-A243 430
AL R

RL-TR-91-181
In-House Report
June 1991

GATE DRAIN GEOMETRY EFFECT ON THE
CURRENT VOLTAGE CHARACTERISTICS
OF GaAs MESFETS

Jon S.H. Schoenberg, Capt, USAF and Edward Cohen

APPROVED FOR PUBLIC RELEASE, DISTRIBUTION UNLIMITED.

2

Rome Laboratory
Air Force Systems Command
Griffiss Air Force Base, NY 13441-5700

- g '.’
g 9

91-181 9l e

//II//I/I/I//III///TI/M’I//II//II//IIIZ//I(I/” °




This report has been reviewed by the Rome Laboratory Public Affairs Office
(PA) and is releasable to the National Technical Information Service (NTIS). At NTIS
it will be releasable to the general public, including foreign nations.

RL-TR-91-181 has been reviewed and is approved for publication.

APPROVED: 2 o 7
/@&«7

ROBERT J. MAILLOUX, Chief
Antennas and Components Division
Directorate of Electromagnetics

APPROVED:

JOHN K. SCHINDLER
Director of Electromagnetics

FOR THE COMMANDER:

Gt Wl AT

JAMES W, HYDE III
Directorate of Plans and Programs

If your address has changed or if you wish to be removed from the Rome Laboratory
mailing list, or if the addressee is no longer employed by your organization, please
notify RL(EEAC) Hanscom AFB MA 01731-5000. This will assist us in maintaining a
current mailing list.

Do not return copies of this report unless contractual obligations or notices on a
specific document require that it be returned.




Form Approved
REPORT DOCUMENTATION PAGE e 188
» DRIV LR T Lun b gt e s estimated 1) 3.e1aqge P NDUr Qer respC T fOudir g The time tor reviewing IMtrucnions searching esting agata sources,
ST ST ST Tt cngded 37T LT OICTIN § ANO reviP Wil the THECUCH Ot Informatior  Seng <omments regarding this burden estmate Of any LINet 15peL 0of thyy
A IR TN FO g o T g TS Tr fedudIng thiy Durden 1 Y ashinglon readauarters ser. wes [nrectorate tor ‘ntormat.on Operationy and Repyuits, 1215 ietferson
Ay, cas SLe T34 Aom gt § 4222304764, and to the Otfiie St Managemert and Sudger, Paperv.ory Reductcn Preject (0704-C188), Washington, DC 26503
1. AGENCY USE ONLY {lvave nlank) 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
June 1991 IN-HOUSE JUN 88 to NOV 89
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Gate Drain Geometry Effect on the Current Voltage
Characteristics of GaAs MESFETs PE: 61102F
PR: 2305
6. AUTHOR(S) TA: j5
Wu: 02

Jon S. H. Schoenberg, Capt, USAF
Edward Cohen®

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER
ROME LABORATORY/FEAC
Hanscom AFB, MA 01731-5000. RL-TR-91-181
9. SPONSORING 'MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER
AFOSR

Bolling, AFB, DC 20332-6448

11. SUPPLEMENTARY NOTES
This work was supported by AFOSR

* Arcon Corp, 260 Bear Hill Road, Waltham, MA 02154-1080

123 DISTRIBUTION 'AVAIABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited

13. ASSTRACT {(AMaximum 200 words)

We investigated the effect of gate-drain distance on GaAs MESFET curreant-voltage
characteristics. DC characteristics of several GaAs MESFETS are determined

and compared to results from a computer implementation of a physically based.
analytical model by Chang and Day. Their model is modified to account for the
effect of longer gate-drain distance, and shows excellent agreement with measured
I-V curves across the full range of device geometrics tested.

14 SUBJECT TERMS 15. NUMBER OF PAGES
30

MESFET, Gallium Arsenide, Modeling, DC current voltage

S 16. PRICE CODt
hWiracteristi -

CVTTSECURITY CLASS . .~ [ 18, SECURITY CLASSIFICATION J19. SECURITY CLASSIFICATION | 20. UMITATION OF ABSTRACT
07 RIFORT Of THIS PAGE Of ABSTRACT
wolassified Unclassified Unclassified Unlimited
mSh TG DT 2805500 Standard Form 298 (Rev 2 £9)
Drese e by AfISEANg ey

298 12




Contents

1. Introduction 1
2 Description of Experimental Work 3
3. Computer Modcling 12
3.1 Linear Region 12
3.2 Knee Region 13
3.3 Saturation Region 15

4. Simulation Results and Modeling of Gate-Drain Region 17

5. (onclusion 21

References 23

lllustrations

1. Topology of segmented-drain MESFET. 4

2. C(ross-section of MESFET defining critical dimensions, electric 5
field distribution and electron velocity profile.

3. Plot of R;ji-X used to determine parasitic resistances Rppy. Rgygs 10
and R,.

4. Plot of drain resistance Rpy, as a function of gate-drain 11
distance Lj; showing linear relationship extrapolating to the
origin.

5. I-V curves of two MESFETs, Lpg = 4pm and Lpg = 12pm. 18

6. I-V curve of L5 = 10pum device showing deviation betwcen model 20
and measured data for low Vg in the knee region.

Table

1. Measured aud Calculated MESFET Parameters 8




Acknowledgements

The authors thank Paul H. Carr for his insight, direction and
paticence during the conduct of this project. This work was supported by

AFOSR and conducted at the Rome Air Development Center, Electromagnetics

Directorate, Hanscom AFB, MA.




Gate-Drain Geometry Effect on the Current-Voltage
Characteristics of GaAs MESFETS

1. INTRODUCTION

Most of the gallium arsenide (GaAs) MESFET modeling work to date has
neglected to quantify the effects of gate to drain geometry on device

current-voltage (I-V) characteristics!.

A physical model by Chang and Day
was recently reported? which includes the effects of the gate to drain
distance Lpg and appears to agree well with measured data for short gate-
drain spacing encountered in typical GaAs FETs. Recent interest in large
signal non-linear modeling for power amplifier design requires accurate
knowledge of the 1-V characteristics of the MESFETs, but relies on

empirical methods to obtain the I-V curves®?.

An accurate computer-based
model  providing accurate DC characteristic simulation based on MESFET
physical dimensions and materials properties would reduce the design time
of large signal amplifiers. Although the computer model presented here
uses measured data as inputs to the simulation to explore the effect of

Received for Publication 11 June 1991

'Pucel. R. A., Haus. H. A., and Statz, H. (1975) Signal and noise
properties of eallium arsenide microwave field effect transistors, in
Advances in Electronics and Electron Physics. Vol 38, Academic Press, New
York. pp 105-265.

“Chang, C-S and Day. D-Y S. (1989) Analytic theory for current-
voltage characteristics and field distribution of GaAs MESFET’s, IEEE
Trans. Electron Devices ED-36(No. 2):269-280.

Mwang., V. D.. Shih. V-C.. Le. H. M., and Ttoh, T. (1989) Nonlinear
modeling and verification of MMIC amplifiers using the waveform-balance
method, IBEEE Trans. Microwave Theory and Techniques MTT-37(No. 12):2125-
2133.

Curtice. W, R. (198%) GaAs MESFET modeling and nonlinear CAD. IEEE
Corsy Micprownave T e e c i tares ¥TT 3G6(NG L 2) 1 220-230.




gate-drain distance, the program may be easily modified so that physical
and material properties of the GaAs FET are all that are necessary to

provide accurate results.

Although the Chang-Day model provides good results for short Lpg
distances up to 4 micrometers, we report a modificd model that s
experimentally verified with GaAs FETs with Lpgranging up to 12 micrometers
(pm). To determine the range of validity of this model, and to provide a
data base of measured data for testing improved models, this paper
describes the results of a comprehensive set of GaAs FET mcasurements. Ten
MESFETs with Lpg ranging from 3um to 12um were fabricated and tested on a
common semi-insulating GaAs wafer. Data collected from DC FET paramcter
measurements were inputs to a computer program based on the Chang-Day model
to plot simulated I-V curves to which measured I-V characteristics were
compared. The model was modified to incorporate experimentally determined
values of pinch-off voltage and to better predict the I-V characteristics

of longer Lpg devices.

The Chang-Day model was selected for our MESFET modeling because (1)
it incorporates a realistic electron drift velocity-electric field
relationship® and (2) the model simultaneously solves the two-dimensional
Poisson equation and diffusion equation in closed form. Therefore, a full
set of 1I-V curves can be obtained within seconds based on experimentally
determined MESFET parameters. Another approach to simultaneously solving
the two-dimensional Poisson’s equation and diffusion equation using
numerical simulation was tried using Frensley’s model.® Using this model
requires thousands of mesh points to define the entire active region of our
longer devices. These mesh points must be constantly updated throughout
the simulation, leading to lengthy computer simulation time. Numerical
simulation clearly showed the high field region ncar the gate edge of the
ungated region between the gate and drain. However. calculated T-V results
vary widely from experimental data because of the uncertainties in FET

physical parameters such as diffusion coefficients and channel thickness.

5Chang, C-S, and Fetterman, H. R. (1986) Electron drift velocity
versus electric field in GaAs, Solid State Electronics 29:1295-1296.

SFrensley, W. R. (1981) Power-limiting breakdown effects in Gads
MESFET’s, IEEE Trans. Electron Devices ED-28(No. 8):962-970.




We developed a FORTRAN program based on the Chang-Day model to derive
a full set of I-V characteristics. The program uses Chang and Day’s
physically based analytical solution assuming a uniformly doped active
layer. Results from the computer model are compared to a family of MESFETs
designed and tested at RADC and fabricated at a foundry. Distance Lpg is
the only parameter varied among the MESFETs, making them particularly well
suited to modeling the I-V characteristics as a function of Lpg, holding

all other MESFET physical parameters constant.

2 DESCRIPTION OF EXPERIMENTAL WORK

The family of MESFETs studied were fabricated and tested on a 250um
thick semi-insulating GaAs substrate. The N-type channel is Si?® ion-
implanted at a dual energy of 120KeV/30KeV. The nt contact implants as
well as the channel implant are activated by furnace annealing with As-
overpressure. Ni:Ge:Au:Ni ohmic metal was evaporated on the nt contact
rcgions and alloyed. Mesa 1isolation provides device isolation. The
Ti:Pt:Au 1uym gate is self-aligned in a recessed channel etched for a
nominal pinch-off voltage of 2.5 volts. Polyimide passivates exposed
channel regions, and Ti:Pt:Au overlay metal is evaporated to a thickness of

1.2 pum for low resistance contacts at the probe pads.

All MESFETs tested have 6-finger interdigitated gate topology, 1um
gate length and 600um total gate width. Figure 1 shows the gate topology
and the three segmented drains that evenly divide the gate periphery.
Therefore, the effective gate width for each MESFET segment is 200um. Each
MESFET segment has a unique gate to drain distance Lpg defined as the
distance between the drain-side edge of the gate and the gate-side edge of
the drain as shown in Figure 2. The segmented-drain topology isolates Lpg
as the unly\ physical parameter that changes when comparing the 1I-V
characteristics among MESFET segments with the same source, gate, Schottky
barrier, and channel characteristics. MESFETs were designed with Lpa
ranging from 3.0um to 12.0um in 1 um increments. In addition. each MESFET
contains one reference drain segment to facilitate matching devices with
similar pinch-off voltage, parasitic source and gate resistance, and built-

in voltage, again isolating the effect of Lpg on the I-V curves.




Drain 2

Drain 1 i Drain 3

Gate

FIGURE 1. Topology of the segmented-drain MESFET with three drains. Each
MESFET segment has two gate fingers and 200 um gate periphery. The shaded

region designates source metal. Source metal is bridged over the gate.
Drain contacts are compatible with on-wafer coplanar waveguide probe heads
with a 4 mil pitch. Note the different gate-drain distances among the

three MESFET segments.
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Figure 2. (a) Cross-section of MESFET active region defining the critical
dimensions used in the computer modeling. (b) Electric field profile along
the channel. (c) Electron drift velocity profile along the channel showing
field-dependent drift velocity used in the computer model (after Chang and
Day, Ref. 2).




DC measurement techniques developed by Fukui’ were employed to
determine the Schottky barrier potential V,;, extrinsic pinch-off voltage
V,, active channel donor density N, thickness a, and resistance Ry, as well
as parasitic source, gate, and drain resistances Rgy, Rg. and Rpyy
respectively. Expressions relating a MESFET’s intrinsic channnel
characteristics with its extrinsically measured parameters are essential to
modeling its I-V curves. From Refs. 7 and 1 the gate-to-channel potential

W, required to fully deplete the channel of carriers is given by

2

_ qNDa
Wp = 2¢, (1)
where q is the electron charge = 1.602 x 10 C and ¢ = ¢¢ is the
dielectric permittivity of the channel. For GaAs, a value of ¢ = 13.1 is
used throughout our FET modeling. The extrinsically measured pinch-off

voltage is related to the channel pinch-off potential by

Therefore, the experimentally determined values of V., and Vp must be added
before calculating the channel donor density and thickness. Although not

explicitly stated in the Chang-Day model, V_ = W, — Vy,; is incorporated into

p
our implementation of the model to properly relate the terminal pinch-off

voltage with the channel thickness and donor density.

The second equation required to uniquely determine Np and a is their

relationship to the measured saturation current Ig:
1 = gNpadZv, , (3)
where Z if the channel width = 200um for all MESFETs tested and v, is the

electron saturation drift velocity. The saturation drift velocity in

n—-GaAs is determined as the temperature dependent value®

"Fukui, H. (1979) Determination of the basic device parameters of a

GaAs MESFET, AT&T Bell System Technical Journal 58(No 3):771-797.

8Sze, S.M. (1981) Physics of Semiconductor Devices, 2und ed., Wiley,
New York.




v(T) = vg - T , (4)

108 cm/sec ,

where vo = 12 x
and a = 0.015 x 108 cm/sec—K .
At room temperature, v, = 7.5 x 10% cm/sec, the value used throughout our

MESFET modeling.

Determining Np and @ require experimentally determined values of Vy;,
V, and Ig. The Schottky barrier built-in voltage V,; found in Refs. 1 and 6

is

2
Vi = l‘(_;hn[%] , (5)

where A* 1is the effective Richardson constant, T is the junction
temperature, k is the Boltzmann constant, and Jg is the gate saturation
current. Fukui’s method is used to find Jg by a semi-logarithmic plot of
gate current as function of gate forward bias and extrapolating to zero
gate bias. Using A* = 8.7 Amperes/cm’-K? to account for the effective

electron mass in n-GaAs at 300 K, the equation for V,; reduces to:
Vi = 0.350 — 0.0258 1n(Jg) . (6)

Tabulated values of V,; determined for each MESFET are shown in Table 1.

Pinch-off voltage Vp is determined approximately by monitoring the
drain source I-V characteristics as a function of gate-source bias V.
Drain-source bias V is maintained at 0.05 volt to minimize depletion
vegion variation along the channel.  Extrapolating the I, — Vi plot to zero
drain current provides an e¢stimate of the pinch-off voltage Vo This
initial value of Vp is refined by a Fukui technique that plots the

equivalent drain-source resistance Rpe = Vp/Ip as a function of parameter X
DS D/ *D p

x=11. Mi-VYe
\Vbi + Vp

defined as




Table 1:

Measured and calculated MESFET parameters

TABLE 1
DEVICE Vbi Vp RSM RDM RG Ro ND a Is
Log (um) | Voits |Volits | OHMS | oHMS | OoHMS | oHMs | x10 cm3| .m [ MmaA
Fl 445
3.0 0.636 | 2.39 | 2.30 115 35.5 5.08 16.7 0.1620 | 65.0
Fl 445
4.0 0.636 | 2.39 2.3 13.8 35.5 5.08 16.7 0.1620 | 65.0
Fl 555
5.0 0.653 | 2.28 1.80 17.3 36.4 5.40 17.4 0.1565 | 65.2
Fil 665
6.0 0.659 | 245 | 2.0 20.0 36.3 5.50 15.9 0.1682 | 64.3
Fl 775
7.0 0.64 246 | 2.85 24.1 36.1 5.34 16.7 0.1616 | 64.6
Fi 885
8.0 0.658 | 250 | 2.33 27.7 36.1 5.29 16.3 0.1675 | 65.6
Fl 995
9.0 0.635 | 2.28 1.44 30.8 37.1 5.71 16.5 0.1602 | 63.3
Fl 10105
10.0 0.6~ 249 | 2.80 35.6 36.2 5.01 15.7 0.1699 | 64.1
Fl 1115
11.0 0.64 249 1.78 37.7 36.5 5.08 159 0.1689 | 64.5
Fl 12125
12.0 0.658 | 2.30 1.35 41.8 36.7 5.35 16.3 0.1623 | 63.4
X 0646 | 240 | 2.10 36.2 5.28 16.4 0.1639 | 64.5
o 0.01 0.09 | 0.51 0.49 0.22 0.50 0.0044 { 0.75




The Rpg—X relationship is linear for the correct value of V.. The initial
value of V  is tried and adjusted until a linear relationship is found. The
linear Rpg—X plot yields the parasitic resistances Rgy, Rpyms and Rg.
Linear extrapolation of the plot to the ordinate yields Rgy + Rpy- Gate I-V
characteristics are recorded as suggested by Fukui in Ref. 7 for a gate
current density of 10* A/cm?. For a 200um gate periphery, gate bias
readings at 20 mA gate current were recorded to determine the effective
resistance in common-source and common-drain configurations. The
difference between the common-source and common-drain resistances yields
the quantity Rgy — Rpy. Combining it with Rgy + Rpy obtained from the
Rps—X plot (Figure 3) provides the measured values of source and drain
resistances used in our model and tabulated in Table 1. The value of Rpy
is plotted as a function of Lpg in Figure 4, showing a linear relationship.
The plot extrapolates to the origin indicating a very low ohmic contact
resistance. As seen in Table 1, Rpy is the distinguishing parameter that

varies across the device samples.

The saturated channel current Ig is determined from the drain I-V

characteristics to be

Ig = Iy — Igyp > (8)

where Ip is the fully undepleted channel current evaluated at Vg = + V,; and
Isyg is the substrate leakage current evaluated at Vg = -V, with Vp at the
knee voltage. The value of Ig is critical to determining Np and a.

Rearranging Eq. (1) to solve for a®> and substituting into Eq. (3) vields

_ 1 1 Ig
" =2 qv, VAV [z] , (9)

S s

with W, =V + V. For n-GaAs, Eq. (9) may be simplified to

2
- _4.79 |Is
No-m[“z-] ’ (10)

where Np is in units of 10'® cm3, v, and Vi, in volts, Ig in amperes, and Z

in em. 1In a similar fashion, the channel depth a is found to be

a=2vW L . (11)
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For n—GaAs, this expression simplifies to
a = 0.174(V, + Vy) Ils . (12)

where ¢ is in microns, Ig in amperes, and Z in cm. Therefore, Ny and a are
derived from experimentally determined values of pinch-off voltage, built-

in voltage, and channel saturation current.

All experimentally measured and derived parameters used for our
MESFET modeling are tabulated in Table 1. Excellent agreement in all
parameters 1s shown, with a standard deviation of less than 4 percent of
mcan value for all parameters except Rgy. The large deviation of Rgyy may
be attributed to the graphical method of its determination. Rpy is the

distinguishing parameter among the devices due to the change in Lpg.

3. COMPUTER MODELING

A FORTRAN computer program was developed following the Chang-Day
model which divides the channel into three regions as shown in Figure 2.
Electric field and electron transport properties are incorporated into the
solution of Poisson’s equation and the diffusion equation in the gated low

ficld region (region I), the gated high field region (region II), and the

ungated high field region between the gate and drain (region III), A
uniform doping profile in the active layer is assumed, which well
represents the doping profile data provided by the foundry. The uniform

profile assumption simplifies the equations developed by Chang and Day and
makes computer solution for the three regions particularly efficient.
3.1 Linear Region

Following Eqs. (42) and (43) in Ref. 2, we calculate the channel

current Is for the linear region by solving the transcendental equation

2 2 3 3
Fl’Lzlc—a{3(P‘,—') —(%) —2(}%’) —(hT) } s (13)

2 3
where = S—%&%#f- s (13a)
s
1
L _ 2
with ({;_1 ) - [Vb. e ";,V[) IcRp } . (14)
P




1

h V. =V I-R 2

and ( = ) = [b‘ S M . (15)
p

The maximum lincar range drain voltage Vppaax in Eq. (44) of Ref. 2 is
u=~cd in Eq. (11) above and is itself a function of T.. We increment 1.
nntil the transcendental cquation Frpo= 0 with Vo= Ve in FEqo (1),
The maximum channel current-drain voltage point  (Iciyvaxe  Ypaarax)

establishes the upper bound of the linear region.

Next. the interior [e-Vp points of the linear region are determined.
pamely those Fo=Viy values that satisfy
0 < Ic < Teopmax - (16)
0 < Vp < Vprmax
For a given value of I.. Vp may be obtained explicitly by rewriting FEq.

(137 1n the form:

3 2 2 3
h h I h h
{ 3 i C 3 P _ -,
. . . . . . h/
Since h, is a tunction of I. and not Vp, we have a cubic equation for -
h
as a function of Ie. Solving for 3! explicitly. we obtain a

corresponding value of Vp by Eq. (14). A sufficient number of I.-Vp points
are calenlated for the [1-V curve plotting using commercial software

plotting routines.

3.2 Knee Region

The knee region is defined as the current-voltage values satisfying

Tevax < Teo € Teoraax (18)

Viamax < Yp € Vpkuax

with (Iepsvaxs Vpiaax) determined from the linear region solution as the
lower bound.  The next step is to obtain the upper bound of the knee region
i[(:'\'\]_.\.\-. \I)'\\l\\)' "‘Ull()WiH!.’, R.(‘f. 2. VD'\\IA,\ is derived if we let

, ( 17“ lfITl ) n o

, D Pt AR G 7Y




Ec

where C = a constant) (200)
£
Ic ‘
and r=qs s (20b)
S

where Eg = v/p is the ciitical electric field and the maximum field in the

linear region Ej, is defined as

where Ep is the threshold electric field where the electron drift velocity

is maximum. Rearranging Eq. (19), we have
h, \2 .
(.g) = (1 - rC)? . (22)

Substituting into Eq. (14) and solving for V yields the cxpression for

VD.xMAX
VD,KMAX = wp (1—!‘C')2 - Vi + Vo + IckMax Rp . (23)

The¢ other consequence of setting ﬂL=C' is that U, = 0 as defined in Eq.
(49L) of Ref. 2. The 1,-Vp relationship at Vpyaax is now given by Fgs.
(48) and (46) in Ref 2 as

W MAX
L - E% (U, + U.) — [Eq.(46) of Ref. 2] = 2 =0 . (24)

T

Inserting the expression for Eq. (46) of Ref. 2 and defining X,

X:(h_v)2=[vbi—vc+ks I v .

(25)
wp

into Eq. (24) above will lead to an expression for X that may be solved to

get Icxmax- Observing that

r=AX + B . (26)
Vo
wvhere A= Ts,_ﬁg s (2040)
and p- (Yt — Vo) . (24ih)
Shs




then from Eq. (14) with Vp = Vpax, one obtains
t
( o ) = (=C'A) x + (1-C'B) . (27)

Also. from Eq. (17) of Ref. 2
1
('T ) = (=CA) x + (1-CB) . (28)

Sub-tituting Fgs=. (2731, (2R), and (23) into Fq. (24) and performing some
tedions algebra leads 1o the “pseudo™ cubic equation

3

24 byx® 4+ by =0 . (29)

f, = by + byx 4+ byx

The coefficients b are given by long algebraic expressions calculated in a

<ubroutine of the program. Equation (29) is colved using a Newton-Raphson
. . . h, \2

routine with starting value X, :(713) evaluated at Iepaax. the known

tower bound of the channel current in the knee region:

f2(xn)

X . X, — 2 n’ =0, 1.2, ... . 30
n+l n le(xn) ( )

It follows that the maximum channel current in the knee region is given as

. ~ (WoXpaa = Vi + Vgl a1
CKMAX = Rg . (31)

Channel length L,. where the electric field is less than F;, can be
determined by Eq. (48) of Ref. 2 at (Iecgmaxs Vprumax): Channel length Ly,
where ¥y < F < Ey. is calculated using Eq. (52) of Ref. 2. With L, and L,
determiued, the eated channel saturation length L, is simply

Ly = L= 1, = Iy

N
a , (32)
With the knee rvegion bounds  specified, the interior points are then
determined by =pecifyving a value of Vp and calculating the corresponding

valne of Te to <olve Fg. (%) of Ref. 2 where Uy # 0.

3.3 Saturation Region

The saturation region is defined as the current and voltage values
~atisfving

T

Loy < T < Teany (33)

A

YHRMAY 0 'n S Vpany




where Vpgpax is  the terminal drain bias and Igy,x is  the maximum
attainable channel current for a given (V;, Vpaax) bias condition. This
region’s bounds are completely defined except for Icp3x- To determine the
I[~Vp characteristics in the saturation region. we increment the chaunel

current by Al starting with the lower bound I paax such that
I¢ = Ickmax + &1c - (34)

Channel lengths L,, L,, and L, are then calculated. The current I, is
iteratively incremented until L, becomes negative (indicating a fully
saturated channel). Icmax is the maximum possible channel current wnd

defines the upper bound of the channel current in the satuvation region.

For each incremental value of I., the ungated saturation distance L,
must be calculated to determine the corresponding V. L; is obtained by
solving the transcendental equation Eq. (18) from Ref. 2. We define

function f; such that

fy = Ly? - [the right hand side of Eq. (18) in Ref.

o
5]
]

(33)

Using a Newton-Raphson method, L; is iteratively determined using function
fy and its derivative f3' = df;/dL;. A starting value of Ly = 107 cm is used
since it is expected that the high field region length is approximately

this length®. With Ly known, the quantity

AV = V(Ly) - V(-L,) 136)

given by Eq. (19) of Ref. 2 can be calculated. It follows that
V(L3) = VD,KN'AX + A V . (37\)

Careful investigation shows that
VD = \,(113) + ICRD . (g8)
With channel current I. and corresponding drain voltage Vj, determined. I.
is converted to Iy to account for the substrate leakage current. Therefore
Y

]n = I(‘ + —“: N (<|”)

%Shur, M. S. (1987) GaAs Devices and Circumits. Plenum Press. New
York:p.344




wvhere Vp/R, corresponds to the substrate leakage current Igyg. Measured
Igyg at the I-V knee voltage yielded a typical value of R, = 2500 @, which

is the value used in this model.

The computer program sequentially finds the 1-V relationship in all
three regions for discrete values of Vg. A complete set of I-V curves can

be calculated and displayed within seconds with the computer model.

4. SIMULATION RESULTS AND MODELING OF GATE-DRAIN REGION

Figure 5 shows the I-V modeling compared with experimental results
for two MESFETs with radically different values of Lpg (and thus Rp). The
MESFET with the lower knee voltage has Lpg = 4um. The second FET has Lpg =
12um. The values in Table 1 specific to the two devices are input
parameters in the MESFET model. [Excellent agreement between the modeled

and measured data is evident, especially with the shorter device.

In order to explain the effect that Lpg has on MESFET I-V

characteristics, we can begin with the development of Chang of Day in which

_ Lpg
where RDM_ Rdc + m . (41)

is the experimentally determined value of the parasitic drain resistance

and

- __h 1 1
R(VG) - qNDle [a—h - t-t, ] . (42)

R4, is the drain contact resistance, t, is the surface depletion width due

to surface states on the ungated channel, t is the total active layer

thickness, and the depletion width h 1is

2¢,
h = J;ND (Vi = Vo) . (43)

Notice that our experimental determination of Rpy as a function of Ly is
accounted for in Eq. (41). Figure 4 shows that R, . is essentially zero.

which is in agreement with drain contact data provided by the foundry.
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Figure 5. Current—voltage plots generated by the computer model compared
with measured data. MESFETs with Lpg = 4 um and Lpg = 12 um are compared .,
showing the greater drain-source bias required to saturate the longer (12
pm) device.




Furthermore, the slope of the Rpy—Lpg plot yields the undepleted channel
thickness t -~ t, in the ungated region between the gate and drain.

Rearranging Eq. (41) we obtain

1 Alpg

(t —t,) = (41)

Using the mean value of Ny = 1.64 x 107 cm® and the modeling value of
p= 4.0 x 103 cm?/v—sec, we obtain a value of (t - t,) = 0.1375um. The
depletion width h varies between 0.076um at Vg = 0 volts and 0.1530um at
Vg = —=2.0 volts. For the experimentally determined mean channel thickness
i@ = 0.1639pm, R(Vs) ranges from 0.15 Q@ at Vg = 0 volts 1o 6.15 Q at V =
-2.0 volts. It should be noted that R(Vg) rapidly approaches very large

values as V5 approaches pinch-off.

Chang and Day introduce a scaling parameter s to allow more

flexibility in fitting the model to measured data, in which Rp and Rg are

taken as
B’D = RDI\’l + SR(VG) (45)
A value of s =1 proved to be adequate for our short Lj, devices, but as

Lpg increased, a discrepancy between the model and measured data in the
knee region developed, most notably for low Vg . Figure 6 clearly shows
this for our Lpg = 12um device. The model did not provide adequate channel

resistance at low gate bias to fit the data.

To remedy this problem, the channel resistance Rg(Vy) as determined

by Fukui in Ref. 7 is added to the source resistance, yiclding

Rs = Rgy + Rsg(Vg) (47)
-1
Vis — V
where Rsg(Vg) = Ro {1 - V%?Ti } : (48)

When this additional term is added to Rg, the model more closely follows the

measured results. Figure 5 shows an overlay of the measured and modeled I-
V characteristics for a Lpg = 4pm and a Lpg = 12um MESFET. The model shows
good agreement. with experimental data in the linear and knee region for all
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Figure 6. Current-voltage simulation of a MESFET with Lpg = 10 pm showing
the deviation between the model and measured data for low gate bias in the
knee region. The text describes a modification to the model reducing this
deviation as shown in Figure 5.
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gate biases. In the saturation region, better agreement occurs for lower
Lpe; than for higher Vg.o in which the channel current is depressed due to

the higher values of Re; (V) at these gate biases.

5. CONCLUSION

A computer program based on the phyvsically derived Chaug-Day mndel
was developed to deseribe the drain current-voltage characteristics of GaAs
MESHET s . Experimental analysis of a family of MESFETs with various gate-
drain distances -letermined the input parameters to the model. FExperimental
and modeled resnlts were compared to study the model’s effectiveness at
predicting the effect of varying gate-drain distance on the drain [-V
curves. The model was modified to show better agreement between measured
and modeled results in the linear and knee regions across the full range of
devices analyvzed. The computer model may be easily modified such that all
inputs  to the model are physical dimensions or quantities, thereby
eliminating the need to perform Fukui-type DC tests on devices before
simulation. Designers of GaAs MMICs may then find the model useful in
predicting the DC operating point of integrated GaAs MESFETs for large-

sienal design and simulation.
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Rome Laboratory plans and executes an interdisciplinary program in re-
search, development, test, and technology transition in support of Air

Force Command, Control, Communications and Intelligence (C3I) activities

for all Air Force platforms. It also executes selected acquisition programs
in several areas of expertise. Technical and engineering support within
areas of competence is provided to ESD Program Offices (POs) and other
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