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The Influence of Ion-Implanted Profiles
on the Performance of GaAs MESFET’S

and MMIC Amplifiers

DIMITRIS PAVLIDIS, SENIOR MEMBER, lEEE, JEAN-LOUIS CAZAUX,

AND JACQUES GRAFFEUIL

Abstract —The RF smetl-signai performance of GaAs MESFET’S and

MMIC amplifiers as a function of various ion-implanted profiles is theo-

retically and experimentally investigated. Implantation energy, dose, and

recess depth influence are theoretically anatyzed with the help of a

5PeCitdlY developed device simulator. The performance of MMfC ampli-

fiers processed with various energies, doses, recess depths, and bias

conditions is discussed and compared to experimental characteristics.

Some criteria are finafly proposed for the choice of implantation condl-

tions and process in order to optimize the characteristics of ion-implanted

FET’s and to realize process-tolerant MMIC amplifiers.

I. INTRODUCTION

T HE ELECTRICAL performance of GaAs MESFET’S

is greatly influenced by the doping profile of their

active layer [1]–[3]. IrI addition, the rapid development of

active layer fabrication techniques (VPE, MBE, ion im-

plantation) allows the realization of almost any doping

profile. Therefore, for discrete devices or monolithic in-

tegrated circuits, the doping has to be specially tailored to

provide the best microwave performance.

In this paper, we analyze the influence of ion implanta-

tion conditions (dose, energy) and recess depth on the

main elements of the MESFET equivalent circuit and on

the microwave small-signal performance of ion-implanted

MMIC amplifiers.

Section II describes the simulator used for our investiga-

tions and discusses some theoretical results obtained with

it.

In Section 111, the MMIC amplifier design is described

together with the influence that dose, energy, and recess

have on its performance. Finally, Section IV compares

data to theoretical predictions for MESFET’S and the

MMIC amplifier.
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II. THE SIMULATOR “SIMTEC”

A. Model Description

Several models for nonuniformly doped MESFET’S have

been reported [4]–[7]. The simulator described in this

paper was developed in order to satisfy the following

requirements: (i) to investigate any doping profile without

the limitations imposed by equivalent profile transforma-

tions; (ii) to simulate submicrometer gate devices with

short computation time (the influence of gate length on

velocity is considered without performing long two-dimen-

sional computations); and (iii) to compute all the elements

of the equivalent circuit, including, for instance, the input

gate resistance R,, which is often neglected but strongly

affects j~=.

The simulations presented below are based on a “ hy-

brid” one-dimensional model involving an analytical for-

malism and numerical treatments of the classical equations

of the “two-region” model [8]. In this way, it is possible to

predict the performance of a GaAs MESFET with any

doping profile described by a mathematical expression [7].

This model is, therefore, particularly suitable for ion-

implanted MESFET’S, where the doping profile shape

depends on various parameters such as energy and dose of

implantation.

A first description of this new simulator, called SIMTEC,

has already been presented by the authors elsewhere [9].

From the MESFET geometrical dimensions and physical

parameters given in Fig. 1 and Table 1, the simulator

SIMTEC yields for any doping profile and bias conditions

V~~, V& (Or 1~~):

s all the elements of the MESFET equivalent circuit
except the series inductances (see Fig. 2 by way of

example);

. the values of the current cutoff frequency ~~, the

maximum oscillation frequency j~a, and the mini-

mum noise figure F&.

The model is suitable for submicrometer gate devices,

the influence of velocity overshoot being taken into account

by the following approximate relationship, proposed in
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Fig. 1. Idealized cross section of MESFET devices used in this work.

TABLE I
GEOMETRICAL AND ELECTRICAL PARAMETERS USED IN

THE MODEL (SIMTEC)

L gate length

z totaf gate width

L source-gate spacing
L~~ gate–drain spacing
D, recess depth

P. ohmic contact specific resistance
Vb, Schottky barrier built-in potential
HG gate metalfization height
Nk number of gate fingers of width z (Z= Nk. z )

PG gate metaf resistivity
R TH thermal resistance

The values of L~~, LG~, D,, PC, H~, p~, and Nk make it
possible to determine the aeeess resistances R~, R ~, and R ~.

[10]:

where L is the gate length (m) and U,,t the equivalent

saturated velocity (m/s). This relationship gives a realistic

effective saturation velocity U,,t, which is larger than the

steady-state velocity. Thus U,at is 1.4X105 m/s if L = 1

pm and reaches the effective value of 2.7x105 m/s if

L = 0.3 pm.

For reduced computation times, the mobility is assumed

to have a constant average value pO across the active layer.

SIMTEC can, however, accept precise functions pO( y) for

the mobility profile. The influence of ionized impurities on

the average mobility is approximated by

8000
po(cm2V-&l) =

[1~+Neq Vi
(2a)

~

where Neq (cm – 3) is the average impurity concentration,
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Fig. 2. FET equivalent circuit de-embedded from ,S-parameter mea-
surements and predicted by theory (in brackets). Implantation condi-
tions: El = 60 keV, DI = 20x1012 cm-z, and E2 = 250 keV, L+ =6X
1012 cm-2. Bias point: V~~ = 3 V, 1~~ = 30 mA. A recess depth of 0.14
pm provides VT = – 3.6V.

given by

Neq=[p(y~d..]2
(2b)

2~ N~(y)~dy
o

%(Y) being the doping density. Therefore the mobility
degradation for the highest doping densities [11] is sys-

tematically considered in our simulations.

Two-piece velocity–electric field characteristics are em-

ployed using the following relations,:

poE
u(E) =

1 + E/E.
ifE<E~ (2C)

and

u(E) =usat if E>E, (2d)

where E. is a parameter with electric field dimensions

equal to 2.5x 106 Vm -1. E,, is the saturation electric field

(Es= usat/(Po - Us,,/EO)).-
The simulator has two additional features. The first is

that the Debye transition zone between the depletion layer

and the conducting channel can be taken into account in

the computations. The model can indeed distinguish op-

tionally between free electron and shallow level impurity

concentrations. By solving the semiconductor equations at

all points of the channel, one can remove the limitation of

abrupt transition between the depleted and neutral part of

the channel. This results in a precise calculation of the free

carrier distribution n ( y), which over several Debye lengths
AD= [cK7’/q2ND( y)]1z2 is equal to neither zero nor ND(Y).

The second additional feature is that the preience in the

semi-insulating substrate of deep levels ( ELZ, for example)

forming an N-I Junction with the N-doped layer of the

MESFET [12] can also be accounted for.

These optional capabilities were not retained in this

work in order to simplify the analysis and minimize com-

putation time. At given bias conditions, the execution time

could therefore be less than 0.1 s for dc and small-signal

simulation on an IBM 3080 computer. This is many orders
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of magnitude less than a numerical simulation [13]. There-

fore, SIMTEC is very suitable for the computer-aided

design of low-complexity circuits.

B. Method of Element Calculation

The basic device structure used in the simulations is

shown in Fig. 1. The technology parameters of Table II

were maintained constant throughout this work and corre-

spond to the fabricated devices. For every implantation

condition (energy, dose) or recess depth, all the elements

of the model (Fig. 2) are calculated, with the exception of

L~, L~, and LG. The computation is based on the solution

of the following system of equations.

1 ) Linear (Ohmic) Operation Equations: These are de-

rived from Poisson’s equations by considering the current

I ~~ across the channel and the drain–source V& and

gate–source V& voltages:

Vb, + R~ID~ – V&= f ~Y’yN~( y) dy (3)

:pD(Y) d.. (4)VD~–(R~+R~)lD~=–

I
(J

q
~~ L+— ‘2y~D ( Y ) @

~ Eo .vI i

= +~y2(/aPo(y’)~D( y{)dyt)y~D(y) @
Y1 Y

(5)

2) Saturation Operation Equations: The two-region

model [8] is employed. Equations (3) and (5) can be used

again in linear region I by replacing L with L1. In region

II carrier propagation is at the saturated velocity U,,t and

the following equation holds:

~~,=qqa,z~”%(y)dy. (6)
Y2

Using the method of Grebene and Ghandi [14] for the

solution of the two-dimensional Poisson’s equation and

defining an equivalent channel thickness a, as

I DS— + y2 (7)
as – qu,atZND ( y2 )

we obtain

:pD(Y)dYv&( R~+RD)l D~=-

‘*sinh(”(:::’)) ‘8)

Depending on the operating conditions VD~, V~-, the static

parameters of the MESFET can be obtained by numerical

solution of either (3)–(5) (evaluation of Yl, y2, lDS in lin-

ear mode) or (3), (5)–(8) (evaluation of a,, yl, Yz, Ll, ~D~

in saturation mode). The equivalent circuit parameters

gno, R ~s are obtained from the ratio of the incremental
change of drain current A1~~ to the incremental change of

TABLE II

CONSTANT PARAMETERS USED IN THE SIMULATION
IRRESPECTIVE OF DOPING PROFILE

L 1 ~m

z’ 300 pm

L~G 1.75 pm

L Cn 1.75 ~m

v.. 0.75 v

The significance of L, Z, L~~, and L~~ is given

in Fig. 1. Vb, is the built-in gate voltage.

intrinsic drain AVD~ and gate voltage AVGs. CGs is

evaluated using the transmission line approach described

in the Appendix. These calculations can be performed with

the help of the static equations given above. For the exact

calculation of R Ds, we included the effects of carder

injection into the semi-insulating substrate by considering

a parallel connected parasitic resistance R Dsp. This resis-

tance is found to be proportional to the length L- L1 of

the saturated region [9].

The access inductances Ls, LD, LG are not calculated

with the program and were extracted from experimental

S-parameter data.

The source and drain series resistances Rs and RD

consist of a contact resistance Rsc in series with the lateral

active layer resistance R s~. R sc is a function of the

specific contact resistivity PC,which in turn depends on the

doping value ND in the region below the ohmic contact. A

two-region expression is used for the evaluation of p, [15]:

for ND< 4,7 x 1017 atoms. cm-3

(9a)

1015
for ND> 4.7 X 1017 atoms. cm-3.

‘c= P04.7 x 1017
(9b)

The active layer resistance can be computed from the

following expression.

J
dx

R~~ = ‘s’ (lo)
o zq~ ‘(x)ND(y)p(y)dy”

o

W(x) is the active layer thickness and varies with x

because of gate recess.
The evaluation of the intrinsic channel resistance R, is

based on a method described in the Appendix. The

drain–source (C~s) and gate–drain (C~~) capacitances are

finally calculated from the coupling between metal strips

[16], [17]. The results of Fig. 2 show the excellent agree-

ment between theoretical and experimental equivalent cir-

cuit data for an ion-implanted FET. The fringing capaci-

tance (CG~f ) between source and gate metallizations is
included in the calculation of C~s. The experimental val-

ues were obtained by fitting calculated to measured S-

parameter data in the frequency range of 2 to 18 GHz.
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C. Implantation Dose Injluence on A4ESFET Performance

The simulated transistors had active layers realiz~d by a

two-step Si29 ion implantation through a 500 A thick

Si3NA cap. The-first-implantation was done at an energy

El = 60 keV and dose D1 = 20X 1012 cm-2. These condi-

tions were maintained the same throughout our investiga-

tions and resulted in a high doped N+ surface layer. The

second implantation had variable energies and doses. To

exarn@e the influence of dose, the energy was fixed at

E2 = 250 keV and the dose was varied from D2 = 3 X 1012

cm – 2 to 20X 1012 cm” 2. For every D2 value, the recess

depth (D,) is adjusted to yield ~ constant threshold voltage

VT= – 3.6 V (from D,= 770 A for D2 = 3.1012 cm-2 to

D,= 2220 ~ for D2 = 20 x 1012 cm-z).

The most relevant results are given in Fig. 3(a)-(c) and

were obtained for constant V~~ = 3 V, 1~~ = 30 ti bias.

The intrinsic transconductance g~O and gate capacitance

C~X are found to increase monotonically with dose (Fig.

3(a)). This is understood by noting that the recess depth

was increased with the dose in order to maintain a con-

stant threshold voltage. The thickness of the active layer

below the gate was therefore thinner for ~gh doses and

resulted in higher g~O and C~~, as expected from the

approximated expressions [18]

A1~~ cZU,,,

‘~o – AVG~ yd
—— .— (ha)

AQ cZL
CGS=— —

AVG~ = Yd
(llb)

where the depletion region thickness yd is given by

[

2C 1
1/2

—(vbt - V&) . (llC)
‘d= qN~

Since the average donor concentration increases with

dose, R ~~ decreases with D2, as shown in Fig. 3(b). R, is

also found to increase with dose. The parameters responsi-

ble for the latter change are, first, the higher doping ND

and, seeond, the smaller channel thickness a – y(x). The

nonuniform R,(x) C~~(x) transmission line under the gate

has a resistance R,(x) per unit length which is inversely

proportional to the ND( a – y(x)) product. The rate at

which ND increases is obviously smaller than the corre-

sponding thickness variations a – y(x) necessary to main-

tain a constant threshold. This results in an overall in-

crease of R, with dose.

The current cutoff frequency fT = gmo /291CG~ remains

almost constant with dose (Fig. 3(c)) since the g~O and

C~~ variations are very similar (see Fig., 3(a)). However,
the largest fm= values (Fig. 3(c)) are obtained for small

doses because Ri is, in this case, very small (see Fig. 3(b)

and 118]], [19]). The strong dependence of ~~= on R,

demonstrates the need for very precise R, evaluations to

permit good understanding of the device microwave per-
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Fig. 3. Influence of implanted dose on: (a) C~~, g~o, (b) R ~~, R,, aad

(c) .fT and t~= for an FET (300 pm X 1 pm, P&=30 mA) Implanted
with E~ = 250 keV. D? varies between = 3 X 1012 cm–2 aad 20X 1012

cm–2, ‘md gate recess-was kept constant for VT= – 3.6V.

D. Implantation Energy Influence on MESFET Performance

To investigate the influence of implantation energy, the
dose of the second implants was kept constant at D2 = 6 X

1012 cm- 2, and the energy varied from 100 keV t: 400

keV. The recess depth was adjusted up to 2930 A for

E2 = 400 keV in order to yield a “constant threshold voltage

VT= – 3.6 V. The bias conditions were VD~ = 3 V, 1~~ = 30

formance. mA.
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constant implanted dose D2 = 6 X 1012 cm-2 and energy E2 varying
between 100 keV and 400 keV. VT was kept constant, equal to – 3.6 V.

The active layer thickness increases with implantation

energy. At higher energies and for recessed devices with

the same VT, the average donor concentration is lower in

the channel below the gate. The associated depletion thick-

ness is therefore larger. The g~O and C~~ changes with

implantation energy (Fig. 4(a)) can thus be explained by

45
i

(’ 620

1’ Rds I
0 1 2 3 4 5

]Vtl (volts)

Fig. 5. Influence of threshold voltage (VT) on C~~, g~o, R~s for an
FET (300 pm x 1 ym, VDs = 3 V, IDs = ZD~s/2), implanted with

E2 = 250 keV, D2 = 6 X1012 cm-z. Different recess depths to obtain
different Vr values.

depleted region extension. These results are in good agree-

ment with the previously reported work of Trew [2].

The lower average donor concentrations are also re-

sponsible for the increase of R ~~ with implantation energy

(Fig. 4(b)). R, decreases with E, at values above 120 keV;

at high energies, the low ND’s have to be compensated by

larger channel thicknesses to maintain VT= constant, re-

sulting therefore in smaller R, ‘s.

It can again be noted that ~~ is not very sensitive to

energy variations of implantation (Fig. 4(c)). However,

fmm is increased with energy due to both the reduction of

the input resistance R, and the increase of R ~~.

E. Gate Recess Depth Injluence on MESFET Performance

For these investigations, the dose and energy of the

second implants were maintained constant to Dz = 6 x 1012

cm–2 and Ez = 250 keV. The bias conditions were V~~ =

3 V and 1~~ = IDSS/2Y where IDss is the drain–source
saturation current at V& = O V. (For instance, I~s = 45

mA when VT= – 3.6 V.) The choice of these conditions

allows device comparison since the absolute lDss value

varies with recess. The recess depth was varied to obtain

threshold voltages VT between 1 and 5 V.

The variations of g~O, C~s, and R~s with recess are

shown in Fig. 5. The high g~O values at small recess

depths (high VT’S) are explained by the higher average

carrier concentration when the complete implantation pro-

file is available. When the recess depth is high, then the

carrier distribution under the gate corresponds primarily

to the tail of the profile and is therefore low, with the

result of a small transconductance [18].

The slight increase of C~s with VT is again due to the

higher carrier concentration n(y) at small recess depths.

This is equivalent to smaller depletion thicknesses and

consequently higher capacitance at large dopings.

R ~s increases with recess depth (small VT) since the

channel doping density is, in this case, relatively small.

Similar behavior is also observed for R,.

The frequencies fT and fm= are increasing with VT due
to the faster changes for g~O than C~s.
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Fig. 6. Circuit diagram of the two-stage amplifier optimized by the

SIMTEC FET model.

III. AMPLIFIER DESIGN USING THE DEVELOPED

MODEL

The FET model presented above has been successfully

used in the design of microwave monolithic integrated

GRAS amplifiers. It provides information regarding the

influence that bias voltages, as well as implantation dose

(D), energy (E), and threshold voltage (VT), have on the
amplifier electrical characteristics. Small-signal gain (G)

and input and output S WR (S WRin and S WR out) can

thus be examined with respect to their sensitivity to

material parameters (D, E) and operating conditions. Cir-

cuit sensitivity to processing such as recess depth can also

be considered by VT simulations. The understanding of the

above phenomena is of primary importance in the optimi-

zation of monolithic amplifiers since it makes it possible to

design IC’S which are tolerant to technology variations.

A. Amplifier Structure

Fig. 6 shows the circuit diagram of a two-stage mono-

lithic amplifier designed with the tree approach [20], [21]

and optimized with the model described in the previous

sections. Each FET cell has a 1 pm gate length and a width

of 600 pm, the total output periphery being consequently

1200 pm. Instead of using hybrid divider networks to feed

the gates of a single transistor with large periphery, the

tree approach uses the intrinsic isolation characteristics of

FET’s to divide the signals which have been amplified by

the previous stages, It also uses several individual cells

instead of a single large-periphery FET. The output com-

bining network is made in lumped form and provides

signal matching and dc biasing. These features allow the

realization of compact power amplifier designs with no

phasing or matching problems since individual cells have

modest gate widths and do not suffer from impedance

lowering. The amplifier of Fig. 6 was optimized for maxi-

mum small-signal gain and minimum input and output

S WR over the frequency range of 6.0 to 7.0 GHz. It was

intended for 10 percent bandwidth operation around the

center frequency ~ = 6.5 GHz. The gain roll-off over the

operating bandwidth is 1.7 dB and reflects the best com-
promise for maximum gain and matched input–output.

Large-signal characterization is outside the scope of this

paper and can be studied by other models [22]; these take

into consideration the change of the FET output resistance
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Fig. 7. Optimized amplifier performance and influence of implantation
dose on (a) gain and (b) input and output SW?.

R ~~ with driving power and modify accordingly the previ-

ously optimized small-signal characteristics. The small-sig-

nal model used for the amplifier design is given in Fig. 2.

B. Dose ‘Influence on Amplifier Performance

The optimized amplifier characteristics are shown in

Fig. 7(aj and (b) together with the influence that dose

variations have on the gain and S WR. In both cases, (a)

and (b), the transistors have the same implantation energy

(E, = 250 keV) and threshold voltage (VT= – 3.6 V), so

that the influence of dose Dz can be studied alone. By

decreasing the dose, the output resktance R ~~ increases

(Fig. 3(b)), and the input capacitance C~s and transcon-

ductance g~ decrease (Fig. 3(a)) as outlined in the previous

section. The changes k the values of the FET parameters

with implanted dose can therefore be understood by con-

sidering the maximum unilateral gain of the FET, which is

approximated by the following formula:

llg~2RD~

()
GA4U=— —

16T2 ~ C~~ Rl+Rg+R,
(12)

where R, and R ~ are the intrinsic and metal resistance of

the gate (see Fig. 2), and f is the frequency of ,operation.

When the dose decreases from 6 X 1012 cm-2 to 3 X 1012
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Fig. 8. Amplifier characteristics as a function of implantation energy.

(a) Gain. (b) Input and output SWR.

cm – 2, R ~~ changes faster than the gn /C~~ ratio, result-

ing in FET’s with improved GA4U. This results in turn in

higher amplifier gain with slightly improved output match-

ing characteristics. The gate capacitance decrease is, how-

ever, so large that the input S WR of the amplifier is

degraded. Although (& decreases rapidly for doses smaller

than 6 X 1012 cm-2, it shows relatively invariant character-

istics for D2’s up to 20X 1012 cm – 2. This explains the large

amplifier mismatch at 3 x 1012 cm -2 compared to 20X 1012

cm- 2. The results suggest that the influence of implanted

dose on circuit performance is very small.

C. Energ Injluence on Amplifier Performance

Implantation energy variations seem to have a more

pronounced influence on circuit performance. The results

of Fig. 8(a) and (b) show G, S WR in, and S WR .Ut curves

of the two-stage amplifier for Ez energy variations between

100 and 300 keV (in all cases D2 = 6 X 1012 cm-2). Gate

recess was again adjusted so that all FET’s show the same

VT= – 3.6 V value. As the energy Ez decreases from 300

keV to 250 keV, the transconductance gm and gate capaci-

tance increase (Fig. 4(a)), but the output resistance R ~~

decreases (Fig. 4(b)). These changes compensate each other

and no substantial FET or amplifier performance variation
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Fig. 9. Influence of threshold voltage VT (recess) on the amplifier

performance for a FET implanted with E2 = 250 keV, D2 = 6 X 1012
cm-z. (a) Gain. (b) Input and output SFVR.

is therefore observed between the nominal energy of 250

keV and Ez = 300 keV. For energies between 250 keV and

200 keV, the R ~~ variation becomes slightly stronger than

the gm /CG~ change and the unilateral gain improvement
of the FET produces a slight increase of amplifier gain at

E2 = 200 keV. By further decreasing the energy, the output

mismatch of the amplifier, caused by the rapid R ~~ varia-

tions, results in steadily smaller gains and higher S WROU,.

As far as the amplifier input is concerned, the slight

increase of CG~ when decreasing the implanted energy

from 300 keV to 150 keV seems to favor impedance

matching. This is due to the input matching network being
not perfectly optimized for the nominal energy Ez = 250

keV, since a compromise had to be made in optimizing

simultaneously G, S WR ,n, and S WR ~Ut. For even smaller

energies, ( E2 = 100 keV), CG~ is dramatically increased

and causes pronounced amplifier mismatch.

D. Recess Depth Injluence on Amplifier Performance

The influence of recess on the amplifier performance is

shown in Fig. 9(a) and (b). The nominal energy ( E2 = 250

keV) and dose (D2 = 6 X 1012 cm-2) are used here for a

FET with different threshold voltages VT. The g~ and C~~

parameters increase initially with threshold voltages (VT =
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Fig. 10. (a) Maximum available gain (MA G) of MESFET (300 ~m X 1

pm) at ~ = 6.5 GHz as a function of recess (threshold voltage VT) and
implantation energy ( E2 ). Bias conditions are VD~ = 3V, Z~~= 1~~~/2.
(b) Imaginmy part of input (Zl) and output (22) impedance of the

same device.

1 V to 2 V) but remain almost constant above VT= 2 V. A

similar but opposite tendency is observed for R ~~, which

initially decreases for VT = 1 V to 2 V and then remains

constant (Fig. 5). The rate of R ~~ increase with recess is

relatively faster than the C~~ decrease and this explains

the greater dependence of output rather than input match-

ing on VT variations. The large output mismatch created at

low V~’s is partly responsible for the smaller amplifier

gain.

E. Influence of Profile on Maximum Available Gain (MAG)

Sections III-B to III-D presented the influence of dose,

energy, and recess on the amplifier characteristics. The

validity of these results was confirmed by investigating the

amplifier and FET MAG as a function of VT and Ez. The

data obtained in this way depend entirely on profile char-

acteristics since perfect matching is guaranteed at both the

input and output. Fig. 10 shows such results for a MESFET

at 6.5 GHz. Maximum gain (Fig. 10(a)) is obtained again

for Ez = 200 keV (see Section III-C) while no significant

MA G dependence on VT is observed. Similnr results were

obtained for the amplifier by perfect matching of input

and output and interstage optimization.

The profile characteristics should not, however, be con-

sidered only in terms of their influence on gain. As ex-

plained in Section II, III-C and III-D, the Ez, VT choice

130

i; l!!”’
o 0 Comp(250keV)

o
● Comp(21 OkeV)

90- * — Meas(250kev)

+ Meas(21 Oke\/)

80 1 1 ~—

1 2 3 4 5 6 7

Vp (volts)

Fig. 11. Computed (scattered points) aud measured (solid lines) nor-
malized transconductance ( g~o /g~~in ) versus different pinch-off volt-
ages as obtained by varying the gate recess depth ( g~tin = 90mS/mm
is the smallest transconductanee measured). Two wafers realized by

double implantation of Si are investigated. Wafer 1, 60 keV--25O keV.

Wafer 2, 60 keV-210 keV.

also has an effect on the input/output device impedance.

For amplifier design this signifies reoptimization of match-

ing in order to benefit from the new gain characteristics.

Fig. 10(b) shows the influence of VT, Ez on the imaginary

part of MESFET input and output impedance (Zl, ZJ. ZI

variations are primarily attributed to C~~, while Zz changes

are due to R ~~ and g~o [18]. The resistive part of Zl, Zz

remains almost constant with V& E2. Process tolerance

will also be subjected to the simultaneous effect of gain

and matching.

IV. EXPERIMENTAL RESULTS

A. Recess Depth Influence on Device Transconductance

Two series of MESFET’S with (1 pm X 150 pm) gates

have been realized by double Si implantation through 500

~ of Si3N4 (series 1: El= 60 keV followed by fiz = 250

keV and series 2: El= 60 keV followed by Ez = 210 keV).

For both series, the dose corresponding to the 60 keV

energy was D1 = 20X 1012 cm – 2. The dose of the second

implantation step was D2 = 6 X 1012 cm – 2. Different recess

depths were realized on the same wafer in order to obtain

devices with different pinch-off voltages ranging from 2 V

to 6 V. For each device the tramsconductance g~o was

measured. The comparison with the theoretical values is

shown in Fig. 11, where the relative transconductance is

plotted versus the pinch-off voltage.

When the implantation energy increases (series 1) g~O

decreases and its dependence on recess depth becomes

smaller. The simulations are in good agreement with these

experimental results and indicate that the simulator

SIMTEC can account equally well for recess depth and

doping profile shape.

It is also interesting to note that for given implantation

energy, g~ o is found to increase with VT at a much faster
rate for low, rather than high, implantation energies. This

suggests the use of low energies for applications where the
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Fig. 12. Experimental (solid lines) and theoretical (dashed lines) micro-
wave performance of the amplifier with E2 = 250 keV, I+ = 6 X 1012

cm”z active layers and VT = – 3.6 V. The gain (a) is plotted as a
function of the drain-source current IDS = 0.71D~~, 0.5ZD~~ and
0.251D~~ ( lD~~ = saturation current). The input and output S WR (b)

are plotted for IDS = 0.51D~~.

gmo improvement isabsolutely essential. It alsoindicates
that recessing and, therefore, process variations will have

less influence on the transistor g~ if high energy profiles

are chosen [7], [9].

B. Bias Injluence on Amplifier Performance

The influence of bias on the performance of the two-stage

tree amplifier is finally shown in Fig. 12(a) and (b). This

study allowed also a first comparison between experimen-

tal and theoretical results for the amplifier. The simula-

tions were made using the EESOF Package Touchstone

[23] and include consideration of: (i) all “parasitic” con-

nections between MMIC components, bias pads, and

ground, (ii) the external biasing capacitances (50 pF) nec-

essary for better RF grounds, and (iii) transitions to the

tapered coplanar lines of the test package. The influence of

other effects, such as parasitic capacitances of lumped

elements and losses of transmission lines and components,

have also been considered.1

1The final circuit file, together with other relevant information, is not
given due to limited space, but it wdl be supplied by the authors upon
request.
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Fig. 13. Computer variations of R, versus ZD~. The FET is the same as

in Fig. 2.

In Fig. 12(a), the amplifier gain G is plotted over the

frequency band of 6 to 7 GHz for bias operating condi-

tions corresponding to 0.71~~~, 0.51~~s, and 0.251~~~. The

agreement between theory and experiment is very satisfac-

tory (between 1 and 2.5 dB) in spite of the fact that (i) the

experimental results are average values among five chips of

the wafer and the relative dispersion of the measurements

is AG = + 2.0 dB; (ii) the g~ values used in the circuit

simulations (170 mS/mm at 1~~~) were calculated by the

presented MESFET model; these are in good agreement

with measured values of carefully selected discrete devices

(see agreement in Fig. 2), but are, in fact, slightly higher

than the measured integrated transistors; and (iii) the

measurements are made at the plane of the package con-

nectors since no monolithic calibration standards were

available. The precision measurement technique reported

earlier [24] could not be applied because the amplifier was

designed for use in a package. As shown by both the

theoretical and the experimental results, a change in the

drain-source current from 0.251 DSS to 0.71D,ss produces an
overall gain improvement. This can be understood by

considering the g~, C~s increase, as well as the RDs, R,

variations: (i) g~ varies with l~s faster than CGs; (ii) R ~s

decreases with l~s but changes at about the same rate as

CGs; (iii) the intrinsic gate resistance R, reduces by as

much as 54 percent when biasing at 0.7~Dss instead of

0.251Dss (Fig. 13). In fact, the rate of R, change with l~s

is much faster than for C~~ and, combined with the

variations of g~ and R ~~, results in a larger FET and
amplifier gain.

A comparison between theoretical and experimental re-

sults concerning the input and output S WR is given in

Fig. 12(b), for a biasing VGs = 3 V, lDs = 0.51~~~. The

agreement is excellent and the differences of input S WR

in the range of 6–6.5 GHz can be accounted for by the

lack of exact calibration, as discussed earlier.

V. CONCLUSIONS

A device simulator called SIMTEC has been presented

and applied to ion-implanted MESFET’S. Although based

on a certain number of assumptions, like most models of
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Fig. 14. Transmission line model used for the calculation of the input

network R, – CG~. Only eight cells are presented, each corresponding to

a cascaded uniform line, but 20 are used in the simulation.

this kind, it proved to be efficient for the technology and

process simulation of individual devices and multistage

MMIC amplifiers. A good qualitative and quantitative

understanding of MESFET and MMIC amplifier influence

by implantation dose, energy, recess, and bias conditions

was possible. The amplifier gain agreement between theory

and experiment is very satisfactory and S WR agreement is

also very good. SIMTEC is therefore suitable for com-

puter-assisted optimization of MMIC’S with respect to
processing and sensitivity to technology dispersions.

The results obtained for a two-stage MMIC amplifier

show that the gain and input S WR are not very sensitive

to the implanted dose as long as this exceeds 6 X 1012

cm- 2. Implantation energies larger than 200 keV led to

smaller gain and SWR dispersion. Recess depths should

finally be small (VT> 2 V) for the microwave performance

to become insensitive to recess variations.

An improvement of MMIC performance and processing

yield can therefore be expected by the ‘use of the developed

simulator.

APPENDIX

The input impedance of a common-source MESFET

corresponds to that of a nonuniform R – C transmission

line (Fig. 14) made of (i) the distributed capacitance of the

space charge below the gate (or below the surface of the

uncovered, active layer) and (ii) of the distributed resis-

tance of the neutral channel. The transmission line is

loaded at its drain end by the saturated section of the

channel and can therefore be considered as open-circuited.

The computations of the nonuniform line input imped-

ance were performed by cascading about 20 different R – C

transmission lines, each of them being considered uniform

(Fig. 14). The input impedance of all these cascaded lines

can therefore be easily obtained and the real part of it is

equal to the intrinsic channel resistance R,.

C~~ can be obtained either from the imaginary part of

the impedance or from the incremental charge of the

stored charge below the gate corresponding to a variation

of intrinsic gate voltage. Both techniques yield similar

results.

Finally, the edge effects are implicitly included in the

txesent calculations since the space charge below the

651

surface (due to Fermi level pinning) and at the gate edges

is considered.
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