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A New Empirical Nonlinear Model for HEMT and
MESFET Devices |

Iltcho Angelov, Herbert Zirath, and Niklas Rorsman

Abstract—A new large signal model for HEMT’s and MES-
FET’s, capable of modeling the current-voltage characteristic
and its derivatives, including the characteristic transconduc-
tance peak, gate-source and gate-drain capacitances is de-
scribed. Model parameter extraction is straightforward and is
demonstrated for different submicron gate-length HEMT de-
vices including different 0-doped pseudomorphic HEMTs on
GaAs and lattice matched to InP, and a commercially available
MESFET. Measured and modeled dc and S-paramefers are
compared and found to coincide well.

INTRODUCTION

IFFERENT empirical models suitable for simulation

of GaAs MESFETs in nonlinear circuits have been
developed [1]-[6]. Some of the models have been incor-
porated in commercial Harmonic Balance (HB) simula-
tors. These models are used to predict gain, intermodu-
lation distortion, generation of harmonics, etc, versus
bias, for circuits like amplifiers, mixers, and multipliers.
Recently, Maas et al. [6] pointed out that not only the
current-voltage characteristic I [Vg,. V] but also their
derivatives have to be modeled correctly, especially if the
model is supposed to predict intermodulation distortion.
In [6], the 1,[V,] dependence is modeled as a harmonic
series, and the coefficients are fitted to both the measured
Iy [Vgs Vil and its derivatives by using singular-value
decomposition. Since the above models are intended
mainly to describe the performance of MESFETs, there
are increasing demands for general FET models, which
model both HEMTs and MESFETs. In particular, the
characteristic peak in the transconductance versus gate
voltage dependence found in most HEMTs must be cor-
rectly modeled. In principle, the model utilized in {2}, [6]
could be used, but many terms are normally needed and
parameter extraction requires special techniques.

We propose a new simple model, where parameter ex-
traction can be made by simple inspection of the experi-
mental I [V, Vsl and g, [V,,] de-characteristics, which
models I, and its derivatives with good accuracy. The
model has been applied to FETs based on the following
material structures:  AlGaAs-GaAs, pseudomorphic
(AlGaAs-InGaAs-GaAs) (homogeneously doped and sin-
gle and double d-doped), lattice matched to InP (AllnAs-
GalnAs-InP), and GaAs MESFET’s with good results.

Manuscript received July 10, 1992; revised July 30, 1992.

The authors are with the Department of Applied Electron Physics, Chal-
mers University of Technology, S-41296, Goteborg, Sweden.

IEEE Log Number 9203679.

THE MODEL

The drain current function is expressed in accordance
with previous models as

Ly [Vess Vsl = Lya Vsl Lap V) (D

where the first factor is dependent only on the gate voltage
and the second only on the drain voltage. The 5[Vl
term is the same as the one used in other models [1], [4].
For 1,4V, however, we propose a function whose first
derivative has the same ‘bell shaped’ structure as the
measured transconductance function g,, [V,]. The hyper-
bolic tangent (tanh) function describes the gate voltage
dependencies and its derivatives well and is normally
available in commercial HB-simulators i.e.:

I;; = Li(1 + tanh ($))(1 + AV, tanh (aVy) (2)

where I, is the drain current at which we have maximum
transconductance, with the contribution from the output
conductance subtracted. A is the channel length modula-
tion parameter and « is the saturation voltage parameter.
The parameters « and A are the same as those in the Statz
and Curtice models.  is in general a power series func-
tion centered at V,, with V,, as a variable i.e.

- Vpk)2 + PS(Vgs - Vpk)3 +,

3

where V. is the gate voltage for maximum transconduc-
tance g, The selected I, [V,,, V,] function has well
defined derivatives. An advantage of the selected model
is its simplicity. The different parameters can as a first
approximation be easily obtained by inspection of the
measured Iy [V, Vil at a saturated channel condition as
follows: all higher terms in ¢ are assumed to be zero, A\
is determined from the slope of the I;~V,, characteristic,
L, and. V,, arc determined at the peak transconductance
8mpr- The intrinsic maximum transconductance g, is cal-
culated from the measured maximum transconductance
8mpim DY taking into account the feedback effect due to the
source resistance, R;, which can be obtained from dc-
measurement [7]:

‘p = Pl(Vgs - Vpk) + P’l(Vgs

_ 8 mpkm (4)
gmpk (1 - Rs b4 mpkm)
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P, is now obtained as

8Empk 8mpk
p=— 2 5)
ka(l + AV)) ka

In some HEMTs, V), is weakly dependent on the drain
voltage V,, in the saturated region. This effect can be ac-
counted for by

Vpk = Vpko + Y Vds- (6)

In the non-saturated region and for negative Vy,, V. will
vary considerably with V,, as will be discussed later. The
dependence of V,, on V;; must be found (experimentally
or modeled) and the model will predict the transistor per-
formance correctly. ‘

The same type of modeling functions were chosen to
model the dependencies on gate and drain voltage of ca-
pacitances Cys and C,y

C[Vgsa Vds] = CA [tanh (Vgs)] CB [tanh (Vds)] (7)

as suggested in [8], [9]. Due to the similarity of L[V,

Vas] and C,i[V,, V] the functions can be expressed as

Cgs = Cgso[l + tanh (9)][1 + tanh (¥)] ®)
Cea = Ceao[1 + tanh (¥3)][1 — tanh (Y)]  (9)
where

l//1 = POgsg + Plgsngs + P2gsgV§S + PSgSgV‘gs +oe

. 10y
V2 = Poged + PigeaVis + Pog Vi + P Vi + «-
an
Y3 = Pogag T PigagVes + PagugVae + PagaVig + + +
(12)
Yo = Pogas + (Prgag + Piec Vo) Vis + Pogua Vi
+ PygggVis + « (13)

The term Py Vy, Vg, reflects the cross-coupling of V,, and

Vea on Cpy. When an accuracy on the order of 5-10% of

C,s and C,, 1s sufficient (8)-(13) can be simplified to:
Co = Cyeo[1 + tanh (Pyg, V)] [1 + tanh (Prpe V)]
(14)
Coa = Cgio[1 + tanh (Pygy, V)]
*[1 — tanh (PygagVas + PrecVis Vo)l - (15)

Equation (15) can be further simplified if cross-coupling
at large drain voltages (V4 > 1 V) is neglected:
ng = ngo [1 + tanh (Plgdg Vgs)] [1 — tanh (Plgdd Vds)] -
(16)
These equations (14)-(16) are suitable for 0-doped

HEMTs with an undoped AlGaAs spacer-layer, as inves-
tigated in this study, since they have a saturated Cy [V,]
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characteristic for increasing V,, due to the absence of par-
asitic MESFET channel formation in the AlGaAs layer,
found in HEMTs with a doped AlGaAs layer.

EXPERIMENTAL VERIFICATION

The model parameters were extracted for a commer-
cially available MESFET and different submicron gate-
length devices, including different d-doped pseudo-
morphic HEMTs on GaAs and lattice matched to InP (Fig.
1), with mushroom gates of length from 0.15 um to 0.35
pm and gate width from 50 pum to 200 um, fabricated in
our laboratory at Chalmers University. fr and f,,, were

. 70-110 GHz and 120-200 GHz respectively for the short

gate-length devices.

DC-parameters were measured by using a HP 4145B
parameter analyser. In Figs. 2-5, the result of the mea-
sured (V; = 2 V) and the modeled dc parameters of the
different transistors is shown. For most devices, the func-
tion y, extracted from the measured drain current [, is
almost a straight line and it is possible to use only the first
term in ¥ to model the transistor (Figs. 2, 3, 4). For some
of them (Fig. 5) it is necessary to use more terms to im-
prove the fitting.

In Fig. 6(a), the measured variation of V), for one tran-
sistor (PM3) with a gate width, L,, of 2 X 25 um is
shown. At low and at negative values of V,, V), varies
strongly with V. Therefore, the V,, dependence also has

~ to be modeled if the operating conditions of the device

correspond to these cases. In the same figure, the modeled
V.« is plotted using different approximating functions for
the V,, dependence. In Fig. 6(b) and (c), the measured
and modeled I;; and g,, versus V, are presented.

The S-parameters were measured by Cascade probes
WPH-405 connected to a Wiltron 360 Vector Network
Analyzer in the frequency range 0.5-62.5 GHz. Here we
present results of measurements of the HEMT (PM2) with
the gate width of 200 pum and gate length 0.35 pm for
which the influence of fringing and pad capacitances is of
iess importance compared to the short gate width devices.
S-parameters were measured at the following bias points
for parameter extraction: V; = —1 V, =05V, 0V,
0.75V,2V,3Vand V, = —1.5Vto +0.5V with a step
of 0.25 V. The parasitic parameters of the transistor (Fig.
7(a)) can be found most accurately at V,, = 0. This re-
gime is also important for mixers working in the resistive
mode [10]. At V;, = 0.75 V, I, is saturated. At V,, =
2-3 V the transistor is working in its normal operating
mode.

The intrinsic parameters of the equivalent circuit (Fig.
7(a)) were derived. The parasitic parameters L,, L;, L,
R,, R;, C, were fixed at the parameter values extracted
from the S-parameter measurement at V,; = O.

Our model was easily implemented in a commercial
Harmonic Balance-simulator (MDS from HP) as a custom
defined equation model. The model parameters of the PM2
(L,, = 200 pm, L, = 0.35 um) HEMT are listed in Table
I. For this particular HEMT we have to include the cubic
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Pseudomorphic HEMT (PM2)

400 & GaAs (Ng=31018 )

HEMT 250 A Alg 5 Gag 75 As (undoped) B
500 & GaAs (Ng=21018 ) 40 A Alg 25 Gag s As (undoped) ‘g-lst;”
400 A Alg 24 Gag 76 As 15.1018 150 A Ing2 Gag g As (undoped)
204 Alg.z4 Gag.76 As (undoped) 1um GaAs (undoped)
5000 A GaAs {undoped) <1.1014 cm3 -
400 A GaAs/AlGaAs S-L -

Semi-insulating GaAs 650 um Semi-insulating GaAs

Double 8-doped HEMT (PM3)

300 A GaAs (Ng=4-1018 )
“InP1

&-Si
500 A Alg 25 Gag 75 As (undoped) 45-10” 100 n* IngGag AS (4.10'9)
25A Alg 25 Gag 75 As (undoped) 200A i Alp 5o Ing 48 As
120 A Ing 3 Gag g As (undoped) 1204 n* Alg.sp Ing 45 As (4.1018)
14 3-Si -
504 GaAs<1.10 o101 204 i Algsz Ing 43 As
5000A GaAs (undoped) 500A ilIngs3 Gagq7 As
10x(20A+20A) AlAs/GaAs (1.1015) 2500 A i A10.52 In0.48 As
Semi-insulating GaAs 650 pm InP 650 pm
© @)

Fig. 1. Structure of the devices. (a) Ordinary HEMT. (b) Pseudomorphic HEMT (PM2). (c) Double -doped pseudomorphic
HEMT (PM3). (d) Lattice matched to InP HEMT.
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Fig. 2. Measured ¥V, = 2 V (dots) and modeled (solid lines) characteristic of ordinary HEMT (Z,, = 2 X 100 um, L, =0.15
pm). (a) Drain current I,,, versus gate voltage, Vi (o = 31 mA, X = 0.02, @ = 1.3, Ve = 0.51 V). (b) y-function versus
gate voltage, V,, (P, = 1.8, P, = 0, P, = —0.09). (c) Transconductance, &m» versus gate voltage, V.. (d) Derivative of the
transconductance d( g,,) /dV .
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Fig. 3. Measured ¥V, = 2 V (dots) and modeled (solid lines) characteristics
of pseudomorphic HEMT (PM2) (L,, = 2 X 100 pm, L, = 0.15 pm). (a)
Drain current, I, versus gate voltage, V,, (I, = 38 mA, A = 0.02, o =
1.5, Vi = 0.12 V). (b) y-function versus gate voltage, V,, (P, = 1.9, P,
= 0, P; = 0.83). (c) Transconductance, g,,, gate voltage, Vy,. (d) Deriv-
ative of the transconductance d( g,,) /dV ;.
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Fig. 4. Measured V, = 2 V (dots) and modeled (solid lines) characteristics
of double 5-doped HEMT (PM3) (L, = 2 X 100 um, L, = 0.15 pm). (a)
Drain current, I, versus gate voltage, Vy, (Ix = 69 mA, X\ = 0.025, a =
1.3, V. = —0.0.25 V). (b) y-function versus gate voltage (P, = 1.42, P,
= 0, P; = —0.02). (c) Transconductance, g, versus gate voltage, V..
(d) Derivative of the transconductanee d( g,,) /dV .
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Fig. 5. Measured ¥V, = 2 V (dots) and modeled (solid lines) characteristics
of InP-HEMT (L, = 2 X 50 pm, L, = 0.15 pm). (a) Drain current, I,
versus gate voltage, Vi, ([, = 15 mA, A = 0.02, a = 1.5, V,, = 0.02
V). (b) Y-function versus gate voltage, V,, (P, = 2.4, P, = —0.4, P; =
0.02 V). (c) Transconductance, g,,, versus gate voltage, V,,. (d) Derivative
of the transconductance d( g,,) /dV,,.
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Fig. 6. Measured (dots) and modeled (solid lines) characteristics of double
6-doped HEMT (PM3) (L, = 2 x 25 pm, L, = 0.15 um). (8) Vjear versus
Vi 1)V, = —0.27 + 0.65(Tanh [(V,, + 0.34)] and 2) V,, = —0.1 +
0.5 V,, — 0.13V7,. (b) Drain current, I,;, versus gate voltage, V,, (I, =
16mA, A\ =0.03, ¢« =13, P, =165 P, =0,P; =035,V, =-0.27
+ 0.65(Tanh [(V; + 0.34)]). (c) Transconductance, g, versus gate volt-
age, V.

8s*

term in order to improve the fitting of the drain current
and its derivates at voltages close to pinch-off. All terms
except P and P; are zero.

In Fig. 7(b)-(d), the measured and modeled I~V
characteristics, the transconductance g,, and the output
resistance, Ry, are plotted, respectively.

Fig. 8 shows the measured and simulated S-parameters
of the transistor at different bias points. The difference
between the modeled and simulated values is small for all
S-parameters. The model has been also used to simulate
the performance of different non-linear circuits like mix-
ers and multipliers with good accuracy [12], [13].
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Fig. 7. Measured (dots) and modeled (solid lines) PM2 HEMT characteristics (L,, = 200 um, L, = 0.35 um). (a) The equivalent
circuit of the transistor. (b) Drain current, I, versus drain voltage, V. (¢) Drain current, /,, and transconductance, g,,, versus
gate voltage, V. (d) Drain-source resistance, R,,, gate voltage, V..
TABLE | HEMT-Pn2 ¥ :
EXTRACTED PARAMETERS OF THE HEMT T - | HEMT P2 y
] — 521 vg<0.45 -
= ‘ i v \-0./1 <
R, R, R, R, Cis Cye Cea = - &
Q] (4] [t Q] Q] {pF] [fF] A §=374§L 1 : 11 / &\\ ) /
B - § a \ \ vg: l \, /
3 3.5 3 28 35 e S
— Ewﬁ\“ . \K\% /
i [mA] P, P, Vi V] A o T-V? iR e s = m s . N A
0 frequency(GHz) 50
3.35 7 0.55 0.02 3 )

Figs. 9(a)-(c) show the measured and modeled depen-
dencies of Cy; and C,, for transistors with gate dimensions
of 200 um X 0.35 um. The commonly used models
(pn-junction or Statz models) are not appropriate for this
case. For the studied pulse-doped pseudomorphic HEMT

the following simple expressions were found (with simple -

curve fitting procedure [11]) giving an accuracy, which is
sufficient for most practical casés: .

Cp = Cgoll + tanh (V,, — 0.048V2)]

gs
+ [1 + tanh (0.4V,)] amn

(@) «

HEMT-Pm2
S1t

HEMT-Pm2
522

© @
Fig. 8. The measured (dots) and modeled (solid lines) S-parameters of the -
PM2 HEMT (L,, = 200 pm L, = 0.35 pum) for V;; =2 Vand V,, =0V,
0.1 V and 0.45 V. (a) Magnitude of S,,. (b) Sy;. (¢) Siy. (d) Ss.
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Fig. 9. Measured (dots) and modeled (solid lines) capacitances of the PM2
HEMT (L,, = 200 pm, L, = 0.35 um) (Cyoo = Couo = 145 fF). (a) C,,
versus V, eq. (17). (b) Cpy versus V,, eq. (18). (c) Cyq versus Vy eq. (19).

Coa = Cyy[1 + tanh (0.48V,)]

“ [1 — tanh (0.55V,, — 0.048V7% + 0.2V, V)]

(18)
and for the simplified equation of C,, we obtain:
Coa = Cgpo[l + tanh (0.48V,)1[1 — tanh (0.55V)]
(19)

where C,,, = C,y, = 145 fF are the capacitances for Ves
= Vds = 0

In Fig. 9(b) and (c), the modeled C,, using (18) and
(19) are shown. Evidently even such a simple equation as
" (19) gives good accuracy. When higher accuracy is re-
quired more terms should be included.
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Fig. 10. Measured (dots) and modeled (solid lines) MESFET (MGF1303)
characteristics. (a) Drain current, I,,, versus gate voltage, Vs Uy = 49
mA, A = 0.02, o = 3). (b) y-function versus gate voltage, Ve (P = 1.4,
P, =0, P; = 0.8, V,, = 0.2 V). (¢) Transconductance, g,,, versus gate
voltage, V. (d) Derivative of the transconductance d( g,,)/ dV,,.
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Fig. 11. Measured (dots) and modeled (solid lines) MESFET (MGF1303) characteristics. (a) The equivalent circuit of the
packaged transistor. (b) Drain current, I, versus drain voltdge V. (¢) Transconductance, g,,, versus gate voltage s (d)

Drain-source resistance, Ry, versus gate voltage, V.

TABLE II ' , : L
EXTRACTED PARAMETERS.OF THE MESFET MGF1303 .

R, R, R, R, R. Ry C,

Cy Cos Cot = Cpi Cp z. L

e o 1 (e [@1 IfF1- IpFl  [pFl [fF]  [fF1 [fF] (9]  [mm]
24 22 37 33 750 30 130 035 052 45 32 200 80 045
L, [mA] P, P, Vi [V] A «  LgnH]  L,mH] L, [nH]

493 15 0.7 0.2 004 35 0.38 0.3 0.05

“The same study was performed .on an ordinary MES-
FET and the model was shown to work equally well for
this kind of device. Model parameters were extracted for

packaged MESFETs fabricated by different manufac--
DC- and S-parameters were measured using a.

tures.
.Maury MT-950 transistor fixture and Wiltron 360/HP
8510 C ANA in the frequency range 0.1-18 GHz.

The measured and simulated dc parameters of the Mit-
subishi MGF 1303, the drain current, I, the y-function,
the transconductance, g,,, the derivative of the transcon-
ductance, g,,, are shown in Fig. 10. We have used a more
complicated equivalent circuit of the transistor (Fig. 11(a))
to model the packaged transistors accurately. Parameters
were extracted in the same way as for the HEMT as de-
scribed above. The model parameters listed in Table II

extracted for a MESFET (MGF 1303), were used in Har-
monic Balance Simulator (MDS) to simulate the dc and
microwave performance of this transistors.

In Fig. 11(b)~(d) the measured and modeled I -V, de-
pendence the transconductance, g,,, versus gate voltage

Vs, the output resistance, Ry, for this packaged transistor
are shown. Measured and simulated S-parameters for the
MESFET at different bias conditions are shown in Fig.
12. The difference between measured and modeled 1
versus Vi, &, and S, is less than 5%.

CONCLUSIONS

A practical, simple, and accurate large-signal empmcal
model capable of modeling the drain current-gate voltage
characteristic and its derivatives, and the capacitances Cg
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Fig. 12. The measured (dots) and simulated (solid lines) S-parameters of -

the MESFET (MGF1303) (V;, =3 V; V,, = 0V, —=0.45V, ~0.6 V). (a)

Magnitude of S;. (b) S»y. (¢} Syy. (d) S,5.

and C,, for HEMTs and MESFETs is presented. Param-
eter extraction and the incorporation of this model into
commercial software tool is straightforward. The model
has been used to predict the dc- and S-parameters of the
devices and to simulate the performance of different non-
linear circuits like mixers and multipliers with good ac-
curacy.
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