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ABSTRACT

A study of ion-implanted MESFET
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performance as
a function of the implantation energy and fluency
and including the effects of deep-level trap
concentrations in the substrate has been
conducted. Carrier concentrations as a function
of depth are determined through the use of LSS
theory and a profiling model. .&I analytic device
model, which computes both DC and RF
characteristics, is then employed to predict
MESFET performances. The 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.

INTRODUCTION

The performance of FETs fabricated by i.on–
implantation depends greatly on carrier
concentrations 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 complexity of
problems associated with the characterization of
ion-implanted devices.

This work is targeted mainly at determining
design rules for high-frequency ion-implanted

MESFETS . The study utilizes theoretical models of
both material properties and device

characteristics. This information is combined

with experimental material characterization to
provide improved quantitative accuracy of the
model.

Initially, the determination of typical ranges

for concentrations of deep-level traps, N~x)

(normally due to chromium in the GaAs substrate)

was made from a novel measurement technique using

both differential capacitance and conductance DLTS
data. Shallow-1evel donor concentrations, ND(x),

were then determined from LSS theory as a function
of implantation 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
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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 distinction between free-carrier

and donur profiles, the effect of deep-level

traps, and the depth dependence of mobility and

velocity are shown to be important considerations

which have been ignored in previous models. The

DC characteristics and small–signal S-parameters
along with figures of merit are computed by the

model.

NATERIAL CRARACTERIZATION

Figure 1 shows free-carrier, background donor,

and deep--level trap profiles typical of ion-

implanted semiconductor material. Deep-level trap
centers and free-carrier diffusion from highly
doped to lowly doped regions will cause the free-
carrier profile to differ from that of the ionized

I.-#’-%
— free-carnef con.entratvan .(x)

‘— Sha(lmv-level donor
m.ce.trmon ND(x)

:\

/ -– deep-level trap

\ concmtratm NT(x)

\

: \

\
!=2 \
~
a

\

0 \
.

\
\

\

l\

\ ____

I ‘\
\ ..-”/

-——.— —“

~PlDEPTH

Figure 1 Typical concentration profiles for ion-

implanted material.

donors. Our studies show that as much as an order

of magnitude difference can exist between these

two profiles for ion-implanted materials typically
used in the fabrication of GaAa MESFETS. The
deep-level sites will also have a degrading effect
on carrier transport properties.

Determination of the various profiles present

in a sample is a difficult problem. Traditional

c-v analysis measures the free–carrier

concentration if traps are not present [1]. When

traps are present, however, knowledge of the trap

concentration profile is necessary to extract the
free-carrier information [2]. Likewise, DLTS data
can give trap concentration information if the
free-carrier profile is known. For this work,
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these two methods were combined to determine the
free–carrier, shallow-level donor and deep-level
trap concentrations for a typical ion-implanted
device. The details of this technique are
discussed elsewhere [3]. Needed for the technique
is the low-field mobility of the material as a
function of donor density and baclcground
compensation. ‘This is obtained using the
theoretical results of Walukiewicz et al. [4] in——
conjunction with Monte Carlo velocity-field
predictions. Our own Monte Carlo results [5] were
used to determine the mobility as a function of

background donor density with no traps present,
and the Walukiewicz values were then normalized to

the Monte Carlo numbers. The normalized data was
finally curve fit to obtain an empirical
expression for mobility as a functicm of

background donor density and compensation ratio.
The resulting expression is

Mnax
PO = . (1-e)b

1 +[1”~ ND) c
No

where

~ax= 8380 (cm2/v*sec),
No = 23.2553,

c = 23.0,
g = N~lN~,

A(log ND)2- B(log ND) + C

(1)

for ND > 1021 (m-3),
b=

0.114992
for ND < 10 21 (m-3),

with
A = 0.025,
B = 0.817278,
G = 6.252838

and where ND is given in (m-3). Expression (1) is

plotted against the normalized Walukiewicz values
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Figure 2 Low-field mobility as a function of
doping and deep-level compensation, The
solid lines are computed from equation
(1) for 0=0.0, 0.2, 0.4, 0.6, 0.8. The
data points are from the normalized
theoretical computations [4].

in Figure 2. As can be seen from the plot,, the

agreement is quite good.

A one micron gate length NESFET along with a

differential capacitance pattern were fabricated

on Silicon implanted Cr-doped GaAe substrate.

Conductance DLTS and C-V measurements were

performed on these devices and a dominant deep-
level trap state was identified 0.736 eV below the
conduction band. The measurements were used as

input data to a computer simulation which computes

the desired profiles as mentioned above.

The final resulting free-carrier, shallow-level

donor, and deep-level trap concentrations as a

function of depth into the material are shown in
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Figure 3 Resulting concentration profiles and

low-field mobility profile for one

device.

Figure 3. Notice that deep into the channel there
is some scatter of the shallow-level donor data.
This begins to occur when the trap concentration

and the shallow-level donor concentration are of

the same order of magnitude. The uncertainties in

the exact shallow-level concentration at this

depth into the channel are not critical to the

profile predictions. This is true since the

magnitude of all the profiles of interest are

small at this depth when compared to their

magnitudes near the implantation peak.

The low-field mobility profile obtained from

this analysis is also shown in Figure 3. The

curve can be compared to the results of Das and

Kim [6], and is in good qualitative agreement.

THE DEVICE NODEL—— —

The device model used here is a one-dimensional

model with a small-signal analysis. One-

dimensional models offer a number of advantages

for a study of this type over mQre elaborate two-

dimensional models. For example, the form of the

results obtained from one-dimensional analysis is

more useful in terms of many device optimization

and design problems. AI.SO, information needed to

examine circuit/device interface phenomena can

easily be obtained from one-dimensional results.

Of critical importance here, however, is the cost

difference between one- and two-dimensional

simulations. In these studies, over one-hundred

different device geometries were examined at ten

to tweuty different bias levels. To obtain this
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information from two-dimensional simulations would

have been at least an order of magnitude more
costly in terms of both time and money.

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 is defined from a theoretical
velocity–field characteristic determined by Monte
Carlo techniques. For electric fields less than
an appropriate saturation field, Em the electron
velocity is described by a linear expression,

(2)

For electric fields above Em the electrons move at

a constant, maximum velocity, V m. Using this
information, a small–signal equivalent circuit as

shown in Figure 4 can be determined and analyzed
to obtain RF performance predictions, including
power gains as a function of frequency.

Low-field mobility aa a function of depth for

the model is obtained directly from equation (l).

Determining the appropriate maximum velocity for
the material is more involved, however.

The importance of developing a systematic,

well-justified technique for determining maximum

velocity, Vm, was discussed in earlier work [7,8]

and in this study, such a method has been

developed. The method involves numerical

determination of the carrier transit time under

the gate using an exact velocity–field

relationship. The assumed field distribution for

this calculation is obtained from two-dimensional

simulation results. It is then required that the

transit time calculated assuming a two-piece

approximated velocity-field relationship be equal

to that of the exact

a Vm for GaAs (doped

excellent agreement

Pucel et al.—— [9].

fit and expressed as

‘m = VO-A

analysis. This method yields
to a level ND = 10 171-.m-3 ) in

with the value obtained by
The resulting data was curve

log [(1-y)2 + By]

where

Y = (N D(x)/N )2”5,
YNo= 1.5 X 10 2,

A = 0.0262,

B =0.4,

Vo= 1.40.

(3)

E~UatiOLl (3) g~;t3S Vm in los

expressed in m .

a/secwhen ~(x) is

The expression is also assumed

to have the same dependence on compensation ratio,

e, as equation (l). Thus , the factor (1 - B)b is

multiplied with equation (3) to obtain Vm in the

presence of traps. The exponent, b, is defined in

eqtiation (1).

Zluations (1) and (3) in conjunction with

knowledge of the three profiles, n(x), ND(x) and

NT(X) , allow for the derivation of a device model

w’hich includes the effects of varying transport

properties as a function of epi-depth.
The current-voltage predictions of the model

for a one aicron ion-implanted device are compared
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The equivalent circuit for an FET used

in the analysis.
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Figure 5 Comparison of model predicted and

measured I-V characteristics for a one

micron ion-implanted device.

in Figure 5 with the measured I-V curves. The

agreement is excellent. It should be noted that

without the inclusion of the effects of traps on

carrier transport, this agreement could not be

obtained. The traps have a tendency to “soften”

the pinch-off characteristics of the device ( ie.

when traps are included in the simulation. me

slope d~D/dVg is not as great near pinch:off).

For all of the devices studied in this work, this

“softening” effect was required to obtain best

agreement with measured I-V characteristics.

RESULTS AND CONCLUSIONS— —

The results that follow were obtained following

the modeling steps outlined in the Introduction.

Three parameters were varied independently. They

are 1) implantation energy, S , 2) peak doping

density, Nmax, and 3) trap concentration, NT(x).
The implant species was assumed to be Si in GaAs
and the activation was assumed to be 100% for all

devices. The trap concentration 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 fluency through the simple

relationship

$ = ~ up Nmax (6)

where
‘P 1s

the standard deviation of the
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Projected range.

For the implant energy and peak doping studies

the trap level was left constant at NT=2.O x 10 15

CM-3 . This number waa chosen to be in general
agreement with the results shown in Figure 3. The
implant energy was varied from 50 to 150 keV
while the peak doping took values between 8 x 1016

and 4 x 1017 cm-3.

Figures 6a and 6b illustrate the effects these

parameters have on the gain-bandwidth product:, fT,
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c N*OX ,2 X1 0’7CI I-3

d Nma X=4x 1017 cm-3

energies lower than this, lDSS<10 MA.

For the trap study, an implant energy of 70 keV
and a peak doping density of 2 x 1017 CIE3 was

varied fro?;;a;;v~:?rap Concentration Was

assumed.

Figure 7 illustrates the effects traps have on

the zero gate biaa current, lDSS~ and the pinch-

off potential, Woo. Figure 8 shows the pinch-off
“softening” effect mentioned in the previous

.
50 100 150

tMPLANT EN GERY, (ko V)

Predicted gain-bandwidth
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Figure 6b Predicted maximum frequency of

oscillation, fma= vs. implantation

energy, g . The peak doping, Nmax, is
used aa an independent parameter.

and the maximum frequency of oscillation, fmax.
The value for fTia computed from first order

considerations to be given by

f~ = gm/2~cgs. (7)

The quantity fmax is obtained by noting the

frequency at which Mason’s unilateral gain (as

predicted by the model) goes to unity. The

results clearly indicate the superiority of low–

energy implants for high-frequency operation.

AU of the devices considered in compiling

Figures 6a and 6b were compared at a bias of 1~10
MA. The dashed line falling off rapidly at the
low-energy end of the curves indicatea that for
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Figure 7 Predicted effects of varying trap

concentrations on DC characteristics.
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Figure 8 Normalized drain current predictions vs.

normalized gate voltage with and without
traps.

section for one particular device.

Deep-level traps also have some effect on the

RF performance of the device as illustrated in
Figures 9 and 10. Figure 9 shows clearly the

decrease of fTand fmax associated with increasing

trap concentrations.

In Figure 10 note that for low bias currents fT

increases 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 the gate

bias restricts current flow, a larger fraction of

the carriers are forced deeper into the channel.
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Figure 9 Predicted gain-bandwidth product, fT, and
maximum frequency of oscillation, f max,
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Predicted gain–bandwidth product, fT, as

a function of normalized drain current.

The background trap concentration is

used as a variable parameter.

This corresponds to the more lightly doped regions

of the device. If the compensation ratio is

fairly small ( ie. few traps) then from equstions

(1) and (3) the~ransport properties are superior,
and fT increases. If, on the other hand, the trap

level 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 mobility and

velocity and, thus, forces fT to decrease.

In conclusion, deep level traps in ion–
implanted devices degrade carrier transport
properties in the semiconductor material. The
degradation is more severe near 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 trap
concentrations. The results indicate that low

energy implants should posess superior high-

frequency properties and that lowering the trap

levels in the material should improve device

performance.
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