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Profile Studies of IonJmplanted MESFET’S

J. M. MICHAEL GOLIO AND ROBERT J. TREW, MEMBER, IEEE

Abstract —A study of ion-implanted MESFET performance as a func-

tion of the implantation energy and fluency, and including the effects of

deep-level trapping-state concentrations in the substrate, has been con-

ducted. Carrier concentrations as a function of depth are determined

through the use of LSS theory and a profiling model. An analytic device

model, which computes both dc and RF characteristics, is then employed to

predict MESFET performances. Tbe study includes the effects of

depth-dependent transport properties and has indicated a number of design

rules for the fabrication of optimized ion-implanted devices.

L INTRODucTION

T

HE PERFORMANCE of FETs fabricated by ion

implantation depends greatly on carrier concentra-

tions and velocity-field characteristics as a function of

depth into the active device layers. The presence of deep-

level traps in the semiconductor contributes to the com-

plexity of problems associated with the characterization of

ion-implanted devices.

This paper presents the results of a study to determine

the effects of various concentration and transport profiles

upon device performance. The study utilizes theoretical

models of both material properties and device characteris-

tics. This information is combined with an experimental

material characterization to provide improved quantitative

accuracy of the model.’

Fig. 1 outlines the modeling steps involved in obtaining

the results to be presented. Initially, the determination of

typical ranges for concentrations of deep-level trapping

states NT(x) was made from a novel measurement tech-

nique using both differential capacitance and conductance

DLTS data. Shallow-level donor concentrations ND(x) were

then determined from LSS theory as a function of implan-

tation parameters. These concentrations as a function of

depth were then used in a profiling model to determine the

free-carrier profile n(x) for the material. Carrier transport

properties were also determined from the trap and donor

profiles. This was done through the use of Monte Carlo

particle simulations and a model to account for the effects

of compensation in the semiconductor.

An analytic model which utilizes all of this information

is then used to assess performance potential. The dc char-

acteristics and small-signal S-parameters along with fig-

ures-of-merit are computed by the model. The distinction

between free-carrier and donor profiles, the effect of deep-

level traps, and the depth dependence of mobility and
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Fig. 1. Flowchart of modeling steps required to obtain study results.

velocity are shown to be important considerations which

have been ignored in previous models.

II. THE DEVICE MODEL

A one-dimensional analytic device model with a small-

signal analysis has been developed and utilized for this

work. The model k based upon the principles presented by

Pucel [1] but has been generalized for arbitrary doping

profiles and includes differences in the free-carrier and

shallow-level donor profiles and the effects of deep-levels.

The model assumes that the electron transport properties

of a material can be simulated by a two-piece velocity-field

relationship. The two-piece approximation k defined from

a theoretical velocity-field characteristic determined by

Monte Carlo techniques. For electric fields less than an

appropriate saturation field En,, the electron velocitY is

described by a linear expression

U=/.Lo E. (1)

For electric fields above Em, the electrons move at a

constant maximum velocity u~.

The low-field mobility as a function of depth into the

channel is determined from [2]

P max
~. =

[1
(l-@)b (2)

log N; c
1+ ~

o
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where

N;= N~.m3

p~a = 8380 cm/V

NO= 23.2553

C=23.O

0 = N~/N~

and

{

~= A(log N~)2– B(log N~)+C,

0.114992,

with

A = 0.025

B = 0.817278

C = 6.252838

and where ND is given in m– 3.
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Equation (2) gives the low-field mobility as a function of

donor density and background compensation. To derive

(2), the theoretical results of Walukiewicz et al. [3] were

used in conjunction with Monte Carlo velocity-field predic-

tions [4]. The Monte Carlo results were used to determine

the mobility as a function of background donor density

with no traps present, and the W alukiewicz values were

then normalized to the Monte Carlo numbers. The normal-

ized data were finally curve fit to obtain (2). Very good

agreement is obtained when (2) is plotted against the

normalized Walukiewicz values as shown in Fig. 2.

The technique for determining the maximum velocity v~

has been previously presented [5]–[7]. The saturation veloc-

ity can be described by the expression

v~=uo– Alog[(l–y)2+B”y] (3)

where

y = [ND(x) /NO]25

NO =1.5 X’1022 m-3

A = 0.0262

B = 0.4

and

VO=1.40 X105 m/s.

Equation (3) gives u~ in 105 m/s when ND(x) is expressed

in m – 3. The expression is assumed to have the same

dependence upon compensation ratio @ as (2). Thus the

factor (1 – @)~ is multiplied with (3) to obtain VW,in the

presence of traps. The exponent b is defined in (2).

Equations (2) and (3), in conjunction with knowledge of

the three profiles (n(x) is the free-electron concentration,

ND(x) is the donor concentration, and NT(x) is the deep-

level concentration), allow for the derivation of a device

model which includes the effects of varying transport prop-

erties as a function of epi-depth. The profiles of interest are

determined with a novel characterization technique [2] that

combines experimental capacitance–voltage ( CV) and con-

ductance deep-level transient spectroscopy (DLTS) data.

The experimental equipment and procedure is discussed
elsewhere [8].

Fig. 2. Low-field mobility as a function of doping and deep-level com-
pensation. The solid lines we computed from (2) for @ = 0.0,

0.2,0.4,0.6,0.8. The data points are from the normalized theoretical
computations [3].

. -----

~
E

-2

g
---- ND(x)(n

fi ,.16

n

\

—.- \
,1

6000

5000

4000 ;
m

s.
3000 ‘E

:

1015 ~3

DEPTH (#m)

Fig. 3, Resulting concentration profiles and low-field mobility profile
for one device.

For this work, an ion-implanted l-pm gate-length device

[9] was analyzed. The experimental characterization re-

vealed the presence of a dominant deep-level donor state

0.736 eV below the conduction band. The level is probably

EL2 [10], [11] in agreement with the findings of Martin

et al. [12]. The resulting free-carrier, shallow-level donor,

and deep-level concentrations as a function of depth into

the material are shown in Fig. 3. Despite the scatter of the

data near the tail, it is evident that diffusion of the elec-

trons has caused the free-carrier and shallow-level donor

concentrations to differ significantly. The low-field mobil-

ity versus depth obtained from this analysis is also shown

in Fig. 3. In regions of relatively high donor concentration,

the mobility varies inversely with doping, as expected.

Near the tail of the implanted region, however, the deep-

levels seriously degrade the mobility acting to confine the

active device channel.

The dc 1– ~ characteristics for the device, as determined

from the model, are compared in Fig. 4 with the measured
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Fig. 4. Comparison of model predicted and measured I– V characteris-
tics for a l-pm ion-implmted device.
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Fig. 5. The equivalent circuit for an FET used in the anatysis.

1– V curves. It should be noted that without the inclusion

of the effects of traps upon the carrier transport character-

istics, the excellent agreement shown in Fig. 4 could not be

obtained. The traps have a tendency to “soften” the

pinchoff characteristics of the device (i.e., when traps are

included in the simulation, the slope dl~ /dVg is not as

great near the pinchoff). For all of the devices studied in

this work, this “softening” effect was required to obtain

best agreement with the measured 1– V characteristics.

The model allows the element values for a small-signal

equivalent circuit as shown in Fig. 5 to be determined. The
equivalent circuit can be analyzed to obtain RF perf or-

mance predictions as a function of the various implanta-

tion parameters and material characteristics.

III. RESULTS

The results that follow were obtained following the

modeling steps outlined in Section I and illustrated in Fig.

1. Three parameters were varied independently. They are

1) implantation energy c, 2) peak doping density ~ma, and

3) trapping state density NT(x). The implant species was

assumed to be Si in GRAS and the activation was assumed

to be 100 percent for all devices. The gate length of the

simulated devices is 1 pm with a gate width of 300 ~m. The

trapping state density was assumed to be constant as a

function of depth for these studies. Note that the peak

doping density can be converted to a corresponding ion

TABLE I
ION-IMPLANTED MESFET EQUIVALENT CIRCUIT ELEMINT VALUES

~= 75 KEV. Np,~ = 2x1017 cm-3, Vd, = 3,o v, and rd = Id

ue,,p-L:ve C.u.. ntr, c,.,>
1

Clc.c.”t
-–G 2:.%- ,.06.;——

8.(..11. ) 46 i 45.6 pl “41.5

%.(pr) 0.419 13.f,l, 0,399

Rdr(k C,) 1.22 1.20

Ri(?)

1.35

3.337 3.423 3 6G0

T(P.’2C) :.16 8..1

fmaA(Gllz) / 6:::’ 64.5

4

61. s

L–J_ ,

Th e .,,” .L”,.c para.ncrer, were const>,,t “Lth the ,.sl.. s Cd. = 0,(Is77 DF,

cc d= 0.0432 W. Q = 1.214 0 and R, = 1.214 P.
—. ._ _____ ._. _ --J

fluency through the simple relationship

@=mo-pNmm (4)

where UPis the standard deviation of the projected range.

The value for aPcan be obtained from LSS theory when the

implant schedule is known.

Fig. 6(a) shows the computed carrier profiles for the

same 75-keV implant with N~M = 2 X 1017 cm-3, but for

three different trapping state concentrations. The low-field

mobility and maximum velocity profiles corresponding to

these three cases are shown in Fig. 6(b). It is clear from the

figures that the trapping state concentration in the material

has a significant effect on both the free-carrier concentra-

tion and the transport properties of the implanted material.

The equivalent circuit element values that correspond to

these cases are shown in Table L The deep-level concentra-

tion has the most effect upon the device transconductance,

which decreases as the trap concentration increases, and

the gate delay time, which increases with the trap con-

centration.

For the implant energy and peak doping studies, the

trapping state density was left constant at NT = 2 x 1015

cm 3. This number was chosen to be in general agreement

with the results shown in Fig. 3. The implant energy was

varied from 50–150 keV while the peak doping took values

between 8 X 1016 and 4 X 1017 cm-3.

The value for ~~ is computed from first-order considera-

tions to be given by

f,=~. (5)

The quantity fm= is obtained by noting the frequency at

which Mason’s unilateral gain (as predicted by the model)

goes to unity. Mason’s unilateral gain at a frequency of 10

GHz is plotted as a function of energy in Fig. 8. The
results clearly indicate the superiority of low-energy im-

plants for high-frequency operation.
The information plotted in Fig. 8 indicates the impor-

tance of implant energy to achieve optimum high-frequency

performance. Notice that for a peak doping of 4x 1017

cm–3, a decrease of implant energy from 150 to 50 keV

results in better than a 9-percent increase in the unilateral
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Fig. 6. (a) Concentration profifes for a 75-keV implant with N~= = 2 X

1017 cm-3 and with NT= 1 X1014, 2X1015, and 1 X1016 cm-3. The
solid curve is the donor density, while the dashed curves are free-carrier
densities appropriate for the various trapping state densities. (b) Trans-
port property profiles for the three 75-keV implants of Fig. 6(a). The
sofid curves give low-field mobility as a function of depth. The dashed
curves give maximum velocity as a function of depth.

power gain, from 16.2 to 17.7 dB. The superior high-

frequency performance of low-energy implants is easily

understood in terms of the device physics. The available
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Fig. 9. Predicted effects of varying trapping state concentrations on dc
characteristics.

charge carriers lie closer to the surface (gate contact) for

low-energy implants. Thus the gate potential required to

alter the depletion width is smaller than for deep implants

and the transconductance of the device should rise. High

transconductance is important to the high-frequency per-

formance of these devices. All of the devices considered in

compiling Figs. 7 and 8 were compared at a bias of ID =10

mA. The dashed line falling off rapidly at the low-energy

end of the curves indicate that for energies lower than this

I ~~~ <10 mA.
The trapping state concentration in ion-implanted semi-

conductor material can vary over a wide range of values.

The quality of the initial semi-insulating substrate, the

temperature characteristic of the various processing steps

used, and the type of annealing implemented all affect the

kinds and relative concentrations of deep-levels in the final

device [13], [14]. For the trap study in this work, an

implant energy of 75 keV and a peak doping density of

2 x 1017 cm-3 was assumed. The background trapping state

concentration was varied from O to 1016 cm – 3. For trap-

ping state concentrations above 1016 cm- 3, the device

would be normally pinched off.

Fig. 9 illustrates the effects traps have on the zero gate

bias current lD~~, and the pinch off potential W’m. The

trapping state density of the figure ranges between 1014

and 1016 cm – 3. Over this range, the zero gate bias current

varies between 30 and 18 mA, while the pinchoff potential

varies between 1.62 and 1.38 V. This large range of dc

characteristics indicates that reproducibility will be a prob-

lem unless consistency of the trapping state density in the

substrate can be maintained. It should be further noticed

that for deep-level concentrations below a level of about

1015 cm– 3, very little change in the characteristics occurs.

As the trapping state concentration increases above the low

1015 cm- 3 level, however, the current and pinchoff poten-

tial begin to faU rapidly.

Fig. 10 shows the pinchoff” softening” effect mentioned
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Fig. 10. Normalized drain current predictions versus normalized gate
voltage with and without traps.
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Fig. 11. Predicted gain-bandwidth product ~~ and maximum frequency
of oscillationj~= versus background trapping state concentration.
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Fig. 12. Predicted gain-bandwidth product ~~ as a function of normal-
ized drain current. The background trapping state concentration is used
as a variable parameter.
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in the previous section for one particular device. Notice [4]

that the figure plots normalized current and voltage. Thus

the trapping density affects the de characteristics of the [5]

device in a qualitative, as well as a quantitative, way.

Deep-level traps also have some effect on the RF perfor-

mance of the device, as illustrated in Figs. 11 and 1.2. Fig.
[6]

11 shows clearly the decrease of jT and ~mu associated with

increasing trapping state concentrations— especially for [7]

deep-level concentrations above the low 1015 cm- 3 range.

In Fig. 12, note that for low-bias currents, ~~ increases [8]

when few traps are present while it decreases for higher

trap concentrations. This is easily explained in terms of the

degrading effects traps have on mobility and velocity. As [9]

the gate bias restricts current flow, a larger fraction of the

carriers are forced deeper into the channel. his corre-

sponds to the more lightly doped regions of the device. If [IO]

the compensation ratio is fairly small (i.e., few traps) then

from (1) and (3) the transport properties are superior, and ~111

~~ increases. If, on the other hand, the trapping state I

density is on the same order of magnitude as the shallow-

level donor concentration, then the compensation ratio

approaches one. This corresponds to extreme degradation

of mobilit y and velocity and thus forces ~~ to decrease.

IV. CONCLUSIONS

It has been shown how deep-level traps in ion-implanted

devices degrade carrier transport properties in the semicon-

ductor material. The degradation is more severe rtear the

tail of the implant profile than near the peak. Thus the

transport properties of the device will be depth, or bias,

dependent. A modeling technique which accounts for this

dependence has been used to study device properties as a

function of fabrication parameters and deep-level con-

centrations. The results indicate that low-energy implants

should possess superior high-frequency properties, and that

lowering the trapping state density in the material. should

improve device performance. For the 75-keV implant

studied in this work, a critical deep-level concentration

of about 1015 cm – 3 was identified. For trapping state

concentrations above this level, performance degradation

becomes increasingly severe. Decreasing deep levels in

ion-implanted devices below this critical trapping state

concentration should improve device performance. It

should be noted, however, that for a different implant

schedule than the one considered here (i.e., 75 keV with

N_= 2 x 1017 cm-3) the critical trap density may be

different.
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