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ABSTRACT The double-gate (DG) junction field-effect transistor (JFET) is a classical electron device,
with a simple structure that presents many advantages in terms of device fabrication but also its principle
of operation. The device has been largely used in low-noise applications, but also more recently, in
power electronics. Furthermore, co-integration of JFET with CMOS technology is attractive. Physics-
based compact models for JFETs are however scarce. In this paper, an analytical, charge-based model is
established for the mobile charges, drain current, transconductances and transcapacitances of symmetric
DG JFETs, covering all regions of device operation, continuously from subthreshold to linear and saturation
operation. This charge-based JFET model (called CJM) constitutes the basis of a full compact model of
the DG JFET for analog, RF, and digital circuit simulation.

INDEX TERMS Charge-based model, CJIM model, compact model, circuit simulation, depletion mode,

double gate, high frequency, JFET, junction field effect transistor, low noise, Verilog-A.

I. INTRODUCTION

JFETs feature low noise, high input impedance and robust
breakdown, which render them a preferred choice in a wide
range of sensing applications, such as particle detectors [1],
bioelectronics [2], microphones, RF circuitry [3], and more.
Co-integration with CMOS technology [2]-[5] is consid-
ered due to the JFETs’ low noise properties. JFETs are
unipolar devices commonly operating in depletion mode
(normally-on devices, with a negative threshold for n-JFETS).
Ultra-scaled enhancement mode (normally-off), complemen-
tary JFETs (cJFETs) using silicon have been proposed for
logic applications with channel lengths in the range of
25 nm - 10 nm [6]-[8] with gate voltage lower than 0.5 V
to prevent a forward-bias of the channel-to-gate junction. For
wide-bandgap semiconductors such as silicon carbide (SiC)
[9], [10] or gallium nitride (GaN) [11], the gate voltage can
be extended beyond 2V due to their high built-in voltage.
JFET operation in below- and around-threshold regions, as
needed for logic applications, as well as for positive gate
voltage close to the built-in voltage, should therefore be
revisited.

Compact models for JFETs have been loosely
physics-based, and use empirical bridging among differ-
ent operating regions [12]-[17]. Recently, a charge-based
modeling approach [18]-[21] has resulted in a unified
model of the symmetric DG JFET valid for gate volt-
age ranging from sub-threshold to above-threshold operation
up to built-in voltage, and drain voltage from linear to
saturation modes. The model approach also provides a
full charges/transcapacitances model, which accounts for
position-dependent charge distribution in the JFET chan-
nel and provides charge-conservation in transient simula-
tion [19].

In the present work, the foundations of the charge-
based JFET model - henceforth designated as CIM - are
re-visited. A normalization procedure of physical quanti-
ties provides new insight into the principle of operation
of the depletion mode JFET. The present paper gives a
detailed validation of CJM, for fundamental device behav-
ior, based on comparison to technology computer-aided
design (TCAD) simulations, as well as to measured exper-
imental characteristics of silicon JFETs. Drain current,
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FIGURE 1. Schematic of the Double Gate Junction FET. The JFET’s channel
thickness, width and length are Tsc, W and L, respectively.

TABLE 1. Model parameters of long-channel DG JFET.

Parameter Unit Value Description
Np cm ™3 1017 Channel doping concentration
Ny cm ™3 101 Gate doping concentration
Tse m 500 - 102 | Channel thickness
Er — 11.7 Material relative permittivity
€0 Fm™T 8.85-10~12 | Vacuum permittivity
L m 4-107° Channel length
w m 10-6 Channel width
uo(25°C) | (em?)/Vs 1000 Carrier low field mobility
n;(25°C) em™3 1.45 - 1010 | Intrinsic concentration

transconductances, transconductance-to-current ratio, tran-
scapacitances and unity gain frequency (F7), are shown to be
directly related to mobile charge density at source and drain.
These large- and small-signal quantities are highly impor-
tant in analog/RF integrated circuit design but will also cover
needs for digital design using complementary JFETs. The
CIM model is coded in Verilog-A [22] to ensure portability
among circuit simulators.

1. CHARGE BASED MIODEL OF THE JFET

A. DRAIN CURRENT

Considering an n-type Double Gate (DG) JFET, shown in
Fig. 1, with channel thickness T, device width W, device
length L, channel doping concentration Np and gate doping
concentration Ny, the local channel current is calculated as
in [18] using the drift-diffusion model,

Lis = —uWQy WV/5. (1)

where u is the electron mobility and Q,, is the (local) mobile
charge density (per unit area) which is expressed as Q,, =
—QOf + QOye, where Qg is the total (local) charge density
(per unit area) in the semiconductor channel, and Oy =
qTscNp 1is the fixed charge density (per unit area), which
is constant throughout the channel. The device parameters
given in Table 1 are used for the numerical simulations as
well as for the analytical model evaluations. The simulations
are performed in Silvaco Atlas device simulator [23]. The
device is a long-channel (L = 40um) symmetric Double
Gate JFET at room temperature. The mobility is considered
constant and uniform along the channel. A refined mesh at
the center of the device is used due to volume transport.
In the following, a normalization scheme is introduced,
similarly as used in the context of models for, e.g., single-
gate MOSFETs [24] and HEMTs [25]. This procedure does
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TABLE 2. Normalization quantities.

Quantities Normalization Quantities | Normalized Values
Voltage Ur =kT/q v=V/Ur
: Gm = Qm / Q f
Ch; Densit = qTscN.
arge Density Qf =qTscNp Goe = Que/QF
Total Charge Qspec = WLQy qr = Qr/Qspec

CapaCitance Cspec - Qspec/UT Cwz = sz/cspec

Current Lspec = ,U«%QfUT i = I/Ispec
Transconductance Gspee = Ispec/Ur gm = Gm/Gspec
Distance along _

channel L t=e/L

TABLE 3. Frequently used quantities.

b= 8qNDEsc
Vo = Q3/b= qTZNp/(Besc)
Vi = ngcni/(Sssc)
Ve =Urln (Na/n;)
Ven = Urln (Np /ni)
Vi = Vi + Ve, = Urln (NpNa/n?)

not alter the physical relationships, it allows us however to
write relationships in a more dense way, presenting many
advantages, e.g., in terms of analysis, circuit design and
parameter extraction (see Section II-C). The normalization
quantities and normalization procedure are summarized in
Table 2. Other quantities that are frequently used in the
model are presented in Table 3.
The total charge density is defined in [18] as

Ose = Qf + O = VbW, — ) &
QfCIsc = Qf(1 + qm) = VbUr (Yo — ¥5) &
Go=1+gn= L= )
Vp

where g, is the normalized total local charge ranging from 1
(deep depletion) to O (flat band condition), g, is the normal-
ized mobile charge ranging from 0 (deep depletion) to —1
(flat band condition), ¥ and v, are the normalized poten-
tials at the center of the channel and at the interface between
the channel and the gate, respectively, and v, = V,,/Ur is
the normalized pinchoff voltage.

As long as the junction between gate and channel is abrupt
and one-sided, W; is considered equal to Wy = V,— Vg where
VF is the gate Fermi potential. W, is calculated as [26],

v, =V, + VP — UrLw <Vnie(v/5+vp_v)> <
Vo = W+ vp — Ly (e 7)) ©

where v,; = V,,;/Ur, and n; is the intrinsic carrier concen-
tration. Ly is the Lambert W function, which is efficiently
implemented as,

“)

Lw(2) = In(1 +z)<1 - w>

2+1In(1 +2)

Henceforth, the mobile charge is directly calculated com-
bining (3) and (2). In turn, the charge-potential relation is
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obtained substituting (3) in (2) and reverting it,

Vo=V — V= —

b
07 07 q%
UT(Vg V- Vbi) = _qusz'c +Urln| - g;c +1) &

Vg —V—Vpi = —qufc + ln(—qfc + 1) (5)

where vy, = Vp;/Ur is the normalized built-in potential.
Note the similarities with [24]. Upon substituting g5, with
gm + 1, (5) may be rewritten,

Vg =V —Vpi +Vp = —Vpqm(gm + 2) + In(—=gm(gm + 2)) (6)

The threshold voltage is determined from (6) considering
the mobile charge zero and ignoring the logarithmic term,

Vin = Vi — Vp. @)
The derivative form of (6) in normalized quantities is
expressed as,

®)

i [2vp(qm - 2(gm+ 1) ] in.

qm(qm +2)
The first term of the right hand side of (8) is the drift term
and the second is the diffusion term.

The drain current is obtained by integrating (1) along the
channel,

Va

w W [V
liyg = —pu— Ondv = _M_/ qumUTdV
L Jy, L J,

s

va
= —Lpec / gmadv. )
Vs

Substituting dv in (9) with (8) and integrating, the current
becomes,

Iy = spec(ims — imd)

ids = ims - imd (10)
where i, is evaluated at source and drain,
= 2y Z_2 2 2 11
lm = 5 pqm + qum - Qm + ln(Qm + ) ( )

Interestingly, we note that the diffusion term in (8) tends
to 1/g,, when g, — 0. So, (8) becomes,

dv = [2v,,(qm +1)— i]arqm. (12)

m
Performing the integration in (9) using (12), i, is approxi-
mated as,

~

im = Vg + Vpdh — m- (13)

[SS IS

The drain current obtained using (13) instead of (11)
deviates less than 1% in all regions of operation (sub- to
above-threshold and linear to saturation) which fully jus-
tifies this simplification. This simplification with respect
to [18] alleviates the computational burden, but also allows
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FIGURE 2. Normalized current components im versus gate voltage. The
linear (gm) and quadratic (g2,) terms of mobile charge are seen to
dominate sub- and above-threshold regions, respectively, while the cubic
term (g3,) is important at high gate voltage.

for an easier interpretation of device physics: The quadratic
and cubic terms of mobile charge correspond to drift trans-
port, while the linear term of mobile charge corresponds to
diffusion transport.

As demonstrated in Fig. 2, the linear mobile charge term
dominates drain current in subthreshold region. At the tran-
sition from diffusion to drift, the linear and quadratic mobile
charge terms are equal and g, = —1/vp (i m =2/vp). As
the gate voltage increases, the quadratic term first prevails,
while at even higher gate voltage, the cubic term gradu-
ally starts to counterbalance the current increase due to the
quadratic term, as shown in the same figure.

In subthreshold region, the current is expressed directly
from the mobile charges as,

ids,dzﬂusion = —Gms + qmd (14)
In above-threshold conditions,
) - 2 3 ) qms
bds.drifi = 3Vpm + Vpdon (15)
qmd

where the quadratic and cubic terms prevail.

B. TRANSCONDUCTANCES

The transconductances are calculated as the partial deriva-
tives of the current with respect to the gate, source or drain
voltages,

0l ys Ispec digs digs
G - = — = G R —
"™V T Ur vy Py
di digs 0
B = lds _ Olds Oqmx (16)

vy B 0qmx Ovx

where x = d, s. Hence, source and drain transconductances
are expressed as,

digs OGms

_ dids 0Gma _
0qms v

Gma va —md

8ms = Yms> 8md =
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FIGURE 3. Transfer and output characteristics of a long-channel DG n-JFET, at T = 25°C, including transconductances and transconductance-to-current
ratio. The TCAD simulation (markers) and the analytical model (lines) use the same parameters (see Table 1).

which is a result that can indeed be expected from (1).
Accordingly, the gate transconductance is calculated as,

_ % _ Oims OGms . Oimd OGmd _ _
&m g Oqgms Vg qgma Ovg Qmd = dms-

In saturation, when ¢,q; = 0, the normalized gate
transconductance becomes g sar = —Gms-

Transfer and output characteristics including transconduc-
tances are illustrated in Fig. 3 as compared to numerical
simulations. The correspondence of the analytical model with
numerical simulations is appreciable given that no parameter
fitting is involved.

(18)

C. TRANSCONDUCTANCE-TO-CURRENT RATIO

The transconductance-to-current ratio is an important indi-
cator as to the efficiency of a device to produce transcon-
ductance at a given current, and constitutes an important
quantity for analog circuit design. g,,/igs can be analytically
expressed in terms of mobile charge,

GnUr _ GspchTg_m _ g_m
Lys Ispec ids ids
_ 1
1- Vp((2/3) (61%13 + dmsqmd + f],id) + Gms + q:nd)

19)

In subthreshold ¢, — 0, hence (19) approaches
gm/iss = 1, which is equivalent to an ideal subthresh-
old slope. In saturation, the drain side is considered fully
depleted, gg = 0, (19) becomes,

gm| _ 1
ids sar 1= vp((2/3)G25 + Gms)

(20)

1194

In linear mode and assuming g5 = gmd,

1

Smi
lin - 2V[7 (q,znsw + Qmsld)

ids

21

The transconductance-to-current ratio can hence be
expressed as a function of mobile charge, similarly as in
MOSFETs. The analytical expressions of g,,/izs in linear
mode and saturation match numerical simulations perfectly
well as shown in Fig. 4 The two devices have different
threshold voltage, while the subthreshold slope remains the
same. The upward-bending of g,,/igs at high current, which
is most prominent in linear mode (see also Fig. 3, already
observed in TCAD and experiment [20]) is clearly attributed
to the second-order mobile charge terms in (19) - (21).

An interesting point to consider is the normalized
transconductance-to-current ratio when drift and diffusion
currents are equal as noted in Section II-A. In saturation
and at that point, only the first-order mobile charge term
in (20) is important and setting g, ;,=-1/v,, we obtain,

1 1
gm| o~ 0 _ 2 (22)

ids Vi 1- VpQms,th 2

This particular condition g,,/igs = 1/2 corresponds to
the threshold condition, similar as in junctionless nanowire
transistors [27].
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FIGURE 4. Drain current and transconductance-to-current ratio in linear and saturation modes, for two different values of Tgc (otherwise same
parameters as in Table 1). Markers: TCAD data, lines: model, dashed: analytical expressions (gm/iys)- While the two devices show vastly different
threshold voltage, their transconductance-to-current ratio versus drain current is very similar.

D. TOTAL CHARGES AND TRANSCAPACITANCES
The total gate charge Q¢ is obtained by integrating the
mobile charge along the channel,

L
Oc=—(0p+0s) = _W/o Omdx
1 1
= _W/O Qf‘]de‘i: = _Qspec/(; gmdé &
1
96 = —(qp +gs) = — /0 qmd§ (23)

where & = x/L is the normalized position along the channel.
The drain and source total normalized charges are obtained
using Ward-Dutton’s linear partitioning scheme, as in [19],

1 1
= /0 £ qudt, gs = /0 (1= Egnde  (24)

Using current continuity, we obtain the normalized form,

Im — lms

&= (25)

Imd — Ims
Differentiating (25) and assuming drift transport yields
dim/dgm = 2v,(q2, + qm) and we obtain,

1 1 di
Imd — lms Imd — ims dqm
2 2
= 2l )y 6)
Imd — lms

Hence, the integrals (23), (24) can be calculated. The full
expressions for total charges [19] are quite complex. Useful
asymptotic expressions are obtained in linear mode using
qmd = qms,

qG.lin = —qm 48.lin = qD,lin = 7’” 27
while in saturation, using ¢4 = 0,
— 3 4
4G.sat = M (28)
2(2qms + 3)
60q2,, + 175 + 126
qS’Sa, — Qms( qms Qms ) (29)

35(2¢ms + 3)°
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Gms(90G%, + 245¢ms + 168)
70Q2qms + 3)2

qD,sat = (30)

The transcapacitances are then obtained by partially differ-
entiating the total charges (23), (24) with respect to terminal
voltages. The transcapacitances cgy, Cgds Cds> Cdd> Csa and cgg
are calculated as,

90w
av.

0qgw 9qm;
0qmz 0v;

-+ Qspec aﬂ

Cp. =+
" Ur v,

S ey = % , 3D
where w is G, S or D and z is S or D. Plus sign is
assigned when w=z and minus otherwise. The remaining
transcapacitances cgq, C5 and cgy are obtained as in [19],

Cgg = Cgs + Cgd, Csg = Css — Csd» Cdg = Cdd — Cds (32)

Similarly as for total charges, the full expressions of tran-
scapacitances may also be simplified in asymptotic regions,
e.g., in above-threshold operation [19]. Here, transcapaci-
tances including subthreshold region are described, for linear
mode as well as saturation, which are of particular interest.

In linear mode, ¢uqs = ¢ms and therefore, all nine
transcapacitances are obtained as,

Cgg,lin = 2Cgs(ga’) = 2ng(a'g) = 3cdd(ss) = _6Cds(sd)
_ dm
2vpq2, + 2vpgqm — 1

(33)

In saturation, considering ¢,,4 = 0, three transcapacitances
are obtained,

Consar = (34)
T (29p @R + 29pms — 1) s +3)°
,sat —
S R o 2 — 1) s 13
9 + 1)(102,s + 35gms + 28
Cag.sat = s (Gms )( s qms ) (36)

35(2vpq2 + 2pdms — 1) 2gms + 3)°

while Cgs,sat = Cgg,sat> Css,sat = Csg,sat> Cds,sat = Cdg,sat- IN sat-
uration, the drain side is considered fully depleted resulting
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FIGURE 5. Intrinsic Transcapacitances (absolute values) versus gate voltage of a long-channel DG n-JFET, at T = 25°C, for three different drain voltages.

Markers: TCAD data, lines: model, dashed: analytical expressions.
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FIGURE 6. Transit frequency Fr and RF Figure-of-Merit (FOM) FoMgg = FyGmUr /I45 versus gate voltage, for a long-channel (L = 40m) DG n-JFET, at

T = 25°C. Markers: TCAD data, line: model, dashed: analytical expression.

in Cgd sar = Csd,sar = Cdd,sar = 0. Transcapacitance in satura-
tion and above threshold may be simplified [19], considering
qmd =0,

c —c ~ 3 Gsest1 _ 3 Gmst2 37)
,sat — Cgs,sat = S = 4
5 ¢ ZVP (2%‘0,5 + 1)2 2V1’ (ZQms + 3)2
where gy s, above threshold, is approximated as,
Qsc’d(s)‘drift = b(Vbi - ng(s)) <
Gse.d | grif e (38)

In Fig. 5, the model and TCAD-simulated transcapac-
itances are shown versus gate voltage at various drain
voltages. A very good agreement is observed at all bias
conditions, including the transition regions from saturation
to non-saturation, and at high gate voltage. Note that so far,
no other complete compact models have been presented to
cover position- and bias-dependence of total charges and
transcapacitances in JFETs. The consistent estimation of
charges in the device guarantees charge-conservation during
time-domain circuit simulation. The transcapacitances model
opens new perspectives for high-frequency applications of
JFETs.
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E. TRANSIT FREQUENCY

Transit frequency Fr is an important RF performance metric
corresponding to the frequency at which the the common-
source current gain of a transistor becomes unity. Fr is
obtained from small-signal evaluation of Y-parameters, at a
moderate frequency Fy,

_ FO ~ Gm _ //LOUT 8m,sat
! Im(Y11/Y21)  27Cgg sat 2mwL? cg sar

(39)

When using gm, sar=—@ms and cgg sar given by (34), the
transit frequency is expressed solely in terms of the mobile
charge at the source gy;,

_ nolUr (zqurzns + 2qums - 1)(26]ms + 3)2
2rL? 3(gms + 1) (gms +2)
In Fig. 6, the analytical equation (40) is compared to Fr
from TCAD and circuit simulation using the full model,
both obtained from small-signal Y-parameters, using same

parameters as in previous figures. Furthermore, Fig. 6 shows
the RF figure-of-merit FoMgr defined as,

CnUr =Fr g_m
ds lds

Fr=

(40)

FOMRF = FT (41)

which is indicative of ideal biasing for low-power, low-noise,
high-frequency applications. FoMgr may again explicitly
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FIGURE 7. Transfer and output characteristics of an n-channel JFET (2SK30A), at T = 25°C, including transconductances and transconductance-to-current

ratio. Markers: measurements, lines: CJM model.

be expressed in terms of mobile charge at the source g
using (20) and (40),

_ noUr (2qu%m, + 2Vp£1m3 - 1)(241ms + 3)2
27 L2 (2vpq2s + 3Vpdms — 3)(Gms + 1) (Gms +2)
(42)

FoMgp

FoMgpr culminates at a gate voltage slightly above
threshold voltage. Velocity saturation-related effects in short-
channel devices will move this point even closer to threshold.
The model and the analytical expressions for Fr and FoMrp
coincide and give a good qualitative fit to the TCAD data
in Fig. 6, given that no model parameters are adjusted.

IIl. MODEL EXTENSIONS AND EXPERIMENTAL

In the present Section, the modeling of second-order effects
is introduced. Velocity saturation is the most prominent of
short-channel effects. A comparison of the CJIM model with
measured characteristics from silicon JFETSs is then provided.

A. VELOCITY SATURATION
Considering the effect of velocity saturation in mobility,
following similar procedures as in [25], we assume,

ias = —uqm Vg, (43)
where u = pey/1to = 1/(1+e€) and e = E/E¢.
The derivative in turn is written,
1 d 1 d
Yo Yo a4

dgp=—r-—v--—" =77
I oo — W) dE 20plgm + 1) dE
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The lateral field Ey = 9v,/0x is calculated as,
E Ur d d
e= — = r_dVo = 2Ac"p[Qm + l]ﬂ
Ecrit Eqill dx 0§
where A, = Ur/(EqisL) and E..; is the critical field for
velocity saturation. Hence,

(45)

. d
igs(1 + 22 evplgm + 112 d = —gpudv.

46
dE (46)

Integrating (46) from drain to source we obtain
ias s @7)

1+ ZAch(O-SCI%n + Qm)? '

The mobile charge in saturation, gsqr, is determined from
the third degree polynomial numerator of g4, considering
the saturation condition, g4y = 0igs/dvgs = 0, and using
the conduction (quadratic and cubic) terms of i,,. A limited
Newton-Raphson like method, avoiding iterations, is used to
calculate @54

The channel length modulation (CLM) effect is respon-
sible for the prominent degradation of output conductance
in saturation, which is closely related to velocity saturation.
The model implemented follows principles in [28]. Details of
model formulation of CLM and other short-channel effects
will be provided elsewhere.

B. EXPERIMENTAL EVALUATION

Fig. 7 shows measured transfer and output characteristics
of a commercial n-type JFET [29], as well as the results
obtained with the CIJM model. Model parameters were
extracted to fit measured characteristics, while using esti-
mated values for geometries of the device, which are not

1197



ELECTRON DEVICES SOCIETY

MAKRIS et al.: CJM: COMPACT MODEL FOR DG JFETs
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2SK30A, N-JFET, T=25°C
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FIGURE 8. Two terminal capacitance versus gate voltage of an n-channel
JFET (2SK30A), at T = 25°C. Markers: measurements, line: CJM model.

provided by the manufacturer. Drain current, transconduc-
tances, transconductance-to-current ratio are well modeled.
Note the ideal subthreshold slope featured experimentally.
The model covers drain current also in the region of
positive gate bias. Transconductances (and transconductance-
to-current ratio) are well modeled in sub- to above-threshold
regions as well as from linear to saturation operation.
Velocity saturation, channel length modulation and series
resistance have been accounted for in the model. Source
and drain series resistances are handled as bias-independent,
lumped resistors. Fig. 8 provides a validation of the capac-
itance characteristics versus measured data, for the same
device as in Fig. 7. A constant subthreshold capacitance
term was added to allow for a validation of the model ver-
sus the measured capacitance. An evaluation of the model
for SiC and GaN JFETs has been provided in [30], including
at high temperatures. Finally, the model is available as an
online tool called JFETIab [31].

IV. CONCLUSION

A unified charge-based model of the of the depletion mode,
symmetric, double-gate JFET called CJM valid in all regions
of operation has been presented. The model covers large- and
small-signal effects from subthreshold to above threshold,
and from linear mode to saturation. Drain current, transcon-
ductances, total charges, transcapacitances are all expressed
as analytical and continuous functions of mobile charge at
source and drain. The analytical structure of the model, com-
bined with a normalization procedure, provides insight into
the physical behavior of the device in different operating
regions. The current-charge relationship is simplified with
respect to former formulations. Analog/RF figures of merit
such as g,,/ig ratio, transcapacitances, transit frequency Fr
etc. can be expressed in a very compact way in terms of
mobile charges. Second-order effects such as velocity satura-
tion have been discussed. The CJM model has been validated
with respect to TCAD simulation as well as measurements
from silicon JFETs. The model is coded in Verilog-A for

1198

ease of portability among different circuit simulators, while
an online tool called JFETIab allows for an easy explo-
ration of device behavior. The new compact model of JFETs
addresses a variety of needs, from device design and analy-
sis, to circuit design of low-noise analog/RF and low-power
digital applications based on JFETs. The CJM model further-
more is applicable to wide-bandgap semiconductors, such
as SiC or GaN, which are particularly suitable for harsh
environments.
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