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We present a theoretical explanation of the interfacial component in the gate resistance of Schottky-barrier-
gate field-effect transistosSBGFET$. This component was recently established and was found, for GaAs-
and InP-based SBGFETSs, to have the smallest practically achievable normalized yatumethe order of
1077 Q cn?. We show thatr; in this range can be modeled as an ac tunneling resistagpdeetween the
three-dimensional3D) gate metal and the 2D semiconductor surfaces states. We extend Cowley and Sze's
static Schottky-barrier lineup model to include high-frequency modulation of the surface-state occupation by
an ac gate voltage. We find that, singeis not simply a dc resistance in series with the standard parasitic gate
resistance, the resulting experimentally observgds smaller by an amount that depends on the interfacial
layer and surface-state density. However, for the typically observed valexts like a series resistance up
to presently attainable frequencies. Thus, while Cowley and Sze's phenomenological “interfacial layer of the
order of atomic dimensions” is more or less “transparent to electrons,” it presents a resistance that cannot be
ignored at microwave and millimeter-wave frequencies. We apply our theory using interfacial-layer parameter
values corresponding to alternative models for Schottky-barrier formation, and compare the predictions to
experimental observations. Our results are consistent with models that involve defects near the semiconductor-
metal interface[S0163-1829)10119-X

I. INTRODUCTION Il. THE COWLEY-SZE MODEL AS A BASIS FOR
ANALYZING THE INTERFACIAL GATE RESISTANCE
We recently establishéd a previously overlooked inter- : . . _
facial componenRy; in the gate resistandgy of Schottky- AS,7 ?;scr:?sre]dl i Ref. d2' 'b\INe lcor;S'dergi_.a
barrier-gate field-effect transistor6SSBGFET$ such as _X 10 cm the lowest reproducible vajue for our epitax-
modulation-doped field-effect transistofMODFETY and 1@ IlI-V_semiconductor material system, and Qi gate
metal-semiconductor field-effect transistoMESFETS. Ry, procesé._ Exper|mer_1tal variations in this value may occur
was shown experimentally to dominate the input resistancgu€ to differences in wet chemical cleanup of the deep sub-
Ri, of short-gate high-speed SBGFETs. The other two comMICron openings in the resist prior to gate eyaporanon, and
ponents, the gate metallization resistaiRg and the gate- I surface oxidation between the clean-up dip and evapora-
source capacitance charging resistaRedor Rgg), used in  tion. For some individual devices with longer gates we have
the past to account fully foR;,, were shown to be of sec- Seen values as low as410™® () cn?, however, the correc-
ondary importance for these FETs. Furthermore, the skintion term for the channel resistance in series withis over-
effect correction factor toRy, was shown by three- estimated for longer gates with the method used. this
dimensional(3D) numerical analysis to be negligible at any respect, deep submicron devices are particularly well suited
presently attainable frequendyy; is thus of practical impor- for studying the interfacial gate resistance. Also, to properly
tance to the performance, modeling, and optimization ofubtract out other components in the gate resistance, one
high-speed SBGFETSs, as discussed in Ref. 2. The origin afhould look at several gateidths for each gate length,
Ry was proposed to be an interfacial barrier between théomething we have only been able to do for our standard 0.1-
gate metal and the semiconductor surface. A large number gim-long gates. Although it is easier to clean up a large resist
data on a variety of InP- and GaAs-based SBGFETs suggestsit prior to evaporation, our sintered gate protessould
that a smallest routinely achievable normalized interfaciaresult in a Schottky barrier that approaches the physically
gate resistanceg; is on the order of 10" Qcn?.? In this  ideal. Summarizing the experimental findings, there appears
paper we theoretically evaluate the notion that this minimunto exist a smallest valuegi“'”) for the interfacial gate resis-
value is related to the behavior of a Schottky barrier formedance which is on the order of 16 Q cn?, and which we
as ideally as a practical manufacturing environment will al-believe corresponds to a metal-semiconductor interface free
low. The paper has essentially three parts. The first investief contaminants.
gates the frequency dependence of the admittance of such aA widely used, and analytically tractable, model for
“practically ideal” Schottky barrier. The second develops a Schottky-barrier formation is that by Cowley and SZe.
theory for electron tunneling between the metal and semiThey explained the barrier heights of a variety of metals on
conductor surface states and compares this with an existingi, GaP, GaAs, and CdS, by assuming the existence of an
theory. The third part uses the theory to calculate the interinterfacial layer between the metal and semiconductor. This
facial resistance componenf in the admittance, and the has to have a thickness that is on the order of a few atomic
resulting measurable interfacial gate resistanggassuming  layers to be transparent to electrons, and has to withstand a
alternative models for Schottky-barrier formation found in potential across it to account for the deviation of real barrier
the literature. heights from the difference between the metal work function
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®,, and the semiconductor affinit{.. An interfacial layer picture to lay the theoretical groundwork for the existence of
with 4—5-A-thickness, and vacuum electronic propertiesthe mterfacal gate resistance, without tying it to any particu-
was assumed. While this picture is not a precise representi@ Physical interpretation. In Sec. V we will examine the

tion of physical reality, it can explain the behavior of a wide mterfacial gate re_sistance that we predict 'for diﬁgrent
variety of barriers, and it probably does contain the macro-ChOICeS of interfacial-layer properties, appropriate to differ-

scopic physics of Schottky barriers. Its simplicity and adapt-ENt Physical models.

ability make it a potentially attractive basis for analyzing the

interfacial gate resistance. However, the tunneling behavior ll. THE MODULATION DYNAMICS OF THE

of Schottky barriers in the Cowley-Sze model is much more SEMICONDUCTOR SURFACE STATES IN A SCHOTTKY
sensitive to details of the representation than is the barrier BARRIER AT MICROWAVE

height. It becomes important to understand more precisely AND MILLIMETER-WAVE FREQUENCIES

the physical situation that the Cowley-Sze interfacial layer

The interfacial-layer modéf was developed to explain
the static lineup of the bands. Similar models have been used
tp analyzel -V and low-frequencyC-V characteristic!~%°

fh this section we will use the model to understand quantita-
tively how an interfacial layer can produce a dominant com-
Iponent in the important parasitic gate resistance of high-

represents.

First-principles models for Schottky-barrier formation
typically assume an ideal barrier in the sense that the met
and semiconductor atoms are nearest neighb8rajth no
interpenetration of materials. In the most ideal casestal
Svlﬁgﬁreo?hgvavs LT;:; 'ng't gfegitc:ﬁtﬁ]&ztnoq érf]e aseggctggd:v%ticé&erformance Schottky-barrier FE¥&Ve will thus examine
are referrgdptopas MIpGS for metal—inducedg 21 statés The'o effect of modulating the metégatg voltage at micro-
Fermi level is pinned nea;r a “canonical” ene? b which is q vave and millimeter-wave frequencies. At these frequencies,

. P ; 9y, and normal bias, recombination of bulk semiconductor car-
function of the bulk semiconductor band structure, and cor-. .
: . riers at the surface state can be neglected. This makes the

responds to local charge neutrafftyThis picture of

Schottky-barrier formation is controversial, and its failure admittance analysis considerably less complicated than in

upon closer inspectioh®'%'to predict the generally ob- 'Refs. 21, 22, and 25. 4
served essentiall met,al-inde endent Fermi level pinnin Figure 1 corresponds closely to Sze's Fig-"18.Sec. V,

y naep . P e will consider situations where the interfacial layer is not a
suggests that the problem is more complicated than assume

The most likely complication is that defects, with associated’ 2c44m: and we have therefore introduced an affiity a

energy levels pinning the Fermi level inside the forbiddencenduction-band edgéc; , and a valence-band edgg; for

gap, form in the semiconductor close to the interface. Therihe interfacial layer. Otherwise we use the same nomencla-

are many possible alternative microscopic origins of thes ure, with a few exqepuonsd(, Vi Xse, ar_1d Vsd. The
defects, including antisitesfor 111V compounds and Signature difference is that we let a nonstationary voltdge

vacancie€!! new chemical compounds, and changes inbe applied to the metal. This results in a varying electron

atomic geometry’ These can be affected by such factors a quasi—Fgrmi leveEes in the semicondgctpr, and. a Fermi
morphology, stoichiometry, surface reconstruction, surfac evel split Bx =Ers—Ery across the thin interfacial layer,

preparation, and metal reactivity.One prominent defect where Egs and Epy are the Fermi Iev,els fqr 'the surface
model relies on semiconductor native deféét¥ and is in states and the metal, respectively. Sze’s built-in voltdge

its final refined form? referred to as the advanced unified " the semiconductofso will also change, and we denote

defect model(AUDM). Another proposed complication is tNis modified voltage/s.. Ideally, Vs.=Vg —V, but even at

the formation of a thin bond-disordered layer in the semicon—dC this is generally not the caéeWe are interested in small-

ductor near the interface, resulting in a continuum ofS!9nal ac variations, prefixed by, in a bias and frequency

disorder-induced gap statéBIGS).26Similar to the MIGS ~ '€9ime not dominated by dc conduction across the semicon-

case, the Fermi level is proposed to be pinned near a “nelﬂUCtOr barr|er_. .We will see a dewaﬂory from ideality due to

tral level” which depends only on the bulk semiconductorthe vc_)Itage division betw_e_en the sem|c_onductor_ ant_:i the n-

band structure. Some combination of thésand other terfacial layer. The ac driving forcéV will result in simi-

mechanism$° may be involved in determining the barrier 'ary denoted ac variations in the “primary” variablé; ,

height. V;, and ng- Variations in Qg., Qu, Qs, andJ can.be.
While the details of why the midgap states come to existexpr(.essed. in terms of these. The other parameters in Fig. 1

differ radically in all these pictures, the existence of a dipole@"® fixed, independent &f.

layer between the metal and semiconductor is not controver- 1h€ Voltage division is expressed by

sial. Thus in some sense, the Cowley-Sze model can be

adapted to any physical reality, whether it corresponds to a OV=—06Vi= V. (1)

barrier dominated by MIGS, defects, or bond disorder,charge conservation requires that

through judicious choice of the properties of the interfacial

layer and midgap states. For some interfacial conditions the 8Qg+ 5Qu+ 6Qs=0, 2)

Cowley-Sze model is not just a convenient construct for ana-

lytical modeling, but also a good physical representation. Inwhere

addition to the case of a thin native oxide, surface recon-

struction of GaAs has been proposed to result in true MIS- 0Qsc=Cp(Vsd) Vs, €

like (MIS denotes metal-insulator-semicondugt&chottky

barriers?® In Secs. lll and IV, we will use the Cowley-Sze SQu=—¢c;8V;, (4)
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parallel with the gate-source and gate-drain capacitances.

Direction of current density J with These conductances are negligible at high frequency, and we
applied voltage V>0 on the metal ignore them
- L . . '
E4 The preceding equations lead to solutions, first for the
Epy + - 20UUM level { { voltage division:
6V 1
Applied N c , 9
voltage 1+ -
Cs
V.
- Ci+t———
EFM+]SV ! "' l4jec T
FS
Ern F@ and ultimately for the admittance per unit area:
i 1 8J — 6V jocCp
w)=5=]wC =
y( ) SV J D SV Co
1+
g Cs
ok

Ci+—————
: 1+ J wCSI‘ IT
Interfacial Layer

FIG. 1. Cowley and Sze’s energy-band diagréRef. 4 for a  For the total ac current densi§d in Eq. (10), we used the
metal-semiconductdin-type) contact with an interfacial layer. The expressiornj wcp(— 6V which is valid in the depletion re-
electron energ¥ is referenced to the bottom of the metal conduc- gion. The expressiodJ;+ j wc;(— 6V;), valid in the metal
tion band. The voltage dropg andV,., and the Fermi energy split and interfacial layer, leads to the same result, as it should.

Er; are positive as drawn. The denominator in EQ9) is the ac ideality factor associ-
ated with a nonideald; <«) interface. Not surprisingly, the
and result in Eq.(10) is very similar to that of a metal-oxide-
semiconductoMOS) analysis. In fact, the result of Ter-

0Qg=—cg(8V;+ SEE;/q). (55 man’s original MOS admittance analydigq. (13) in Ref.

_ _ _ 26] is identical to our Eq(10), after exchanging his param-
cp(Vso |s_the dopln_g- and structu_re-dependent semiconduceterse ,, /W,y , Cp, |dQs/dV|, andr with ourcp, ¢;, Cs,
tor depletion capacitance per unit area. The other two norandr rc, respectively. The parameter exchange stems from

malized capacitances are the surface states, in our case, communicating with the
nearby metal, rather than with the semiconductor. Terman’s
_ & “energy loss mechanism,” associated with charging and dis-
Ci_d_i (6) charging the surface states through the semiconductor, be-
comes in our case the loss due to tunneling through the in-
for the interfacial layer, and terfacial layer. The equivalent circuit for the admittance in
Eqg. (10) is shown in Fig. 2a). We also show the circuit in
cs=0°Dg (7)  Fig. 2b) because it corresponds to the standard zero drain

basis SBGFET equivalent circuit in Ref. 2, Fig.(without
for the surface states, whei®g is the density of surface the source and drain access resistanagesed to extract the
states at the bias position &gs. Some defect models in- gate resistance. It has the simple one-pole admittance
volve sharp peaking dD<(E) at the pinning position® The .
MIGS mode? suggests a rather uniform distribution which _ JoCy
tends to increase near the valence- and conduction-band y(w)= 1+jorgcy’
edges. In the DIGS modél*®the Fermi level is pinned near
a pronounced minimum iDg(E). These details do not af- With
fect our analysis. For smadlE; , the tunneling current den-

sity 8J; can be expressed in terms of a linear resistance, the (gi= i (12)

(11)

interfacial tunneling resistanag;. 8J; is a real(in-phase (1+c¢;/cg)?
conductive current in the interfacial layer, and the metal; i.e.,

unlike the parallel displacement current, it does not contrib—and

ute to the metal charg®,, . Like the displacement current, co

however,8J; is an ac current. It is proportional to the small C
ac “unpinning” of the Fermi level, described b§E; :

9 1+[cp/(ci+cy)]’ (13
the circuit in Fig. Zb) has the same admittance as that in Fig.
déQs SEgi/q 2(b), to second order ifjw. We have thus identified the
gt JeolsT - ®) phenomenological, experimentally inferred, interfacial gate
resistance g; in terms of the underlying physical tunneling
The standard dc diode current across the depletion region camsistance |+, the interfacial layer capacitaneg, and ca-
be accounted for in the equivalent circuit by conductances ipacitancecs associated with the surface states. We have also

8=
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Frequency (GHz)

o FIG. 3. Frequency dependence of the equivalent s&+i€scir-
(b) cuit elements for the admittances in EGR0) and(11), with typical

value for the interfacial gate resistanager (™).
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FIG. 2. (a) Equivalent circuit for the admittance in E4.0), and
(b) the standard FET equivalent circuit, corresponding to (Ed). The results in this section indicate that the minimum in-
The two are equivalent to second orderj in. terfacial gate resistance that we extracted in Ref. 2 is consis-
tent with metal-to-surface-state tunneling, and does not go
identified the normalized SBGFET gate capacitangeas away at high frequencies of interest. The model has been
beingcy andc;+ ¢ in series. The denominator in EQL3) is  developed consistently with Cowley and Sze's classical
the dc limit of the ac ideality factor discussed above. It isinterfacial-layer model for Schottky-barrier formation. We
consistent with the dc analysis in Ref. 24 in the bias regimmow move on to deve|op the tunne“ng theory to be used in
where the surface states are in equilibrium with the metalsec. V to predict the interfacial tunneling and gate resis-

The value is close to unity for a physically ideal GaAs tances with different representative interfacial-layer param-
Schottky barrier, and presumably also for AlInAs, since weeters.

have found essentially the sam@@™ for AlinAs and GaAs
Schottky-barrier layers. For GaAs we can demonstrate this IV. THEORY FOR THE INTERFACIAL
by assuming, as suggested in Ref. 3, interfacial-layer param- TUNNELING RESISTANCE
etersd;=5 A ande;=¢,, and using the relation
Of the earlier modeling work referenced above, only
Py 1 Freeman and Dahlkéanalyzed the physics of the tunneling
Y= ady  1+0°Ded /g (14) problem. They developed a theory for tunneling through the
o ) ] insulator between metal and surface states in a MIS structure.
for the sensitivity of the Schottky-barrier height to metal the patural application for this theory is silicon MOS, where
work function ?”d Its 0.074 experimental vafum calculate  {he oxide insulator is intentionally present. A small dc cur-
Ds=1.38<10" cm ?/eV. This results incs=22 uFlen?  ent can still flow because of tunneling, the presence of car-
and ¢;=2.0 uF/cn? (the latter being quite similar to that riers at the semiconductor interface, and their recombination
extracted for metal-Si diodes by fitting interfacial-layer 4t the interface states. Our situation is quite different in that
theory to experimentall-V curve$®). With a typical deple- (1) the tunneling barrier is an unintentional interfacial layer
tion capacitancecp,=0.45 uF/cn?, corresponding to a ith thickness on the order of a few monolayers; §2xwe
25-nm gate-channel spacing, the dc limit of the ideality fac-are interested in frequencies and biases where the surface
tor is 1.02. S states communicate only with the adjacent metal, i.e., we can
Figure 3 shows that the two circuits in Fig. 2 are, for ourpeglect generation and recombination of bulk carriers at the
model GaAs Schottky barrier, practically equivalent up togyrface states. Nevertheless, this situation is a special case
very large frequencies. We have plotted the equivalent seriggr which the theory in Ref. 21 applies. Our analysis of the
capacitance Im()/w, and thery; estimate Ref)/Im?(y),? tunneling current will, however, differ from that in Ref. 21 in
applied to Eqs(10) and(11). Equations(12) and(13) deter-  gne major and several minor respects. The major difference
mine thery; andcy used in Eq(11). The choicer;1=2.18 s the quantum mechanical representation of the surface
X10"" Qcnv is based on results in Sec. V. It leadsrtp  state. Reference 21 treated the surface states as a two-
=1.84<10°" Qcn?, which is in the range of the experi- dimensional electron gas confined in the interface plane by a
mentally observed "™ At frequencies>100 GHz devia-  one-dimensionab potential. The effects of lateral localiza-
tions develop, but these are insignificant compared to théion were accounted for by a phenomenological tunneling
experimental uncertainties. Thus, there is no bypassing afapture cross section. We calculatg from tunneling to
rgi“'”) at practical frequencies. The frequency independencidividual, localized states using Fermi’s golden rule, as it
of Re(y)/Im?(y) reinforces its usefulness in providing an translates to tunneling currefftand Bardeen's methé@ifor
estimate of the gate resistance, although a better choiaelculating the tunneling matrix element. We will point out
would have been Re(it). For the cases we study, the two the minor differences at the appropriate points of the analy-
lead to indistinguishable results. sis, and in the end compare the theory in Ref. 21 with ours.
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FIG. 4. Detailed energy-band diagram for the metal-to-surface-
state tunneling problem. In Ref. 21 the potential well for the surface

state is a 1D é-function potential [ 5(z);wg—0Ug—0o0,wUg
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where theEg’'s are the energies of the surface states. We
will solve for the tunneling current from a single surface
state (energyEg) to the metal, and then perform the sum,
which can be expressed as an integral:

> =Ay f dEsDs(Eg), (19
S

whereA,, is the cross-sectional area in thg plane, and the
integral should be taken over tlig; gap in Fig. 1. For our
small excursions from equilibrium, the sum becomes the fac-
tor AyyDsEr; .

The factor of 2 for spin is already included in E45),%’
thus the absence of it in both Eq46) and(18). This is the
first minor modification of Ref. 21Mg), is the tunneling
matrix element, calculated by Bardeen’s metRdd:

ﬁ2
MSM(E,kXy)=—2—mJSSMdS(\If’S‘V\IfM Wy, VL),
(20)

=cons{ in thexy plane. In our alternative picture the wellis a 3D where m; is the electron effective mass in the interfacial

0-dependents potential [g(6) &(r);ws— 0,Us— 0, wg 2Us=consi
centered at the individual surface state.

A. General formalism for tunneling between metal
and surfaces states

tunneling barrier¥ g is the surface-state wave function, and
¥\ is the metal electron wave functioBg), is a simple, but
arbitrary-shaped, surface that completely separates the sur-
face state from the metal, and lies in the barrier region be-
tween the two.

The tunneling problem to be solved here is illustrated in

Fig. 4. Energy E), transverse momentunky(,), and spin are

conserved. We do not consider inelastic tunneling and other
possible complication® The expression for the metal-to-

surface state tunneling current den$ltis

=%f dzkxyf dE[f(E—Eg)—f(E)]

X ps(E—Egi) pm(E. Kuy) IMsm(E, key) |2 (15)

B. Models for the tunneling barrier, metal wave-function tail,
and effective masses

Before we can determine the two wave functions in Eq.
(20), we must define the details of our tunneling problem.
Considering that we are interested in very thin layers with
only approximately known characteristics, we neglect details
in the barrier shape, and changes to this induced by the ac
voltage. We thus assume a constant square barrier height
Eg, which implies thatV; in Figs. 1 and 4 is zero. For an

E is referenced to the bottom of the metal conduction bandintermediate metal work functiond{y~4.9 V), this is a
and the Fermi distributiohhas thus been raised on the semi-g00d approximation for GaAs, but one can expégcto vary

conductor side b¥g; due to the applied biag (Fig. 1). py

is the one-dimensional density of states in the metal, spin ndY'O)

included. With cosine wave-function solutio(Big. 4) and
associatednonperiodi¢ boundary conditionsp,, is given

by

LyMmy,

aE) b
 mh2K(E Kyy)

Lm
M(E kxy) (o'?k

wherel, is the thickness of the metdt, is the component

along thez axis of the wave vector, anahy, is the electron

effective mass in the metal. Assuming isotropic effective

massk, is given by

my E

K2(E,key) = —7 K2, - (17)

The density of surface states is

ps(E)=2 S(E-Eg), (18)

approximately +0.8 eV with different metals(Al,Ti,Pt,
The applied ac voltage is too small to significantly
affect the barrier. The variability on the metal side of the
barrier is overshadowed by the image fdrdedicated quali-
tatively in Fig. 4. We express the tunneling barrier in terms
of quantities on the semiconductor side in Fig. 4:

EB:(I)BOJF XSC— Xi . (21)

Using Eqg.(3-99 in Ref. 31, the image force extends the
range of the metal potential beyond the background ionic
core by

q° Erm

, (22)
167e(”Eg ErmtEg

Adi:

at E=Egy . In the simple free electron gas modet,, is
expressed as
h2kEw
EFMZMu (23

in terms of the Fermi sphere radius:
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Kem= (3m2ny)¥3~1.2 A1, (24) ki, +ko=kEy . (29)

nyu is the concentration of metal carriers, assumed to bey, is the interfacial layer decay fact6t:
equal to the atomic concentratiorr 6 X 1072 cm~3). () is .
the high-frequency dielectric constant appropriate for ko= /2 7 2

. . . . = _\2mEL+42K2, 30
tunneling® The tunneling distance for electrons at the Fermi 7o(Kxy) f '—B Xy (30
level will be reduced from the geometrical interfacial-layer

thicknessd; to d! given by Iy is the transverse component oin Fig. 4, i.e., the pro-

jection of r onto thexy plane. If the interfacial tunneling

d’=d —Ad: (25) layer is not a vacuumnf;=mg,X;=0), but instead is an

i i i . . . . .
oxide, or the semiconductor itself, the uncorrected barrier in

Judging from the predicted 9—14-eV occupied defithg of  Eq. (21) can be expressed in terms of the interfacial-layer
the metal conduction band for Ag, Au, and X ,a represen-  conduction-band edgéc;, and the surface-state enerigy:
tative choice fom,, is one-half of the free electron massg.
The corresponding\d; is 0.5 A for a metal-vacuum inter- Eg=Eci—Es. (31)
face, and 0.3 A for a metal-GaAs interface. The actual barin the case of a semiconductor interfacial-layer barrier, the
rier narrowing could be different by an amount that is prob-associated effective mass; for tunneling in the forbidden

ably less than these estimates themselves. Two opposi@ip can be estimated frok p theory’® in terms of Eg and
effects have been neglected. The first is a negative shift ighe valence-band edgsy; :

the z position =d; in Fig. 4) of the effective image plane

for an electron far removed from the mefake Ref. 33, and m;  (Es—Evi))(Es—Ey;tA)

references therejn The second is a positive shift of the Mo Ep(Es—Ey+2A73) (32

position where the electron energy becomes effectively zero 0 Pms v

(z=d, in Fig. 4), due to partial depletion of a thin metal This expression comes from Kane's secular equation for the

surface layetsee, for instance, Fig. 1 of Ref. BAdditional  three-band “small-gap” caseEp is an interaction energy

effects that occur for real atomic metiisre too complex to (=23 eV for 11I-V semiconductors andA is the valence-

include in our simple model. To estimate the lowered barriefand spin-orbit split al” (0.34 eV for GaAs For a GaAs

interfacial-layer tunneling barrier, witkg=E-—E5=0.85

Eg=Eg—AEg, (26) eV, the associated tunneling effective mass is @3 his

is a very small value, about one-half of the conduction-band

(I") effective masgm,=0.067n, (Ref. 36]. It corresponds

to a 6.3-A characteristic distance Hg0) for the radial

exponential drop in electronic charge of the individual state.

(Epy+Eg)? This is roughly consistent with the 2.8-A one-dimensional

we again apply Eq3-99 of Ref. 31, and use, as a uniformly
lowered barrierEg, the value calculated at the midpoint
=(d;—Ad;)/2. Thus, the barrier lowering is estimated as

AEg=Egy+Eg— decay length of MIGSd,cs) that results from averaging of
q° the electronic charge parallel to the interfag®ef. 6, Fig.
8me(™)(d,+Ad;) - _
(27) In Sec. IV C below, we will refer to the decay constant
Assuming a constant barrietand barrier lowering is B 1J7
reasonablé? particularly considering the uncertainties in pa- 75(0)= zV2ms(Ec—Eg) (33
rameter values. It allows us to integrate Ef5) directly, ] ] ] ]
which is the second minor modification to Ref. 21. of the surface-state wave function. This will describe the

In the third modification to Ref. 21, we allow for different decay into the bulk of the semiconductor, beyond the tunnel-
electron effective mass in the metahy), interfacial layer NG barrier.mg. is given by the right-hand side of E(2),
(m;), and semiconductornf). With the varying effective W|thout_ thei subscrlpt_. For GaAs |§ turns out thmSC is yvell '
mass, we determine the metal wave function in the tunneling@PProximated by a simple analytical parabolic continuation
region by matching?,, and m~9W,,/dz (Ref. 27 at the of the conduction band and the light hole valence band:
effective metal-barrier interface=d; =d,—Ad; (Fig. 4.

The alternative WKB approach used in Ref. 21 for a constant
mass would require the generalization described in Ref. 27
for position-dependent mass. With the wave-function matChWith k- p theory as the basis, this is not Surprising since the
ing approach, the metal wave-function tail in the tunnelingheavy hole valence band, to zeroth order, does not couple to
layer is given by the other bands in the “small-gap” approximatidhand the
split-off valence band lies deeper. We will use E84) for

the evanescent wave function in the semiconductor. This

Mse M miy(Es—Ey)
my My Mp(Es—Ey) +Mg(Ec—Eg)

(34

2 \” m;k _
1z e~ Wb(dirfz)e'kxyrxy,

\I}M:

Agylm \/mf/I m2)+ m2k>2 model for mg. appears similar to the approach in Ref. 21,
He where the semiconductor decay constant was also expressed
0<z<d’ (28) in terms of a parabolic continuation of the conduction band
-

and a valence band into the band gap. However, there the
kyy andk, are related by Eq(17), with E=Egy [Eq.(23)], two bands were assumed to have the same effective mass
ie., (the free electron masy,), and the approach led to a com-
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plicated n4(ky,) dependence that we do not see, using theNote, as indicated in Fig. 4, that the surface-state wave-
k- p result. If we apply Eq(32) to the case of a typical oxide function decay is typically smaller in the semiconductor than
barrier Eci—Es=4 eV, Es—Ey;=5 eV, E;=9 eV, X; in the barrier ¢75,< 710). This works to reduce the tunnel-
=1 eV), assuming that the interaction enerBy is the ing.
same as for IlI-V semiconducto(&3 eV) and that the spin-
orbit splitting A is negligible, we predictm;=0.22m,. This D. Tunneling resistance and capture cross section
is not dramatically different from the 0.2, used in Ref. 32, . . .

With the metal and surface-state wave functions in Secs.

and by. us in Sec. V, for 4D, .St'"’ our approach IS only IVB and IV C, respectively, the tunneling matrix element
approximate when we are dealing with a deep localized Ieve|{/I [Eq. (20)] becomes

whose wave function is made up kfvectors significantly S
larger than can be accounted for by a theory where higher (

47! k
order terms ok are neglected. Mgy=—h2 T 7ss FM

1/2
) e_di/ ﬂb(kxy),
Axybm] V(Mg 750) 2+ (Mikew)?

(39)

i ) ] ] where we have made use of the fact that the strongest depen-
We will take the integration surfacgsy in Eq. (20 tobe  ggnce ork,, occurs in the exponential factor by evaluating
a spherical shell, with radiuas, around the surface state, he prefactor ak,,=0. The same approximation was made

outside the attractive core. We refer to Fig. 4, but initially j, Ref. 21 and it allows us to perform the integral in E)
consider the midgap state of eneffgyto be a bulk state. For analytically. Then, at zero temperature

this, we assume a spherically symmetric square-well

potentiaf’ of short rangewy/2. This approximates the poten- 20ADcEr  (My7ld(Miken)
tial affecting an electron from an atomic core, screened by Ji=
deeper-lying electrons. The potentialks for r>wg/2. For

wg/2<8 A, there will be no bound excited states for the , —2d'
semiconductors of interest. The ground state will be a spheri- X (1+2di mpo)e = ™. (39)
cally symmetricstype state. We actually leas approach  The expression for the gate tunneling resistafg. (8)]
zero in order to integrate Eq20) analytically. This, in ef- pecomes

fect, requires that we assume a 3Efunction potential. In

C. The surface-state wave function

mid/ % (My 7o) 2+ (Mikey)?

this limit, the wave function has the simple form SEg 19 midi’2 (M 7p) %+ (Mikey)? e2d{ 7bo
Nr= = ; .
o odt  20°hiDs (My7e)(Mikey) 1+2d 7,
! —r
v —("—SS> c (35 40
S \2m r’ In order to make a comparison meaningful between our ap-

proach and that in Ref. 21, we apply to the latter, the minor
where 7 is a decay constant angl, is determined by nor- modifications mentioned above. We derive the following al-
malization. For the spherically symmetidcpotential,7 and  ternative expression far :
n4s are equal tong(0) in Eq. (33). However, a surface state

is not spherically symmetrical, since it is adjacent to a po- (FD)_ md?  mnss  (My7pe) 2+ (Mikey)?
. . . . . _ T - ’
tential barrier which is different thakc—Es. The wave 202%Dg arnlenss  (My 7l (Mikew)
function decays differently into the semiconductor and the
tunneling barrier. We account for this approximately by in- @24 7bo
troducing af dependencéFig. 4) in the decay “constant’ X——. (41)
1+2d; 710

in Eq. (35). We require that thé potential produce a decay
factor 7 that is equal to the appropriate decay constants forrhis differs from Eq.(40) only in the second factor, where
tunneling normal K,=0) to the interface; i.e.p=7,(0) 5 _is determined by the semiconductor and interfacial-layer
for §=0, and n=»4(0) for 6=m. 7,(0) is given by Eq.  decay constants:

(30) above, withk,,=0. With 7,,= 7,(0) andns,= 7-(0),

a functional form that satisfies these two requirements, and Mboso

: o = (42
leads to an analytical solution, is Mss Moot Tso
4 _ (analogous to our.), andoy is the tunneling capture cross
7(6)= oo™ Wso | Mo ”SOCOS{ 0). (36)  section for the surface stater was introduced phenomeno-
2 2 logically in Ref. 21, independent of the tunneling problem.

This was only natural in a theory where capture cross sec-
The normalization constang. in Eq. (35) is now given in  tions for Shockley-Read-Hall recombination at the oxide-
terms of the two decay constants on the right-hand side ofemiconductor interface states play a central role. However,
Eg. (36): one is then faced with having to guess a valuedgrbefore
ri7 can be calculated. In the MOS cases modeled in Ref. 21
or=10"1-10"1 cn? were chosen.
"bo™ "Iso 37) In our theory, there is no independent cross section. The

!
Nss~ Tnim 1. )" . . .
% IN( 7o/ 7s0) wave-function parameters, which are the result of our micro-
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TABLE |. Interface parameters for the tunneling calculation, corresponding to five different models for Schottky-barrier formation on
GaAs. Fixed parametersny=0.5mg, ny=6x10% cm™3; E;=1.424 eV,X;=4.07 eV, Pg,=0.85 eV,m=0.067,, m;,=0.087n,
dy.=2.83 A, cp=0.45 uFicn?.

Model Vacuum IL? Oxide IL° MIGS ¢ AUDM ¢ DIGS®
X; (eV) 0 0.95 4.12 4.07 4.07
m; /mg 1 0.29 0.031 0.031 0.031
giley 1 9 13.1 131 13.1
ee, 1 2.99 13.3 13.3 13.3
d; 4-5A 5-15 A dret dyies=3.3 A (1-20y (3-19)dy,
9Py 0.074 0.074 1 0.074
YT 0w, =0.13
1+0°Dg(dre/ 2o+ dyics/ €50
Ds g (1 g (1 5x10% cm 2/eV 2.5x10" cm ?/eV & e
Pl B prnl gt ——|cosh Y=
gd \y qd |y q-d; Y

#The Cowley-Sze vacuum interfacial-lay@L ) model (Refs. 3 and # Interfacial-layer thickness range as suggested in Ref. 3. Density of
surface states calculated using the fitted sensitiyigf barrier height® g, on the metal work functiob), (Ref. 3.

bFirst alternative: The vacuum replaced, more realistically, with an unintentional oxide. Reasonable candidates are Ga and Al oxides. We use
the effective mass and dielectric properties o§@yJ (Ref. 32 and the affinity of SiQ. A thickness range thought to be reasonable for an
unintentional oxide is chosen.

‘Second alternative: Based on numeriadl initio modeling of ideal intimate contact on GaA40 (Ref. 6. The tunneling barrier is

primarily in the semiconductor. The values 6, m;, &;, ands™) are thus those for GaA%; increased by 0.05 eV to compensate for

the slightly lower 0.8-eV Schottky-barrier height calculated in Ref. 6. The density of MIGS used is that calculated in Ref. 6.

4Third alternative: Based on numericalh initio modeling of intimate contact on Ga#d0 with bulklike defects in monolayers near the
interface(Ref. 8. The barrier is in the semiconductor. The value oy is the density of states calculated in Ref. 8 for the case of all the
defects located in one monolayer, but is then distributed over the number of monolayers that the defects are spread over. This model is
discussed in more detail in the text.

®Fourth alternative: Based on the disorder-induced gap state niBeés. 15 and 16 For the tunneling analysis, this model is nearly
indistinguishable from the AUDM case. We can use the experiment&ef. 3 to calculate the volume densityy of DIGS by Eq.(3)

in Ref. 15.Dg is then calculated aNcd;, and spread over the number of monolayers as in the AUDM case.

"The square of the index of refraction.

scopic model for the surface state, lead directly to an analyti- 20
cal solution to the tunneling current. The accuracy of this UTI—ZEU(TB)- (44
solution is limited by how well the actual surface-state po- Mso

tential is approximated by aé¢dependent é function. A
more realistic potential with a nonzero rangg/2 (Fig. 4)
will lead to a smallery,, than predicted by Eq(37). This

With GaAs parameters, for a bulk trap located at 0.85 eV
(=~®dggy) below the conduction band we get(TB)=1.O
reduces the wave-function tail in the barrier region where thexblot 10(:{?2 t. T?gf;(&e“melntat\] range for sucth Itraps 'S ftrr?m
integral in Eq.(20) is taken, which increases the tunneling abou 0 ’ eglecting experimental errors, the
wide range is due to the different, and basically unknown,

resistance. The two expressions fgr above, derived under bulk impurit tentials. If on mes that the uncertaint
otherwise identical assumptions, allow us to identify the. u purity potentials. 1t one assumes that the uncertainty

value for o7 that corresponds to our simple model for the N surface-state potential is equally large, one concludes that

surface state. This is of interest since it allows comparisorﬁ)he pr?i';t'onj oF 'Tf n the_tnsxt section could have error
with the large body of published experimental bulk cross ars of= < orders o magnitude.

sections. Setting the two Eg&10) and (41) equal requires
that V. THEORETICAL ESTIMATES OF THE INTERFACIAL
TUNNELING AND GATE RESISTANCES

T (Mbo! Ms0)?—1 We now apply the theory developed in Secs. lll and IV by
(43 adapting the parameters to represent alternative pictures of

Schottky-barrier formation. The most critical tunneling pa-

rameters describe the interfacial lay@#r) and its interface
Equation(43) expresses the interesting point that the tunnelwith the semiconductor. These parameters are varied, as
ing cross section depends on the barrier. For typical nonshown in Table I, and explained in footnotes. The remaining
spherical (> 75,) tunneling cases of interest, the crossparameters, those describing the metal and semiconductor,
section will be significantlfone to two orders of magnitugle are fixed as shown in the first footnote. The resulting inter-
lower than the corresponding cross section for the spherifacial gate resistance at dc and at 50 Gite highest fre-
cally symmetric bulk case,,= 7o) given by quency available to gds shown in Fig. 5.

oT=—5 .
! 77%0 (7bo! M50 IN( 700! 750)
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FIG. 6. Calculated interfacial tunneling and gate resistance ver-
sus surface-state density for a 3—6-A range of interfacial-layer
thickness. Cowley and Sze's vacuum pictyRefs. 3 and #is
assumed with parameters given in Tabléxcept that the depen-
dence ofDg on d; is abandoned

Interfacial gate resistance (ohm cm 2)

mass$. The effect of including barrier lowerin@nd narrow-
ing) is also particularly large, because of the low dielectric
constant. The strong exponential dependence on interfacial-
oas e e L layer thickness is evident in Fig. 5, and also in Fig. 6 where
10713 THBME S A PR T YD s S A N R we letd; andDg vary independently. Figure 6 showg and
rit versus surface-state density for an interfacial-layer thick-
ness range extended 1 A above and below that suggested in
FIG. 5. Calculated interfacial gate resistance afsilid sym-  Ref. 3. In the 16*~10"-cm™?/eV Dg range, which should
boly and 50 GHz(open symbols versus interfacial-layefIL) cover reasonable experimental conditiomg, varies less
thickness for the five cases defined in Table |I. than the underlyingr because of Eq.12). In fact,r; has a
maximum atD = ¢; /q2d; before it starts to approach zero as
Cowley and Sze’s vacuum picture, in the upper part of theD 5 approaches zero. In this ideal limit, the FET-degrading
4-5-A thickness range, leads to the observed values for thgate-resistance parametgy; approaches zero, even Bg,
minimum interfacial gate resistance, and the observed lack dbr a finite d;, approaches infinity.
dispersion. The sensitivity to thickness is, however, particu- A moderately thick oxide can also lead to predictions con-
larly strong here because of the large intrinsic barta-  sistent with experiments as seen for the 10-A case in Fig. 5.
proximately equal to the metal work functipnand  Thicker oxides, however, quickly approach the MOS case,
interfacial-layer effective masé&qual to the free electron where there is a very largédeally infinite) tunneling resis-

Interfacial layer thickness in GaAs monolayers

Schottky gate metal Equivalent circuit

Cm=— ()

Near-surface c.. @ @
atomic layers in MLT— cs’ Iy
depleted semi- I N S 25 DO SN A5 DA A IS DO AAAA—
conductor, with — —|
defect levels that
pin the Fermi level

and communicate | | X XL X |

with the gate metal

i Co== o) i)
by tunneling ML ML v
\ 777777777777 X X —l_ |

l | |
Depleted defect-

free semiconductor

Undepleted semiconductor _I

FIG. 7. Physical illustration and equivalent circuit for the case of tunneling between the metal gate and defects in the semiconductor near
the interface. The metal and semiconductor are in intimate contact. The defects are located in equidistant monolayers of the semiconductor,
and are thus no longer surface states.
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that there remains, in Schottky-barrier FETs and diodes pro-
10 " N S ] duced in practical fabrication environments, even with sin-
bDC e ) X ; .

tered gates, a significant interfacial tunneling barrier. The
gate resistance is too large to be reconciled with an ideal
defect-free intimate metal-semiconductor contact, but it can
be modeled by a thin oxide or a vacuum interfacial layer.
o e — 3 The oxide picture is troublesome, however, in the context of
sintered gates. The vacuum picture is unsatisfactory in that it
is, by itself, unphysical. There is, however, a third alterna-
tive, denoted AUDM in Table | and Fig. 5. Here, the barrier
is composed of metal in intimate contact with the semicon-

50 GHZz

Bulk k-p estimate (eqns. (32),(34))

Interfacial Gate Resistance r,; (ohm cm 2)

i . . . . ductor, as in the MIGS case, but with defects in the semi-
0 002 004 006 008 010 012 conductor nearand not just gt the interface. This is an
Tunneling Effective Mass m; /m,, important distinction for us, since these defects will truly act

. . . as terminal states for tunneling from the metal, with a non-

FIG. 8. Calculated interfacial gate resistance at dc and 50 GHzero barrier in the semiconductor itself. The original impor-
versus tunneling effective mass; for bulklike defects distributed  tgnce of the defects was that they could explain the experi-
over 10 monolayers. mentally observed insensitivity to the choice of metal of the

tance, which does not degrade the FET performance since RCNOttky-barrier height on GaAs. This was shown in Ref. 8
is bypassed at very low frequencies. The large Iow-frequenc\}"'th a quantitative first-principles numerical model. It was
value (off scale at 7.8 10 % Q cr?) and dispersion for the also shown that the defect-free MIGS model cannot explain
15-A case in Fig. 5 are inconsistent with our experimentathis important featuré® This may be somewhat surprising
observations; for normal FETsy is close to r(min~3 considering the good prediction gfbased on the interfacial-
x10~7 Q cn? and there is little dispersion up to 50 GRiz. layer analysis above. However, other analyses have resulted
However, the |arger average and experimenta| Spreagiin in similar criticism of the MIGS mOde]I(.)'ll It may well be
in the earlier part of our process developm@®ef. 2, Fig. 8  that an interfacial-layer representation fails quantitatively in
could very well have been due to an interfacial oxide andhe MIGS case.
possibly organic residues. A Ill-V surface can be sensitive to In formulating the parameters that we put into our model
even a small controlled exposure to oxyd@mnd real de- to represent the AUDM case, we rely on Ref. 8. The physical
vice wafers in a fabrication environment get a significantpicture of that work was based in spirit on the advanced
amount of uncontrolled exposure. We have achievge3 unified defect model* which is the reason we used AUDM
x10"7 Q cn? with reduced variability by(1) optimizing to denote this case. A likely defect to be involved in
preevaporation cleanup dip@) minimizing evaporation de-  Schottky-barrier formation on GaA$,and the one used in
lays, and(3) using sintered Pt gatésPt gates, annealed at Ref. 8, is the Ag, antisite, which is believed to be the same
285°C, are thought to form a uniform PtAkyer beneath as the deep donor EL2. The Schottky-barrier height and EL2
the original interfacé? The PtAs-semiconductor interface bulk binding energy are very similar. It is worth noting that
may be as close to an ideal intimate metal-semiconductahe capture cross section of 18 cn? that we effectively
Schottky contact as one can expect to get in a practical prasse[Eq. (44)] is relatively close to the experimental values
cessing environment. Nevertheless, we have not been able ¢ 10 14-10"22 cn? for this level®® In Ref. 8, all the EL2
reducer; further, even using thicker Pt, which results in defects were located in a monolayer at various distances
deeper sintering, or using Pd. from the interface. It was shown that, for proper pinning, the
The MIGS case in Table | and Fig. 5 represents the mosglefects needed to be located in the second monolayer from
ideal Schottky barrier physically conceivable. There is nothe surface, or deeper. In reality, the defects will be spread
physical barrier in this case. If we, however, still represeniover several monolayers. Although our Schottky barriers are
the situation with an interfacial layer, as was done in Ref. 6ormed on a100) surface rather than th@10 surface used
to estimatey [Eq. (14)], we can get an upper conceivable in Ref. 8, we use the surface-state density deduced from Ref.
limit for rg;. In Ref. 6 dij/e; was replaced bydre/eq 8. In Ref. 8 the Ga atoms in the top atomic layer were re-
+dwics/ese, Where de (=0.5 A) is the Thomas-Fermi placed by metal atoms for energetic reasons. We will also
screening length, resulting iry=0.13 for GaAs. This is assume that the first layer of metal atoms replaces Ga atoms,
larger than the 0.07 experimental value, but not by muclwhich corresponds to an entire atomic layer in our case.
considering the experimental uncertainties/irthe use of an To account in the tunneling analysis for the spatial distri-
interfacial-layer representation of the intimate contact, andution of the defect states, we generalize the dispersion
the use of jellium for the metal. For our upper-limit tunneling analysis of Sec. lll as illustrated in Fig. 7. The normalized
calculation we choose;=dg+dygs ande;=¢eg.. The pre-  admittance, with tunneling tm,, layers, is given by the
dicted value forry; in Fig. 5 is still exceedingly small, six following set of expressions:
orders of magnitude lower than our experimental observa-
tions, and three orders of magnitude smaller than an estimate
for the negligible vertical metallic resistance associated with
the 0.1um stem of theT gate?® y(”ML):(
From the preceding results and discussion it might appear

-1
1 z,
+ ¢) , (45)

ijD 1+anL
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rqi only by 25%. However, if the tunneling effective mass

z=r¥+ —g k=12,...nw (459  were larger or smaller than the original estimate of OrH@1
JoCg [Eq. (34)] the ry; curve would move up or down consider-
ably. Figure 8 shows the effect for the realistic intermediate
_ Pk +_q (45b) case of a semiconductor barrier with bulklike defects spread
G Pk—1 ' Go over the first 10 monolayer@8 A). A moderate increase of
1+ m m; to 0.06n, increases the predicted,; from 10°° to
10~ Q cn?, with negligible increase in dispersion. The de-
P=jwCwmLZk, Po=0 (450 fect model is attractive in that it can, with physically reason-

® ] ) ® able adjustments in parameter values from their “nominal,”
where 1S the tunneling resistance to layds Cs’  get quite close to predicting the experimentally observed in-
=0?DY is the “surface”-state capacitance associated withterfacial gate resistance. Deep penetration of defects leads to
layerk, andcy = es./dy Is the capacitance for a semicon- |arger dispersion, as seen in Fig. 5. This may be the reason
ductor monolayer thicknes, . In the present case we as- that we occasionally observe FETs with largeand disper-
sume that alD¥ are equal, and are given ys/ny, . The  sjon.
earlier Eq.(10) for tunneling to one layer of states is recov-
ered by settinqy,, =1 andcy_=c;. We have ignored that VI. CONCLUSION
the top capacitor in Fig. 7 is somewhat larger than the others ] ) )
because of the barrier narrowing\@;~0.3 A~0.1d,, ). We have_ analyzed theoretlcally, by analytical modeling,
The result for bulklike defects spread ovsy, monolayers, the interfacial ga’Fe resistance _comppnent that has_ recently
with n,,_ between 2 and 20, is shown in Fig. 5. been s_hpwn to exist and to domlnat_e in short.-gate microwave
A variation on this result is found for the disorder-induced@nd millimeter-wave Schottky-barrier-gate field-effect tran-
gap states modéfl® As shown in Table | and Fig. 5, the sistors. We_focused on Whgt appears experlmenta_lly to be_ a
outcome is essentially identical to the AUDM case. This islOWer practical bound of this parameter. This resistance is
not too surprising since in both cases the tunneling is througRPnceptually and quantitatively well explained by electron
the semiconductor to bulklike defects. The DIGS theory,tunneh_ng between metal anq semiconductor surfa_lce states. A
however, contains an analytic connection betwgeamdD s MOS-I|ke admittance analysis showed that what in principle
(Table ) which we use in calculating the associated value ofS & rather complex frequency dependence can be captured
rgi. For both the DIGS and AUDM models, the predicted®Y the standard gate-resistance component in the FET
interfacial gate resistance is quite close to the experimentgduivalent circuit up to very high frequencies. Of course, the
values for defect depths of 15—20 monolayers. It is worthMagnitude and scaling of this interfacial gate resistance is
recalling that the curves of Fig. 5 are subject to a variety of€"y different from the conventional gate metallization ac-
uncertainties which may move the curves up or down by arf€SS resistance, which ha}s several |_mportant consequences.
order of magnitude. For example, an actual deep level mayve developed an analytical tunneling model and showed
confine more of the wave function to the attractive core pohat the value and low level of dispersion, of the lower limit
tential, leading to a smaller value of., in Eq. (35) or of of the interfacial gate resistance is in quantitative agreement

capture cross section, and to a larger valugpf Of course with Cowley and Sze's static band lineup model for
: L (B) . Schottky-barrier formation. Our predictions are also consis-

the effective cross sectioay” is close enough to experi- tent with more physically appealing models involving near-

mental values for EL2 that this source of variation should not, - - ; : :

b th der of itude. The d dend urface crystal imperfections. However, the interfacial resis-

ne morlc_at t'anl an .orller Ot mt?]g?' uh e. the E_penee? St?]n tance of Schottky barriers on practical IlI-V FETs appears to

IS qualitatively similar to that shown in Fig. or "€ he inconsistent with the idealized picture of a perfect metal-

COW'EV'SZ,% vacuum  picturer q, pgaks qwtfe _nea@s semiconductor interface as contained in the MIGS model.
=10 cm ?/eV. An order-of-magnitude variation img

would require more than an order of magnitude chandedn
and could only decreasg;. The sensitivity to a variation in
the metal effective mass is also rather weak; in a typical case We are grateful to Professor Patrick Roblin for enlighten-
a factor of 2 change from the nominia,, =0.5my changes ing discussions.
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