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Abstract: Synergy of CMOS and bipolar performances has been for a long time a designer's dream. BICMOS, a technology which enabies making
CMOS, bipolar and other passive devices on the same chip aliows realisation of this dream. In particular, we have developed so called triple diffused
BICMOS technology suitable for analog-digital design of ASICs for medium power supply voltages of up to 15 V. Besides added flexibility, good price
- performance ratio, this technology also allows a new qualitative step ahead with aimost zero investment into new process equipment and clean

room construction.

Trojnodifundirana BiCMOS tehnologija za izdelavo
analogno-digitalnih integriranih vezij po narocilu

Kijuéne besede: mikroelektronika, IC vezja integrirana, vezja analogno digitaina, CMOS naprave, naprave bipolarne, transistorji bipolarni, snovanje
vezij, izdelava naprav, lastnosti komplementarne, NPN transistorji bipolarni vertikalni, PNP transistorji bipolarni vertikalni, PNP transistorji bipolarni
lateralni, BICMOS vezja, BICMOS tehnologija trojno difundirana, MOS kondenzatorji, naprave aktivne, naprave pasivne

Povzetek: Sinergija lastnosti, ki jih ponujata CMOS in bipolarna tehnologija je sen vsakega nacrtovalca integriranih vezij. BICMOS tehnologija, ki
omogoda izdelavo CMOS, bipolarnih in drugih pasivnih elementov na enem Cipu, pa je tista, ki lahko ta sen tudi uresnici. V prispevku opisujemo
posebno, tki. trojno difundirano BICMOS tehnologijo, ki smo jo razvili za potrebe nacrtovanja analogno - digitalnih narocnidkih integriranih vezij z
napajalno napetostjo do 15 V. Poleg dodane fleksibilnosti in zadovoljive cene na enoto funkcije, pa nam ta tehnologija omogoca kvalitativen korak
naprej, skoraj brez investicije v novo procesno opremo in Ciste prostore.

1. INTRODUCTION To start with, at that time CMOS has already been a
mature, low cost high yielding digital technology. How-
ever, some innovative design approaches like the dis-

Bipolar technology has been for long time the working covery of SC (Switch-Capacitor) circuits, successful rea-

hor“se of early days microgleqtron}cs. Being typica!“ana~ lisation of operational amplifiers in CMOS and some
Itogthtechno}i?gy ﬁt thetbgglnn|ng, t htlaslforced des:gm{ers others have proved that CMOS can be also turned into
o thorougnly characterise and oplimise many analog attractive process to make analog-digital ASICs. As well,

subcircuits. The emergence of MOS technology in early built in the CMOS technology is the possibility to make

sevelnii.es and despecial|ly ‘;he imvennon tO; 2{]\/‘25 ?23 lateral and low performance vertical NPN or PNP bipolar
revolutionarized microelectronics a great deal. ANe transistors with no extra process steps or cost. This

bugs were taken care of, CMOS was easier to integrate, capability has been for long time used by designers if

less complicated, cheaperpelrsi!i‘co.n area apd had_!gss they really needed bipolar fransistors besides MOS
power consumption. it was ideal for integration of digital ones. /1/, 12/. So basically, CMOS already is a certain
furwqtions which was later proved by many successful kind ’Of “éiCMOS“, a mixeé Bipolar&CMOS technology
designs. which allows realisation of MOS and bipolar transistors

on the same chip.

Depending on which design group somebody belonged And here is where the whole story begins.

to from the beginning, designers have actually through
time divided themselves into fans of either “digital -MOS*

or “analog - Bipolar* design approach. Late eighties have 2. DO WE REALLY NEED BiCMOS ?

brought certain new waves of thinking among them.

HaVing realised that modern telecommunication, auto- Since most of the ana]og_digita[ functions can be real-
motive and industrial electronics started needing ASICs ised with CMOS, do we really need special BICMOS
capable of integrating analog and digital functions, they technology?

have also started thinking how to realise all these func-

tions on the same chip, or at least in the same electronics Our answer is yes, since CMOS is after all limited to
system. certain extent in making the best performance analog-
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digital functions. We believe that only synergy of MOS
and bipolar transistors within certain subcircuits where
advantageous behaviour of each component is utilised
can bring to the optimum price - performance ratio.

This has already been proven by others, /3/, and by our
own design experience, /4/. We will better understand
this if we take into consideration basic differences be-
tween MOS and bipolar transistor. These differences are
briefly explained in this section, but the reader can find
more information on this subject in references /3/, /5/ and
19/.

2.1 Comparison of MOS and Bipolar Transistors

2.1.1 Transconductance
Transconductance of a bipolar transistor is given by:

Em = a[( = L = q[(ﬁ

Wy Uy kT

(1)

gm : transconductance

Ic : collector current

VBE : base to emitter voltage

Ut : thermal voltage given by Ut = kT/q

while transconductance of an MOS transistor in satura-
tion is given by equation:

Ty 2)
Em "\/‘“‘ 7 DS /
k : transconductance parameter
W, L : width and length of the transistor
IDs : drain current

Comparing both equations we can quickly see that bipo-
Jar transistor outperforms MOS. Not only that the abso-
lute value of the transconductance is much higher, see
figure 1, but its value depends linearly on current, in-
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Transconductance comparison between
equal sized MOS and bipolar transistors at
different current levels, a) transistor current
as a function of Vee (Vgs), b) BIP/MOS gm
ratio as a function of Vee (Vas)
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versely on temperature and is geometry independent. In
other words, minimal geometry bipolar transistor has
same transconductance as large one at the same cur-
rent level. To obtain same value of transconductance
with MOS transistor it must be 50 to 700 times larger
than its bipolar counterpart.

2.1.2 Open circuit voltage gain

Open circuit voltage gain of a bipolar transistor in com-
mon emitter configuration is given by:

)

Vce :collector to emitter voltage
ro : output impedance
Va @ Early voltage

while open circuit voltage gain for an MOS transistor in
saturation is given by:

—

1 LW
Uy =g, by = ——— |2k — [ 1 4
I = 8m' MDS\/ ¢ 13 DS (4)

A : channel length modulation parameter

Analog design requires high open circuit voltage gain
values. We again see that bipolar transistor is not only
better than MOS but its gain is again geometry inde-
pendent. We can easily make bipolars with VVa above 50
V which gives us ag around 2000 while for MOS transis-
tor to achieve this value at 1 mA current level, we must
make WL ratio around 105 1!

2.1.3 Temperature Effects

We can show that for two bipolar transistors with emitter
area ratio N, their base to emitter voltage difference
varies according to the equation :

kT
AVyp(T)==“InN
q

(%)

N : emitter area ratio of two bipolar transistors

This equation predicts simple relationship among base
- emitter voltage difference, absolute temperature and
emitter area ratio of two neighbouring bipolar transistors.
This is actually the basis for the design of temperature
independent subcircuits and electronic temperature
Sensors.

On the contrary, Vs of an MOS transistor is quite
complicated function of temperature and its geometry
which favours use of bipolar oriented design for tem-
perature insensitive electronics.
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2.1.4 Offset Voltage

it can be shown that the offset voltage of the bipolar
differential stage can be written as:

/&T AR A4 A
Vos =~ 05,

6
R A Op ©

Vos : offset voltage

R : load resistance

AE : emitter area

Qg : Gummel base number given by

Qp = 'g.N( Nlx

hase

Same expression for MOS transistor is:

AR A(W/ )

IPH(
R WL

V
Vog = AVpy +—= G p
2

Y1H : threshold voltage

Both expressions in parenthesis are caused by process
and geometry short range variations. If we suppose that
their value is about the same for both transistors, we see
that the offset voltage of a bipolar differential stage is
much lower since the value of kT/q factor (0.025 V at the
room temperature) is also much lower than (Vgs - VTH)/2
of MOS transistor which is in the range of 0.25 V.

Typical offset voltage of bipolar differential stage is 1 mV
while for MOS differential stage it is around 10 - 15 mV.

2.1.5 Noise

it would be out of the scope of this paper to discuss the
noise aspects of both transistors in details. However,
some general statements can be made. It has been
widely accepted for a long time that bipolar transistors
have lower noise than MOS especially since they exhibit
iow 1/f noise which is usually neglected, while for MOS
transistors’ 1/f noise is high. Lately, MOS designers
have, using some inventive and careful design tech-
nigues, succeeded in bringing MOS circuit noise figures
down to the levels comparable to bipolars. This was
achieved at the expense of larger circuit area/silicon but
at the same time such MOS stages have several times
lower input currents than bipolar counterparts.

2.1.6 Power Consumption

In general, bipolar ICs are known to dissipate a lot of
power while due to inherent working principles CMOS
circuits assure zero power supply quiescent current at
DC conditions.
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2.1.7 Input Current

MOS transistors have almost infinite input impedance,
since there is practically no current flow into MOS gates.

2.1.8 Ideal Switch

So far we have compared MOS and bipolar transistors
as voltage controlled current sources. It is obvious that
in the active region of operation bipolar transistor out-
performs MOS.

However, bipolar transistor in saturation (very low values
of Vcg) actually operates with forward polarised collector
to base voltage. This region of operation is difficult to
control. On the contrary, MOS transistor can be used
either as voltage controlled resistor (linear region) or just
as a switch; with gate voltage below threshold it is
completely blocked, while condition Vas > VTH assures
conduction, figure 2.

TH<0 v \0 GS
a) b
( A) CURSOR( .BO8BSV , 3,858uA ,
MARKER { .2000Y |, 1.740nA , ;
1E-02 IJ;% .
decadel_.____ . ___
/div| .
ESCL | IR .
-.8000 4] 1.800

Fig. 2: MOS transistor and its regions of operation
a) electrical symbol

b) input characteristics

c) output characteristics

d) subthreshold characteristics

2.2 Synergy of Bipolar and MOS Technology

in table 1 advantages and disadvantages of bipolar and
CMOS fransistors are listed regarding their use in ana-
log-digital design. BICMOS option is added.

Ideally, it seems like BICMOS technology could pick up
only good sites of each technology. Only to start with,
somebody could design certain full MOS or full bipolar
subcircuits within one single chip. This is probably the
easiest way to integrate MOS and BIP transistors but as
mentioned previously synergy of MOS and BIP transis-
tors on the cell level would be a new qualitative jump.

Although BICMOS is more complex due to more process
steps, it is also more robust and offers more flexibility to
the designers.
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But there is another aspect which makes BiICMOS tech-
nology so attractive. Introduction of BICMOS practically
does not require any investments into clean rooms or
new equipment, only the process must be modified as a
first step. It seems that by smartly transferring some
designs originally fabricated using CMOS or BIP proc-
esses {0 BICMOS their performance increases by as
much as factor 2. This is definitely a strong argument for
an ASIC manufacturer who is strongly involved in ana-
log-digital design to start introducing this newtechnology
in his technology portfolio.

Table 1. CMOS and BIPOLAR technology compari-
son
PARAMETER CMOS BIP | BICMCS
High transconductance 0 0
High open circuit voltage gain 0 0
Simple temperature behaviour 0 0
Low offset voltage 0 0
Low noise @) 0 0
High speed (2) 0 0
X . CMOS
Low power consumption 0 part
Zero input current - high input 0 CMOS
impedance part
. CMOS
ideai switch 0 part
Good capacitivg !oad driving 0 BIP part
capabilities
Very small geometries (ULSI) 0 @A) Cg"a?ts
[
Mature high yielding technology 0 Cg/;?to

' CMOS noise improves with smart design techniques
2 cMosS speed improves with smaller gate lengths

® minimum geometry MOS transistoris smaller than minimum
geometry BIP transistor

3. BiCMOS TECHNOLOGY

3.1 introduction

Three categories of BICMOS {Cs have emerged, / 6 /.
* Jjow cost, medium speed 5 V digital

¢ high performance, higher cost 5 V digital

* analog - digital

The distinction among these are based on differences
in the process flows used to produce them.

Low cost BICMOS parts are fabricated with slightly
modified, single well CMOS processes (only one or two
masks are added to a baseline CMOS process).

19

High performance digital BICMOS [Cs are fabricated
with twin well, CMOS based process flows that are
significantly modified from the baseline CMOS process
(three or four mask levels are typically added).

Analog - digital BICMOS ICs are fabricated with proc-
esses designed to accommodate the larger voltage
levels of analog applications (e.g. 10-30 V for low voltage
analog circuits and more than 30 V for power applica-
tions). Analog digital processes must also permit the
production of the resistors, capacitors and isolated PNP
transistors needed in analog circuits in addition to allow-
ing the fabrication of NPN bipolar and CMOS structures.
Analog circuit requirements are such that they can still
be met by devices built with less aggressive design rules
than those needed in digital circuits.

3.2 Medium Voltage Analog-Digital BiCMOS

As mentioned earlier, the possibility to produce analog
and digital functions on the same chip provides signifi-
cant benefits to the manufacturer of ICs. For example,
CMOS can be used to minimise DC power dissipation
and provide high impedance FET inputs for certain
operations. Bipolar devices can not only provide high
current gain and extended bandwidth capabilities but
they can also be used to minimise noise factors and
provide good on chip voltage references.

The differences between analog-digital BiICMOS and
5 V digital BICMOS processes stem primarily from the
fact that analog functions generally operate over a much
wider range of power supply voltages (higher than 10 V)
and power dissipation levels. However, medium voltage
analog-digital circuits require 10-15 V operating voltages
in order to maintain high signal to noise ratios and to
permit the use of cascading in analog design. Some
CMOS speed performance must be traded off to gain
reliable operation at the increased voltage levels, for
example thicker gate oxides are needed to withstand
higher gate voltages while due to this, MOS transistor
transconductances are reduced.

For analog function circuit design, the most important
device characteristics are those of NPN transistors. High
gain is required to reduce input bias current into transis-
tor and to prevent the loading of a previous stage. A
value of 100 or more is usually satisfactory and fr values
above 2 GHz are welcome. The transistors must also
have low Rc values (below 100 Q) to allow high current
operation, as well as high Early voltage (Va) values
(greater than 50 V), since, as noted in section 2.1.2, the
intrinsic smafll signal voltage gain of an amplifier is
proportional to Va.

Isolated PNP transistors are also needed in some ana-
log circuits. Although lateral PNP transistors are “free”
devices, their speed performance is poor. So in certain
cases vertical isolated PNP transistors must be built to
satisfy above requirements.

The higher operating voltages also limit the minimum
gate lengths of MOS devices to 2-3 um in analog-digital
BiCMOS to prevent premature breakdowns and short
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channel effects. Furthermore, since analog designs of-
ten use both positive and negative supply voltages,
isolated CMOS structures are desirable.

Thicker field oxides are also usually needed to provide
field region threshold voltage values that exceed the
maximum operating voltage. Likewise, the CMOS de-
vices must be protected against hot carrier effects that
arise as a result of exposure to higher supply voltages.
Latchup is another concern due to high substrate cur-
rents common in many analog BICMOS designs.

3.3 Triple Diffused BiCMOS Technology

Triple diffused (3D) BICMOS technology has got its
name according to the way that bipolar NPN or isolated
PNP transistors are produced. In this case all three
transistor regions: Emitter, Base and Collector are first
successively doped, usually by ion implantation, and
then separately diffused into silicon substrate to form
corresponding areas.

The easiest way to realise such an approach is to start
with “digital" high yielding n-weli CMOS process to which
certain process modules are added, /4/. Basic CMOS
allows the formation of standard MOS structures which
are well characterised while with new modules bipolar
vertical NPN transistors, isolated vertical PNP transis-
tors, double poly capacitors and high resistivity polysili-
con resistors are made. This approach is depicted in
figure 3.

Please, note that this modular approach aliows easy
tailoring of the technology to the specific needs of the
design, as weli as easy deletion or addition of the com-
ponents in question.

3D BiCMOS as presented here has some advantages
and some disadvantages regarding analog-digital de-
sign.

Advantages are the following:

o starting material is the same as for the established
n-well digital CMOS which means that there is no
need to buy expensive EP! wafers

* this process does not require formation of buried
layers

» basic process flow is altered only as much as needed
which assures high yield and built-in reliability

¢ thereis no need to buy new generation of equipment:
all new modules can be realised with the equipment
which is already on the floor

Disadvantages are the following:

° bipolar transistors are not optimised regarding low
collector resistance

° although simple to start with, 3D BICMOS becomes
complex with addition of new masks if we want to
optimise several device parameters at a time

e BICMOS built on wafers without EPI is more suscep-
tible to latch up and less immune to noise

20

l N WELL DEFINITION |
[ ACTIVE REGI(%N DEFINITION |
[ FIELD REGIOlI{I DEFINITION |
1 GATE O)gIDATION |
| POLY 1 D}gPOSITION |

U

U
POLY 1 PHOTO
U

U
POLY 2 DEPOSITION
U

U

i SOURCE/DRAIN DEFINITION l
[ PSG DEP%SITION I
! CONli“lACTS k
L INTERCgNNECTS ]
l PASSI\l/JATION |

Fig. 3: Simplified flow chart of 3D BiCMOS
process showing modules added to basic
n-well CMOS in order to make vertical

NPN and PNP bipolars, double poly capaci-

fors and polysilicon resistors

Inthe next sections the overview of all active and passive
components that can be built with 3D BICMOS is pre-
sented.

3.3.1 MOS Transistors

The structure of NMOS and PMOS transistors is a basic
one as can be seen in figure 4. N type polysilicon gate
together with gate oxide and channel implant define
threshold voltage which is one of the most important
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transistor electrical parameters. its typical value range
is between 0.6 V and 1.0V, figure 5. It is important to
mention that PMOS transistor is of a buried channel
type, since its surface is, due to boron channel implant,
p type and conduction channel is actually formed below
the surface.

PSG - PhosphoSilicate Glass

poli - Polysilicon

Al - Aluminum RESISTOR
N+ - N+ source/drain

P+ - P+ source/drain CAPACITOR

PMOS transistor

PSG

G
d oxide

e
N+ ] (€] N+
® @

NMOS transistor
P substrate
& Source
@ Drain
@ Gate

Cross section of the basic CMOS process
showing NMOS and PMQOS transistors,
double poly capacitors and polysilicon
resistors

Fig. 4:

THRESHOLD VOLTAGE AS A FUNCTION OF IMPLANT DOSE, transistor
200/4
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CHANNEL IMPLANT, BORON, E11/cm®

NMOS and PMOS transistor thresholds as
a function of n well and channel implant
doses.

Fig. 5:

Concentration of the p substrate for NMOS and of the n
well for PMOS ftransistors, defines thejr body factors
which describe the behaviour of threshold voltage as a
function of applied substrate bias. Due to higher n well
concentration, compared to p substrate, PMOS transis-
tors have higher body factor. Ideally, it should be as low
as possible.

Another important transistor parameter is its transcon-
ductance which is given as :

21

_ Wy
Em = k- CO,\’ ’ T : VDS
eff

L : charge mobility

Cox : gate capacitance per unit area
Wers : effective channel width

Leff : effective channel length

Vps : drain to source voltage

Device designer would like to have as high transconduc-
tance as possible. This can obviously be achieved with
high mobility, large gate oxide capacitance (thin gate
oxide), wide and short channel and high applied voltage.
Of course, all these parameters can not be altered
deliberately. On one side, electron (hole) mobility de-
creases with increasing channel concentration, increas-
ing gate veltage and finally with increasing lateral electric
fieid which is defined as the ratio of applied voltage and
effective channel length. Also, too thin gate oxide can
cause reliability problems, while short channel effects
can cause premature transistor breakdown and exces-
sive leakage currents. Generally, we can say that maxi-
mum allowable substrate concentration is dictated by
maximum allowable values of body factor and parasitic
junction capacitances in the chip. On the other side, high
substrate concentration allows higher transistor break-
downs and less pronounced short channel effects. The
same is true for channel doping: its maximum value
affects subthreshold swing and charge mobility while low
values allow premature surface breakdown. To con-
clude: careful device design is needed which must take
into account all these factors to bring all important tran-
sistor electrical parameters within the acceptable win-
dow for successful analog-digital design.

%
:
:
x

A%

PMOS (b ) \‘

[ETTRR pore

Fig. 6: Dopant profiles for different device regions,
CMOS part of 3D BiICMOS

a) passive (field) region

b) active region, MOS transistor channel

¢) active region, source/drain
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In figure 6 simulated dopant profiles for different CMOS
regions are depicted, while in table 2 some basic pro-
cess and electrical parameters are presented.

Table 2. Typical process and CMOS device electri-
cal parameters, 3D BiCMOS process
PARAMETER | unit | NMCS | PMOS
L. S . i J - k. S
PROCESS PARAMETERS
Gate oxide thickness nm 70(50) 70(50)
Field oxide thickness nm 1000 1000
Polysilicon thickness nm 500 500
Junction depth, MOS
source/drain poonm 0.54 0.64
| i
Junction depth. n well Foam L 95
ELECTRICAL PARAMETERS

Power supply voltage, digital v ; 5 5
part
Power supply voitage, analog v 12 12
part
Field transistor threshold V >15 <15
Active transistor threshold. \ . :
500/4 v 0.8 0.8
Transconductance factor a2 -
at Vs = 0.1 V AN 32 12
Body factor at Vs = 5V Y 0.23 0.76
Active transistor source - drain ,
breakdown, BVpss v >15 <15
Maximum carrier mobility cm*s 696 260
Substrate concentration fem® 3.2E14 3.8E15
Source/drain sheet resistivity Q1 17 65
N well sheet resistivity KQ/ 4

All MOS discrete devices have been electrically charac-
terised for their relevant parameters, their temperature

Measured (points) and calculated (solid
lines) transistor characteristics from SPICE
a) NMOS 100/100

b) NMOS 200/4

c) PMOS 100/100

d) PMOS 200/4
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dependence measured when necessary and their uni-
formity on the wafer evaluated. As an example, in figure
7 we show comparison of measured and calculated
transistor characteristics using extracted SPICE para-
meters. Obviously, the match is satisfactory.

3.3.2 Composite Bipolar Transistor

Original n-well CMOS process allows formation of lateral
isolated PNP and vertical PNP bipolar devices. However
their performance is quite poor and usuaily they are used
by designers as one composite device, where collector
of the isolated PNP is tied to the wafer substrate which
is at the same time collector for vertical PNP bipolar

transistor, figure 8.
.05
ng
B oo
IC
fi

Le

E - Emiiter
B -Base

C - CoBlector
G - Gate

Ty

) :JL:I_I:E Cr S

i ( field oxide

B
field orddt EJ?@E%

7
NT il holes

I p+ - P

holes

elech‘nn{

N well

IC ~ lateral compenent of the current
P substrate

I « vertical component of the curvent
8 holes

N+ - W+ source/drain diffusion
P+ - P+ source/drain diffusion

Fig. 8: Cross section and components of the cur-
rent, composite PNP transistor

As can be seen from the figure 8, transistor base width
is determined by difference in junction depths of its
emitter and n-well in case of the vertical PNP device and
by lateral distance between emitter and collector (two p+
source/drain diffusions) in case of the lateral PNP tran-
sistor. Please, note thatin the particular transistor design
shown in figure 8, polysilicon gate is used to define
lateral E-C distance.

Transistor current components can be expressed as

follows:
(10)

Ie=a-I, and [¢=0-a)1

le : emitter current

o<1

Is : substrate, collector current of the vertical PNP

Out of this we can define several transistor current gains
as:

I '
BL="C and By =1t and B =Bi+By (1)

B B
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BL : fateral transistor common emitter current gain
Bv : vertical transistor common emitter current gain

BToT : composite transistor common emitter total current
gain

Basically, designers could use each of the three transis-
tors separately. In that case, their common emitter cur-
rent gains are defined with equation 11. In case only
isolated lateral PNP is needed, it should be optimised
regarding lateral current component by increasing pe-
riphery to area ratio and by minimising vertical current
component. The opposite is true for vertical PNP tran-
sistor.

In table 3 typical electrical parameters of the composite
PNP bipolar transistor are given.

Table 3 . Typical electrical parameters for the com-
posite PNP bipolar transistor, 3D BICMOS
process

PARAMETER unit value comment
Emitter area nm? 8x8 changeable
Maximum common process
emitter current gain 150-200 dependent
Collector series process
resistance Q 500-800 dependent

process
Early voltage V <70 dependent
process
BVeso -V 35-40 dependent
process
BVceo v 35-45 dependent
process
BVceo v 25-30 dependent

Process parameters which affect composite PNP tran-

sistor electrical parameters and which can be changed

during the process are:

o transistor lateral dimensions (polysilicon mask chan-
ge)

» implant and well diffusion conditions for n-well defini-
tion

 implant and n+/p+ diffusion conditions for source/-
drain definition

3.3.3 Vertical Isolated NPN Transistor

We need to introduce at least one new mask, one
implant and one high temperature step to be able to
make vertical isolated NPN transistor which would be
suitable for analog design. After polysilicon resistor
mask, the following steps should be added to the basic
CMOS flow chart, figure 9:
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p base mask

=

photoresist

.

p base diffusion

\ field oxide

\ p base

boren implant

field oxide

—

L

nwell collector

Fig. 9: Process steps needed to make collector
and base of the vertical isolated NPN bipo-

lar transistor, 3D BiCMOS process

* p base mask

¢ p base implant, boron, 100 keV, dose in the range
0.5 - 3E13/cm?

= p base diffusion

In this case, transistor collector is defined with n-well
mask, n-well implant and diffusion conditions, its base
with the above described process steps, while emitter is
defined with same process steps as NMOS transistor's
source/drain.

Table 4:  Vertical isolated NPN bipolar transistor
electrical parameters as function of
process parameters, 3D BICMOS process,
minimum size transistor

n well p base W
Colsimu-| B BVeso | BVeso | BVeeo | Va
dosg dosg lated | max | ' kQ \ v \Y v
fem fem
pm
45E12 9E12| 135 350| 0868| 18] 43| 43| 55
45612 | 125613 285| 110} 187| 18] 52| 52| »60
45E12 28131 32| 60| 173] 155, 68, 68| >60
3E12 2E13| 348 66 41 164, 90} 90
2E12 2€13| 376 65| 166 164| 105] 105
1F12 2E13 | 396 1| 1737 14; 90) 90

Of course, transistor electrical characteristics are very
sensitive to the process conditions used to make its
active regions. This is well demonstrated in table 4,
where basic isolated NPN transistor electrical parame-
ters are shown together with some process data.
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immediately, we notice that high enough current gains
(usually above 100 is required), figure 10, and suitable
breakdown voltages can easily be achieved, while col-
lector series resistances are very high, as expected.
Also, Early voltages are well above the limits needed for
analog design.

npn VERTICAL TRANSISTOR
current gain as function of I

1000 ¢rr- o

100 =

BETA

i
il

[

1 10 100 1000 10000 100000 : standard npn |
i ~3—optimised npn
le, UA i i

|~ analog npn

Fig. 10.  Current gain as a function of collector cur-
rent, vertical isolated NPN bipolar transis-

tor, 3D BICMOS process

High collector series resistance calls for some immedi-
ate corrective actions which will be described in the next
section.

3.3.4 Collector Series Resistance Optimisation -
NPN Vertical Bipolar Transistor

In figure 11, different contributions to collector series
resistance are shown. Besides lateral contribution (rci)
due to collector current flowing below base, there is also
vertical contribution due to current flowing into the sur-
face contact (rcy). Ideally, both of them should be as low
as possible.

Process approaches usually require addition of one or
more process steps (mask, implant, diffusion) while
geometric approaches require change in device geome-
try. We will first describe some process and then one
geometric approach to device collector series resistance
optimisation.

Introduction of Extra Collector N-Well

in order to diminish lateral and vertical component of
collector resistance, we must increase collector doping
level. If we use the same well as for MOS devices we
can not alter its concentration deliberately since we are
iimited by required active MOS devices performance,
which would be affected by this change.

So, in order to be flexible enough, we must introduce
new collector n-well which background concentration
must be much higher than that of the device n-well. Of
course, this requires at least one new mask and one
phosphorous implant more while collector n-well diffu-
sion can be done at the same time as device well
diffusion.

in figure 12 we show the effect of extra collector well
impiant on collector resistance of vertical NPN bipolar
transistor. Unfortunately, other device parameters are
also changed. This can be seen intable 5. By increasing
collector concentration we decrease its resistance and
all transistor breakdown voltages, while current gain
increases. Of course, for analog design there is an
optimum set of process conditions which must be used
to make suitable vertical NPN transistor. Taking this into
account, we see that collector resistance reduction that
can be achieved by this method is in the range of 50%.

B E B

BAEEL i
. { EMITTER )
b ) . L
I'n2 b2
7 BASE
rtV

COLLECTOR EPI r
LUG r,
k
o
|

BURIED COLLECTOR

Contributions to collector series resistance,
vertical NPN bipolar transistor

Fig. 11:

There are two basic approaches for diminishing collector
series resistance:

® process
* -geometric

Rc versus extra collector
implant dose, P implant
{011 p base : 3e13/cm2
! '\ 7 =8l p base : 4e13/cm2
0.9
0.8
. 07
5 086 ¢
é 0.5 \”\c
§ 0.4 %
% 03
0.2
0.1
0
0 1 2 3 4
Extra Collector dose
P, 100 keV, E13/cm®
Fig. 12:  Collector resistance relative change as a

function of extra collector well implant
dose, vertical isolated NPN bipolar transis-
tor
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Table 5:  Effect of extra collector well implant on
electrical parameters of vertical NPN bipo-
lar transistor, 3D BiCMOS process, mini-
mum size transistor

Collector Wg fe

well dose | simulated p norma- BVeso BVego BVeso

2 max N v v v

/em um fized
3E12 3.9 55 1 16 95 51
2E13 2.1 120 0.58 19 25 18

2.5E13 1.9 158 0.5 21 21 15
3E13 1.7 293 0.46 21 20 13
4E13 1.3 780 0.38 28 18 11

Introduction of Collector Plug

We have seen that higher collector well doping affects
whole transistor area and all of its electrical parameters.
It would be ideal if we were able to increase collector
doping only in its passive area, away from base. In fact,
this can partially be achieved by additionally implanting
only collector contacts as shown in figure 13. In this way
only vertical part of collector series resistance would be
affected. This implantation is performed prior to base
diffusion and requires additional “plug” mask which is in
effect reverse p base mask which allows implantation
only in the transistor collector contact areas. Again,
phosphorous is implanted and total emitter contact &
plug profile is shown in figure 13b.

[p base mask + boron implant |
[plug mask + phosphorous implant]

field oxide

Ny

photoresist

o

nwell

p base diffusion
field oxide

\ Dpbase }

N
collector
plug

collector
plug

L

JE e
3/
RS
§ ?gk\ COLLECTOR PLUG
< b)

TR

e e O =Y

g nowell - g

H depth, pm

Fig. 13:  a) Process steps needed to make collector
plug of the vertical isolated NPN bipolar
fransistor, 3D BiCMQOS process

b) Doping profile of the collector plug,

SUPREM simulation
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By introducing collector plug we expect to further de-
crease collector series resistance by 50%.

Buried Collector

The most effective way to lower only lateral component
of collector series resistance is to increase collector
doping level below base leaving enough space between
base and buried collector not to affect BVcao, figure 11.
This is usually achieved by first selectively implanting all
collector areas in a chip with arsenic and then by growing
silicon EPl layerover it. In the EPllayer all active devices
are then built above their respective buried layers.

This approach requires EPI reactor in house or use of
EPI deposition service in another company.

Although being the most effective, this approach is also
the most expensive.

There exist some other techniques to make buried layers
without need for subsequent EPI deposition. One of the
most exotic ones is high energy ion implantation /10/. In
this case phosphorous (arsenic) is implanted through
suitable mask 1 to 3 um deep into silicon to make high
concentration buried layer below NPN transistor base.
Again, this approach requires expensive equipment and
is limited in the depth to which ions can be implanted.

Neither of the above two mentioned techniques for
formation of buried layer were implemented into our 3D
BICMOS process.

Transistor Topology Optimisation
Standard vertical NPN transistor geometry is shown in

figures 14a and 15a. Emitter is in the middle of the
structure, completely surrounded by the base and col-

D

collector

STANDARD EMITTER/COLLECTOR LAYOUT

collector
base

A 3

base
¥ PF

i P base

lateral collector current

emitter
N+

lateral collector current

N well

FINGER EMITTER/COLLECTOR LAYOUT . b)

collector”

collector

collector

lateral
collector
current

N well

Cross section of vertical NPN fransistor
a) structure with emitter in the centre

b) structure with interdigitated emitter and
collector

Fig. 14:
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lector. Since collector current flows laterally below the
base, lateral component of collector series resistance is
directly proportional to the distance between emitter and
collector contacts on the surface. In order to lower this
resistance, we should make these two contacts as close
to each other as possible. This is actually achieved by
finger layout where emitter and collector are interdigi-
fated, figures 14b and 15b.

_Yr Al _1/ :

Fifl
£ 7] [ 4
17 z
i A 2 :
c gEh c

D

Layout of vertical NPN transistor

a) standard iayout with emitter in the middle
b) optimised layout, structure with
interdigitated emitter and collector

Fig. 15:

Comparison of the current characteristics of two bipolar
NPN transistors with approximately equal emitter areas
shows pronounced improvement of collector series re-
sistance of the finger structure compared to standard
one, figure 16.

Fig. 16:

Comparison of the current characteristics
of two bipolar NPN transistors with approxi-
mately equal emitter areas,

IC standard / IC finger = 4.
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Conclusion

In this section we have shown that we are able to make
vertical isolated NPN bipolar transistor with the electrical
parameters very suitable for analog applications.

We can easily obtain current gains weil above 100, all
breakdown voltages above 18 V and Early voltage in the
range of 50-60 V. Due to its inherent structure, 3D
vertical NPN transistor has high collector series resis-
tance. However, with some improvements in the geo-
metrical layout of the structure, with introduction of one
to two new masks and ion implant steps we can lower
this resistance by factor of 4-8, compared to standard -
one added mask 3D BiCMOS NPN transistor. This
means that by increasing 3D BiCMOS process complex-
ity we are able to bring collector series resistance down
to the values acceptable for analog design.

3.3.5 Vertical Isolated PNP Bipolar Transistor

The idea behind making another, this time isolated
vertical PNP transistor (remember: vertical PNP already
comes for free in original CMOS, but with wafer sub-
strate as its collector) is to use p base of vertical NPN
as the collector for isolated vertical PNP transistor. Of
course, this can be achieved by adding another n base
mask after p base diffusion and by implanting n base
areas of PNP transistor with phosphorous. A short drive
in cycle follows this implantation to allow phosphorous
to diffuse deeper into the base. Cross section of vertical
isolated PNP transistor together with its simulated profile
is shown in figure 17.

EMITTER BASE /7

it "COLLECTOR
oxide [ N AR \Lwﬁ “:./_.,_Nf
] N base jj

P collector { base of vertical npn ) //

2)

N well

P substrate

oni7en)

D

XorcTeTanc

“7 Peollector

Fig. 17:  Vertical isolated PNP bipolar transistor,
3D BiCMOS process
a) cross section

b) simulated SUPREM profile
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Electrical characteristics of such a transistor are very
attractive as shown in table 6. As well its current gain
versus collector current is depicted in figure 18.

3.3.6 Integrated Diodes

Any of the several pn junctions made in 3D BiCMOS
process can be used as a diode. They come for free
although their leakage current, as well as capacitance

Table 6: Vertical isolated PNP bipolar transistor, are parasitic parameters, unless used on purpose. In
basic electrical parameters, emitter area table 7 we present an overview of all possible diodes
20x20 umz, 3D BiCMOS process encountered in our particular 3D BiCMOS process.

3.3.7 Integrated Capacitors
Wa, | . . ) .
simulated | Brax BV\;BO v BVVCBO BV\f/SEO g _VVA 3D BICMOS technology offers wide spectrum of diffused
um 1 and MOS capacitors. Intoday’s modern design of analog
0.73 110 15 2 a7 1 digital ASICs, the designers relatively seldom use dif-
POLYSILICON - N+(P+) CAPACITOR STRUCTURE
CURRENT GAIN J\fL_
vs. collector current _\M [ A/ bolysiticon
120 =iy 1etec
Pe—a : i
100 a1 N+ (P+) /
80 B
h W
g 609 TR POLY 2-POLY 1 CAPACITOR STRUCTURE "
40 ** | —%#- vertical isolated PNP; F —\ —
| N/
o , il e oxide di
10 100 1000 10000
e, uA
Nwell
Fig. 18:  Common emitter current gain as function Fig. 19:  Cross section of two possible capacitor
¢ . gai , ;
of collector current, vertical isolated PNP structures, 3D BiCMOS process
bipolar transistor, 30 BICMOS process
Table 7:  All possible diode structures in 3D BiCMOS process
DIODE TYPE DIODE STRUCTURE BV at 10 uA, vV COMMENT
n+: source/drain of NMOS '
n+ psub psub: p substrate >19 breakdown of n+ to p field
n+ pbase n+:source/drain of NMOS 10
; pbase: base of a vertical NPN
nbase osub nbase: base of a vertical PNP
e psub: p substrate
nbase: hase of a vertical PNP .
nbase pbase pbase: base of a vertical NPN >30 affected by base doping
nwell: nwell for PMOS N
nwell psub psub: p substrate 190 affected by substrate resistivity
p+: source/drain of PMOS . )
p+ nwell nwell: nwell for PMOS -19 breakdown of p+ to n field
p+: source/drain of PMOS
p+ nbase nbase: base of a lateral PNP -35 breakdown of p+ to n well
p+: source/drain of PMOS ) breakdown of p+ to n base of
p+ nbase nbase: base of a vertical PNP 12 PNP
pbase: base of a vertical NPN )
pbase nwell nwell: nwell for PMOS -85 affected by nwell doping
n+: source/drain of NMOS )
n+ p+ ZENER p+: source/drain of PMOS 53-56 lateral ZENER diode
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fused capacitors due to their voltage dependent capaci-
tance. MOS capacitors are more interesting since high
capacitance per unit area and voltage independence
can be easily achieved.

Two MOS capacitor structures are of great importance,
as shown in figure 19: polysilicon to n+ (p+) capacitor
and double poly capacitor.

In both cases we use silicon dioxide as the dielectric,
grown during gate oxide step. Capacitance of such a
structure is given with the expression:

£-£gy

C=2"0 (12)

d

[ZAN

g : silicon dioxide dielectric constant (3.8)
dox : capacitor oxide thickness
A : capacitor area

Since oxide thickness is usually in the range of 50-90
nm, typical obtained capacitance is in the range of
0.37-0.67 fF/um?. In our particular case, this capaci-
tance is 0.4+ 0.02 fF/um?.

With both presented structures we can make capacitors
which are voltage independent (less than 50 ppm/V),
with low temperature coefficient of capacitance (below
30 ppm/°C), as well as achieved capacitance ratios are
within 0.1%. However, double poly capacitor structure is
the most popular one in analog digital design due to its
low leakage current fowards substrate.

Designers of analog circuits usually use so called “unity”
capacitors with which very precise capacitance ratios
can be achieved. These capacitors are usually square
in geometry with absolute capacitance in the range of 1
pF. In such a case its dimensions would be 50 pum x 50
um. Change in absolute capacitance is due to variation
of capacitor area, dielectric thickness and its dielectric
constant. Summing all these contributions we arrive to
the capacitance relative accuracy value of 6% within
one lot. However, better results can be achieved for
matching, as we will see later.

3.3.8 Integrated Resistors
General

3D BiCMOS process allows realisation of:
¢« diffused and
* thin film

resistors, table 8. Diffused resistors are defined usually
by ion implantation and then by subsequent diffusion
step. All implants used in the process like nwell, pbase,
nbase, n+, and p+, already give resistors with sheet

resistivity in the range 25-4000 Q/".

There are also two thin film resistors: polysilicon and
aluminium. While aluminium has very low sheet resistiv-
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ity (about 35 mQ/” for the thickness of 1um ), polysilicon
looks more promising since its resistivity can be changed
by thickness and doping variation within very broad
range.

In figure 20 the geometries of diffused and thin film
resistors are compared. In both cases their resistance is
defined by the equation:

L L P

‘_:R\'lzm—"
ad-w '

5= 13
w ’ d (13)

p : specific resistivity of the film or doped region
L : resistor length
W : resistor width

d : resistor thickness

RESISTOR WITH
LARGE L/W RATIO

e
DIFFUSION REsrspR///
1

/!

Fig. 20:

Geometry and structure of diffused and
thin film resistors, 3D BICMOS process

Diffused resistor lateral dimensions are defined with
active mask (for p+, n+, pbase or nbase resistor) or nwell
mask (for nwell resistor). Polysilicon resistor lateral di-
mensions are defined only by poly mask and plasma
etch step. Absolute mask dimension accuracy is in both
cases similar while for diffused resistor we know that side
dopant diffusion additionally affects its lateral dimen-
sions especially in the case of deep well. In this case we
must rewrite equation 13 as:

L L
R= R.&'/z ' = R.vlz ' >
W, Wroox,

¢

o<l (14)

xj : junction depth, diffused resistor
Weft : effective resistor width
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Even in the case of large L/W ratios relative accuracy
achieved is in the range 6 % for low Rsh and £10% for
high Rsh resistors within one wafer lot.

One big drawback of weakly doped diffused resistors
(nwell, pbase, nbase) is their voltage dependent resis-
tance. This happens because depletion layer width
changes with voltage, inducing resistor geometry and
consequently its resistance change.

Table 8: Overview of diffused and thin film resistors,
3D BiCMOS process
Ren Relative Temp.
RESISTOR Dopant Q/S’[,_, accuracy, | coeffic.
. % Q/nec
e AS
n+ diffusion impiantation 17 6-8 0.06
o+ diffusion B 85 6-8 0.08
’ ' impiantation i ’ '
n well P 3500 | 10-20
implantation
p
nbase implantation 2800
p base B 2700
implantation
n+ polyt or P, gaseous 25 5 0.02
poly2 source ’
; ; P/B 50040000 -41 at
n/p poly implantation 518 yokarn

High Sheet Resistivity Polysilicon Resistors

Polysilicon resistors are suitable for analog design since
their geometry and doping levels can be precisely con-
trolled within wide value range without need to worry
about resistance voltage dependency like in the case of
diffused resistors. As well, they are not made in the
substrate which means that parasitic leakage currents
and parasitic capacitances are very low.

Figure 21 presents poly sheet resistivity variation with
jon implant dose for polysilicon thickness of about 500
nm. We can clearly see that sheet resistivities in the
range of 500-40000 Q/i" can be achieved.

However, when designing polysilicon resistors, we must

be aware that their sheet resistivity, uniformity on the

wafer and resistance matching depend on the following

parameters, /11/:

¢ polysilicon thickness

* dopant type and implant dose

* polysilicon deposition parameters

* polysilicon thermal history during subsequent proc-
essing

e final low temperature anneal conditions during Alu-
minium alloy

¢ final passivation type
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POLYSILICON RESISTANCE
VS. IMPLANT DOSE, 10sq. RESISTOR

1000

o
=
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1.00E+13 1.00E+14
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1.00E+15 -

18 BORON IMPLANT
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Fig. 21:  Polysilicon resistance variation with ion im-

plant dose, 3D BiCMOS process

As an illustration of above statements we show in the
figure 22 polysilicon sheet resistivity change with time of
anneal in hydrogen at 450°C. Hydrogen diffusion
through polysilicon and its segregation on the surface of
poly grains causes effective increase of free dopant
concentration, consequently fowering polysilicon resis-
tance. We see similar effect when depositing plasma
silicon nitride passivation above poly resistors. It is well
known that PECVD nitride contains up to 10% of free
hydrogen which, during aluminium alloy, diffuses to poly-
silicon, causing similar resistance changes described
previously.

EFFECT OF ANNEALING ON POLYSILICON RESISTORS, Phosphorous
implant

—e—|mpiant Dose=1E14
—e—Implant Dose=2E14
—o—implant Dose=2.2614
—t—mplant Dose = 2,4E14
. . . —#—implant Dose =2.8£14
e : 2 | -8 Implant Dose = 3€14

Resistance (KOHMS)

e

4 0.5 1 3 5 7
Annealing Time {HOURS)

22:  Polysilicon resistance variation with anneal

time in hydrogen at 450°C.

Fig.

3.4 Matching of Active and Passive Devices

When talking about changes of dimensions and electri-
cal parameters of active and passive devices in 3D
BiICMOS process, we must differentiate between two
basic ideas:
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o global changes of parameters on a wafer or within a
lot

* local changes within single chip. or difference of the
same parameter between two neighbouring elements
in the same chip; the degree to which we can make
two devices equal locally, is cold matching

Today's design of precision analog ICs is based on
devices” and their parameters’ ratios rather than abso-
jute values. This means that the precision of mostanalog
operations within an IC is limited by poor device match-
ing. That's why itis important to evaluate critical parame-
ters’ matching and find out reasons for mismatch.

In table 9 we bring an overview of typical values of
dimensional and electrical parameters’ matching for ac-
tive and passive devices. Matching is defined as a
difference in parameter value (absolute matching) di-
vided with its average value (relative matching) for two
neighbouring devices.

Table 9:  Typical parameters’ matching values,
3D BiCMOS process
earameTeR | ST R e
MOS TRANSISTOR J
Threshold Voltage Ve, V 0.8 : 1%
Mobility (n) . rrilfI/VS 700 <1%
Mobility (p) B 300 1%
Capacitance, Gate Oxide fFCZixr;ﬂz 1.12 0.1%
Channel Length, Drawn L,um 1-5 i 0.1um
Channel Width, Drawn W, um 4 2-2000 0.1 um
 POLY2-POLY4 CAPACITOR . typical &
Dielectric Constant £ox 3.8 i 0.02%
) Thickness, Gate Oxide tox, nm 50 0.03%
Thickness, Poly1 Oxide tox, nm 80 L 0.05%
Capacitor Length L, um 10-500 0.1um
Capacitor Width W, um ; 10-500 0.1 um
DIFFERENT RESISTORS
Diffused R QI 40 2%
Poly1, Difussed R/ 30 ‘ 1%
Poly1, Implah{ed R ,Q/] ' 1000 1%
Resistor Length L, um 2-2000 0.1 pm
Resistor Width W, pm 1-20 0.1 um

Using above values, we can calculate matching of trans-
conductance parameter for two neighbouring MOS tran-
sistors, as follows, /12/:

(15)

Taking for L = 3 um and W = 6 um, we get ok/k = 3.8 %.
However, choosing larger transistors with L = 12 um and
W =48 um, matching goes down to about 1 %. Similarly,
we can anticipate VTH matching to 1 %, which gives us
final MOS transistor current matching between 1-5 % !l
Very important conclusion is that V1w, k and | matching
depend very much on transistor geometry. So, it is very
important to use long and wide transistors for optimum
matching.

We can draw similar conclusions for polysilicon resistors
matching. Actually, we have measured matching of two
neighbouring polysilicon resistors on couple of wafers
made with 3D BiCMOS process. The results are shown
in figure 23 for a wafer with average poly sheet resistivity
of 5 kQ/i .

Fig. 23:

Polysilicon sheet resistivity matching

a) histogram and

b) on wafer uniformity in %.

Two neighbouring polysilicon resistors with
same dimensions, L = 200 um, W= 20 um.,
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Below 1% matching of resistors is typical for the average
polysilicon sheet resistivity value of about 5 kQ/". Even
better matching was observed for lower values of sheet
resistivities (higher implant doses) and larger W/L ratios,
as expected.

We did not directly evaluate double poly capacitance
matching. However, indirect measurements of SC filter
performance indicate matching to be in the range of
0.1 %.

4. CONCLUSION

We are able to join typically good CMOS technology
performances as:

= low power consumption,

* almost infinite MOS transistor input impedance,
s |ow price per function,

e high yielding, mature digital technology,

with good bipolar transistor-technology performances
flike:

e large transconductance,

* low noise,

* low offsef voltage,

* good driving capabilities of large capacitive loads,

* predictable temperature behaviour,

into BICMOS - a new technology which offers better
price-performance ratio, a lot of flexibility to the design-
ers and a new step ahead with almost zero investment
into new process equipment and clean room.

Out of several possible BICMOS technologies, we have
developed 3D BICMOS suitable for making medium
power supply voltage analog - digital ICs.

The idea behind our approach is to start with standard
digital nwell CMOS technology to which certain process
modules are added which allow realisation of additional:
* double poly capacitors

* high sheet resistivity polysilicon resistors

« vertical isolated NPN bipolar transistors

¢ vertical isolated PNP bipolar transistors

in order to allow optimisation of each of the above
components for analog - digital design, several masking,
implant and diffusion steps are added, thus increasing
process performance and complexity. In table 10, we
bring an overview of respective growing process com-
plexity in terms of mask and process step numbers.
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Table 10: Comparison of several 3D BiCMOS proc-
esses regarding process complexity

‘ : Analog-
. Analog- | Digital
Digital | N899 ¢ Apaieg. | BICMOS
cMos | 29t el | with
Process | Digital ' ~o> |BiCMOS | 9& Ll
Steps CMOS écapacitors with optimised pNPN
! simple
i and poly NEN NPN and
| resistors isolated
: PNP
MASK !
LEVELS 8 | 10 11 13 14
PLASMA :
ETCHING 3 0 4 4 4 4
STEPS
IMPLANT | 5 7 8 10 11
DIFFUSION 16 : 17 18 18 19

Such an approach allows process tailoring to the design-
ers’ needs, as well as we believe that it is cost-perfor-
mance competitive to the modern BiCMOS processes
being developed for the specific product range of 10-15
V power supply analog - digital ASICs.
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