time. The holes move swiftly across the
channel attaining a level distribution in less than 0.5 nsec. Figure 2.5(e)
Shows that the hole current peaks close to the injecting junction at
T = 0.03 nsec and the peak moves down the channel with time. This current
is building up a space-charge which givés rise to the changing electric

field.
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Fig. 2.3 Static analysis of a PTSCL diode for various biasing {(.1V/step);

electric field, (a), potemtial, (b).
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3. DEVICE SIMULATION PROGRAMS

3.1 _Introduction

Punch-through and space-charge phenomena are complicated in nature and,
in order to fully investigate and understand their behavior, a computer
simulation is necessary. Most of the existing computer simlation programs
use simplified approaches, either neglecting space-charge or assuming charge
neutrality [3.1]. In this way, computing time can be significantly reduced.
However, for small geometry high speed devices for VLSI applications, such
assumptions are not valid and a more general approach was needed. Thus, a
GEneral one-dimensional semiconductor device performance SIMulation program

(GESIM1) has been developed.

Technological implementation of triple/quadruple diffusion processing
is critical to the investigated Saturation Protected Bipolar Transist&rs.
To support such efforts, a BIpolar TRAmsistor Simulator program (BITRAS) has
been developed. This specialized program simlates technology and
performance of triple/quadruple diffused bipolar transistors and is more
appropriate for the investigated specific, non-typical structures than the

present versions of FABRICS [3.2] or SUPREM [3.3].

3.2 General one-dimensional devigce similation program (GESIM1).

This program has been developed with no simplifying assumptions and
allows the user to simulate the static and dynamic performance of a device.
The GESIMl simulation includes all parasitic effects and provides
information about the internmal detailed transient behavior of such devices.
The input data required consists of the impurity concentration distribution
and the applied terminal voltages. The steady-state solution is first

found, and then transient analysis can be performed for any given voltage
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excitation. It 1is also possible to incorporate the device to be simulated

into a circuit. In this case transient circuit voltages and currents are

determined from the simulation.
The program was written using five basic equations [3.4] given below:

- continuity equations:

op 1
— = -=-div] +G -TU (3.1 a)
ot q P P P
on 1
—— 2= =div]] +G ~-T (3.1 b)
ot q n 1 n
- transport equations:
J =-qD grad p-qp p grad P (3.2 a)
P P P
J = qD gradn-qp ngrady (3.2 b)
n n ’ n
- Poisson’s equation:
. q
div grad¢/ = = = (N = N + p = n) (3.3)
€6 4 a
where:
2
pn=-n
i
Ug =7 = (3.4)
n p T(a+n)+7(p+n)
P i n i

Instead of a standard finite difference method, a different approach
was used. The device was divided into large regions with the number of mesh

points being relatively small. Linearization is ther performed and formulas
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‘
from analytical solution are applied. An explicit iterative procedure is
used which is not as fast as the implicit method. However, it 1s easier to
expand this one-dimensional program to a second dimension. Also, additional

nodes will not seriously affect the computing time.

The structure of the program is shown in Figure 3.1 and examples of the
program printout for a forward and reversed biased P-N junctions are
presented in Figures 3.2(a) and (b). First, a summary of input data is
printed (not shown here) and next, plots showing distributions of potential
"y"  electric field "E", charge "Q", holes wp"  electromns "N", hole current
"' electron current "-", recombination current “R" . Fermi potentials "*",

"$"  and decimal log of holes "@' and electrons "'l

INPUT DATA

PRINT INPUT DATA

Yy

SOLVING POISSON'S

EQUATIONS
SOLVING CONTINUITY SOLVING CONTINUITY
AND TRANSPORT AND TRANSPORT
EQUATIONS FOR HOLES EQUATIONS FOR ELECTRONS
T=T+ AT

| PRINT OUTPUT DATA

Fig. 3.1 Structure of GESIMl.
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3.3 Bipolar transistor simulator program (BITRAS).

The program is both device and process simulation oriented using the
processing parameters (temperatures, times and doses) as the input data.
The simulation results are doping profiles and device electrical parameters
which can be used as the input data for circuit simulation programs like
SPICE2. BITRAS also allows for ploting of the resulting parameters and
doping profiles. The program is relatively fast and can be used to perform
the sensitivity analysis needed to optimize device design. It uses a

combination of analytical and numerical procedures.

Figures 3.3 and 3.4 present simulation results for a quadruple diffused
structure. First, a summary of input and output data (Figure 3.3) is
presented for a structure fabricated according to a specific sequence: deep
collector diffﬁsioﬁ, shallow collector diffusion, deep base diffusion and
emitter diffusion. Doping profiles after each of these steps are shown
next, Figures 3.4(a), (b), (¢), and the resulting doping profile of the

quadruple structure are presented in Figure 3.4(d).
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(a)

Doping concentration, cm
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Fig. 3.4 Doping profiles after each £fabrication step of the quadruple

diffused structure; deep, (a), and shallow collector

diffusion, (b).
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Fig. 3.4 (continued); deep base, (c), and emitter diffusiomn, (d).



Page 41

PART 2 - DEVICE FABRICATION

4. TECHNOLOGY/PROCESS DEVELOPMENT

4.1 Introduction

- This sectioﬁ describes laboratory work dome to realize techmiques and
devices applicable to VLSI technology. Fabrication in siliconm of thin base
bipolar transistors and space-charge limited loads has been completed.
Reactive ion etching and local oxidation techniques for an isoplanar process
have been developed. Fabrication of thin base bipolar tranmsistors with
Static Induction .Transistor (SIT) protection against saturation using the
isoplanar process is under development. Also, fabrication of SIT protected

and PNP protected NPN transistors without LOCOS is in progress.

4.2 Development/modification of the Local Oxidation Technique

The development/modification of Local Oxidation Techniques has been
successfully completed. The parameters, necessary to realize a
self-aligning isoplanar process with 2.5 micron geometry, were established.
Anisotropic reactive ion etching through 2000 angstroms of silicon nitride,
approximately 250 angstroms of silicon dioxide, and 4500 angstroms of single
crystal silicon has been demonstrated using a Perkin Elmer Randex Model 3140
Single-Target Sputtering system. Figure 4.1 is a Scanning Electron
Microscope (SEM) display photo showing the reactive ion etched areas with

widths of 2.6 microns.

Satisfactory dry etching was achieved with 65 watts of R.F. field
power, 15 microns of Freon-14 pressure, and 20 minutes of etch time. Data
for the Model 3140 indicates a single crystal silicon etch rate of 280

angstroms per minute. The etch rate for silicon nitride is 300 angstroms
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per minute, and the etch rate for KII 747 negative photoresist is 250
angstroms per minute. These rates are valid for the process parameters
given above including the 20 minute time interval (etching does not appear

to be linear with time).

Boron

LOCOS
oxide

Fig. 4.1 SEM photo of reactive ion etched device with 2.6 micron geometry.

Because of the etch rates and photoresist thickness needed for
realizing small geometries, a two step 2egative photoresist process was
developed. KTI-747 (viscosity = 43 to 45) photoresist is spun on at 5500
Tpm. After 7 uminutes of the first step reactive ion etching, the
photoresist is no longer an effective mask. The photoresist 1is then
strippede The same photolithography is repeated, and 8 to 12 minutes of
second step.reactive ion etching results in sufficient silicon etch to

realize an isoplanar LOCOS. Of course, shallower oxide moats can be

fabricated with a single step photoresist procedure.
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Oxidation for the LOCOS process is standard. Wafers are subject to dry
oxygen, wet oxygen, then dry oxygen at 950 degrees C for 5.5 hours. The
problem of fissuring of thick oxides was overcome by furnace ramping.
Ramping up and down of the furnace temperature was suggested by our S.R.C.
mentors from Motorola [4.1], and has been adopted for all high temperature

processing steps.

This LOCOS process has been adopted for the fabrication of the Static
Induction Transistor (SIT) protected NPN bipolar transistors. The
processing sequence for fabricating these structures utilizing composed
masking and self aligning is shown in Figure 4.2. Devices fabricated with
this process displayed emitter collector shorts. A complete discussion of

this problem is included in section 4.3 of this report.

___—silicon dioxide 1. DEEP n-TYPE IMPLANT AND

" o e
DRIVE.

p-\n n

silicon dioxide
silicon nitride

2, SILICON NITRIDE DEPOSITION
AND ETCHING, AND LOCOS OXIDA~
TION.

3, BASE FHOTOLITHOGRAPHY AND
DOUBLE BORON IMPLANT AND
DRIVE.

4, EMITTER PHOTOLITHOGRAPHY
AND PHOSPHORUS IMPLANT AND
DRIVE.

5. FINISHED DEVICE.

substrate hase contact
(SIT drain) behind emitter
(SIT source)

Fig. 4.2 Processing sequence for SIT protected NPN bipolar transistors.



Improvement and recharacterization of the Model 3140 Sputtering system
is continuing. The characterization (including etch rates) completed thus
far shows good agreement with investigations of similar parallel plate
machines [4.2]. New Static Induction Transistor designs andAtheir layouts
ﬁave been completed. These devices are fabricated both with and without the
LOCOS techmique. Thérefore, fabrication of some SIT devices avoids the
complexity of the LOCOS process. This isolates the problems related to the
LOCOS process from problems related to either SIT or npn bipolar transistor

operation.

4.3 Fabricationm of thin base bipolar transistors

Thin base NPN bipolar transistors have been fabricated in deeply
diffused n—-type regions on p-type silicon substrates and directly on n-type
silicon substrates. Typical base-collector junction depths are .9 microns.
The fabrication of the base is by a double diffusicn process [4.3]. A low
dose implant is followed by a long (15 minutes at 1100 degrees C) drive-in
to create a lightly doped active base with a depth of about .9 microns. A
second higher dose (one order of magnitude higher) implant is followed by a
lower temperature (950 degrees C) oxidation to create a shallow heavily
doped extrinsic base for ohmic contact. Typical emitter—base junctions are
-5 microns. Emitters are fabricated by a phosphorus implant. Therefore,
the processing steps include three (for n-type substrates) or four (for
p-type substrates) ion implants, and similarly three or four high

temperature diffusion steps.

Although transistors fabricated on p-type substrates are actually
quadruple diffused structures, the deep n-type diffusion may be seen as a
process simplification. The 6 micron deep n-type diffusion is a simple

alternative to epitaxy growth, and it can provide for isolation tubs through .
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standard photoresist procedures (or it can be combined with isolation oxide

techniques).

Figure 4.3(a) shows typical tramsistor output characteristics for
devices fabricated in n-type silicon substrates with no deep diffusion.
These devices have typical base-collector breakdown voltages of 56 volts,
base~emitter breakdown voltages of 6.2 volts, and forward betas of 50.
Figure 4.3(b) shows typical transistor output characteristics for devices
fabricated in deep n-type isolation regions on p-type silicon substrates.

These devices have typical base-collector breakdown voltages of 12 wvolts,
base-emitter breakdown voltages of 5 volts, low Early voltage, and forward

betas of 5.
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Fig. 4.3 Common emitter output characteristics: n~type substrate, (a),

p-type substrate, (b).



Reliable data for very deep (6 micron) phosphorus implant and
diffusion, and shallow boron implant and diffusion into the deep| phosphorus
diffusion were not available in standard references. To improve the quality
of the quadruple diffused transistors, experimental data, including surface
concentrations and diffusion lengths, was collected over a range of values.
Appropriate concentration profiles have been established using this data in
conjunction with the BITRAS similation program. Also, from .this data,
Figures 4.4(a) and 4.4(b) were constructed to display implant dose as a
function of sheet resistance/junction depth product for quadruple diffused.

transistors.
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Fig. 4.4 Phosphorus implant dose into uniformly doped p~type silicon as a
function of the sheet resistance/junction depth product, (a);

boron implant dose into deep n~type diffusion as a funtion of

sheet resistance/junction depth product, (b).
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Initially, transistor quality improvement efforts concentrated on
fabrication parameters which produced good results when simlated on the
BITRAS program. Specificly, base width and concgntration was reduced,
thereby reducing the active base Gummel number, and the emitter doping and

depth was-increased, thereby increasing the emitter Gummel number.

These efforts to improve beta and decrease base width modulation
resulted in emitter collector shorts. Consultation with S.R.C. mentors
from Motorola resulted in the following process changes. First, aluminum
sintering after metalization was reduced and, subsequently, not performed at
all. The intent of this procedu;e was to eliminate aluminum spiking.
Results show that avoiding the sintering step in many cases produced working
devices which would have otherwise had emitter collector shorts. Also, to
alleviate this problem, an aluminum sputter target with 22 silicon added has
been purchased for use in the Perkin Elmer Randex Model 3140 Single-Target
Sputtering system. Second, in order to improve beta (as well as helping the
aluminum spiking problem) an additional mask has been made, and polysilicon
emitter devices have been fabricated. Polysilicon deposited on emitters
doped heavily with phosphorus will reduce the emitter hole gradient and,
consequently, the base current. In initial fabricatiom rums, the
polysilicon emitter areas were overetched. Subsequent ion implantation and
drive-in resulted in overlyi deep phosphbrus diffusion in the overetched
regions. The process has been revised such that the polysilicon is first
implanted with phosphorus and.then the polysilicon over non—-emitter areas is
removed by reactive ion etching. The revised polysilicom emitter preccess

beginning with emitter photolithography is shown in Figure 4.5.
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Revised thin base bipolar transistor layouts of various geometries with
and without polysilicon emitters have been made. The mask set has been made
with the idea of simplifying the processing and increasing the number of
working devices produced. A thin base bipolar inverter with a space charge

limited load is included on the masks. Fabrication of these simplified

devices is continuing.
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Fig. 4.5 Polysilicon emitter process.
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4.4 Fabrication of punch-through space-charge-limited loads

Space~charge-limited loads of the configuration shown 1in Figure 4.6
were fabricated and tested. Resistance values for a 6 micron separation
space—~charge limited load were as high as 67 kohm whereas a 10 square
dogbone substrate resistor provided only 33 kohm on the same wafer. P-type
substrate sheet resistance was 3.33 kohm/square. The device of Figure 4.6
was implanted with 5x10**14 atoms/cm**2 of phosphorus and driven-in to a
junction depth of 1.4 microns. The resulting n* areas had a sheet
resistance of 75 ohms/square. Resistance values for 3, 4, 5, and 6 micron

spacings of the space-charge-limited load are summarized in Table 4.1l.

aluminum

/ _—n* diffusion

=
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3 2(short)

Fig. 4.6 Space—charge-limited load layout.



SPACE-CHARGE LIMITED RESISTOR VALUE
LOAD SPACING (microms) . (kohms)
6 67.0
5 37.5
4 30.0
3 16.7

(Substrate sheet resistance: 3.33 kohms/square)

Table 4.1 Resistance for various space-charge—-limited load spacing.

.5 mA/div

10 V/div

Fige. 4.7 I-V characteristics for space—charge-limited load.
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Typical I-V curves for these devices are shown in Figure 4.7.
Inspection of these characteristics shows that resistance is greater for the
polarity shown as pogitive in Figure 4.6. Punch-through voltages could not
be measured on a standard curve tracer at the wafer background
concentrations of these devices [4.4]. The slight curvature of the I-V
characteristics indicates increasing resistance with higher voltage. It is
thought that these effects may be caused by interaction between the
variously . spaced loads. The spacing between the space—charge—limited loads

was 10 microns.

A revised layout for space-charge -limited loads has been made to
minimize interaction between loads with different spacings. Masks have been
made with 50 micron spacing between the space—charge-limited loads. Also
included on these masks is an inverter utilizing a space-charge-limited

load.

4,5 Fabrication of Static Induction Tramsistors

Static Induction Transistors using LOCOS oxidation techniques and
phosphorus sources were designed in tke first quarter of this project (see
Figure 4.2). Since then, many fabricationm trials have been made. The major
problems encountered have been source and channel (emitter and base) shorts,
soft breakdowns, and aluminum penetration through the scurce deep into the
channel.The SIT devices have been redesigned, and masks have been completed
for structures both with and without LOCOS. To alleviate the major problems
mentioned, n-channel devices will iﬁcorporate a polysilicon source. The
polysilicon source will be phosphorus doped similar to the polysilicon
emitters of the thin base transistors. Fabrication of these devices is now

in progress.
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4,6 Fabrication of triple/quadruple diffused polysilicon emitter

transistors with protection

Polysilicon emitter transistors on both n and p-type substrates with
both Slf' and PNP Saturation Protection Transistors have been designed, and
masks have been completed. In the initial fabrication runs, the polysilicon
emitter areas were overetched and subsequent ion implantation and drive-in
resulted in overly deep phosphorus diffusion irn the overetched regions. The
process has been revised to solve this problem (see Figure 4.5), and

fabrication of these devices is now in progress.
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PART 3 - PLANS FOR FURTHER STUDIES

5. SOFTWARE DEVELOPMENT FOR DEVICE AND CIRCUILT DESIGN

New structures, such as Space-Charge-Limited Loads, or SIT/PNP
Saturation Protected Transistors require computer similation tools that do
not employ the various simplifications usually used. Such a general program
 for transient and static analysis of semiconductor devices has been
initiated and its one~dimensional version developed. Some of the simlation
results are included in the project annual report. However, there are still
some convergency problems to be solved in GESIMI. They appear when very
high impurity concentrations are present. To ensure couvergency in such
cases, very small time steps have to be used leading to prohibitively long
CPU times. The program also requires various modifications to ensure easy
handling of the input and output data. It is also our intemsion to expand
the program to a second dimension, so that device structures employing

complex geometries can be modeled and reliable results obtained.

In order to support techmological efforts to fabricate triple/quadruple
diffused structures, a program has been developed to simulate the
fabrication sequence and to establish the proper processing parameters. Its

'present version, BITRAS, developed on a VAX 780 computer, has proved to be
an essential tool in developing appropriate technological parameters for the
desired device perfofmance. The program still requires further work in
expanding input/ocutput data options and further modifications in matching

simulation results to experiments.
Thus, the goals of the simulation oriented research are to:

1. contimue the development of the GESIMI program to simplyfy imput

requirements and the form of the output,
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2. continue the development of the BITRAS program in a similar fashion as
(),
3. investigate the feasibility of expanding the GESIMI program to include

two-dimensional simulations.

6. FABRICATION

The fabrication efforts could lead to many high speed bipolar logic.
- gates with switching speeds similar to ECL performance but much lower per
gate heat dissipation requirements. This could allow denser packing of the
circuits. In addition, the SIT or PNP saturation protected devices can be
coupled with the space-charge—limited loads to reduce resistor dimensions,
thereby increasing the device demsity. In order to realize such high speed,
bipolar logic gate arrays, it is necessary to pursue research in an

organized fashion.

The Space-Charge-Limited Load has been fabricated for use as a
resistor, as described in the project annual report. A majcr problem
associated with this device is the semsitivity of the desired parameter,
resistance, to device geometries, especially spacing. The objective of the
research is to identify the source of the variations and summmarize their
impact. Based on previous experiences with the theory, simulation, and
fabrication of such devices, success is expected in this aspect of the

proposed research.

In order to fabricate the saturation protected NPN bipolar devices, it

is necessary- that either a quadruple diffused transistor process be
developed or else a triple diffused process with a polysilicon emitter. Of
the two approaches, the polysilicon emitter process appears to provide the

best chance of success. The process should avoid the emitter metallization
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generated punch-through problems encountered with this year®s work, as
described in the annual report. Thus, the major effort in the fabrication
area will be aimed at realizing the SIT and PNP saturation protected NPN
bipolar devices. A final effort will be aimed at realizing the saturation
protected ‘devices .on the same chip with space-charge-limited loads to

realize a new family of high speed, low power, bipolar logic.
Thus, the goals of the fabrication effort are to:

1. continue the development of the Space-Charge-Limited Load (SCLL) to
create large resistance values in small areas and study the sensitivity
of such resistances to processing parameters,

2. develop a triple diffused structure process with a polysilicon
emitter,and

3. fabricate NPN bipolar transistors with SIT and PNP clamps to verify

simulated performance predictioms.
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