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Charge transfer and surface scattering at Cu-G, planar interfaces
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Thin-film planar structures of Cu andsghave been sequentially deposited onto sapphire substrates in high
vacuum and studied using situ resistivity measurements during deposition together witlsituatomic force
microscopy characterization of surface topography. Two different regimes of behavior are identified. In the
first of these, the thin-film limit in which the Cu is thin enough to be in the coalescence regime with an islanded
morphology, the presence of an adjacegy @onolayer, doped by charge transfer from the metal, creates a
shunting path and a corresponding pronoundecreasen resistance. The sheet resistancewérlyingdoped
monolayers is found to be 8000(), with a corresponding room-temperature resistivity that is a factor of 2 less
than that of the three-dimensional alkali-metal-doped compoun@AA=K, Rb). The enhanced conduc-
tivity of an underlyingmonolayer of G is sufficient to reduce the critical thickness at which an overlying Cu
film becomes conducting by almost a factor of 2 even though the roughness of such films is enhanced over that
of Cu films deposited directly on the substrate. In the second regime of behavior, the continuous film limit in
which the Cu is thick enough to have a size-effect resistivity proportional to the reciprocal of the film
thickness, the presence of an adjacegy@onolayer gives rise to ancreasein resistance. Measurements on
a number of samples with different thicknesses reveal that this resistance increase is best described by diffuse
surface scattering. A scattering cross section of’Fdsulting from a fit to this model represents the contact
area under eachggmolecule.[S0163-18206)04643-7

[. INTRODUCTION corresponding increase of resistance.
Elucidation of many of these interface effects can be ob-

Electronic transport in thin films is known to be strongly tained by correlation of resistivity and structural
affected by interfacial phenomena. For example, the scattemeasurements? Such measurements are relatively easy to
ing of conduction electrons at grain boundaries or at planaobtain, although interpretation can sometimes be problem-
interfaces defined by the top and bottom surfaces of the filnatic. Because of the sensitivity of transport to interface pro-
under study can contribute significantly to the resistivity. If cesses, a detailed understanding can only be gained by pay-
an isolated adsorbate is present on the surface, then transiag attention to careful sample preparation and thorough
tional symmetry parallel to the interface is broken and scateharacterization. High-vacuum conditions, clean substrates,
tering of the conduction electrons occurs in processes whemontrolled source and substrate temperatures, and uniform
momentum is not conserved. Thus, an appreciable fraction afeposition rates are minimal prerequisites for any meaning-
the conduction electrons can scatter diffusely and give rise téul investigation. There are extensive data in the literdttire
an additional resistance which correlates with roughness afharacterizing the thickness and temperature dependence of
surface topography, the presence of surface defects and irthe resistivity for a variety of thin-film materials. Often, the
perfections, and/or the presence of foreign atoms either aabsorption of gas molecules onto the surface of such films is
adsorbates or as interstitial subsurface impurities. On thebserved to give rise to a resistance increase. A resistance
other hand, an interface with a smooth mirrorlike finishincrease as large as 30% has been reported for-AD0
which is free of defects and adsorbates will, in a first ap-A-thick Cu film covered with an adsorbed layer of CO gas
proximation, simply reflect the conduction electrgspecu- molecules’ Explanations such as a transfer of charge from
lar scatteringgand have no effect on the resistivity. Even at the metal to the adsorbent or a demetalization effect in which
nominally smooth interfaces, however, where diffuse scatterthe adsorbent atoms form an insulating surface complex with
ing might be expected to be small, charge-transfer andhe metal underlayer have been proposed but are not univer-
chemical bonding effects can have an equally pronouncedally agreed upohPerhaps the most compelling explanation
effect on electronic transport. This can happen if the metal isnvolves the above-mentioned scattering of conduction elec-
thin enough so that the amount of electronic charge trangrons at the interface; the adsorbed atoms give rise to diffuse
ferred represents a significant reduction in the charge densiscattering with a concomitant increase in resistivity that be-
of the metal. In reality, charge transfer and diffuse scatteringomes particularly pronounced for small thicknesses. Fortu-
cannot be simply separated. The charge transferred from raately, there are a number of theoretical treatnfehthat
metal to an adsorbate implies charge separation and the sflow a quantitative comparison between resistance data and
multaneous creation of a localized static impurity potentialmicroscopic parameters such as the diffuse scattering prob-
from which conduction electrons can scatter without con-ability, scattering cross sections, and lifetimes of adsorbate
serving momentum. Alternatively, the presence of an adsortranslations.
bate may induce a rearrangement of surface and near-surfacelf Cg, molecules rather than gas molecules are used as the
bonds and thereby create a nonconducting dead layer andaalsorbent species, then uniquely different phenomenology
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might be expected to occur. An obvious difference is that C

. . L resistance resistance
can be reproducibly deposited as a thin film and therefore decrease increase
used as an underlayer, an overlayer, or both. Accordingly, l l

there are two separate interfaces having properties that de- Cu
pend on the order of depositi§n'® More importantly, the g
Ceo molecule has a high electron affinity and readily accepts (@ rmmmﬁ (b) M
electrons into its lowest unoccupied molecular orbital substrate
(LUMO). This is one of the reasons that the alkali-metal-
doped compound&;Cg, (A=K,Rb) become conductors with /~Ceo
three electrons filling to 50% occupancy the LUMO-derived © ()
t,, band in the face-centered-cubic sdlfdAlkali metals not @
only have the requisite low ionization potentials that facili-
tate charge transfer but also have low cohesive energies, thus FIG. 1. Schematic summarizing the types of resistance changes
assuring that single ionized atoms will remain uniformly dis-observed when Cu films in different thickness regimes are in con-
persed in the interstitial sites of the fcc lattice. tact with Gso monolayers.

The higher cohesion energies of nonalkali metals which
reside closer to the center of the Periodic Table favor thaeted onto Cylll) surfaces. Here, the acquisition of clearly
precipitation of metal clustef$®!? resulting in phase- defined images of the monolayer film implies that thg C
separated or agglomerated materials. These effects can kyer is indeed metallic rather than semiconductih@hus
avoided by the fabrication of two-dimensional structuresthe charges transferred from the Cu to thg &re not local-
comprising sequentially deposited metal ang l@yers. Met-  ized on each molecule but rather are presumed to contribute
als with high cohesive energies will remain intact when cov-to extended states which allow the monolayer to be conduct-
ered with Gy and multilayered Al/G, structures have al- ing and hence easily imaged in the STM at low voltage.
ready been demonstrat®@n theoretical grounds the work  The central observation presented in this paper and sum-
functions of most metals are sufficiently low to allow the marized in Fig. 1 is that ultrathin Cu films exhibit a pro-
transfer of electrons from the metal to the fullerene acrossiounced resistancdecreasewhen brought into contact at
planar metal-fullerene interfacéd. Evidence that such either interface with a g monolayer whereas thicker Cu
charge transfer does indeed occur can be found, for examplélms show a smaller reverse effect, that is, a resistance
in surface-enhanced Raman scatteriS8ERS experiments crease The crossover in behavior occurs at a Cu film thick-
in which the shift of the charge sensitivg,(2) pentagonal ness(~50 A) which separates the coalescence regime, in
breathing mode of g molecules at the surface of a metal is which isolated Cu clusters begin to mergenels(a) and
found to scale in inverse proportion to the work functions of(c)], from the bulk continuous regini@anels(b) and(d)], in
the three metals (Au, Ag, and Cu studied®®  which surface and grain-boundary scattering can have a no-
Photoemission®!® electron-energy-loss  spectroscdfy, ticeable effect on the resistivity. The resistance decrease de-
scanning-tunneling-microscopy, luminescencé® and picted in the two left-hand panelpanels(a) and(c)] is due
second-harmonic-generation studfesalso confirm that to charge transfer across the planar interface separating the
charge transfer plays an important role at metal-fullerene inCu and Gg,. The order of deposition is important. When the
terfaces. In combination, these studies suggest that there isCu is deposited on top of the;gmonolayer, which in panels
structural distortion of the g molecule associated with the (a) and (b) is depicted as ideally flat, the arriving metal at-
charge transfer. oms have an opportunity to diffuse into thg,@nd occupy

In this paper we expand on previously published reportsnterstitial sites from which charge can be donated. If this is
of in situ resistivity measurements ofgg@metal multilayers the case for Cu on g, as it seems to be by Raman-scattering
and bilayer$1°-?lin an attempt to determine in a quantita- evidence for Al on G2 then one can expect that global
tive manner the relative importance of charge transfer andonductivity can occur before the islands have coalesced
surface scattering atggmetal (M) interfaces. We have di- [panel(a)], since the G, between isolated islands is doped
rected our attention thl =Cu for several reasons: first, Cu is by interstitial Cu donor atoms. Forggon top of Cu[panels
relatively easy to evaporate as a smooth and continuous thily) and (d)], the high cohesive energy of the predeposited
film that does not readily oxidize at moderate vacuum presmetal prevents metal atoms from diffusing into thg,Gand
sures(<10 Torr), and second, there is ample evidence inthe G, is therefore doped only by the direct transfer of
the literature that charge is transferred from Cu tg.@&or  charge across theggmetal interface. For the ultrathin-film
example, in SERS experiments orgyCu interfaces the case depicted in panét), the charge is donated into ex-
downward shift in theA,(2) mode is comparable to the shift tended states and the sheet resistance of the dogedddo-
seen in KCqs and RRCg, compounds; thus implying that  layer is found to be on the order of 800D
approximately three electrons are transferred to eagh C  In the two right-hand panels of Fig. 1 charge transfer still
This number may be somewhat less if effects due to covaeccurs, but surface scattering dominates to give a resistance
lency, metal-adsorbate interactions, or the polarizability ofincrease. Again, the order of deposition is important. The
the Gy molecule also contribute to the Raman shift. Photo-bilayer with Cu deposited on top of the;{panel(b)] has a
emission studies also tend to confirm a substantial chargeugher texture and hence a higher resistance than an equiva-
transfer at the Cu-g interface!*!® Additional evidence for lent Cu film deposited directly on the substrapanel(d)].
charge transfer is found in field-ion—scanning-tunneling-As described in Sec. V, a quantitative estimate of the surface
microscope(STM) measurements of &g monolayers depos- scattering has been obtained by studying the resistance in-
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crease for G/Cu bilayers[panel (d)] with various metal

1 [C v T T T T 7]
thicknesses. The scattering cross section-&f A per G, 10 E — Cu/sapphire E
adsorbat'e molecu_le is consistent with the expected contact & Cu/Cﬁolsapphire
area defined by either a pentagonal or hexagonal face of the B . ,

Cgo atomic cage. 20 4
07 101 e ARGk

II. EXPERIMENT € .:. € S 1AG

' 5 : & —a- 11ACy,

All depositions and resistance measurements were per-G 10‘35— ': < 4AC60 3
formed in a stainless-steel vacuum chamber which could be > F 2 ) v OAC
pumped to a base pressure of B8 Torr. Temperature- S i -%10' 604
controlled resistively heated boron nitride sources were con- @ o ‘D
figured so that each source could be independently shuttered 10 3 4 4 3

and the evaporant fluxes separately measured with quartzZ
crystal microbalance monitors. A primary shutter covered
the sample and was only opened after prespecified deposition 105
rates had been established and stabilized. Thickness calibra- F
tions for each evaporant were determined in separate runs i
using optical profilometry. Special efforts were required to
ensure a reproducible run-to-run dependence of the copper
film resistivities on thickness. These efforts included the use 0
of sapphire substrates, constant deposition rates, and the
minimization, with strategically placed shielding, of thermal
e e e s cat Ao 5% 16 2. Thiknes cepndence of te resiiviy of Gl
- lines) and Cu/G, (dashed linesdeposited on sapphire. The hori-
and~10 A/min for Gy, was used. | i ates the resistivity of bulk Cu. The inset sh

The in situ resistivity measurements were accomplishedtzont.a. arrow Incicales e resisivity of bk 1. “he INSe Shows

! . ) he initial onsets in resistivity. The thickness of the underlying C
by pre-evaporating four_ rat_jlally symmetrlc and equal_lyla er for each of the curves is identified by the symbols in the
spaced contacts protruding into a disk-shaped area defingg, 4.
by the 5-mm-diameter opening of an overlying shadow
mask® This mask was positioned to be in close proximity to . ] ] . ] )
the substrate in order to minimize regions of non- The high-resistance region plotted in the inset of Fig. 2
overlapping depositions from the two sources. A computeshows more clearly the onsets in conductivity. The thick-
recorded the output of a four-terminal resistance bridge opPesses of the & underlayer corresponding to each curve are
erating at 16 Hz and connected to the four contacts on thiglentified in the legend. The conductivity onsets are indepen-
substrate. For resistances abowel1?? (), dc measurements dent of the G, thickness provided this thickness is equal to
were made for each current polarity with an electrometeror greater than a monolayér10 A). The reduction in criti-
Four terminal van der Pauw measurements have the advaoal thickness defined by the 1BQ cm criterion, is a factor
tage of minimizing the effects of contact resistance in addi-of 2, from 20 to 10 A. The critical thickness for Cu deposited
tion to providing a way to assess the spatial uniformity of theonto a partial monolaye@ A thicknes$ is seen to be at an
resistance. intermediate value.

Force microscopy on Cufg samples was performeek To understand this behavior, it is important to realize that
situ using a commercial instrumeriPark Scientific Instru-  fijim growth usually occurs in well-defined stages. Initially,
ments SPC-400in contact mode. The pyramidal tips had a metal clusters start to grow at nucleation sites and the film
nominal radius of 400 A. Surface damage due to the tip wagecomes conducting only when the clusters become suffi-
not apparent in any of the scans. ciently numerous and large enough to coalesce and exceed

the percolation threshold for conduction. In the early stages

lll. SINGLE-LAYER Cu AND BILAYER CU/C ¢ FILMS of growth, tunneling or thermipnic emissi%fnca_n give rise N

to transport between isolated islands. Accordingly, the criti-

Shown in Fig. 2 is a plot of the thickness dependence otal thickness for conduction may not be the same as the
the resistivity of three Cu films deposited directly onto sap-critical thickness for geometrical percolation of growing
phire (solid lineg compared to four Cu films deposited di- clusters. These considerations must be taken into account
rectly onto an intervening underlayer of predeposited C when trying to understand the role of the underlying énd
(dashed lines The percolation or coalescence threshold, arthe enhancement of the conductivity threshold. For example,
bitrarily defined as the thickness at which there is an onset dhe tunneling barriers between isolated Cu islands may be
resistivity near 101 Qcm is significantly less for the lower when G, rather than sapphire is the substrate. Alter-
Cu/Gs¢/sapphire combination than it is for Cu/sapphire with- natively, the interface energy at the Cgé@oundary may
out the Gy underlayer. Similar results have been noted infavor the growth of smoother films which coalesce and con-
earlier work on different substrates, i.e., Ajfdnultilayers  duct at lower coverag€:?° And in yet another scenario, the
deposited onto yttrium-stabilized zirconi¥SZ) substratés  underlying G, may become conducting, by charge donation
and Cu/G, bilayers deposited onto quartz substréfes. from interstitial Cu atoms or charge donation across Gu/C
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TABLE I. Summary of AFM measurements on single-layer Cu

and bilayer Cu/g, thin-film samples. The Cu thicknedsg,, is given ()

in column one and the 4 layer, when present, is one monolayer

thick.

dey rms roughness peak-peak

I X < ; 5000
A) Ceo underlayer (A) A) 2 4000

45 No 1.60 12.7

45 Yes 4.46 38.9 5000

60 No 1.82 13.7

60 Yes 3.06 22.7

120 No 2.12 17.4

120 Yes 4.14 30.9

(b)
interfaces, and thus create an electrical shunt in parallel wit
the percolating clustefs®-%!

Insight into the applicability of each of these possibilities
was obtained by using atomic-force microsca@y=M) to o
compare the surface morphologies of Cu and Gggamples
having the same Cu thickness. Three pairs of samples we 20
studied with each pair having the same amount of Cu depos o
ited onto separate substrates, one of which was covered by 5000
predeposited g monolayer. The results, summarized in
Table I, show that for the three thicknesses chogeén 60,
and 120 A, a film deposited onto the substrate with the
predeposited g monolayer had, in all cases, a substantially

rougher morphology than an equivalent film deposited di- g\ 3. AFM topographical scans of a 60-A-thick film deposited

rectly onto the sapphire. The roughness data summarized {@) irectly onto a sapphire substrate i directly onto an inter-
Table | were calculated from topographical scans such agening G, monolayer.

shown in Fig. 3 for the film with Cu thickness of 60 A. The

smoother topography of the single-layer Cu filfapper —\yhere p, is the residual resistivity and is a constant that
pane) contrasts sharply with the rougher topography of theyarametrizes scattering at the grain boundaries and/or at the
Cu/Cq, bilayer (lower pane). ~_ film surfaces. We assume thafcan be written in the Drude
These AFM data thus eliminate the scenario in which in-gry po=mve/n€é?l,, wherem is the carrier massn the
terface energies between Cu angh @ive rise to smoother  carrier volume densityy: the Fermi velocity, aneé the elec-
films. One can also argue, albeit with less conviction, that fok,qnic charge. Thel ! dependence is known as the classical
the same amount of deposited Cu, the film with the roughegjze effect and derives from the assumption that the scatter-
topography(i.e., Cu on Go) should, in its initial stages of g s isotropic and can be characterized by an effective

growth, comprise islands with greater near-neighbor separgnean free path of the electrons described by the equation
tion and thus show lower conduction by tunneling through

the substrate. The flaw in this argument is that the tunneling 1 1 «

barrier might also be affected, i.e., the tunneling barriers be- ==+, 2
tween Cu and g, may be reduced enough to overcome the Il d

greater island separation and thereby be responsible for the._. . PR ; 2
observed higher conductivity. Accordingly, the film mor- E’\s/lensg égl.?s);%rg::on In the Drude equationmye/net,
phology and tunneling arguments cannot be irrefutably in- In Fig. 4 the lower resistivity data of Fig. 1 has been
voked to explain the enhanced conductivity thresholds of th?eplotted as a function ad . The dashed lines are regres-

Cu/Cy, bilayers. Doping of the g, monolayer by charge sion fits to the data in the regions where the' dependence

trgnsfer_ remains the most likely cause. We will return to thlsis apparent. For most of the films this dependence begins for
discussion in Secs. VI and VII.

thicknesses in the range of 50-70 A. Using En, the ex-
tracted fitting parameters provide for each film independent
estimates ofpy and the producpglya. Since pgl, depends
The AFM scans of Fig. 3 show the surface morphologiesonly on the carrier density, which is assumed to be the same
of films that are in the continuous regime with a transportfor all films [pgl =6.57x10 2 Q cn¥ for Cu (Ref. 23], the
scattering lengtH, which exceeds the film thicknesk In scattering parametex can therefore be directly calculated.
this regime the film resistivity can be described by the equaThe dependence af on p, is shown in Fig. 5.
tion There are a number of ways to give physical meaning to
the scattering parameter For example, the theory of Fuchs
and Sondheimé&r explicitly solves the Boltzmann transport
1) . . L
equation and in the limit>1, leads to the dependence of

IV. RESISTIVITIES OF CONTINUOUS THIN FILMS

al
1+ —2

P=Po g
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gies,D«d, and Eq.(1) therefore ensues. In a third interpre-
tation, « can be considered as the product of an adsorbate
scattering cross sectian, and the density of adsorbate scat-
tering centers at the surfade,.> In the dilute limit, where
scattering from individual adsorbates is independent, the
scattering probability +p can be related ter, by the rela-

tion

1-p=Nyo,=3a. ()

Thus, if monolayer coverage by a known gas gives rise to a
measurable increase in(corresponding to a decrease in the
fraction of specularly reflected electronthen the scattering
cross section per adsorbed gas molecule can be readily cal-
culated.

In Fig. 2 we note that, although the threshold for conduc-
tivity of the Cu/G bilayers occurs at a reduced thickness,
there is a crossover at greater thicknesses to a region where
the resistivity of the bilayers is higher than the resistivity of

Resistivity (uQ cm)

800 : ' : . . the single Cu layers. Similar results have been observed in
' 0.01 0.02 0.03 previously reported measurements of AWSZ and
d' (A Cu/Gsy/quartz bilayer§:?! We can attribute this higher resis-

tivity to the greater roughness observed in the AFM scans

FIG. 4. Inverse thickness dependence of the resistivity of seﬁsee Fig' z}togeth_er with additi_on_al surface_ sca_tteri_ng at the
lected Cu and Culg samples showing for large thicknesses the underlying Cu/G, |n.terfe_lce. Th|s_ interpretation is reinforced
linear dependence associated with the classical size effect. THY the data plotted in Fig. 5, which shows the dependence of
dashed lines are regression fits restricted to the range of points fé¥ ON po- The Cu/Gg bilayer samplesopen symbols have
each curve which shows the linear dependence. Signiﬁcantly hlghel’ Scattering pal’ameters than do the Sil’lg|e-
layer samplegsolid symbol$. These differences reflect a
greater amount of interface scattering, both at the underlying

Eqg. (1) with @=3(1—p)/8. In this interpretationp is the . > ; .
fraction of electrons specularly reflected at the film surfacesg:U/C60 interface and at additional grain boundary interfaces

In a slightly different interpretation, the theory of MayadasaSSOCiated with the increased film roughness. The dashed

and Shatzkdstreats scattering at the internal interfaces de—!'ne in Fig. 5 is a regression fit to the data that is forced to

. : . . . _include the bulk resistivity of CUa=0) indicated by the
fined by grain boundaries of size. In many film morpholo vertical arrow. The off-vertical tilt of this line hints at a

possible weak correlation betweenand p, which is not

0.70 ; . . - expected on the basis of the simple transport models dis-
: cussed above. This correlation is not apparent if only the
060k H _ rather limited data on the single layer sampeslid squares
N / are considered.
< o050} 1
% u - V. Cgo/Cu BILAYERS: RESISTANCE INCREASE
§ 0401 o / i In the previous sections, we have described the resistance
o © ; changes that occur whengCis present as an underlayer.
2 030 .. 1 When deposited as an overlayer, the interpretation of resis-
o : 1 tance changes is somewhat simplified because the strong co-
T 020F ; 1 hesion between the predeposited metal atoms prevents diffu-
n Bulk /! sion of the metal atoms into the overlyingg{layer.
0.10 | i Accordingly, metal atom rearrangement, if it occurs at all, is
/ restricted to the surface layers and bulk morphology changes
0.00 R - "y are negligible.
0.0 1.0 2.0 3.0 For Cu films that are thick enough to be in the classical
po (LQ cm) size effect regime, the deposition of gs@verlayer is ob-

served to always give rise to a resistance increase that is

FIG. 5. Dependence of the scattering parametesn the re- usually on thg order of a few percent. _Th|s phenomenology is
sidual resistivity p, for eight films. The solid squares represent SUmmarized in the data of Fig. 6, which show the change in
single-layer Cu films and the open squares represent bilayergu/cSheet resistancéR plotted as a function of & thickness.
films having a G thickness equal to or greater than a monolayer.The data represent a subset of six films both with and with-
The open diamond refers to the bilayer sam(@ee Fig. 1 with ~ out Gso underlayers. The resistance changes have been nor-
submonolayer g, coverage. The dashed-line fit is discussed in themalized to unity. In all cases the resistance changes are com-
text. plete after the deposition of a monolay@0 A). This is true
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| 1 0.06 | . j

1.0 b Open Cq, WDkl o . .
S s I Shutter ] . -
S 7 0.04| ", :
= Zs3 .
© ;
E 06 . o
(- s
ZO [m] / m}
~ 04} | 0.02+ . 4
o ,
4] o

02 - ) a

0.00 . . ; .
0 1x10° 2x10° 3x10°
0.0 ] 1
1/d (cm™)
02r ) FIG. 7. Plot of R/R against 1d. The solid squares represent
(') 1'0 20 overcoated single-layer Cu films and the open squares represent
overcoated bilayer Cujg films. A linear dependenc@lashed ling
CGO Thickness (A) is expected from the charge-transfer model discussed in the text.

any added conductance due to the doping of tiggnino-
(fayer can be ignored since the conductance of the bilayer is
gdominated by the Cu. This argument is validated by the re-
sults of Sec. VI below in which the doped overlying,C
monolayer is found to have a resistivity 6f800 u{) cm, a

for Co deposition rates which vary by more than a factor Ofvalue on the order of 100 times higher than the resistivities
60 d€P y by of the bilayers considered in this section.

3 in the data shown, therefore excluding the possibility that We begin by assuming that the sheet conductaBcef

heat radiated from the deposition source is having an effeqhe Cu film can be written as the sum of two unperturbed
Such a heating effect might be expected to occur upon OPeI ntributions P

ing the G shutter(vertical arrow. The linear onset in resis-
tance change at the time of shutter opening precludes stress G=o(d—A)+ oA @)
accumulation as the causative mechanism since stress effects '

would only be expected to occur once a significant fractionwhereo is the bulk conductivity and is the thickness of the
of a monolayer has formed. In like manner, the presence of metal film adjacent to the & that is depleted of charge.
nonconducting dead layer at the surface of the metal causeincesocn/vg andv>n'3, then a changén in n gives rise

by a Gsrinduced reconstruction of surface bonds can also beo a fractional changeajo/o=246n/3n. Only the second term
excluded. At low G, coverage there would only be isolated of Eq. (4) is affected and we therefore can wrié&= A do
islands of nonconducting subsurface material and the effect 2¢0-A 6n/3n, which becomes

of such islands on the conductivity would be negligeable.

Finally, a possible but improbable out-diffusion of Cu atoms SR 256N,

into the overlying monolayer and an accompanying thinning R 3nd ®)

of the metal film involves too few atoms to explain the ob-

served resistance changes. There are two remaining explanaith the substitutionsG=1/R and éN.=A én. The areal
tions for the resistance increagé) transfer of charge from density of transferred chargéN., can be easily calculated
the metal to the g, and(2) a change from specular to dif- if the quantity of charge that is transferred to eagly @ol-

fuse scattering at the ggmetal interface. We model below ecule is known. Thus, if the &g monolayer is close packed
each of these possibilities by using Ha) to calculate the with 10.2 A nearest-neighbor separations, and there is one
sheet resistanc&®= p/d, and then finding the change in re- transferred electron on each molecule, tlidh=1.11x10™
sistancesR when varying independently the charge densitycm 2

n and the surface scattering parameter The applicability of the charge-transfer model as exempli-
fied in Eq.(5) is shown in the Fig. 7 plot obR/R against

1/d. The open squares represent trilayer samples, that is,
Cso/Cu bilayers which have been deposited ontg @hder-

The transfer of charge across the plangg-@etal inter-  layers and which therefore have a rougher morphology than
face can, by depleting the total number of carriers in thehe G/Cu bilayer samplegsolid squares The data are
metal, give rise to a resistance increase. When the resistivittjomewhat scattered and do not fit well the linear dependence
of the Cu is near that of bulicontinuous thin-film regime  described by Eq(5). If only the four trilayer samples are

FIG. 6. Normalized change in sheet resistance plotted as a fun
tion of overlayer G, thickness for seven different films. The;C
begins to accumulate on the substrate when the shutter is open
(vertical arrow.

A. Charge transfer
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TABLE II. Sheet resistanc&cgq 0f @ monolayer of G, for

1.2 ' ' seven films calculated using the measured infaland final Ry
resistances.
do = 0.020
09k Ri Ry Rceo
(9] @ @)
. 1200 1013 6 500
g el /7 3319 2572 11 430
x 3345 2332 7700
P 5574 3437 8 964
’ 6 458 3270 6 624
0.3 71830 26 740 42 600
'é‘ 8x10° 8x10° o
0.0
0.0

predictions of the surface scattering model display a respect-
5 able linear dependence over the whole range. This is not the
1/d” (cm™) case for the charge-transfer mod€ig. 7) where there is
, ) , more scatter in the data, especially for the samtgsen

FIG. 8. PI_ot of R agalnsF 1d“. The solid squares represent sguare}?in which Gy, is deposited on Culg bilayers.
overcoated single-layer Cu films and the open squares represen The change in scattering paramet&r can be directly
overcoated bilayer Cuigfilms. A regression fit to the data yields a . ) .
linear dependenc@ashed lingthat is consistent with the surface- Cglculate_d_ from the slope of the_gggressmr(dmshed line of
scattering model discussed in the text. Fig. 8 divided by pglq (6.57x107*2 Q cn¥). The result,sa

=0.020+0.004, can be related to the scattering cross section

. . per G, adsorbate moleculer,, using Eq.(3) together and
considered, the@R/R appears to be independent @f On the assumed areal density, 11X 10 cm~2) of molecules in

the other hand, if we restrict our attention to the seve - .
lhe monolayer. We findr,=4.8 A? or equivalently the ap-

samples having the largest thicknesses, then the linear r :
gression fit(dashed ling through the origin can be inter- proximate area bounded by a hexagonal or pentagonal face

preted with Eq(5). Using the measured slope of %208 of the molecule. For a weak van der Wagl_s interaction be-
cm together witm=8.5x 16?22 cm ™ for Cu we calculate a tween a @y molecule and a metal s_urface, itis not unreason-
value of SN, that corresponds te-35 electrons transferred to @bl o expect that the cross-sectional area for diffuse scat-
each QO mo'ecule' In previous'y reported Work on A%@ tenng should be apprOXImately equal to the contact area.
multilayers® a similar analysis implies a charge transfer of

approximately six electrons to eacl@nolecule. This is a

factor of 30 larger than the 0.2 electrons pey Golecule VI. Ci/Cu BILAYERS: RESISTANCE DECREASE

inferred from photoemission studies of Al interfaces’”

Such large charge transfers, especially fgp 6n Cu, are . . T
unphysical, and we therefore conclude that charge transfé?y,ers’ Surface scattering provides a better description of thg
alone is not responsible for the resistance increases that aigsistance increase than does charge transfer. However, t.h.'s
observed. does not mean that charge transfer does not occur. Specifi-
cally, it is most likely that the transfer of charge and the
associated redistribution of electrons in the vicinity of each
adsorbed &, molecule is responsible for the observed dif-
fuse scattering. Assuming that charge is indeed transferred
ff5m the metal to the £, it is reasonable to consider the
possibility that a continuous monolayer comprising such
molecules doped by transferred charge might be conducting.
If this is indeed the case, then the resistance of th¢GD
bilayer will be less than that of the underlying Cu film only
if the Cu film is sufficiently thin to assure that its conduc-
polo tance does not dominate over that of thg, @onolayers.
SR= e da, (6) Ideally, one would like to deposit a smooth Cu film with a
thickness of a few atomic layers. In practice, as will be
shown below, films in the coalescence regime are sufficient.
reveals a linear relation betwedR and 162 with a constant  In such films the resistance is dominated by interisland resis-
of proportionality (slope equal topgl 6. This dependence tance, the scattering length is short, and the surface scattering
is exhibited by the data as shown in Fig. 8. We note thatvhich causes a resistance increase can be ignored.
these are the same data that are plotted in Fig. 7 and the solid If a thin Cu film with initial sheet resistand®, is covered
and open squares have the same meaning. In comparing théth a conducting monolayer which lowers the resistance of
two plots we see that the data plotted with respect to th¢he bilayer to a final sheet resistanRe, then the sheet re-

2.5x10"  5.0x10"  7.5x10"?

In the above section we have shown that fgg/Cu bi-

B. Surface scattering

Changes in surface scattering associated with the presen
of the overlying G, molecules will become manifest in
changes in the scattering parameter The corresponding
change inR is calculated by dividing Eq1) by d and then
taking the derivative with respect t@ The result,



54 CHARGE TRANSFER AND SURFACE SCATTERINGA. .. 14 059

sistance of the monolayeRc_, can be calculated from the and concomitant resistance increases can thus be ignored for
parallel resistance formula &_=RR¢/(R;—Ry). The re-  such thin films. In the thick-film regimgpanels(b) and(d)]

sults of this procedure for seven films are shown in Table 11WNer€Rce;=8000) is appreciably larger thaR=R;, the
For films havingR, in the range 18-10* Q, Rc.__is relatively ~ contribution R —R°/Rcg to the fractional change iR is
constant with a value of approximately 802)%) In this re- negative and small. For example, the sample with the highest

gion the coalescing islands are presumed to form a connectéas's.tance n .F'g' $R:.14'Af ©) has an experimentally de-
template for the overlying £ which, when uniformly doped termlngd positive contnbuﬂorﬁR=O.9$ Q’, due 'to' surface
by the underlying Cu, creates a conducting shunt that re§catter|r_lg. The smaller n_egat|ve contribution arising fr02m the
duces the resistance of the bilayer. Ry 10* Q, this con- ~ conducting G, layer is calculated to be—(14.47
ducting monolayer shunt has a uniform sheet resistance th§000=—0.026, a negligible correction on the order of a
is independent of the size and shape of the coalescing W tenths of a percent. Thicker films with less resistance
islands. Such scale-independent behavior would be expect##puld have an even smaller correction. Although the con-
in a charge-transfer scenario in which only a few electrongluctivity of the G, monolayer due to charge transfer in these
need to be transferred to eacl,Gnolecule to render the thicker films does not manifest itself in a measurable resis-
overlying monolayer conducting. The sheet resistance of thitance change, it does result in charge separation at the
monolayer is independent of the thickness of the underlyingCg;-metal interface which in turn makes a contribution to the
Cu. Surprisingly, the inferred room-temperature resistivity ofscattering crossection.
800 uf) cm for a 10-A-thick monolayer is more than a factor  In conclusion, we have shown in this work that 2C
of 2 smaller than that 0A;Cg, films® and crystal$® This  monolayer in contact with a met4Cu) surface can have a
comparatively low resistance is somewhat unexpected for gignificant effect on electronic transport. The relative contri-
monolayer which is disordered and not in epitaxial relation-hytions of charge transfer and surface scattering have been
ship to the underlying metal substrate. _ quantitatively determined by varying the metal-layer thick-
For higher values oR;, R, increases until folRj=8  ness and the order of deposition. Interpretation of the data
M Q no decrease in resistance is observed when the Cwith respect to different theoretical models has been facili-
overlayer is deposited. In this region some of the Cu islandsated by AFM characterization of surface roughness and to-
are isolated with the consequence that the overlying dopefography. Such characterization is especially important if su-
Ceo ON such islands is also isolated and thus does not makeggeriattice structurés with smooth interfaces are to be
contribution to the conductance. For thinner films with considered. We believe that the results reported here are gen-
higherR;, where coverage with a monolayer has no effeCterg) and apply to other ggmetal systems where similar ef-
(i.e., Regy—), the film is presumably in the regime where (g s have been reported in less detdf-2Linteresting ques-
interisland tunneling is the predominant conduction mechatjons remain. For example, recent photoemission and inverse
nism. The G, between the islands is not doped because it iphotoemission studies of K-doped ¢C monolayers on
in direct contact with the insulating substrate and not the Cuhg(111) indicate a high density of states at the Fermi I&¥el.
metal. In this interpretation, the tunneling barriers betweengimiiar high densities of states could well be unique to
isolated islands are not lowered by the presencesgf This o141 interfaces and could thus be responsible for the

g\lrerencedfor Gdcg bllaéers slnogld altio ho?ld for the. C%.Ct_ aEigh conductivity of the electron-doped monolayers reported
rayers discussed in Sec. 1, 1.€., he decrease in crilicayq o 4 is a1s0 apparent that metals with higtiewer) work
thickness for electrical conduction is not due to a change in . :

; . unctions would be expected to contribute |@s®re charge
tunneling barriers caused by the presence of tgg Mt 0 each G, molecule and thus give rise to a different con-
rather by charge transfer. In this case, however, in which th% vt Q‘]} ing d dg | A derstand
metal is deposited on top of the;{; the charge may also be | uc I\fllhy 0 ﬁn oveL);lng _opef nrjono Zyelr.. hun (Trs and-
donated by interstitial metal atoms. ing of how the work function of the underlying metal corre-

lates with the conductivity of the doped monolayer and/or

the surface scattering cross section remains an open question

requiring further research. Finally, it may be possible to ad-
VII. DISCUSSION AND CONCLUSIONS just the level of doping and obtain two-dimensional super-

The surface scattering and charge-transfer effects dec_onductivity in an appropriately dopedsOmonolayer. The

scribed in the previous sections clearly have a marked effedfansition temperature of such a two-dimensional system
on transport in multilayer metalig structures. In accord Would be expected to be less than that of the three-
with previous work, the general statement that can be maddimensionalA;Cgo compounds.

is that for ultrathin films the resistance of a bilayer is less

than that of the metal film whereas for thicker films the op-

posite is true. It is important to realize that for all four ACKNOWLEDGMENTS

Ceo/metal combinations depicted in Fig. 1, electric charge is
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