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Modeling of carbon nanotube Schottky barrier modulation under oxidizing conditions
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A model is proposed for the previously reported lower Schottky badrig for hole transport in air than in
vacuum at a junction between the metallic electrode and semiconducting carbon naadidbeWe consider
the electrostatics in a transition region between the electrode and CNT in the presence or absence of oxygen
molecules(air or vacuun), where an appreciable potential drop occurs. The role of oxygen molecules is to
increase this potential drop with a negative oxygen charge, leading to tbgieim air. The Schottky barrier
modulation is large when a CNT depletion mode is involved, while the modulation is negligible when a CNT
accumulation mode is involved. The mechanism prevails in pe#ndn-CNT’s, and the model consistently
explains the key experimental findings.
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I. INTRODUCTION vacuum as indicated in Fig.(@®, In air, thegy asymmetry
flipped: g4 rose rapidly at a negativés(Vg3) and slowly
The effects of carbon nanotuld@®€NT) oxidation have at a positiveVg(Vg,) as shown in Fig. @). This was attrib-
been studied in thermopower experiments, and it has beewtfed to the contact property change of the electrode and CNT
found that the thermoelectric power coefficient was negativéRef. 3: at Vg=0, the Schottky barrier for holesb,)
in vacuum and positive in afrin fact, the thermoelectric Was high and that for electronsbg,) was low in vacuum
power coefficient indicates how a bulk internal electric field[Fig. 20)], while ®gj, was low andbg, was high in aif Fig.
is created in order to counterbalance the bulk carrier flow du€(d]. Thengq rose slowly atvg,, since the holes started to
to the thermal gradient, and it characterizes thelk  tunnel through a higkbgy, [Fig. 2€)], andgy rose rapidly at
propertie€ Thus oxidation changes theilk CNT properties. Yoz, Since electrons started to tunnel through kb [Fig.
Recently, oxidation effects have been studiesing CNT ~ 2()]- Similarly, gq rose rapidly a3 because of lowbgy,
field-effect transistofS(FET's), and it has been shown that LFig9- 29)], andgq rose slowly atvs, because of higlg,
the contactproperties at the electrode and CNT are modified"19: 2M]. In this g4-V experiment, thecontactproperty

in oxidation. The CNT was placed on a silicon dioxide layer, ?nigl:l?gz): t%;:?k C:\cl)Tei?t ozi;i;rtliog amzst&ugz rgﬁrrﬁemgllj'
and a gate voltag¥ s was applied to the doped silicon sub- broperty 9=, b

strate (backgate as schematically shown in Fig(d. The Eg(rjrlir:a?smv(;/g;el.\atcigrr:sstently explained through the Schottky
CNT was about lum long, and the source and drain gold However, the standard Schottkgo pinning theory°-12

electrodes covered about one-third of the CNT, respectivelyyoes not explain this Schottky barrier modulation. In that
The channel Iengt_h was a few tenths o_f a micrometer. TheYheory, we must consider the system as a junction of an oxi-
measured the drain curreht as a function oV and the  gjzed metallic electrode surface and a plain CNT or as a
drain voltageVp, and estimated the channel conductanceplain metallic electrode and an oxidized CNT, and align the
9¢=9lp(Vs,Vp)/dVp. The role of Vg was to change the bands at the contact. Usually, a gold surface is inert, thus
CNT doping effectively or modulate the Fermi level. With insensitive to oxidation, so the first description is not appro-
the application ofVg, positive and negative charges were priate. The second description turns out to give a qualita-
introduced as shown in Fig(d). The electric field under the tively wrong result as discussed now. Generally, a negative
source and drain electrodes was mostly vertical due to theharge at the material surface wilcreasethe surface dipole
thin CNT and wide electrode geometry. In this situation, the
planar junction theory is applicabté.The CNT conduction-
and valence-band edges have the shape shown in fyg. 1
along the arrow path in Fig.(&), whereA-D indicate spa-
tial points in the structure. The path and electric field are |0 KeITe) (8 \V/
parallel only at the CNT ends, and band bending occurs only G
there.Vg determines this field strength and, therefore, the

@ gource path4 drain
t: CNT 4

Bl b o o

amount of band bending. Thuég effectively changes the (sl;)ume . - drain_

CNT doping and modifies the Fermi level W, wherea B —-—-— - —C !

is related to the oxide capacitance and CNT capacit&hee.

is usually on the order of 10 in experiments;* meaning + +

that only a portion ofVg is reflected in the Fermi level FIG. 1. CNT FET with gate voltag&/i; in equilibrium (Vp
change. =0): (a) real-space charge distribution afig) equivalent band

In this experimental setujg,y was observed to rise slowly structure along the arrow path above, whéreD indicate corre-
at a negativé/(Vg1) and rapidly at a positive/g(Vg,) in - sponding points fronta).
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FIG. 2. CNT FETg4-Vg characteristics and band structures
with Vp=0: (@) gq4-Vg characteristics in vacuumb) gq4-Vg
characteristics in air(c) band structure in vacuum atz=0, (d)
band structure in air &/;=0, (e) band structure a¢s, in vacuum,

(f) band structure af g, in vacuum,(g) band structure a&f 3 in air,
and (h) band structure atg, in air.

FIG. 3. Band structures for a Schottky junction between the
metallic electrode and semiconducting CK& in vacuum andb)
in air based on the conventional view of an intimate contact, result-
ing in the incorrect relation of low Schotkky barrier for holes in
vacuum®gy, and high Schottky barrier for holes in alrg,,; pro-
posed band structurds) in vacuum andd) in air showing a po-
tential dropAU in the transition region, resulting in the correct
relation of ®g,>®f, . Herea is the transition region widthg,, is

) . . the dielectric constantp, is the CNT electron affinityf is the CNT
and further confine the electrons within the matetiglec- Fermi level, v, is the metallic work function®gy is the hole

tronegative oxyg.en. mo/le_cule.s are ne.gatively Chargedz SO ﬂ-§chottky barrier, andr,, is the negative charge due to oxygen
CNT electron affinity¢ in air shouldincreasefrom ¢ in molecules.

vacuum such thad,> ¢s. (Throughout this article, we use
the convention that a prime indicates a quantity in aiFig- . .
ures 3a)—3(d) represent band structures across the electrod strate that our model certainly predicts a correct Schottky

CNT junction. The CNT conduction- and valence-band arrier modulation using energy band structures in Sec. Il
edges are shc;wn with the Fermi leveland y,, is the work and then present a detailed mathematical formulation in Sec.
m

function of the metallic electrode. According to standard!!l: The analytical solutions are given in the Appendix. The
Schottky theory, we match the tops gf, and &, at the relevant equations are solved graphically to develop an intui-

interface as shown in Figs.(® and 3b). Then &g, in tive understanding, and four different types of Schottky bar-
vacuum andb’. in air are ex.pressed by ' Bh rier modulations are discussed in Sec. IV. Experiments in
Bh

Ref. 3 are examined using our model in Sec. V, and a sum-
Ppn=Ec+ ds— X (1) mary is given in Sec. VI.

Gpp=Eg+ ¢s— xm- i)

Thus @, <®f,,, but this contradicts the experimental ob-
servations described above. In Schottky theory, all oxidation
effects are represented in the modulated work func#ién It

is clear that the Schottky theory does not explain the experi-
ment consistently.

We will propose a model to overcome this difficulty and
explain the Schottky barrier modulation consistently. Our
model is related to the Bardeen theory regarding surface
states’*?We will consider the electrostatic charge baldfice
inside the Schottky junction, while this degree of freedom is  FIG. 4. Schematic view of the transition region in the gold-
not incorporated in the traditional concept of an “intimate electrode — CNT interface, where gold clusters are formed and oxy-
Schottky junction” in Schottky theory. We will first demon- gen molecules are chemisorbed on top of the clusters.

Au electrode

transition
region
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[l. SCHOTTKY BARRIER MODULATION MECHANISM charge in the electrode and CNT, aad) will be modified.

. N s will be shown in the following sectiodAU| turns out to
.We consider here that .the _Schottky Junction has a San(@e small in vacuum and large in air. This will, in fact, lead to
wich structure as shown in Fig. 4. a gold bulk electrode,

correct Schottky barrier behavior consistent with the ex-
gold clusters at the electrode surface, charged oxygen moE—

. eriments in Ref. 3. We will show this with@CNT, but the
ecules, and the CNT surface. The region between the bulk; e mechanism will also work for anCNT. For the two

electrode and CNT is called the “transition region.” In fact, .55eg wheréAU| is small in vacuum or large in air, the

a deposited gold surface has bumps with a width on the Ord%rystem has band structures as shown in Figs. @&hd 3d),
of 10~ um (Ref. 13, and oxygen molecules can move into regpectively. Thus we havdgy, in vacuum andbg,, in air:
the gaps of the transition regigmterface between electrode

and CNT). Moreover, the electrode surface facing the CNT is Pgh=ds+Eg—xm—|AU|, 3
expected to be microscopical(pn the order of several ang- ,
stroms rough, since during the electrode deposition process, gh= st Eg—xm—[AU’]. 4

gold atoms are attracted by the CNRef. 14 and tend to This time, |AU|<|AU’| and ®g,>®/,, which is consis-
form clusters. Although the microscopically flat gold surface,, ¢ \vith the experimentsy,, is the
m

X . work function for the
is known to be inert to oxygen molecules, the clusters on theain metallic surface and. is the electron affinity for the

gold surfacelcan chemisorb oxygen molecules at their tip|ain CNT surface. We use the free bulk material parameters
and form q. /Au,/Au(111) with ann-dependent binding #< and x,, in Egs. (3) and (4), and all oxidation effects are
energy ranging from~0.45 to ~0.96 eV (1=1-3) (Ref.  jncluded inAU.

15). These gold clusters have the highest occupied molecular The difference between the standard Schottky tHebry
orbitals(HOMO's), and these orbitals are localized with their 3nd our model is well represented in the band structures:
charge densities sticking out into the vacuum. Oxygen mol  is absent in the former as shown in Figéa)3and 3b),
ecules bind to these sites. In each cluster, a charge transfghile AU is present and is significantly modified in oxida-
occurs from the gold HOMO to the oxygert* orbital, and  {jon in the latter as shown in Figs(@ and 3d). In the

the oxygen molecule becomes negatively charged. The. MiSchottky theory®g;, is determined by the bulk properties
croscopically flat gold surfaces do not have these Iocallzeg,my' throughes and x,,,. In our model &gy, is determined
HOMO's and are inert to oxygen molecules. Thus the prespy the potential dropAU in the transition region reflecting
ence of the CNT is critical for cluster formation and oXygenne contact properties, in addition to the bulk properiges

chemisorption on the gold electrode surface. d xm. We will see in the next section that our model

. . i . ) an
_ There are also discussions in the literature about '”teracéctually includes the standard Schottky theory as a special
tions between oxygen molecules and the CNT. Some remit of vanishing transition layer width.

searchers have predicted physisorption of oxygen molecules
on the CNT with negligible charge transférwhile others
have predicted chemisorption of oxygen molecules on the
CNT and estimated the transferred charge to-8el with a Now we will study how the potential droAU is modu-
binding energy of~0.25 eV (Ref. 17. In either case, the lated in oxidation in our model. For this purpose, we will
oxygen molecules dominantly interact with the gold surfacederive a relation for the CNT band bendigg andAU at a
clusters and are negatively charged by, regardless of fixed Vg based on the charge-neutrality relafiwithin the
whether the electrode and CNT are in an open- or closedslanar junction theoR*? under the closed-circuit condition.
circuit condition. The negative oxygen charge,, per unit area is independent
The difference between the open- and closed-circuit conof the Fermi levek and is constant. There is a chakgg per
ditions will appear in the distribution of the positive charge unit area on the metallic electrode surface and a chagge
(which balances the oxygen’s negative chargder open-  per unit area within the CNT in the depletion or accumula-

circuit conditions, the positive charge will appear mostly intion mode. The charge-neutrality relation requires
the electrode, reflecting the dominant gold-oxygen interac-

tion. However, under the closed-circuit conditions with Ot oot ont=0. (5)

=0, which is our case, the positive charge will move W'th'n_That is, the positive countercharges, and oy must neu-

the circuit and appear in both the electrode and CNT. This Fralize the negativer,,. Mathematically, this is equivalent to

how the system keeps the Fermi level constant everywher - . :
Once the circuit is closed, the distribution of the positivei?i&?d?&nfnghﬁ rﬁzol\\l/\-/rtgzn;ogﬁilz/ilr?:%af?g;ead%\l/\ﬁg(srgétjvg;?w

charge is determined by the electrostatics in the transitio . : )
region, rather than the details of the oxygen-gold or oxygenr.-énd ont - Analytical solutions of this problem are presented

. . ) : in the Appendix. Here we will provide graphical solutions to
CNT interactions. We W'I.l _study how_the negative oxygen develop an intuitive understanding. The charge-neutrality
charge and resulting positive charge in the transition regio

modify the Schottky barrier under the closed—circuit%Ondltlon can be splitinto two equations

condition?8 o=—om(Po)=AUs,/ea=[ xm—
Xm— (¢st dot{)]eylea
The key conclusion is that the potential drag) in the mre ! " s ! (5
transition region is modified by oxidation. The negatively

charged oxygen molecules will induce a balancing positive o=onT(dg) + Toxs (5b)

IIl. MATHEMATICAL FORMULATION
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o (3] =—o0m(do) Will shift upward as the arrow indicates, from
@\t | @ T el thick solid, to thin solid, to thin dashed, to thick dashed line.
\\ L p, acc I o, my| Next, we will discuss the general shape ®f oy dg)
$o of [~ + ooy for oo =0. In fact, a finite negativer,, simply shifts
L0 % CAEG2 &g the entire curve downward, so the discussion can be limited
e D, v to o,,=0 without loss of generality. In th@-CNT case,
large ¢ PR ’ accumulation occurs fopy>0, ando= o1(¢pg) is positive
0 L large { n, acc and increases very rapidly witthy. Depletion occurs for
Am0sG < \ ' ] $0<0, and o=on1(do) = — (2en7| Po|N) Y2 is negative
and has the shape of a parabola, based on planar junction
FIG. 5. General shape of the charge function® o theory;r’_whereNB is the e.ffectlve CNT backgroundhree-
= — o ( o) and(b) o= — ryr( o) + Tox With oo =0. Arrow indii dimensional charge density determined kiyand therefore
cates the curve movement for changivig from negative to posi- by Vg through Eq(7). Thuso = oyr(¢o) for p-CNT follows
tive, which causes a transition fro;mCNT to n-CNT. the th'c_k (Iarge5t§~ EG’ large Ng) or thin (large, £, small
Ng) solid curve in Fig. ). In the n-CNT case, accumula-

wheree, is an effective dielectric constant for the transition 10N 0¢Curs forgo<0, ando=oyr(o) is negative and de-
region (an appropriate average including the vacuum, goloCreases very rapidly with decreasidg. De?,lft.'on oceurs
clusters, and oxygen molecules, as discussed in Sealy  10F #0=>0, ando=oyr(do) = +(2ent¢oNe) ™ is positive
the width of the transition region, ardis the unit chargd? ~ and has the shape of a parabola. Thus onr(¢o) for
After specifying the system including the oxidation level, we "CNT follows the thin(small£, smallNg) or thick (smallest
know the functional forms ofo=—on(d,) and o {~0, largeNg) dashed curve in Fig.(B). If we changeVg
— onr( o) + 0oy fOT @ given value ofr,,. The intersection from negative to positive and modify the CNT frquitype to
of these, Eqgs(5a and(5b), definesg, ando. Hereo deter- n type, { decreases monotonically fromEg to ~0. Thus

inesAU th h Ea.5a. Th lculat@® .. b the curve will change as the arrow indicates, from thick
mines rough Ea.(53 en we calctial®en by solid, to thin solid, to thin dashed, to thick dashed curve.
®gp= ot Eg— xm+ AU. 6) When {~Eg/2 and the CNT is almost intrinsic, the curve

approaches the horizontal axis=0, since the band bending

This is an extension of Eq3) and can be used for both %o does not produce any appreciable chasgi the CNT.
positive and negativaU. The gate voltag®/; appears as a Inversion will occur for largd ¢,|, but the intersections of

modulation of the Fermi levej by interest in this case occur in the accumulation and depletion
portions. The inversion onsets are not shown in the figure.
(= £(Ve)={o— aVe ) In the standard Schottky theoty; 12 the relation y,,

=¢st+ Ppot ¢ is assumeda priori. Mathematically, our

where(, is a value a¥/s=0. In our definition is measured model includes standard Schottky theory as a special limiting
from the bottom of the conduction band as in Fig&)aind  case of vanishing transition region widta—0. Then
3(d), rather than from the top of the valence band. A negativef«/€a—> and the relationy,= ¢s+ ¢o+{ must hold to
V¢ will increase the hole density and therefore incregse avoid the divergence on the right-hand side of E¢g).5

while a positiveVg will increase the electron density and Physically, this means that the CNT band bendfigexactly
therefore decreasg compensates the work function differengg,— (¢s+ )

or larger than the CNT work functiombs+¢. When x, ecule chargero)F, a degrge of freedom is removeq from our
<<+ ¢, because of a shallow metallic work functigg, or model, and¢, is determined only by the properties of the
a large Fermi level at a large negativ¥/, o= —o ()  Pulk farther away from the junction. The right-hand side of
is as shown by the thicklargest{~Eg) or thin (large ¢) Eq. (5a).has the f_orm of X anq the metalhp charge, is
solid line with a negative slope, intersecting with the nega-Uncertain. Graphically, the solution of EGa) is almost ver-

tive ¢, axis in Fig. 3a). This is simply a standard charge- tical, and the intersection of Eq&a) and (5b) is uncertain,
voltage relation for a capacitor. Only whep,= ¢s+ do or its location can be anywhere on theaxis. This uncer-

+¢ or the CNT band bending, exactly compensates the tainty leaves room for the concept of modified bulk param-
work function differencey,,— (¢<+¢) do we haveo,=0. eters in oxidation, but as we have already seen with a band
Otherwise, we have a finite,, and therefore a finite\U. structure scheme, this approach is physically inappropriate
The same functional form of E¢5a) can be used for botp- and will lead to contradictory results. The explicit inclusion
andn-CNT's. Wheny,> é.+ ¢, because of a deep metallic of a finite o, in the transition region with a finita as we
work function x,, or a small Fermi level at a large positive have done in our model is essential in explaining the experi-
Vg, o= —n( ) is as shown by the thitsmall?) or thick ~ Mental observatiorss.

(smallestZ~0) dashed line with a negative slope, intersect-
ing with the positiveg, axis in Fig. %a). If we changeVg
from negative to positive and modify the CNT framtype to Depending on whether the CNT istype orn type and on
n type, ¢ decreases monotonically fromEg to ~0, ande  whether the metallic work functioly,, is smaller or larger

IV. FOUR SCHOTTKY BARRIER MODULATIONS
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p-type scenario

n-type scenario
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Gox2

(e) Bef ("M" & "00",vac)
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FIG. 6. Graphical solution of our model by finding the intersec-
tions of a metallic electrode charge line/™or “
curve “ai”or “ Bi" (i=0, 1, or 2 for the CNT and oxygen mol-
ecules as a function of band benditlg. Here “y" is for x <
+¢, and “"is for x> ¢s+ ¢, wherey,, is the metallic electrode
work function, ¢ is the CNT electron affinity, and is the Fermi
level. (a) is for the p-CNT case andb) is for the n-CNT case.i
=0 corresponds to vacuufoxygen charger,,=0),i=1 to weak
oxidation (small negativer,,), andi =2 to strong oxidatior{large

(h) Acf ("Y' & "B0",vac)

= ¥

| 1¢
[ shallow ),

$o~0"

7" and a charge
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than the CNT work functionps+ £, there are four different
cases, as illustrated in Fig. 6.

(i) p-CNT when y,<¢s+ ¢ (line “»"). In vacuum, o
= on1(Pg) + 0ox With oo, =0 is curve “a0” in Fig. 6(a), and
the intersection with line %" is AO. Here AO has a large
negative(downward band bendingp, in the depletion mode
and a small negativer corresponding to a small negative
(right up, left down AU from Eq.(5). The band structure at
A0 is shown in Fig. ). As the oxidation progresses,y
becomes more and more negatives ont(dg) + ooy Shifts
downward and forms curvesal” and “ «2,” and the inter-
section with line “y” moves down asA0—A1—AZ2. In the
weak oxidation(“ al”) of 0> 0y, >[xm— (st ) ]ey /€8,
Al has a small negativé, in the depletion mode and a large
negative o corresponding to a large negativel. In the
strong oxidation* a2") of [ xym— (ds+ ) Jey/ea> oyy, A2
has a negligiblep,~0* (almost flatbangin the accumula-
tion mode and the largest negativecorresponding to the
largest negativ\U. The band structure &2 is shown in
Fig. 6(d). It is clear that®dg,, decreases appreciably in oxi-
dation. Physically, a negative oxygen chargg reduces the
negative dopant charge in theCNT to satisfy the charge-
neutrality condition, leading to an appreciable band bending
reduction. Once the oxidation reaches,,=[xm— (¢s
+{)]ey/ea, thep-CNT cannot reduce the negative dopant
charge anymore. TheeCNT must provide a positive charge,
and this is possible in the accumulation mode. The accumu-
lation charge is ample, and tipeCNT can provide any nec-
essary positive charge with negligible band bending. There-
fore, in weak oxidation where Boyu>[xm— (Ps
+{)]ey/ea, the Schottky barrier modulation is significant.
In strong oxidation wherg y,,— (st ) ley/ea>ayy, NO
further significant Schottky barrier modulation is expected.

(i) p-CNT wheny,> ¢s+ ¢ (line “ %"). Line “ %" inter-
sects only at the accumulation portion of=oy(dg)
+ 0o, regardless of the value of,,, as shown in Fig. &).
All intersections are of thBcftype, in the first quadrant. The
Bcf condition has a negligibles,~0" and a large positiver
corresponding to a large positiveU. The band structure at
Bcfis shown in Fig. 6e). The p-CNT is consistently in the
accumulation mode. Thus there is negligible changebin
andAU, and the oxidation will not modifybg, practically.
Physically, the metallic work function is so deep that the
electrode charge must be negative and the CNT charge must
be positive. Thg-CNT is therefore locked into the accumu-
lation mode and provides a positive charge. A negative oxy-
gen charger,, increases the already ample positive accumu-
lation charge in thep-CNT to satisfy the charge-neutrality
condition, but this is done without a practical change in the
band bending. The Schottky barrier modulation is negligible.

(iii) n-CNT when x> ¢+ ¢ (line “ "), In vacuum,o

negativer,,). Band structures are shown for the resulting operating= OnT($0) T 0ox With o,=0 is shown by curve B0” in

points: (c) AO for ap-CNT in vacuum andd) A2 for ap-CNT in
air, demonstrating the correct relatighg,>®g,; (e) Bcf for a
p-CNT in vacuum with extremely deeg,,; (f) BO for ann-CNT in

Fig. 6(b), and the intersection with lines" is BO. HereBO
has a small positivep, in the depletion mode and a small
positive o corresponding to a small positiveU. The band

vacuum andg) B1 for ann-CNT in air, demonstrating the correct structure atBO is shown in Fig. &). As the oxidation

relation ®g<dg.; (h) Acffor ann-CNT in vacuum with an ex-

tremely shallowy,,, .

progressesp = ont( o) + ook Shifts downward and forms
curves “Bl” and “B2,” and the intersection with line #”
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moves downward aB0—B1—B2. Then-CNT is locked the transition region for eacks; onset (=1-4) in Fig.

into the depletion mode regardless of the valuergf. Here ~ 2: Figure 6c) corresponds tg;, Fig. 6f) corresponds to

B2 in the strong oxidation has a large positiggand a large Ve2, Fig. 6d) corresponds tdVgs, and Fig. 6g) corre-
negativeo corresponding to a large negatig@). The band  sponds toVg,. Because of an obvious relatichg,+ ®g,
structure atB2 is shown in Fig. €). It is clear that®dg, =g, +P;.=Eg, a large positive band bending, at Vg,
increases appreciably in oxidation. Physically, a negativeshould occur with a small negative band bendifigat Vg,
oxygen charger,, requires more positive dopant charge in in vacuum. In air, a small negative band bendigat Vg3
then-CNT to satisfy the charge-neutrality condition, and thisshould occur with a large positive band bendipigat Vg, .
results in a further large positive band bending. The Schottkyye can clearly see this trend. The experimentally observed

barrier modulation is significant. Schottky barrier modulation is consistently explained quali-
(iv) n-CNT wheny,< ¢s+ ¢ (line “y"). In vacuum, the tatively.
intersection with line %" occurs at then-CNT accumulation We next estimate the relevant numerical values. In order

portion of o =0 nr(¢o) + oy, Which corresponds to thecf 4 gefine the negative oxygen charge density, we project the
region in Fig. §b). In weak oxidation where Boo>[xm  charged oxygen molecules from the rough surface onto a
planar gold(111) surface. Ifl’;,% of the gold plane is cov-

—(¢st ) ]ey/ea, the intersection with line %" occurs at
the accumulation portion consistently. TAef condition has ered with oxygen molecules, correspondingltg, oxygen
molecules per 100 gold atoms, o, /e=—1.86

a negligible band bendingg,~0~" and a large negativer

corresponding to a large negatidé). The band structure for 3 5 — .

the Acf condition is shown in Fig. ). The band bending >.<101 l(;ox CE‘ : ;’henghercorltrlt;utmn Obrox tO g.u IS €s-
does not change substantially, aigd, modulation is negli- timated to be 0.2 (A) T'o(%)/ey, eV. According to an
gible. In strong oxidation where y,— (et )]sy /€ adsorption experiment of the gofcee cluster-oxygen mol-
>0, the n-CNT is in the depletion mode, and a finite ecule system at room temperature, the reaction completion
positive ¢, and a large negative are expected, leading to a atio is quite high, larger than 80%Ref. 2. We can expéesct
finite increase inbg,. Physically, the metallic work function & Similarly high completion ratio for theupportedcluster

is so shallow that the electrode charge must be positive an@? the AU11l) surface facing the CNT, which is the case of
the n-CNT charge must be negative. A negative-chasge interest. It_has t_o be emphasized t_lT@}; is Il'FeraIIy the_ OXy-
requires a decrease in the negative charge imt@NT o~ 9€N chemisorption coverage densﬂy,.but is more dlrectly.re-
satisfy the charge-neutrality condition, and this requirementt€d to the gold cluster density, given that the reaction
is met by reducing the-CNT accumulation charge until completion ratio is high. The gold cluster heightith an
0o=[ Xm— (bt O)Jey/ea. Onceo, exceeds this limit, the attached oxygen mole_cule is 24 (Ref. 15.ghus we ex-
n-CNT cannot reduce the accumulation charge further. Th@€Ct the transition region width to lze~3-5 A. Generally,
n-CNT must provide a positive charge, which is possible in9aSes; including oxygen, have a dielectric constant close to
the depletion mode. Thus a finite positivi, results, and unity.? The gold clusters effectively increase the dielectric
there is a finite Schottky barrier modulation. Therefore, inconstant by 11 —b/a] multiplied by an appropriate weight-
the weak-oxidation case 0f00 [ xm— (bet O) ey /€8, ing factor (a flé|nct|on ofl’,), reflecting the_ partial coverage
the Schottky barrier modulation is negligible, but in the With clusters?” Thus we expect,~10°. Givena~3-5A

strong-oxidation case —(b+ lea>o.,, afinte andey™~ 10°, we find that the projected oxygen density,
Scho?tky barrier modu?gi{gn (ig)sexééggd_ 7ox needs to be at least (16-10°)% for al'/¢, to be on the

order of unity. Then the contribution ef,, to AU is a few
tenths of an electronvolt, which is comparable to a CNT
V. DISCUSSION band gapEg~0.5 eV for an example semiconductift7,0
CNT (Ref. 23, and our present model describes the Schottky
As we have seen in Fig. 2, the Schottky barrier modulabarrier modulation appropriately. The projected oxygen den-
tion due to oxidation was significant for both negative- andsity I'o, or the gold cluster density can be estimated experi-
positiveVg-bias conditions in Ref. 3. Thus we can exclude mentally to test our model.
caseg(ii) and (iv). The CNT wasp type at the negativé; Case(ii) will occur for an extremely deep metallic work
onset atVg; in vacuum and aVggs in air, and this should  function y,, as shown in Fig. @). Case(iv) will occur for an
correspond to cas@). Then the conditiony,<¢s+{ hadto  extremely shallow metallic work function as shown in Fig.
be satisfied. Similarly, the CNT wamtype at the positivé/s  6(h). In either case, the CNT is locked into the accumulation
onset atVg, in vacuum and a¥g, in air, and this should mode in vacuum, and there is little Schottky barrier modula-
correspond to casgii ). Then the conditiony,,> ¢s+¢ had  tion. Recently, Ref. 8 has reported CNT FET’s with a pre-
to be satisfied. Therefore, we hag,< ¢+ { for a negative  threshold slope approaching that of a silicon metal-oxide-
Vg and x> ¢+ ¢ for a positiveVg, or in other wordsyg semiconductor(MOS) FET. The contacts of these CNT
was the major mechanism to determine the signygf FET's are practically Ohmic and are considered to be related
—(pst ) =xm— (st (o) + @Vg. This is possible when to these extreme work function limits.
the work function difference &f5=0, | x;n— (¢s+ {o)|, was The Schottky barrier can be modulated if we introduce a
small enough compared to the band @&pin the gold-CNT  charge at the interface between the electrode and CNT. The
system. We believe that this was in fact the case and can nosharge does not have to originate from gas molecules, but
assign a band structure including the electrostatic balance ican be from any source. A negative charge will lower the
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Schottky barrier for holes, and a positive charge will lowering as ¢y and the potential drop in the transition region as
the Schottky barrier for electrons. Thus we need a negativd U. Two positive energied), and Ug and the dielectric
charge forp-CNT and a positive charge forCNT to create  constant ratioc are defined by

a good Ohmic contact. By choosing electrode metals care-

fully, we can achieve either cagé) or (iv). These cases Uo=€aco/ ey,

would be preferable in electronics applications, since the
contact properties are insensitive to oxidatiomore stablg

— a2 2
and an Ohmic contact is quite possible in these limits. Ug=e"Nga*/2eyr,

VI. SUMMARY k=enrley, (A1)

We have presented a model for Schottky barrier modulawheree is the CNT dielectric constant angl,, is the oxy-
tion under oxidation in the electrode-CNT system. Thegen density. Theg-CNT andn-CNT scenarios are discussed
model considers an appreciable potential drop change in theeparately.
transition region due to negatively charged oxygen mol- (i) p-CNT scenario. When- y,+ ¢s+ ¢<U, (accumu-
ecules, in contrast to the standard Schottky theory, whiclation, ¢;,>0), an ample accumulation charge is available
does not consider this degree of freedom at all. The golavithout noticeable band bending. Thus the solution is given
surface facing the CNT will have clusters, and oxygen mol-by
ecules are chemisorbed on top of these clusters. Oxidation
increases this potential drop and therefore modifies the bo~0". (A2)
Schottky barrier. We have explained how highg;, in
vacuum and lowdg, in air are possible by showing the \when — y, + ¢+ (=U,, (depletion, $,<0), Eq. (5) in
behavior of the band structures. The electrode, the transitiogec, ||| is modified to Eq(A3) and its solution is given in
region with negatively charged oxygen molecules, and th@q_ (A4) by
CNT are treated equally in our model. The negatively
charged oxygen molecules induce a counterbalancing posi-
tive charge in both the electrode and CNT. How this charge
is divided betweenr,,, and oyt is determined by the electro-
statics in the transition region. In the gold-CNT system in  (— ¢o)¥>=[ —U§?+ (Ug— xm+ ¢s+ {— U Y2/ k.

Ref. 3, the work function difference between the electrode (A4)
and CNT had to be small, and Schottky barrier modulation

was possible for both holes and electrons. Schottky barrier (i) n-CNT scenario. When- y,,+ ¢+ {=U,, (accumu-
modulation is large when a CNT depletion mode is involved lation, ¢,<0), an ample accumulation charge is available
while modulation is negligible when a CNT accumulation without noticeable band bending. Thus the solution is given
mode is involved. The negative-charge density, corre- by

sponding to a coverage of 0.1%—-1% of the gold surface is

enough to observe the expected Schottky barrier modulation. bo~0". (A5)
Finally, we showed that a Schottky barrier can be modulated

by intentionally introducing a charge in the transition region,\snen — Xm+ ds+ {=<U,, (depletion, ¢,>0), Eq. (5) is

Whiih ?pproach may be useful in achieving a good Ohmiqyqqified to Eq.(A6) and its solution is given in EGA7) by
contact.

(— ¢0)+2K(UB|¢O|)1/2+Xm_ ds—{+Uq=0, (A3)

bo+2k(Ugdo) >~ xm+ ¢s+{—Ue=0,  (A6)
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APPENDIX: ANALYTICAL SOLUTIONS AU(¢o)=xm— (st dot+ ), (A8)

If we apply a gate voltag¥, carriers are induced in the
CNT. Then the CNT Fermi levej={(V) and the effective
background dopindNg=Ng(Vs) are determined. The elec-

and then the Schottky barridrgy, is given by

tron affinity for a free CNT is¢s. By specifying the elec- ®pp=dstEg—xm+AU(¢o). (A9)
trode material, we know the work functiog,, for a free
surface. The transition region widthand its dielectric con- Wheno,,=0, the familiar boundary condition for electric

stante,, can be determined either theoretically or empirically. flux density continuity is satisfied at the interface of the tran-
Using these quantities, we will express the CNT band bendsition region and CNT. In fact, using E¢A8), we have
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8tr|AU/a| =[Xm—(dst | ¢0| +{)]ey/a
=2k (Ug| ¢o|)1/28tr/a: e(2ent| ol NB)llza
(A10)

PHYSICAL REVIEW B 69, 125408 (2004

lengthl is related tooynt(¢o) and is given with the planar
junction theory by

ent|ddo/dI|=|eanr( po)| =e(2enr| do|Np) Y2 (A1)

Thuse,|AU/a| in the transition region aney|d¢g/dl| in

where Eqs(A3) or (A6), with U,,=0, is used at the second the CNT are the same and the the electric flux density is

equality. The derivative of¢, along the depletion layer

certainly continuous at the interface.
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