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Abstract—A phenomenologically based transient SPICE model |||_ Vdd
was developed for GaAs MESFETs. The model accounts for both |

trapping and detrapping effects; hence, it can simultaneously sim- -

ulate low-frequency dispersion and gate—lag characteristics. This is

different from conventional models, which can simulate either ef- 100Q 2 Id

fect, but not both. The present model has been used to describe both \g::lﬁm':
surface- and substrate-related trapping phenomena in epitaxial or

ion-implanted MESFETSs. The model was experimentally verified
in terms of pulsed|-V characteristics and pulsed ac response. | |
O— t
Index Terms—Charge carrier processes, digital modulation,
MESFETs, modeling, pulse measurements, signal analysis,
SPICE, transient analysis. 1

Fig. 1. Schematic of pulsed-V measurement. Off times varying from
microsecond to second were used to alter the trap density to various degrees.

; i in diqi Upon returning to the quiescent point, the drain current is continuously
OR EFFICIENT deSIQn of RF power amphﬁersm dlgltallymonitored until the steady-state trap density is reestablished. The pulse

mOd_L'lated Wirgless application_s, itis important to_de_V3|0eretition rate is 1 Hz for epitaxial MESFETs and 0.05 Hz for implanted
a large-signal transistor model that is capable of predicting thESFETs.

device behavior over a wide range of time scales and biasing

conditions. Since a general model, which accounts for all pastd detrapping. By adding simple charging and discharging sub-

state variables, is too cumbersome to be useful, approximatigrcuits to a conventional SPICE-based MESFET model, low-

and simplification are necessary. To date, low-frequency disp#iequency dispersion and gate lag can both be simulated. In [4],

sion models have been developed [1] to account for the diffeve described for the first time the implementation of such a

ences between RF and dc characteristics of GaAs MESFEmT®del for epitaxy-based MESFETSs under the influence of sur-

However, this type of model neglects the transient effects of ditgice traps. This paper expands on [4] to include models for ion-

ital modulation. implanted MESFETs and substrate traps. Using both models,
The transient response of MESFETSs at approximatelys 1 pulsed ac waveforms under digital modulation were success-

and longer are mainly due to surface and substrate traps [2]ly simulated.

These traps can cause gate lag [3] in addition to low-frequency

dispersion. Gate lag is associated with sleeial events of trap- [I. MODEL CONSTRUCTION

ping and detrapping, whereas dispersion is determined by thee nresent model was extracted for two types of MESFETS:
averageeffects of trapping and detrapping. For a given continyq tapricated on GaAs grown by vapor-phase epitaxy, and the
uous wave (CW) excitation, dispersion represents the steayqr fapricated by direct ion implantation into a GaAs sub-

state trap response as the result of a balance between trapRilye grown by the liquid-encapsulated Czochralski method.

The epitaxial MESFETs have a gate length and gatewidth of
0.3 and 300um, respectively. Their saturated and maximum
Manuscript received February 1, 2000; revised December 1, 2000. drain currents are approximately 100 and 170 mA/mm, respec-
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[7] begins from a quiescent point where a steady-state trap den-
sity is maintained. Submicrosecond pulses are then applied to
probe various on states without perturbing the trap density. In
the present pulsedV measurement, pulses varying from mi-

crosecond to second were used to alter the trap density to var-
ious degrees. Upon returning to the quiescent point, it takes a

-
N

DRAIN CURRENT (mA)
(-]

relatively long time to reestablish the steady-state trap density 41

and such a transient behavior is continuously monitored until it //

is completely over. The pulse repetition rate used in the present 0 ' =",

measurement is determined by the longest trapping or detrap- -3 -2 -1 0 1

ping time. For epitaxial MESFETS, a rate of 1 Hz was sufficient, GATE-SOURCE VOLTAGE (V)

while implanted MESFETS required a rate of 0.05 Hz. Fig. 2. Dynamic transfer characteristics of an epitaxial MESFET under a

Since trapping usually occurs when a MESFET is dl’ive-ﬁkHz 1.5-V signal. Since the frequency of excitation is close to the rate of
. . . trapping, hysteresis is observed. Two sets of characteristics were measured at
below pinchoff under high voltages, in the present measuie=); =g and(-.) ¢ = 1 ms, respectively, after the gate-source voltage was
ment, the device is typically pulsed from on to off instead qfulsed from-4 to—1 V. Drain supply= 1 V. Differences in transconductance
from off to on. For an epitaxial MESFET, the measuremeffd peak current between= 0 and1 ms are caused by detrapping.

was repeated with on-state gate—source voltages0o$, 0.0,

and 0.5V, off-state gate—source voltages-df, —3, and—2 V, 40

and off times of 0.01, 0.1..., 100 ms. An implanted MESFET, ‘E

however, was measured with on voltages-df.0, —0.25, and £ 30l

0.5V, off voltages of-6, —5, —4, and—3 V, and off times of E

0.01, 0.04,..., 655, 2620 ms. From the dependencies of on &

and off times, the trapping and detrapping rates are inferred. It g 20 +

was found that, for both types of MESFETS, the instantaneous 5

drain currentips can be fit to (1) as follows: o

10 t +
6 4 -2 0
LOG TIME (s)

; OFF 1,0OFF
‘DS (VDS’ Vas,t, Vos * Vas ’tOFF> Fig. 3. Transient response of the epitaxial MESFET with time spent below

pinchoff (0.01, 0.1, ...100 ms top to bottom) as a parameter. Drain supply,

= Ips(Vps, Vas) — ATZ (VDS Vas, VOFF OFF) on, and off gate—source voltages were equal to 1, 0.5-ah¥, respectively.
( ’ ) Z]: DS ’ $TDS TGS Differences in the magnitude of gate lagtat= 0 indicate different trapped
charge densities.

. (1 _ e—tOFF/TcJ:) cetTh 1)
pact for circuit simulation use as follows:

wherelps is the steady-state drain curremlﬁ’s denotes the
change of drain current due to theh type of trapstorr is the ips = Ips(Vbs, Vas) |1 — Z (ovg - VSEE +8y)

duration spent in the off states: is the trapping time constant, J=1,2,3
t is the time after the pulse, ang is the detrapping time con-
stant. Depending on the device structure, different types of traps . (1 _ eftopF/ré) e t/Th @)

may have to be modeled.

o where«; andg3; are fitting constants.

A. Model for Epitaxial MESFETs Using SPICE, the increase in drain resistance can be repre-
When occupied, surface traps in an epitaxial MESFET c&ghted by a MESFET operating in the linear region, while the
increase surface depletion, which causes the access resistéi§égease in drain current can be represented by a voltage-depen-
and saturated channel current to lag behind their steady-s@g8tcurrentsource, asshowninFig. 6(a). The parasitic MESFET
values, as shown in Fig. 2. Fig. 3 shows the drain current of 8Rd currentsource are controlled by atime-dependent drain—gate
epitaxial MESFET as a function of time after the gate—sour¥®ltageVy, whichis generated through a set of three nonlinear
voltage was pulsed from 0.5 te4 V for different durations. As RCsubcircuits [see Fig. 6(b)]. One subcircuit is needed for each

many as three sets of: andrp, are required to describe the tranSet of trapping/detrapping times. With unity capacitarte,=
sients. On the other hand, the effects of off-state drain-soufce@NdEp = 7. Diodesinthe subcircuitensure the direction of
and gate_source V0|tages are SUCh that they can be |umped}t@.rgeﬂow.TheintrinSiCMESFET can be Simulated byaconven'
gether as a Single parameter in terms Of Oﬂ_state drain_ggwal model such as the SPICE Level 1 Curtice model extracted
voltage. Fig. 4 shows that- and ), are approximately con- from steady-state drain characteristics.

stant over a wide range of off-state drain—gate voltages. Fig. 5

shows thar\ I is approximately a linear function of off-stateB- Model for lon-implanted MESFETs

drain—gate voltage. Thus, the complicated historical dependenc&/hen occupied, substrate traps in an ion-implanted MESFET
of ips can be greatly simplified, making (2) sufficiently com- can cause the threshold voltage to shift. This can be seen in
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Fig. 4. Three sets of: (a) trapping and (b) detrapping time constants extracted Vda2'
from pulsedl-V characteristics of the epitaxial MESFET. The time constants 9
are all independent of off-state drain—gate voltage. Repeated symbols at the vdg R o]
same drain—gate voltage indicate measurements performed under different d2 I
combinations of drain and gate voltages.
Res
E 12 Vdg3'
w c
R
7
5 °] -
= (b)
w Fig. 6. Circuit model implemented in SPICE for the epitaxial MESFET. (a)
E‘: 4 - Parasitic MESFET and current source are used to increase the drain resistance
3 and decrease the saturated current, respectively. (b) Three norftiGetiming
z circuits are used to generate the voltage that controls the parasitic MESFET and
5 current source.
o 0 + + + +
2 3 4 5 6 7

OFF DRAIN-GATE VOLTAGE (V)

Fig. 5. Extracted drain current changes in the epitaxial MESFET, which are
associated with detrapping time constants of the ordes)afhfcrosecond, 4)
millisecond, and @) second. On-state gate—soured).5 V.

the dynamic transfer characteristics obtained by pulsing the
MESFET from two different off-state gate—source voltages,
as shown in Fig. 7. Since a threshold voltage shift is difficult
to implement in SPICE, its effects on the drain current is
considered instead When operating in the saturated region of
the MESFET drain characteristics, the resulted change in the
drain current is approximately independent of the drain—source
voltage. On the other hand, when operating in the linear region,

the threshold shift affects mainly the channel resistance. #fy. 7. Dynamic transfer characteristics of an implanted MESFET under a
this case, the magnitude of the drain current transient depefg&gkHz 1.75-V signal. The gate-source voltage is pulsed from eitf3eto

. . —1.25 or from—6 to —1.25 V. Shift in threshold voltage between the two
on the extent to which the channel resistance affects the tQtal ingicate different trapping densities under different off-state gate—source

DRAIN CURRENT (mA)

60

501

40

30

201

10

0

Vgs(OFF)=-3V

-8V

-3

2 -1

0

GATE-SOURCE VOLTAGE (V)

drain—source series resistance. For forward gate—source biag&ages. @) measured. (—) simulated.




LEONI et al: PHENOMENOLOGICALLY BASED TRANSIENT SPICE MODEL 1183

1 16
& T
0
S 0 hed
w § 121
5 b
‘N 5
6 A A E 8
z o 2
5 %, ° o, .o s £
A A A _a A D4 A
8 3l .}EAD‘DA-ADA % o4 Lz’ 4
o | B AD mADAJACA A g 5
a
-4 . . . . . . o4 . . . . .
0 1 2 3 4 5 6 7 0 1 2 3 a 5 6
(CY
1 Fig. 9. Extracted drain current changes in the implanted MESFET after the
—_ gate voltage was pulsed from6, —5, —4, or —3 (top down) to—0.25 V. The
o N dependence of the drain current changes on the drain—source voltage and the
"é" 04— difference between on- and off-state gate—source voltages has a similar form to
i A TN typical MESFET characteristics and is modeled as such.
0] %DE o 7 3
2 -1 -8 g ;
0 a
: LI
5 2 ;
o o v, R
=] = °
g 3
o]
|
0 1 2 3 4 5 6 7 A Al (AV )
DRAIN-SOURCE VOLTAGE (V) R CD e
(b) ¢
Fig. 8. (a) Trapping and (b) detrapping time constants extracted from
pulsedl-V characteristics of the implanted MESFET. While the trapping time R
constants are approximately constant, the detrapping time constant varies ]
exponentially with both on-state gate—source and drain—-source voltages.
On-state gate—source voltage (a) — 1.0, (O) — 0.25, and (W) 0.5 V.
Repeated symbols at the same drain—source voltage indicate measurements (@
performed under different off-state gate—source voltages. R
c
. . . . . Vgs'
the series resistance is dominated by the access resistance and c
the drain current transient is reduced. Vgs Ry I
For the ion-implanted MESFET, only one setwf andp = =
was necessary to describe the transients. Fig. 8 shows that while ()

T¢ IS approximately constant over a wide range of on/off arflg. 10. Circuit model implemented in SPICE for the implanted MESFET. (a)

ate—drain voltages has strona exponential dependence ofe Parallel current source is modeled as an MESFET and is used to mimic
9 9esp g €xp P threshold voltage shifts. (b) A nonlinedC' timing circuit is used to drive

both on-state gate—source and drain-source voltages, possiffifilel current source. The voltage dependence of the detrapping time constant
due to impact ionization or field-induced barrier lowering undes modeled with a variable resistor.

high voltages. Fig. 9 shows that/g is dependent mainly on

the drain-source voltage, as well as the difference betyveen ¢tance remains constant for the implanted MESFET, the para-
and off-state gate—source voltages. These results shovgthat

can be expressed as follows in (3), which is also sufficient itic linear MESFET is no longer needed [see Fig. 10(a)]. Notice
pressed a . o Yat the characteristics afIps (Fig. 9) are very similar to the
compact for circuit simulation use:

drain characteristics of a typical MESFET. Therefore, the par-
asitic current source is modeled as another MESFET. Time-de-
P OFF endent control of the current source is provided by a nonlinear
ips = Ips(Vps, Vas) = Albs (VDS’ Vas = Vas ) %C subcircuit with the detrapping time (I:Donstant m)gdeled by a

voltage dependent resistor [see Fig. 10(b)]. With unity capaci-
C) tance Rc = 7« andRp = 7p = 1o exp(7Vas+6Vps), where

70, 7Y, @andé are fitting constants. The subcircuit is driven by the

instantaneous gate—source voltage. The instantaneous voltage

Using SPICE, a voltage-dependent current source may deross the capacitor is then used to control the current source.

used to model the drain current reduction, just as in the caseQyice again, the intrinsic MESFET is simulated by a conven-
the epitaxial MESFET. However, since the drain—gate accesstional model using the steady-state drain characteristics.

t
(1= eftOFF/T‘) exp| — —————
( P l p(Vas, Vbs)
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Fig. 11. @) Measured and (—) simulated drain current transients of the E Y

epitaxial MESFET for off times of: (a) 0.1, (b) 1, and (c) 10 ms. On- and 10- 8V B
off-state gate—source voltages are 0.5 amdl V, respectively. Drain supply anmmE® - AoV
equals 0.5, 1.0,. ., 3.0 V bottom up. 0 ’ 4V | )

-6 4 2 0 2
LOG TIME (s)
(c)

e . L. Fig. 12. @) Measured and (—) simulated drain current transients of the
For model verification, pulset-V characteristics after var- iypjanted MESFET showing their dependencies on: (a) off time, (b) off-state

ious combinations of off voltages, and times were simulated agale—source voltage, and (c) drain supply. When not varied, off timems,
compared to that measured on an epitaxial MESFET (Fig. 19ffstate gate-source voltage: —G V, and drain supply= 4 V. On-state
and an implanted MESFET (Fig. 12). To verify the models fuf e >0urce voltage 0.5, =025, and—1.0 V' top down.

ther, additional experiments were run. In the first experiment
an epitaxial MESFET was normally biased off for sufficient
time to ensure a steady off state. It was then pulsed on, wit
a 7-kHz 1.5-V signal superimposed on the pulse (Fig. 13). In
the second experiment, an epitaxial MESFET was normally bi-
ased on to ensure a steady on state. It was then pulsed dowhhe success of the present model in simulating the transient
to partially off, with a 100-kHz 1.25-V signal superimposedehavior of a MESFET after various historical events is pri-
on the pulse (Fig. 14). In the third experiment, a normally offharily owing to the use of both trapping and detrapping time
(gate—source voltage= —3 or —6 V) implanted MESFET is constants. While the general supposition has been that the trap
pulsed on(gate—source voltage= —1.25 V) with a 10-kHz effect on the high-frequency characteristics is determined by the
1.75-V signal superimposed on the pulse (Fig. 7). In all threverage voltages near the quiescent point [1], the above mea-

I1l. M ODEL VERIFICATION

kperiments, the simulated results compare well with the mea-
Hred data.

IV. DISCUSSION
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to substrate traps, were both modeled. While there are differ-
ences in the models, which stem from the trap locations, the
effects of both types of traps are easily simulated. The ability
to mimic trapping/detrapping through nonlind&€” circuits al-

lows both low-frequency dispersion and gate—lag characteristics
to be simulated simultaneously. With this flexibility, the model
has been able to duplicate pulsed ac signals, a first step in simu-
lating the transient of RF carrier waveforms under digital mod-

16
e 2
g 111
Eq2 [ g
= 13 F
= [ b 3
5 LR
e 8 1t -
: 1
o (1] 1 F 1
z 3 ETETELE
-RRi N L ELEL
a 3 £ Y b ]
0+ - L
0 0.5 1 1.5 2
TIME (ms)

ulation. Finally, this paper has illustrated the possibility of effi-

ciently modeling an RF device for its instantaneous state, which,
in general, is not only dependent on the instantaneous state vari-
ables, but also the path and speed through which the instanta-

Fig.13. (@) Measured and (—) simulated drain current response of a normall@0Us state variables are arrived at.

off epitaxial MESFET to a gate pulse with a 7-kHz 1.5-V signal superimposed
on the pulse, as in the case of Fig. 2.

[1]
30
<
E
20t
i :
5 E
3 ' 3]
r 10 + [
g [4]
0 - ) }
0 25 50 75 100 [5]
TIME (us)

Fig.14. @) Measured and (—) simulated drain current response of a normally (6]
on epitaxial MESFET to a gate pulse of 1-d V with a 100-kHz 1.25-V signal
superimposed on the pulse.

(7]

surements and simulations show that this supposition is not nec-
essarily valid. This is because the steady-state trap density is de-
pendent on a balance between trapping and detrapping, which
tend to occur at peak RF swings. In fact, as illustrated with
the epitaxial MESFET, in some cases, the extreme voltages
more consequential than the average voltages.

While verification has been performed at rather low frequel
cies, the general agreement between the simulated and meas
results at these frequencies indicate that the model will be «
pable of predicting the transient of typical RF carriers. Simt
lating the transient of RF waveforms is computationally inter
sive due to the large differences between RF periods and tre..
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