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Abstraet--A three-terminal p - n - p  gated lateral bipolar transistor in a counter-type channel p-MOSFET 
structure has exhibited experimentally ideal I - V  characteristics in low-level injection, with a peak current 
gain exceeding 1000. Two-dimensional device simulation and additional experiments have revealed that 
high current gains with ideal bipolar I -V characteristics can be obtained only if the counter-type channel 
is fully depleted. Under this condition, not only the surface emitter-base junction barrier beneath the gate 
is lowered, but also the holes injected from the emitter almost go through the potential valley in the 
channel. An analytical model and its validity range have both been established to provide understanding 
of such behavior, and have been supported experimentally by two-dimensional device simulation. The 
measured I - V  characteristics, including high-level injection, have also been appropriately reproduced. 

1. INTRODUCTION 

A three-terminal gated lateral bipolar transistor in a 
MOSFET structure, fabricated by processes fully 
compatible with the existing CMOS and/or BiCMOS 
technologies, has recently exhibited experimentally 
high current gain, a high cut-off frequency, and 
improved low-temperature operation[I--4]. In view of 
these new features, utilization of  a gated lateral 
bipolar transistor, rather than a conventional vertical 
bipolar transistor, is a considerably economical way 
to implement mixed-mode bipolar-MOS integrated 
circuits without increasing cost and process complex- 
ity[1-4]. An understanding of the mechanisms re- 
sponsible, as well as design considerations, is very 
important in order to fully realize the potential of 
gated lateral bipolar transistors. Design guidelines for 
suppression of the base current reversal phenomenon 
in a high gain three-terminal gated lateral bipolar 
transistor have been established[5]. Gate assisted 
barrier lowering for enhanced carrier injection has 
been proposed to qualitatively interpret the measured 
high current gains[l--4]. Quantitative modeling of the 
I-Vcharacteristics in a high gain gated lateral bipolar 
transistor has also been extensively studied[5-8]. The 
gated lateral bipolar transistors studied in [1-8] are all 
based on surface channel MOSFET structures. How- 
ever, presently there indeed exists an n + polysilicon 
or polycide gate CMOS process for realizing a 
buried-channel or counter-type channel p -MOSFET 
structure, i.e., a thin p-type layer for the threshold 
voltage adjustment is introduced to the surface be- 
neath the gate. Gated lateral bipolar action in such 
structures is essentially different from that in a 

surface channel structure, as will be demonstrated in 
the present work. 

In this paper we report a study of a high gain 
p - n - p  gated lateral bipolar transistor in a counter- 
type channel p -MOSFET structure. By means of 
experiment and two-dimensional device simulation, 
we will show that ideal bipolar I - V  characteristics 
with high current gains can be obtained only if the 
counter-type channel is fully depleted. An analytical 
model and its validity range concerning the potential 
distribution and current conduction in the fully de- 
pleted channel is given and judged experimentally by 
two-dimensional device simulation. The modeling 
work extended to high-level injection will also be 
addressed. 

2. EXPERIMENTAL 
A gated lateral p - n - p  bipolar transistor, based on 

a buried-channel or counter-type channel LDD p-  
MOSFET structure (as schematically illustrated 
in Fig. 1), was fabricated by an n + polycide gate 
twin-well CMOS process. In this process, the n-well 
was formed by implanting phosphorus (6.0 x 1012 
cm -2, 80 keV). Boron (1.9 x 1012 crn -2, 25 keV) was 
implanted to introduce the counter-type dopant (i.e., 
p-type dopant with respect to the underlying n-well) 
into the surface beneath the gate. The gate oxide was 
grown in dry 02 at 920°C to a thickness of 185 A, as 
determined by a C - V  method. After gate poly-depo- 
sition and phosphorus doping, a layer of WSi2 
(2500 ./~) was deposited and annealed at 920°C to 
form the n + polycide gate. BF 2 (1013crn -2, 50 keV) 
and BF2 (3 x 1015 cm -2, 70 keV) were implanted to 

261 



262 J.-S. Ho et al. 

MOSFET Mode: 

Source Gate Drain 
(Grounded) 

f lVsB=0V I VGB , liD ?VDB 

\ - / p+ P P p p+ 
~ '----, 

N - Well 

[Bulk (Grounded) 

Gated BJT Mode: 

Emitter Gate Collector 

v,, l vo, T v ,i, 

l - ) p+ P P p p+ 

N - Well 

I B~Base (Grounded) 

Fig. 1. Schematic cross section view of the test device 
operated (a) in the normal MOSFET mode, and (b) in the 

gated BJT mode. 

form the low-doped and highly doped drain regions, 
respectively. The gate length and width were 1.0 and 
20 #m, respectively. The flat-band voltage was about 
-0 .1  V. The two-dimensional doping profile was 
obtained by performing the process simulator 
SUPREM-IV. The depth of the counter-type channel 
was 0.16#m, with a peak concentration of 
3.1 x 1016cm -3 at the surface. 

As demonstrated in Fig. 1, the p-channel MOS- 
FET structure can be employed as a gated lateral 
p - n - p  bipolar transistor by transferring the roles of 
the source as emitter, drain as collector, and well as 
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Fig. 2. Comparison of the measured I - V  characteristics 
between the normal MOSFET and gated BJT modes. 
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Fig. 3. Measured and simulated Gummel 1-V characteristics 
of the p ~ - p  gated lateral bipolar transistor with gate-to- 
base voltage as parameter. Also plotted are the calculated 

results using eqn (6). 

base. The gate and base are tied together and 
grounded, i.e., VGS = 0 V, in order to implement a 
three-terminal gated lateral p - n - p  bipolar transistor. 
The corresponding Gummel I - V  characteristics 
measured in the common-base configuration for 
VcB = - 3  V are depicted in Fig. 2. From this figure, 
it can be observed that for emitter-base bias voltage 
VEB (=  -- VGE = -- VGB + VEa for VGB = 0 V) less than 
about 0.45 V, our three-terminal gated lateral bipolar 
transistor exhibits ideal exponential I - V  character- 
istics (i.e., approx. 62 mV per decade) in a wide 
current range of about six decades with a peak 
current gain exceeding 1000. This high current gain 
value is comparable to those reported in gated lateral 
bipolar transistors based on deeply depleted surface- 
type channel MOSFET structures[I-8]. As we further 
increase VEB from 0.45 V, the increase in the collector 
current is becoming slow with respect to the base 
current, indicating a fast roll-off in current gain 
simultaneous with the ideal I - V  characteristics lost. 
Also plotted in Fig. 2 is the drain current vs gate- 
to-source voltage curve measured in the normal 
MOSFET mode under the identical drain (collector) 
voltage conditions. This curve has a slope of about 
89 mV per decade in low-level injection. Figure 2 
clearly reveals that for 0 . 2 V <  --VGs (or 
--VGE ) < 1.0V, the current drive capability of the 
gated lateral bipolar transistor is as least ten times 
higher than that of the MOSFET. 

3. DETAILED INVESTIGATION 

3.1. Additional experiments 

We attribute the forward-mentioned high current 
gain with ideal bipolar I - V  characteristics to gate- 
assisted barrier lowering in the fully depleted counter- 
type channel. This can be supported by further 
measuring the I - V  characteristics for different gate 
biases, as plotted in Fig. 3. From Fig. 3, it can 
be observed that the base current is essentially 
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Fig. 4. Simulated hole density distribution, current flowline, and potential contour for three different 
operating points, as labeled on the I V curve of V6B = 0 V in Fig. 3. 

independent of gate bias, while for low level injection 
the collector current is a strong function of gate 
bias for VGB < 0.1 V. Also it can be seen from Fig. 3 
that for low current levels (i.e., below 10-TA #m 1) 
the same slope of about 62 mV per decade appears 
not only in the base current vs emitter-base bias 
characteristics but also in the collector current vs 
emitter-base bias characteristics. Such observations 
suggest that the counter-type channel should be fully 
depleted, so as to modulate the emitter-base junction 
barrier height by the gate bias applied, which locally 
enhances the hole injection from the emitter but does 
not affect the electrons injected into and recombined 
within the emitter. If the gate voltage increases from 
0.1 V, the collector current tends to saturate and 
become independent of VcB for VGB > 1.0V, as 
shown in Fig. 3, indicating that parasitic bipolar 

action dominates the collector current. It is also noted 
from Fig. 3 that the peak current gain is raised to a 
very high value of 113 600 for VGB = --0.2 V. 

3.2. Two-dimensional simulation 

Prior to the determination of the mechanisms 
responsible for the measured high current gains, 
two-dimensional simulation work employing the 
program MEDICI[9] has been calibrated, i.e., the 
parameter values in the physical models such as 
concentration- and field-dependent mobilities, 
Shockley-Read-Hall recombination, Auger recombi- 
nation, and band-gap narrowing, have been carefully 
adjusted to appropriately reproduce the measured 
I - V  characteristics simultaneously in the MOSFET 
and gated BJT modes. As clearly demonstrated in 
Fig. 3, the simulation results agree reasonably with 
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the.measurement data in the gated BJT mode. The 
parameter values have also been found to agree with 
those cited in the literature. These agreements vali- 
date the simulation process. Consequently, the mech- 
anisms responsible can be adequately drawn from the 
simulated distributions of the potential and hole 
densities, as well as the hole current vector. 

Figure 4 demonstrates the hole current towline, 
potential contour, and hole density distribution for 
three different operating points, A, B, and C, as 
labeled on the simulated I - V  curve of VGB = 0 V in 
Fig. 3. From Fig. 4(a) we can observe that: (i) the 
counter-type channel is fully depleted, and (ii) the 
holes injected flow through the potential valley in the 
channel rather than along the surface. We have also 
found that such observations are reproducible in the 
whole low-level injection regime, i.e., the emit- 
ter-base voltage V~B < 0.45 V for VGB = 0 V. In this 
regime, the hole conduction is predominantly by 
means of diffusion. As we increase VEB to point B, 
more of the holes appear at the surface near the 
emitter, constituting the drift component to the 
collector current, as depicted in Fig. 4(b). From 

,! 

0.8 

0.6 

O.4 

O.2 

0.0 

-0 .2  

-0.4 
0.0 

lO 2o 
. ' ' ' ' '  . . . .  ~ . . . .  ' . . . .  ' . . . .  4 

. . . .  , .  . . . . . . . .  . . . . . . . .  C - - - t  1°16 

] 
_ G f - % . L ~  o.3 v 11 
.7 p V - ~  ~ o.2v J 108 "~ 

lO4 o 

o ° . ,  == 
q~ (VEB = 0.1, 0.2, 0.3, 0.4 V ) ~  "" 

, . , , I . . . .  I . . . .  t . . . .  J . . . .  • 1 0  - 4  

0.1 02 0.3 0.4 0.5 

Distance (~tm) 

(a) 

0.8 . . . .  ~ . . . .  j . . . .  , . . . .  i . . . .  4 1020 

_ _ N A  .__N D . . . . . . . . . . .  ~ "016 
0 6  . . . . . . . . .  . -  . . . . .  0 ~ , ;~ 

" '" --2-D Simulation 

~ 0.4 ~ . 2 V  o ( i ) 8 .  " ~ 1012 ~ 

I i 
1 V GB ,~---~, 

o.o - :  ~ov . . . . .  lo 

-0.2 v = 0.2 v 10° ~ -- 

• 0.4 ' ,  , ' ~ . , m  . . . .  i . . . .  J . . . .  , .... 1 1 0 - 4  ~[ 
0.0 0.1 0.2 0.3 0.4 0.5 

Distance (~m) 

Co) 

Fig. 5. Simulated potential and hole density vs position from 
the surface in the mid-channel for (a) lies = 0.1 to 0.4 V at 
Vosf0V, and (b) VGs= -0.2V to 0.1V at VEs= 0.2V. 
The doping profile from process simulator and the potential 

profiles calculated from eqn (1) are plotted together. 
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Fig. 6. The structure schematically separated into three 
distinct depletion regions. Along the e-e' line, the uniform 
doping profile and potential distribution are schematically 

illustrated. 

Fig. 4(c), it can be seen that a further increase in lies 
to the high-level injection point C causes action of the 
pure lateral bipolar transistor far away from the 
surface, which contributes comparably to the collec- 
tor current. The simulated potential and hole density 
distributions along the vertical direction in the mid- 
channel are also plotted in Fig. 5. From Fig. 5(a) we 
can observe that: (i) the potential distribution is not 
changed by varying lies, while the hole density 
increases exponentially with increasing VEB; (ii) there 
exists a potential minimum at which a peak hole 
density is located; (iii) not only the whole counter- 
type channel but also the portion of the underlying 
n-well are depleted, and (iv) the hole density is several 
orders of magnitude smaller than the ionized dopant. 
Figure 5(b) reveals that a positive increase in VGB 
moves the potential valley away from the surface 
(rather than toward the surface) and reduces the 
magnitude of the potential minimum, which in turn 
causes an exponential decrease in the hole density. 
Until Vca > 0.5 V, the dominant component of the 
collector current arises from the parasitic lateral 
bipolar transistor itself, as revealed by the above 
measurement and simulation results. 

4. MODELING 

According to the simulation, the depletion region 
beneath the gate in low level injection can be separ- 
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ated into three distinct sub-regions: the emitter 
depletion, the gate modulation, and the collector 
depletion, as schematically illustrated in Fig. 6. In the 
gate modulation region, the potential is the same 
along the channel and is independent of  y. To derive 
an analytical model, we assume that the counter-type 
channel and underlying n-weU are each uniformly 
doped, as demonstrated in Fig. 6. The corresponding 
downward potential distribution is also schematically 
plotted. In the gate modulation region, the potential, 
~p, with respect to the grounded n-well (i.e., here the 
electron quasi-Fermi level dpf~=(kT/q)ln(ni/ND), 
where ND is the n-well doping concentration and n~ is 
the intrinsic carrier concentration) can be expressed 
as[10]: 

f qNA 2 

I ~o~a~ +-~-~E~ ( x -  x ~ )  , O<~ x <<.xj, 

I - -  
L 0, x d ~ x, 

with 

J ~ ND 
x~. = xj - qN^ ND + N^ q%~' 

x . = x j +  - ~ - ~  ~o(xj), 

V2=2qNvxf 1 + xjCo J £si 
where Xmi, is the position of the minimum bulk 
potential (P~a., Xd is the depletion width of the gate 
modulation region, xj is the junction depth of the 
buried channel, q is the electronic charge, E~ is the 
silicon permittivity, Co~ (=eo~/to~) is the gate capaci- 
tance per unit area, ~o~ is the oxide permittivity, to~ is 
the gate oxide thickness, N^ is the doping concen- 
tration of the buried channel, and VFS is the flat-band 
voltage. We set an upper limit, Von.m~, for the gate 
bias in order to ensure the validity of exln (1). This is 
achieved by making ¢p(x = O) = 0 in ¢qn (1), such that 
the density of the electrons induced at the surface is 
equal to ND, thus yielding: 

4" .xj 
Vo~.m..=V~B+V, , , / ~ . ( , f g  + 1) 

+ li  (2) 

where D = 2Q/(qN^), E = Nn/(N ̂  + No), and F = 
1 - -E .  Equation (1) clearly reveals that the position 
of the minimum potential is away from the surface, 
indicating that the injected holes almost go through 
the potential valley, rather than along the surface, as 
in deeply depleted surface channel MOSFET struc- 
tures[I-8]. The validity ofeqns (1) and (2) is described 
later. 

From the simulation results, we have found that 
for VoB < 0.1 V, the current component through the 
gate modulation depletion region is exponentially 
greater than that through the underlying neutral bulk 
region. Hole diffusion in the gate modulation region 
constitutes the collector current component l¢,aiff: 

. ~ .  ~ ' ~ d p . ( x ) - p o ( x )  ~ 
/C,din = Kl ~ P~" J0 ~ OX, (3) 

where #p is the bole mobility, W is the channel width, 
and Ws is the base width. If the abrupt depletion 
approximation is applied to the emitter and collector 
depletion regions, the base width WB can be effec- 
tively evaluated by: 

WB=L - L ~- L ¢ ,  (4) 

where L is the channel length, 

/ 2E,i 
te ~" 4 ~ A  (¢~bi -- VEB "]- (t0min), 

and 

Lc = ~/q~A (~bi- VCB + ¢Pmin), 

where L, and Lc are the depletion extensions at the 
emitter and collector ends, respectively, and ~bi is the 
built-in potential. Since the hole quasi-Fermi levels at 
the emitter and collector ends are ~fn + VEB and 
~f, + Vcs, respectively, the hole concentration p,(x) 
at the emitter end and pc(x) at the collector end can 
be expressed as: 

pe(x ) = ni exp[. q(~pfr' - ~O(x ) + VEB)] 
kT 

pc(x)=niexp[q(dPfn--~-'~T)+ VcB) ].  (5) 

By substituting the potential distribution (1) into eqns 
(3) and (5), we obtain: 

IcdinfrI .WnlkT#peXp(-,q~cpmi~'~ 
" w B  \ K ~  / 

x exp qVEB _ [ ( k T )  x['qVcB'-I e p ~ - - ~ ) j ,  (6) 

xj 2 qOfn --q N^ 
--- exp( - -~- ){ f0  e x p [ ~ ( x - x ~ , ) 2 ] d x  

/'~d F _q2 



266 J.-S. Ho et al. 

Therefore, we have achieved a new model for the 
low-level collector current, analytically expressed as a 
function of the structure and process parameters such 
as NA, ND, tox, VV, and xj, and the bias parameters 
such as VcB, VEB, and VcB. 

The calculated results of the low-level collector I - V  
characteristics using eqn (6) and the potential distri- 
bution in the mid-channel using eqn (1) are together 
plotted in Figs 3 and 5, respectively. In these figures, 
the experimental data and/or the calibrated two- 
dimensional simulation results are utilized to check 
the validity of the model. The doping concentration 
parameter, NA, in the model has been appropriately 
determined by making N A = S ~ J N ( x ) d x / x j ,  where 
N ( x )  is the doping distribution of the buried channel. 
Agreements between Figs 3 and 5 show that the 
measured and simulated results can be appropriately 
reproduced by the model. Using the same structure 
and process parameters, the upper limit VGB . . . . .  
based on eqn (2) for ensuring the validity of the 
model, has been calculated to be about 0.1 V, which 
is reasonably in agreement with that demonstrated 
experimentally in Fig. 3, i.e., for VGB > 0.1 V other 
components such as the parasitic bipolar collector 
current, must be taken into account. Note that eqn 
(4) explicitly expresses the Early effect, which has 
been reported in detail in [11]. 

We have further found that the first term in the r/ 
expression of eqn (6) is about 2-3 orders of magni- 
tude larger than the second term. Therefore, a com- 
pact formulation for r/can further be derived in terms 
of the error function, leading to: 

" [-q ( VEB - -  (Pmin) ~ 
L j (7) 

w 

[co dqZNAl2EsikT ~ n i k T p . p  

× er f  ~-~ N A ~ / 

+ . /  ~ ~-ND ND q(k-~m'"))]  erl l I ~-----,, xj - - -  . 
\"~ ." E.si K l "T-N A 

Equation (7) transparently demonstrates that the 
low-level collector current can be exponentially in- 
creased by lowering the barrier height, thus explicitly 
explaining the measured high current gains. Figure 7 
depicts the relationship of the collector current vs 
the effective forward bias (VEa-  ~Omi,), with Vos as 
parameter. Close agreement in a wide current range 
validates the analytical model of eqn (7). 

According to the above description, the measured 
collector I - V  characteristics in Fig. 3 can be separ- 
ated into three distinct components: the gate- 
controlled diffusion current in low-level injection as 
modeled by eqns (6) or (7), the drift current due to 
the holes appearing at the surface, and the parasitic 
bipolar collector current. The parasitic bipolar 
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Fig. 7. Measured, simulated, and calculated collector 
currents as functions of the effcctivc surfacc cmittcr- 
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collector current dominates for VGB > 0.5 V and thus 
can easily be extracted experimentally. A complete 
expression concerning both the drift current and the 
parasitic bipolar collector current can be found in our 
recent work[8] with the signs appropriately ex- 
changed. The fitting process has also been described 
in detail in [11] and can be employed here accord- 
ingly. The corresponding calculated results are plot- 
ted in Fig. 8, along with the measured I - V  
characteristics for comparison. In Fig. 8, the error 
between the measurement and calculation is about 
20-30% for a wide range of VE~ between 0.1 and 
1.0 V. 

5. CONCLUSION 

A high gain p - n - p  gated lateral bipolar transistor 
in a counter-type channel p -MOSFET structure has 
been investigated in detail. Both the experimental and 
two-dimensional simulation results have exhibited 
that ideal bipolar I - V  characteristics, with high cur- 
rent gains, can only be obtained if the counter-type 
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channel is fully depleted. An analytical model has 
also been established for providing transparent un- 
derstanding of  the behavior of  the holes injected into 
the fully depleted channel. Experimental data and 
two-dimensional simulation results have both 
confirmed the validity of  the model. The measured 
I - V  characteristics in a wide operation range have 
been appropriately reproduced. 
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