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Design Considerations for Integrated High-Frequency 
p-Channel JFET’s 

Abstract-To achieve high-frequency performance of integrated p- 
channel JFET’s, the large substrate capacitance is decoupled by sep- 
arating the top gate from the bottom gate. Further optimization of the 
JFET design, with respect to frequency response, is studied here both 
theoretically and experimentally using devices produced in a double- 
implantation BIFET process for analog integrated circuits. Results 
show that attentuation of the hole mobility due to high doping level 
effects make it favorable to design with wide lightly doped channels. 
To avoid undesirable currents from the source to the drain or from the 
top to the bottom gate, the channel must be uniform. This and the 
requirements for high-frequency performance put additional demands 
on the technology. Use of the separated-gate JFET in circuit designs is 
complicated by the presence of a large bulk effect and the top-gate to 
bottom-gate reachthrough diode. 

I. INTRODUCTION 
NLIKE vertical p-n-p’s, p-channel JFET’s can be in- U tegrated in a bipolar process in a straightfoward man- 

ner. The basic structure resembles that of the vertical n- 
p-n, since the emitter regions may be used as gates, the 
base contacting regions as source and drain contacts, and 
the intrinsic base as the channel. The base, however, is 
usually too heavily doped to give suitable JFET properties 
and some extra processing steps become necessary [1]- 
[3]. Poor reproducibility of the channel is often the result 
when a region must be made that is thinner and more 
lightly doped than the original base region. Nevertheless, 
in modem implantation processes such as the present BI- 
FET process, good reproducibility is ensured and flexible 
processing schemes often make the inclusion of an extra 
implantation to form the channel a very simple procedure. 

The JFET is a normally-on device and therefore cannot 
be used with the same versatility as bipolar transistors and 
MOSFET’s. Nevertheless, field-effect transistors as such 
have some unique properties, and including some sort of 
FET in a bipolar process gives the analog circuit designer 
a number of attractive application possibilities. Most im- 
portant is that significantly improved noise behavior can 
be realized for certain source impedances. FET’s can also 
be applied as “floating” analog voltage switches, and 
with the low gate bias of the the FET, it is possible to 
realize low current offsets. Moreover, in bipolar pro- 
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cesses with poor-quality p-n-p’s, a high-frequency “p”- 
type field-effect element can in some situations be a very 
attractive substitute for the p-n-p. In CMOS processes the 
integration of JFET’s is also interesting because the de- 
signer then has access to a transistor with low l /f noise 
[4]. The use of the JFET usually limits itself to some key 
positions in the circuit design, but can give considerable 
simplification of the layout and notable improvement in 
circuit performance. 

The JFET properties that ensure high-frequency per- 
formance also promote low-noise behavior. For inte- 
grated p-channel JFET’s, the former is in the first instance 
achieved by separating the top gate from the bottom gate 
and using top-gate-driven configurations, whereby the 
normally large substrate capacitance is decoupled [2], [3]. 
Although the idea of separating the gates was launched 
several years ago, no thorough study of the characteristics 
of such devices has been given. Compared to the joined- 
gate case, this separation in fact introduces a number of 
complications, both on the level of the silicon technology 
and in the actual circuit design. These problems are treated 
here, and based on experimental and theoretical evalua- 
tions a number of general conclusions are established for 
the optimal design and application of separated-gate 
JFET’s for high-frequency performance. 

11. JFET FREQUENCY RESPONSE 

In the saturation region, which is the mode of operation 
almost always used in analog circuits, the JFET can be 
represented by the small-signal model shown in Fig. 1 .  
The distributed capacitances and resistances are approxi- 
mated by the lumped elements illustrated schematically in 
Fig. 2 for a typical p-channel JFET design. The division 
of the top- and bottom-gate functions is made at the 
pinchoff point, which is the point where the depletion lay- 
ers in the channel meet at the drain end of the channel. 

The most popular figure of merit for the JFET fre- 
quency response is the cutoff frequencyfT, defined as the 
frequency for which the short-circuit current gain is unity. 
High fT is also an indication of low-noise performance, 
since the noise of a FET appears primarily at the output 
as a thermal noise current of the channel. The equivalent 
noise source at the input is then related to the fT via the 
ratio of the transconductance g, to the gate capacitance 
CG. A very simple formula forfT can be established if the 
following parasitic resistances are neglected [5 ]  : 
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Fig. 1. Linearized small-signal model of a JFET, with emphasis on the 
role of the top and bottom gates. 
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Fig. 2. Distribution of small-signal circuit elements in a JFET. 

the source series resistance Rs, which is assumed 
small as compared to the channel resistance (repre- 
sented by gm); 
the conductances of the reverse-biased gates; 
the top-gate series resistance, which would deter- 
mine noise and high-frequency performance if the 
JFET were not designed to make this resistance in- 
significant; and 
the bottom-gate series resistance R G B ,  which is large 
and, along with the substrate capacitance Csub, lim- 
its the frequency response of the bottom gate. Omit- 
ting RGB is not of consequence for the general con- 
clusions. 

Thus for the joined-gate device 

( 1 )  
1 gmT -k g m B  

f T  = - 
2a Csub -k CGTS + cGTD -k CGBS + CGBD 

where 

g m T  

gmB 

is the transconductance of the top-gate-driven 

is the transconductance of the bottom-gate-dri- 
device; 

ven device; 

CGTs is the top-gate to source capacitance; 
CGTD is the top-gate to drain capacitance; 
CGBS is the bottom-gate to source capacitance; and 
CGBD is the bottom-gate to drain capacitance. 

In the top-gate-driven case all capacitances associated 
with the bottom gate and RGB are eliminated giving 

The effective transconductance is also reduced by g m B ,  but 
with a lightly doped epi-layer this is a relatively small 
loss, and all in all a much higherf, can be obtained by 
separating the gates. 

Only the top-gate capacitances are accounted for in the 
expression forfT, but the actual performance of the JFET 
will often be determined by transmission parameters other 
than the current gain. The bottom-gate capacitance is often 
dominated by the large junctions between the channel 
contacting regions and the epi-layer. Under normal func- 
tioning of the separated-gate device the source-bottom- 
gate junction is grounded for small-signal purposes and 
the bottom-gate-drain junction capacitance becomes by 
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Fig. 3 .  Cross section of the separated-gate JFET in the BIFET process, without the second metalization layer. 
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Fig. 4. Two methods of closing the top-gate ring with an extra n +  implantation under the oxide. The resulting channel depths 

are indicated, and the corresponding pinchoff voltages are such that (a) Vpl < Vp,  and (b) VpI # V,, V p ,  < V p 3 ,  and Vpz 
> V P 3 .  

far for the most detrimental to the frequency response. 
The parasitic capacitive coupling from the source to the 
drain is very small, which can be seen by regarding the 
junction capacitance C, at some point J along the source- 
bottom-gate junction 

be reduced. This and the above considerations of the bot- 
tom-gate capacitances make designs that minimize the 
drain area preferable. 

111. BIFET PROCESS DESCRIPTION 

( 3 )  

where 

VJ is the voltage over the junction at position J ;  
VDS is the drain-to-source voltage; and 
IDS is the drain-to-source current. 

The second factor on the right side is the output conduc- 
tance, which in the saturation region is small, and the last 
factor will be very small because the voltage drop from 
the source to the drain is practically localized to the high- 
resistance channel region, which in area is insignificant 
compared to the channel contacting region. 

If R, is comparable to the intrinsic channel resistance, 
the effective transconductance, and consequently fT, will 

The experimental results quoted here have been mea- 
sured on p-channel JFET's produced in a high-perfor- 
mance BIFET process, which contains 3-GHz n-p-n's and 
450-MHz p-channel JFET's. The process is relatively 
simple, with standard diffusion techniques being used to 
form the nf buried layer, the n+ contact to the buried 
layer, and the p+ isolation. The active device regions are 
formed by arsenic and boron implantations. The basic de- 
sign of the separated-gate JFET is shown in Fig. 3. The 
gate (emitter) is an nf  arsenic implantation, the source 
and drain contacting regions (extrinsic base) are pf boron 
implantations, and, instead of using the intrinsic base im- 
plantation, an extra boron implantation is incorporated to 
form the actual channel region. To obtain high-frequency 
performance, three basic requirements have been met by 
this design: 
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Fig. 5. Pinchoff voltage against channel implantation dose for several implantation energies 

1) the top-gate is made in the self-aligned washed- 
emitter step to give a narrow ( 2  pm) gate length L 
and thus high g,; 

2) the top-gate series resistance is made insignificant 
by direct metal contact along the whole of the gate; 
and 

3) the influence of the large Csub and R,, is eliminated 
by using a ring-gate structure with the drain in the 
center and the top gate totally embedded in the chan- 
nel region 

The contact to the drain cannot directly cross the washed 
gate, so a second layer of metal is introduced to cross over 
the top-gate metallization. Therefore, two extra process- 
ing steps are introduced to ensure high-frequency perfor- 
mance. Another possibility was using some sort of cross- 
under implantation, two variants of which are shown in 
Fig. 4. An extra n+ gate implantation is employed before 
the last oxidation step, either just in the region under the 
metal track leading to the drain, or as a closed ring run- 
ning under the whole of the washed gate [3]. In the last 
case, possible misalignments will increase the effective 
value of L,  and in both cases nonuniformities in the chan- 
nel depth give either parasitic source-to-drain resistance 
or premature pinching off in parts of the channel. The lat- 
ter effect gives undesirable top-gate to bottom-gate cur- 
rents (see Section VI-A). These problems are also en- 
countered for non-ring-gate structures that attempt to 
isolate the extremities of the gate via, for example, oxide 
isolation or a reverse-biased diode. For very long gate 
JFET's these parasites may be negligible, but, for exam- 
ple, in the smallest device that can be made in the present 
process, the gate length is 100 pm and any cross under 
would necessarily be at least 24 pm long, thus a quarter 
of the total gate length. 

The effective pinchoff voltage Vf is here defined as the 
absolute VDs for which IDS saturates at a given gate biasing 
V,, and VGBs. For the standard joined-gate case with 

biasing V,, = VGBs = 0, the pinchoff voltage is denoted 
Vpo. In the BIFET process the standard JFET is a device 
with Vpo = 1.5 V, produced with a channel implantation 
dose Dch = '7 x 10'2/cm2 at energy Ech = 150 keV. It is 
designed to be used with a gate biasing such that Vf = 1 
V. The characteristics of this device are discussed in Sec- 
tion VI. 

IV. OPTIMIZATION OF THE CHANNEL 

In the BIFET process, the extra implantation step, in- 
troduced to define the channel region, will be decisive for 
the characteristics of the JFET's. The actual channel dop- 
ing profile is determined by the dose and energy of this 
implantation, subject to the following oxidation and an- 
neal steps, as well as the arsenic gate implantation profile. 
The relationship found experimentally between the Vpo 
and the implantation parameters is shown in Fig. 5. It is 
concluded that the higher energy implantations give wider, 
more lightly doped channels. This has been confirmed by 
measurements, performed by C-V techniques [6], of the 
channel doping profile under the highly doped top gate. 
The intrinsic channel region is decisive for the top-gate 
transconductance and capacitance, and thus the f T ,  

whereas it is of little consequence for the bottom-gate ca- 
pacitances. The relationship between the channel implan- 
tation conditions and the top-gate parameters is therefore 
investigated, and although the Vpo results are quite spe- 
cific to the present BIFET process, generally valid con- 
clusions are established. 

A .  Theoretical Considerations 
A theoretical evaluation of g,, and CGT is given here by 

limiting the calculations to the intrinsic channel region. 
The current-voltage relationships are established by ba- 
sically following the method proposed by Bockemuehl [7], 
[8]. The procedure is here generalized to include the dop- 
ing dependence of the mobility. The following assump- 
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tions are made: 

1) the gates may be treated separately by dividing the 
channel at pinchoff point a (see Fig. 6); 

2) the analysis is valid for long-gate JFET's; 
3) the depletion approximation is valid; 
4) the gates and channel are described by an arbitrary 

doping distribution N (  y ) ;  and 
5 )  the channel mobility p is a function of the doping 

concentration but field independent; thus, p = 

Solution of the Poisson equation in the y direction gives 
the voltage V ( h ) ,  where h ( x )  is the boundary of the de- 
pletion layer and V ( x )  is the voltage across the depleted 
region. It is related to the applied voltage V, as V = V, 
+ $bi, where $br is the built-in voltage. The pinchoff volt- 
age is given by [8] 

cL (  Y ) .  

Vp = V ( a )  = - ' s "  yN( y )  dy. (4) 
CS 0 

With h = ys  at x = 0 and h = yo at x = L, the drain 
current Z, governed by the one gate is calculated to be 

4 h (I P (  Y )  N (  Y )  d Y ] h N ( h )  dh ( 5 )  

giving the corresponding transconductance 

and the channel conductance 

To calculate g, for a given gate and channel doping 
profile N (  y ) ,  the doping dependence of $bi must be taken 
into account [8] 

where yG ( V )  and ych ( V )  denote the depletion boundary 
in the gate and channel, respectively. To find the voltage 
dependence of the depletion boundaries the following 
equations, found by integrating the Poisson equation, are 
solved [9]: 

The hole mobility p (  y )  in the channel is approximated 
by applying the empirical expression given by Caughey 
and Thomas [lo], which is plotted in Fig. 7(a). The g, 

L < 3 

I d r a i n  end S o u r c e  e n d 4  V 1x1 = V lhl 

,I 
Fig. 6. Nomenclature in the channel region to the pinchoff point a .  

can then be found from (6) with ys  = ych ( VGs ) and yD = 

The gate junction capacitance per unit area varies along 
Y c h ( v D S ) .  

the channel as 

where d ( x )  is the width of the depletion into the gate. In 
the saturation mode of operation the maximum CG, CG,,,, 
is obtained at x = 0. Here, CG,,, will be used instead of 
( CGTs + CGTD) to evaluatefT of a top-gate-driven device. 
If g,T and cGmax are given for a 1 x 1 km2 gate, then 
from (2)  

fT=-- gmT 

27r L2C,,, 

where L is in micrometers. For the case where the top gate 
and channel doping levels NT and Nch, respectively, are 
uniform, and NT >> Nch, the following simple formulas 
can be established for a top-gate biasing VGTs: 

Thus, fT is only dependent on the doping levels via the 
quantities p and $bi. Whereas $bi increases but slightly 
with increasing Nch, p shows a dramatic decrease for Nch 
of more than - 1016/cm2. This gives a correspondingly 
large reduction in g, andfT, as demonstrated in Fig. 7. 
Normally a JFET will be designed for the highest possible 
g,, but here this would be at the expense of the frequency 
response. Above Nch - 10'6/cm2, the increase in g, is 
minimal, whereas a manifold decrease in f T  is displayed. 
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Fig. 7. (a) Hole mobility against doping concentration [ lo]  and (b) theo- 
retical calculations of top-gate transconductance, and (c) cutoff fre- 
quency against channel doping concentration for N ,  = 10Z0/cm3. 

B .  Experimental Results 
In the present BIFET process the dc parameters, when 

correlated to Vpo, are largely independent of the exact im- 
plantation conditions. Disregarding the subthreshold re- 

gion of operation, the correlation can be well represented 
by the following linear relationships: 

Vpm = 5.8 * V p ,  (17) 

gm = 19.9 nA/V2 * V,, + 1.3 nA/V (18) 

where all values are normalized to a 1 x 1 pm' top gate. 
The suffix "0" refers to the situation with biasing VGTs 
= VGB, = 0, and VpTo is the top-gate voltage necessary 
to pinch off the channel, VpBo is the bottom-gate voltage 
necessary to pinch off the channel, and gDo is the channel 
conductance with VDs = 0. On the other hand, in accor- 
dance with the fact that higher implantation energy gives 
lightly doped, deeper channels, the top-gate capacitance 
plotted against Vpo shows a clear dependence on the im- 
plantation conditions. This is illustrated in Fig. 8, where 
Ccho, the capacitance per unit area of the uniform top-gate- 
channel junction, is plotted. 

A comparison of experimental and theoretical results 
can in the first instance be made by assuming uniformly 
doped gates and channel. With such a structure the ex- 
perimentally observed near-linear relationships between 
the JFET dc parameters and V,, are not reproduced. The- 
oretically a spectrum of Vpo's is achieved by varying the 
channel doping and/or channel of depth. Fig. 9 shows the 
relationship between transconductance and Vp, for a se- 
ries of channel doping levels. The spread in the corre- 
sponding measured values cannot be corelated to the im- 
plantation energy. The experimental values of gmm, 
however, do lie within the region theoretically covered, 
which agrees with the fact that the highly doped top gate 
gives a nearly abrupt transition to the channel and is thus 
relatively well represented by the simple model. For 
gmm the experimental values lie well below those obtained 
theoretically. In this case the experimental results are the- 
oretically better approximated if the doping profile in the 
channel is assumed to have a significant implantation tail, 
which gives a light effective bottom-gate doping at the 
junction. Thus, the depletion over the bottom-gate junc- 
tion primarily extends into the then much more lightly 
doped epitaxial layer, instead of modulating the channel. 

The theoretical results showed that although there was 
some increase in gmm with increasing Nch,  this was for- 
feited by a large attenuation of fT. Within the span of the 
experimental results no clear advantage for g,, emerges, 
so in the present process the decision to optimize the 
channel to maximizef, instead of g, is in no way ambig- 
uous. The highest possible implantation energy therefore 
is used for the channel implantation. 
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Fig. 9. Experimental and theoretical ( N T  = lOZ0/cm3) results for the transconductances g,,,,, g,,, and g,,,, against the pinchoff 
voltage, normalized to Z / L  = 1 .  

V. PARASITIC RESISTANCE AND CAPACITANCES 
A .  Top-Gate Sidewall Capacitance 

The top-gate capacitance is decisive for the high-fre- 
quency performance of the separated-gate JFET's. Ex- 
amination of Fig. 3 shows that in the present process the 
parasitic capacitances of the top gate are composed not 
only of the sidewalls of the gate implantation, but also of 
the metal that overlaps the channel contacting regions. In 
particular, the sidewall capacitance may be quite signifi- 
cant because of the high boron concentration at the silicon 
surface. So, in view of the narrow gate length, it is of 
great interest to determine the influence of these parasites. 
The total top-gate capacitance can be expressed as 

c,, = c c h  + c,, + c m  

where c c h  is the intrinsic channel capacitance, C,, is the 
sidewall capacitance C,, per micrometer, C,, is the metal 
overlap capacitance C, per square micrometer, and L, is 
the metal overlap. Thus, the individual parts could be ex- 
tracted by using a series of structures with different L and 
L,. Much more accurate results, however, can be 
achieved by directly measuring the parasitic capacitances. 
For JFET's with relatively low Vpo ( - 1 V) ,  isolation of 
these is in fact possible by pinching off the channel by a 
suitable reverse voltage over the bottom gate. The C,,, 
can be well determined from test structures with large gate 
areas. With the measurements of the total parasitic capac- 
itances, the individual values of C,, and C,  can be ex- 
tracted from some measurements on devices with different 
Lrn. 

= LZCcm + 2ZCSd + 2L,ZC,, ( 2 2 )  For a minimum dimension device with L = 2 pm, Z = 
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100 pm, and L, = 3 pm the distribution of capacitances 
is 

Cc,, = 0.127 pF 

C,, = 0.156 pF 

C, = 0.050 pF. 

Thus, the parasitic capacitances account for 60 percent of 
the total top-gate capacitance. 

B. Source and Drain Contacting Regions 

Ring-gate JFET’s are by nature asymmetrical. For two 

I )  to minimize the drain area and thus the drain capac- 
itance, which deteriorates the overall frequency re- 
sponse, and 

2) to maximize the source contacting area to the chan- 
nel, so as to minimize R,, which reduces g,. 

For the standard JFET in the present BIFET process, with 
V,  = 1 V, the sheet resistance of the intrinsic channel is 
nearly a factor of 10 higher than that of the extrinsic chan- 
nel region formed by the channel implantation. The series 
resistances of the source and drain therefore are practi- 
cally negligible. For much higher Vp’s the two sheet re- 
sistances approach each other, and g, as well as fT will 
be attenuated. Here, it may then become advantageous to 
explicitly design the JFET to obtain a low extrinsic sheet 
resistance. This would in the present process imply using 
low-energy , instead of high-energy, channel implanta- 
tions because this gives a steep implantation profile with 
a heavily doped surface. A relatively small amount of the 
total number of implanted channel ions then penetrate the 
gate implantation to form the intrinsic channel region. 

reasons the drain is normally placed in the center: 

VI. BIASING OF THE GATES 

The effective pinchoff voltage V, at which a separated- 
gate JFET will function in a circuit depends on the biasing 
of the two gates. The desired Vp can be achieved by any 
number of combinations of channel depth and gate bias- 
ing. The top-gate biasing influences the f,. From (13)- 
(15) it is seen that increasing V,, gives some rise in f,. 
The corresponding fall in g,, however, is more marked. 
So, also in the view of the inconveniences of having high 
biasing voltages, it is nevertheless preferable to drive the 
device in the vicinity of V,, = 0. The presence of the 
built-in voltage already ensures that the depletion over the 
top-gate junction is so large that the device functions at a 
point far removed from the region where very high top- 
gate capacitance would seriously deteriorate the f,. 

In the present process the bottom-gate capacitance is 
very large and therefore very important for the overall fre- 
quency response. For this reason it is advantageous to re- 
verse bias the bottom-gate junction as much as possible. 
Considerations of the parasitic top-gate to bottom-gate 
reachthrough diode lead to the same conclusion. 

A.  Top-to-Bottom-Gate Reachthrough Diode 
The top-gate/channel/bottom-gate structure forms a 

reachthrough diode that will conduct current when the top- 
gate to bottom-gate voltage V,, is such that V, ,  > VpTo 
or V,, < V,,, [8], [11]. The top-gate to bottom-gate 
current I,, may furthermore excite electron-hole pairs in 
the totally depleted channel by impact ionization. This 
gives a hole current to the source and drain that, for the 
device with V,, = 1.5 V, is quite significant. This is 
shown in Fig. 10, where ID and ZGrB are plotted as a func- 
tion of V,, for several V,,,. For V,,, = 0, Ill cannot be 
completely pinched off. With finite reverse biasing of the 
bottom gate, more top-gate voltage can be applied before 
the parasitic currents begin to play a role and I D  can be 
pinched off in a certain voltage span. 

B. The Bulk Effect 
As seen in Fig. 10 the bottom-gate biasing has a very 

large influence on the effective pinchoff voltage of the 
JFET. This effect is determined by the extension of the 
depletion width over the bottom-gate junction into the 
channel. As demonstrated in Section IV-B, the channel 
implantation tail is decisive for the width of this depletion 
region, and no attempt is made here to establish a simple 
relationship between V,  and VGBs. However, attention is 
drawn to the fact that, to obtain high-frequency perfor- 
mance, the bottom-gate junction must not participate in 
the signal treatment. It therefore is reasonable to assume 
that the biasing of the bottom gate is prespecified, and on 
this basis a relatively simple model can be established. 
The simple quadratic model of the I-Vcharacteristics, also 
used in SPICE [12] to simulate joined-gate JFET’s, can 
(when disregarding reachthrough currents) be modified to 
suit the separated-gate case. A constant k is introduced 
with 

where V p  ( V G B S )  is the absolute of the drain voltage for 
which ID saturates when V,, = 0, and V,, ( V,,,) is the 
top-gate voltage required to pinch off the channel region. 
Moreover, V,(V,, ,)  is equal to the top-gate voltage 
needed to pinch off the channel region when the bottom- 
gate voltage follows V,, so that VGTB = VcBS. For a 
joined-gate device, V,, = V,. The dependence of ID on 
VD, and VG, can then in the forward region be expressed 
as 

0,  V P T  - VGTS < 0 (241 

P ( V P T  - V , T d 2 ( 1  - X V D S ) ,  



Th 

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 35, NO. 11 ,  NOVEMBER 1988 1932 

joined-gate JFET can b 
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Fig. 10. Measurements of ID (solid line) and I , ,  (dashed line) against (a) 
VGTs with VGss = 0 ( l ) ,  1 V (2), 2 V (3), for a top-gate driven JFET 
with V ,  = 1 .5  V ,  L = 2 pm, and Z = 100 pm. 

considered as a special case 
for which k = 1. As an example, a standard JFET (V,, 
= 1.5 V )  with Z = 100 pm is simulated for the bottom- 
gate biasing VG,, = 0 and 2 V. The simulation parameters 
are extracted from measurements in the biasing point VGTs 
= 0 and VD, = -3 V, giving 

for VGB, = 0: 

Vp, = 2.30 V 

k = 1.53 ( Vf = 1.50 V )  

0 = 135 pA/V2 

X = (25 V)-' (27) 
and for V,,, = 2 V: 

V p ,  1.30 V 

k = 1.30 ( V p  = 1.00 V )  

0 = 198 pA/V2 

A = (28 V)-'.  ( 2 8 )  
In this manner, quite good fits are obtained, as in the ex- 
ample shown in Fig. 11. Only the effect of channel-length 
modulation, modeled by the parameter X, is incorrectly 
represented. The output conductance in the forward sat- 
uration region is gDs = XZ,. Thus, the saturation con- 
ductance is proportional to the drain current but indepen- 
dent of VDs. This relationship is inspired by the similar 
representation of the output conductance in bipolar junc- 
tion transistors by the Early voltage. In reality, in a JFET 
gDs --* 0 for increasingly negative VDs, and for more ac- 
curate simulation, h should be dependent on VDs. It is 
furthermore noted that since ring-gate structures are ba- 
sically asymmetric, the I-V relationships in the reverse 
region cannot be directly extracted from the simulation 
parameters in the forward region. 

C. The Cut08 Frequency 
The influence of the gate biasing on the cutoff fre- 

quency is illustrated by calculations on the above de- 

scribed standard device. The f T  is evaluated in thre 
uations: 

sit- 

1) Joined gates with biasing VGTs = VGBs = 0 and 
VD, = - 3  V. Then 

g, = 974 pA/V2 

CGBs 0.50 pF 

CG,-, CG, + = 0.21 pF 

Csub = 2.4 pF 

and from (1) 

fT 48 MHz. 

2) Separated gates, top-gate driven, with biasing 
V G T ~  = V G B ~  = 0 and VDs = -3  V.  Then 

g m T  = 608 pA/V2 

CGn = 0.15 pF 

CG, = 0.06 pF 

and from (2) 

fT = 460 MHz. 

3) Separated gates, top-gate driven, with biasing 
V,, = 0, V,,, = 2 V, and V,, = -3 V. Then 

g,T = 552 pA/V 

CG, = 0.06 pF 

C G , - ,  = 0.19 pF 

and from (2) 

fT = 418 MHz. 

As expected, Csub dominates the high-frequency perfor- 
mance of the joined-gate JFET. With separated gates the 
highest f T  is obtained in situation 2). Positive biasing of 
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Fig. 11. The 

experimental 

1.0 simulation 
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I-Vcharacteristics of a top-gate driven JFET with Vm = 1.5 V, L = 2 pm, Z = 100 pm, 

the bottom-gate reduces fT as a result of the decrease in 
gmT, which is not significantly counteracted by the reduc- 
tion in CGm. Situation 3) is regarded as the standard bias- 
ing scheme of the separated-gate device; hence, the choice 
of Vp = 1 V for this case. Reachthrough current must then 
be taken into account for VGTB I 4.3  V instead of 2.3 V 
( = V p m )  as in situation 2). 

VII. CONCLUSIONS 

Whether a p-channel JFET can be integrated in a given 
bipolar process is often a question of the reproducibility 
with which the channel region can be fabricated. To also 
achieve high-frequency performance, basically two re- 
quirements must be fulfilled by the technology: Firstly, 
the top gate must be separated from the bottom gate, and 
secondly, the top-gate length must be sufficiently narrow. 
The gate separation will usually also imply that the top- 
gate/channel/bottom-gate doping profile must be made the 
same under the whole width of the top gate. Ring-gate 
structures offer a simple solution, but in cases where the 
narrow gate length is achieved by self-aligned techniques, 
it may be necessary to contact the drain via a second me- 
tallization layer. 

For high fT, the channel must be lightly doped. The 
gain in g,, which may be achieved by designing with a 
thin channel, is considerably reduced by the decrease in 
hole mobility caused by high doping effects. If device as- 
pects other than the intrinsic channel are decisive for g,, 
preference, however, may be given to a narrow highly 
doped channel. For example, this is the case when the 
extrinsic and intrinsic channel resistances become com- 
parable, or when the channel depth is comparable to the 
channel length so that channel-length modulation be- 
comes very important. 

Modeling and application of the separated-gate JFET 
in circuits is considerably more complicated than for the 

and Vcss = 0. 

joined-gate device. The large bulk effect makes it neces- 
sary to predetermine the gate biasing both in the techno- 
logical device design and in the circuit design. Consid- 
erations of overall frequency response and the top-gate to 
bottom-gate reachthrough current make it advantageous 
to design with a finite reverse biasing of the bottom gate. 
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