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The Effect of Substrate Purity on Short-Channel Effects of GaAs MESFET's
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Toshimasa Ishida and Katsuzo Kaminishi
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The effect of substrate purity on short-channel effects of GaAs MESFETTs is
discussed. As a substrate with high purity, an MOCVD-grown undoped buffer layer
was used, and as a substrate with low purity, the substrate implanted with carbon
and/or oxigen ions was used. The threshol-d voltage strongly changed when C and/or
O ions were implanted beneath the channel. The short-channel effects were fairly
supressed when the substrate was "impuretr.

1. Introduction
Recent development in self-allgnment GaAs MES-

FET processing technologies has enabl_ed the fabri-
caton of high speed GaAs LSI's. To improve the
switching speed of GaAs MESFETIs further, the re-
ducti-on of gate length is quite effective. However,

as the gate length is decreased, many harmful

effects appear, especially in .,* ior, implanted

self-aligned FETrs. The threshold voltage (Uan)

shifts towards negative, sub-threshold cument in-
creases, and the drain conductance increases. These

effects are called short-channel- effects. To over-
come these effects, various works have been already
reported. The establ-ished points effective to re-
duce short channel effects in self-aligned MESFET's

are as foffows

1)To decrease the thickness of active l.y""l)
2)To decrease the thickness of n+ 1ryu"2'3),
3)To separate gate metal and n+ implanted ""gior,4).

However, it is sometimes observed that the de-
gree of short-channel effects differs from wafer to
wafer even though the processi-ng conditions are the

same. These phenomena are thought to be caused by

the difference in the purity of semi-insulating
substrate. In Si n-channel MOSFET, it is well
known that short-channel effects are strongly af-
fected by the acceptor concentration of the sub-

hl

strate"'. In this paper, the effect of substrate
purity on short-channel effects of GaAs MESFET is
studied experimentally for the flrst time. An

c-7-2

MOCVD grown undoped buffer layer was used as the
substrate with high purity, and the layer in which

carbon and/or oxigen were implanted was used as the
substrate with l-ow purity.

2. Experimental

By using low-pressure MOCVD system, high puri-
ty GaAs layer can be grown. The residual impurity
concentration (N.+N ) is estimated to be l_ess than

^oat5 
-alxlo-- cm - because the electron mobility of the

stightly n-type epitaxial layer at 77K exceeds lx
tos c*27v.s. By adjusting the ITMG]/lAsua] ratio,
high resistivity layer of 2-3 pm thickness can be

obtained. Because the caruier is completely de-
pleted by the surface and/or interface built-in po-

tential and surface leakage curuent is negligible,
thi-s MOCVD grown high resistivity layer can be

successfully used as the substrate for ion implan-
tation to make MESFETO). This substrate (MO-sub-

strate) is thought to be one of the purest sub-
strates that are now available.

To make rrimpursrr substrate , ", and/o" 160

ions were implanted into the MO-substrate. the 12C

' 16^ion and --0 ion implantations were performed with-
out a mask at energies of BO keV and 1OO keV with
doses of more than 1x1OL2 cm-2, respectively.

In these substrates, MESFETts with various
gate lengths were fabricated using W-AI gate self-
alignment p"o""==3). The active layer was formed by
2q-"Si ion implantation at an energy of 60 keV with a

as the gate length is decreased, many harmful-
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Fig.1 Cross-section of the MESFET and calcufated
as-implanted impurity profiles of silicon, carbon
and oxigen.

dose of t.5xto12, 3.3x1-012 or 4.oxto12 .*-2. The

ion implantation for n+ layer with a gate mask

metal was done by 1Oo tev 29Si with a dose of 1.5x
1? -21ot" cm-t. The direction of the gate was [011]

(drain current flows parallel to [0if] Airection)

according to the definition of Ref.7. The annealing

with an SiO, caP was done at SOOoC for 20 min under

AsHa + Ar atmosphere.

The cross-section of the device structure and

the calculated depth profile of implanted ions (as

implanted) are shown in Fig.l-. The peak positions
12 16

of implanted *-C and *"0 ions are al-most the same'

and are far deeper than 29Si p"ofiles for active
+

and n- regions. The Vth of the MESFET was deter-

mined by the relation between (r^)t/'and v-.'dosb

3. Results

3.1- Threshold voltage
2q

The relation betwe"t Vth and dose of --Si im-

plantation is shown in Fig.2 as a paramet"" of 12c

and/or'"O doses. The gate length is 2.0 pm' As

seen in this figure, the introduction of carbon

ions beneath the channel strongly increases the

V,. The additional introduction of oxigen ions
tn

increases the V-n more. The amount of Van shift is

much larger than the value that one implanted

carbon atom i-s assumed to compensate one Si atom'

The data shown in Fig.2 were measured within
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Fig.2 Dependence of Vth ot Si doses using C and O

doses as parmeters.

one wafer. The error bar in Fig.2 is 2o of about 10

samples. The standard deviation (o) of Van are

very small (15-30 meV) because MO*substrate has

little residuaf impurities and disl-ocations

Fortunately, -'che V-' of the FET's of (qSi=t.5xtO12

cm-2, oc=Qo=o) u'ut?*ai=3.3x1012 " 
-2, Qc=1-.oxto12

_)
cfll ', OO=O) are nearly the same. So, the FET prop-

erties of these two samples can be easily compared

without the inftuence of Vth difference. In the

following sections, we mainly deal with the differ-

ence between these two samples. We cal-l these two

FET's rtpur€tr FET and 'rimpurerr FET, respectively, in

this paper.

The surface or substrate leakage curent of

carbon and/or oxigen ion implanted substrate was

negtigible when ion implantation conditions were

those written in Fig.2. When carbon ion implanta-

tion was performed at BO keV with a dose of 1.Ox
tl 

-/l-O'" cm-', however, the substrate was changed to

p-type and leakage current was large

3.2 Short-channel effects
Fig.3(a)-(c) show the static properties of

rrpsrerr FETrs and rrimpureil FET's with 1-.5 pml 1.0 pm

and 0.5 um gate length. Gate widths are all 10 pm.

Although the difference in the FET's with 1.5 um

gate length is small-, the static property differ-

ence between two FETIs becomes larger as the gate
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Fig.4 Dependence of V16 on drain voltage i-n trpurert

and "impure" FETts with various gate length.

length j-s decreased. Drain conductance and sub-

threshold curent are much i-ncreased in rrDurert

FET's.

Such a difference in static properties can be

well expressed by the dependence of Van on drain
voltage (V-). It is shown in Fig.4 as a parameter' d'
of gate length. The linearl-ity between Van and VU

is excel-Ient. So, the channel thickness modulation
al

parameter (y)"' can be obtained from the slope of
the lines. Fig.S shows the dependence of "y on gate

Iength. The y in rrpurerr FET is about twice of that
i-n rrimpuret' FET. The ratio of y between rrpure" FET

and "impurerr FET increases as the gate length
decreases.

Figure 6 shows the dependence of Vrn on gate

length. Two kinds of Van, VthO (Van at Vd=OV) and

V*." (V-. at V.=lV) are shown in this figure. TheIn.L tn d

rrpurerr FET rrimpuretr FET
(b) Lg=1.0 ut

ttpgrerr FET . rrimpurerr FET
(c) L--0.5 pm

g

FET

" lmpure" FET

12
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of channel thickness modulation
slope of Fig.4) on gate length.
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in static properties between ttpgretr FET (the FET formed on
and rrimpurerr FET (the FET formed on rrimpurerr substrate).
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1I nf rrimn,rnarr FET iS almOSt COnStant betWeen"tho "'
gate length of 1.0 Um and 5.O Um, whereas, the VthO

of rrpurerr FET differs between gate length of 1.O pm

and 1.5 um. Moreover, the difference in V_n of
rrpure" FET between 0.5 um gate and 5.O ur sate is
about twice of that of rrimpurerr FET.

4. Discussion

The implanted carbon ions are thought to form

shallow acceptors in GaAs crystal when anneal_ed at
high temperatures. However, the activation effi-
ciency of carbon ions at SOOoC annealing was re-
ported to be very l-owY/. So, it is difficult to
assume that all implanted carbon ions form shallow
acceptors. The fact that substrate leakage cument
was negligible at the carbon dose of 1*1012 cr-2
supports this consideration. However, as shown in
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Fig.6 Dependences of VtfrO and V161 on gate length
in rtpuretr and trimpurerr FETrs.

Fig.2, small amount of implanted carbon ions

strongly increases the Van. Therefore, the carbon

atoms which are not activated in the crystal are

thought to play a major role. Tt is not clear

wheather they are deep acceptors, deep donors or

other deep levels. It is sure' however, that the

purity of the substrate becomes lower when carbon

ions are implanted.

The results of Fig.3 - 5 reveal that the cur-

rent flowing beneath the channel (substrate cur-

rent) is much supressed in 'timpurerr FET|s'

The Fermi levels of active layer is near the

conduction band edge, and that of semi-insulating

(S.f.) substrate is near the mid-gap. Therefore'

the depletion layer exists between active layer and

S.i. substrate. The width of depletion layer and

the curvature of conduction band edge are deter-

mined by the total donor (shallow or deep) concent-

ration of active layer and the total acceptor

(shallow or deep) concentration of the substrate

/N \ rf N is high, many part of the depletion\"as' "as
layer lies in the active layer side, and the band

bending beneath the channel is strong. On the con-

trary, if N is low, most of the depletion layer
as

lies in the substrate side and the depletion layer

width is large. The band bending beneath the

channel is weak.

The difference in the deptetion layer width in

active layer side explains the experimental resufts

of V,, difference (Fig.2), and the difference in
IN

the band bending beneath the channel explains the

difference in substrate current.
Because the experimental results can be

explained qualitatively by the difference in total

acceptor concentration in the substrate, the main

part of the implanted carbon ions which do not form

shall-ow acceptors are thought to form deep accep-

tors. Furthermore, some part of implanted oxigen

ions are also thought to form deep acceptors.

5. Conclusion

The static properfies of two types of FET|s

were mainly compared in this paper- One is made in

the high purity MO-substrate lttpurerr FET)' and the

other is made in the carbon ion implanted MO-

substrate ("impureit FnT). Although the activatioq

efficiency of implanted Si ions are small in the

I'impuret' FET, the short-channel effects in the

'rimpurerr FET are weak.

From the results of this work, it can be con-

cluded that the substrate must not be too pure in

order to fabricate short-channel FETrs. However'

the ordinary available rrimpurert substrates do not

have sufficient uniformity of impurity concent-

ration. The uniformity of the amount of impurity

strongly affects the V-n uniformity. Therefore'

the substrate which is made by controlled doping of

carbon and/or oxigen lons into high purity subst-

rate is very advantageous to fabricate uniform and

high performance short-channel FETr s.
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