E176 Journal of The Electrochemical Sociefys2 (5) E176-E183(2005
0013-4651/2005/158)/E176/8/$7.00 © The Electrochemical Society, Inc.

Importance of Oxides in Carbon/Molecule/Metal Molecular
Junctions with Titanium and Copper Top Contacts

William R. McGovern, * Franklin Anariba, and Richard L. McCreery **
Department of Chemistry, The Ohio State University, Columbus, Ohio 43210, USA

Carbon/molecule/metal molecular junctions were fabricated by metal deposition of titanium or copper on monolayers of nitroa-
zobenzendNAB), biphenyl, and nitrobiphenyINBP), and multilayers of NAB and NBP covalently bonded to aR sarbon

substrate. The electronic behavior of Ti junctions was extremely dependent on residual gas pressure during E-beam deposition, due
to the formation of a disordered Ti oxyhydroxide deposit. The junction resistance decreased with decreasing residual gas pressure,
and the hysteresis and rectification observed previously for relatively high deposition pressure was absent for pressures below
5 X 107 Torr. Deletion of the molecular layer resulted in low-resistance junctions for both high and low deposition pressures.
Replacement of the Ti with Al with otherwise identical deposition conditions resulted in insulating junctions with much higher
resistance and no rectification. Ti junctions made at low residual gas pressure had resistances and current/voltage characteristics
similar to those of junctions with Cu top contacts, with the latter exhibiting high yield and good reproducibility. The current/
voltage characteristics of both the Ti and Cu junctions fabricated with low residual gas pressure were nonlinear and showed a
strong dependence on the molecular layer thickness. The hysteresis and rectification previously observed for junctions fabricated
at relatively high residual gas pressure depend on the combination of the NAB layer and the semiconductiihg, Ti@th the

TiO, layer conductivity depending strongly on formation conditions. Rectification and hysteresis in NABLFiQions may

result from either redox reactions of the NAB and Tiyers, or from electron injection into the conduction band of Ti oxide.
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A significant problem with investigation of metal/molecule/metal port discusses the effects of Ti oxide formation on junction behavior
molecular electronic junctions has been fabrication of the top metalnd reports a means to avoid such effects using copper as the top
“contact.” Vapor deposition of Au or Ag often results in metal pen- metal.
etration into a molecular monolayer, unless there is a reaction be- ]
tween the vapor metal atoms and the monolayer end g]r‘criup. Experimental
Vapor-deposited titanium metal has been investigated as a top con- Molecular junctions with a 3.7 nm thick NAB film were fabri-
tact for various molecular electronic junctions, including metal/ cated on pyrolyzed photoresist film¢$PPFs, rms roughness
molecule/metal junctions based on self-assembled monolayer 0.5 nm using the procedure described in detail previotSkyjth
(SAM)®” and Langmuir-Blodget{LB) structure$™° Ti atoms are  the important exception of the Ti deposition procedure. PPF is dis-
strongly reducing and reactive, and they have been shown to destrogrdered, sp hybridized carbon, with no observable band7qap and
Aulthiol self-assembled aliphatic monolayers, as judged by loss ofessentially metallic conductivitgresistivity~O.005£)-cm).16’l For
Secondary-ion mass spectrometry signals from the monotayer. the samples designated as “low oxide,” the E-beam evaporation
Fourier transform of SAM and LB structures following Ti deposi- chamber pressure was decreased to several residual gas pressures
tion showed total signal loss for aliphatic or phenylethynyl mono- below 5x 107 Torr, instead of the previous 8 107 Torr, and
|ayers’12 a|though a naphtha|ene center was apparenﬂy unaﬁécted_the |n|t|a| Ti deposition rate was increase.d to 0.1 nm/s Comparec_i to
We reported recently on carbon/nitroazobenz@aB)/Ti molecu- the previous 0.03 nm/s. Based on the smp[e 'formula that the time
lar junctions which have covalent bonds between the molecule and®duired in seconds for a monolayer of collisions between a trace
both the carbon substrate and Ti top contit3hese junctions 9@ and a surface is approximate®/5 X 10™°)/P (Torr)™and that
showed strong rectification, with the current under positive bias€Very collision of Ti with water or @ is reactive, we predict a
(carbon positive of Tiexceeding that for negative bias by a factor of erjt?;tdaeml\jl\}efrrz(f:g??oc;iflr;hseddei)%c;?tlct:jduzlir:gytﬁretgrg\?i;:soggjnedi?é)sg_
troGS(i% at 3 V. Raman spectroscopy gnd X ray photoelectron specas “high oxide” and those with a pressure o6 X 1077 Torr as

py(XPS) demonstrated that a nitroterminated molecular layer

S ) i - “low oxide.” Note that high oxide and low oxide PPF/NAB7)/
was not 5|gn|f|cant!y affected by E beam deposmpn of Ti, except fOrTi/Au junctions are identical except for Ti deposition conditions,
formation of a Ti-N bond and partial reduction of the nitro

! with identical PPF substrate, 3.7 nm thick NAB layer, and protective
group™®!* Because covalent bonding between the molecular layer ’ yer, and p

d th s often desirabl d bari | ﬁold layer. In addition, several samples were prepared with alumi-
and the contacts Is often desirable to reduce barriers to electrofj,, ., gypstituted for Ti to investigate the effect of an insulating rather

transport, the top contact metal should be reactive enough to formpan semiconducting oxide. Deposition conditions for Al were iden-
such bonds, but not so aggressive that it destroys the monolayer Q[ca| to the Ti high oxide case, including the protective Au top layer.
creates metallic short circuits. Biphenyl (BP) and nitrobiphenylNBP) junctions were prepared in
Subsequent to our initial report on carbon/NAB/Ti junctions, we the same fashion, using conditions that yield known layer thick-
observed that junction properties were dependent on Ti depositiomesses as determined with atomic force microsd@p?yM)_lg Junc-
rate and the base pressure of the E-beam evaporation chéinbertions are designated as,g, PPF/NAB3.7)/Ti/Au, PPF/NBR4.2)/
Specifically, a decrease in residual gas pressure from 18 to Ti/Au, where the thickness of the molecular layer determined with
5 X 1077 Torr or less caused a dramatic decrease in junction resisAFM is given in parentheses with units of nanometers. All junctions
tance and apparent loss of hysteresis. SAM and LB junctions rewere 0.5 mm diantarea 0.00196 cfycorresponding te- 10** mol-
ported by others to date were made with residual gas pressures rangcules arranged in paralledith 8-14 junctions per sample. In sum-
ing from <1 x 108 to <1 x 107 Torr,>® and may be subject to mary, four metal deposition programs were used: “high oxide Ti":
the same variation in properties due to trace gases. The current r& X 107 Torr, 3 nm Ti at 0.03 nm/s, 5 min wait, 10 nm Ti at 0.1
nm/s, 40 nm Ti at 1 nm/s, 100 nm Au at 1 nm/s; “low oxide Ti"
(2.1-5.0 X 1077 Torr (as specified beloyy10 nm Ti at 0.1 nm/s, 40
* Electrochemical Society Student Member. nm Ti at 1 nm/s, 100 nm Au at 1.0 nm/s; “Cu”: pressure as specified,
** Electrochemical Society Fellow. 10 nm Cu at 0.1 nm/s, 20 nm Cu at 0.5 nm/s, 10 nm Au at 1.0 nm/s;
2 E-mail: mccreery.2@osu.edu and “high oxide Al": 3 nm Al at 0.03 nm/s, 5 min wait, 10 nm Al at
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Table I. PPF/molecule/Ti/Au junction results.

J(+2V) J(-2V) dv/di

Moleculé! Samples Junctions Resistafi¢®) (Alcm?) (Alcm?) (+2V)

BP (1.5° 1 13/14 6460 + 3200(50%) 2.70 £ 0.45(17%) 2.61 + 0.47(18%) 188 + 10 (5.1%
NBP (1.7 2 28/28 188 * 55(29%) 4,75 + 0.51(11%) 4.68 + 0.54(11%) 168 + 30 (18%)
NBP (4.2 2 25/28 17,200 + 600035%) 2.33 £ 0.57(24%) 1.75 + 0.36(21%) 238 + 48 (20%)
NBP (4.9) 2 28/28 39,300 + 920023%) 2.01 + 0.25(12%) 1.47 +0.19(13% 250 + 22 (8.7%)
NAB (1.9 2 8/8 840 + 610(73%) >5°8 >5° -©
NAB (3.7)d 2 8/8 3100 £ 1500(48%) 3.29 + 1.04(31%) 2.96 + 1.09(37%) 204 + 46 (22%)
NAB (4.2¢ 1 4/4 30,800 + 28,00092%) 2.04 + 0.06(2.9% 1.63 + 0.021(1.3% 237 + 5.3 (2.2%

Molecule absent 1 717 236 + 14(5.9%

2Pressure during Ti deposition was 271077 Torr unless indicated otherwise.

® Inverse slope of/V curve (dV/di) for V = 50 mV. Listed as meart standard deviation, with % relative standard deviation in parentheses.
°Number in parentheses is thickness of molecular layer in nanometers.

4Ti deposited at 2.2 1077 Torr.

¢ Exceeded instrumental limit.

0.1 nm/s, 40 nm Al at 1 nm/s, 100 nm Au at 1 nm/s. Contact wasto the high oxide junctions, the low oxide junctions exhibited much
made to the junction as described previously with a Pt wire and ahigher current, little or no hysteresis, and negligible dependence on
micromanipulatoi‘?Afewjunctions were rejected due to nonrepeat- scan rate. Thé/V curves were repeatable in the2 V range for
ablei/V curves, and standard deviations of the remaining junctionsthousands of cycles, with no apparent degradation. To determine if
are reported in Tables | and Il. As noted in the main text, the Ti the effect of residual gas pressure was observed for a molecule other
junctions slowly became less conductive upon exposure to air, so alhan NAB, junctions were prepared with BP substituted for NAB.
electronic measurements reported occurred one day after metals shown in Fig. 2, the PPF/BR.5)/Ti/Au junctions had qualita-
deposition. The junction resistance for low bias was determined agjyely similar i/V responses, with larger currents for the low oxide
the inverse of the slope of thiéV curve over the range -50 mv junctions. The currents observed for the high oxide case were
<V < +50 mV, anddV/di (+2 V) is the inverse slope of theV smaller than those for NAB.7), and hysteresis was observed for
curve forV =1.95 to 2.00 V. Positive/ corresponds to the PPF 1,51 positive and negative voltage scans. Also shown in Fig. 1 are
contact being more positive than the Ti/Au contact in all cases. XPScontroI junctions with no molecular layer, which have ling&v
spectra were obtained with a Kratos Axis Ultra spectrometer. Excep sponses with slones corresponding to r,esistances 0f288.0
as noted, the sample was transferred through ambient air to the XP P 6 P P 7 9 )
sample introduction chamber immediately after metal deposition.>< 10 Torn) and 2479 (2_'1 X100 TO_”)' . )
Control junctions were prepared identically to those described pre- The presence of Ti oxide was confirmed with XPS depth profil-
viously, but without deposition of the molecular layer, for all three iNd of_a PPF/azobenzene/Ti/Au molecul_arjunctlon._Azobenzene was
top contacts: Cu, low oxide Ti, and high oxide Ti. used instead of NAB so the molecule did not contribute oxygen, but
the metal deposition conditions were identical to those for NAB and
BP. After insertion of the completed sample into the XPS chamber,
the metal layers were sputtered with*Aons and XPS spectra were
acquired periodically. Various Ti oxides were observed near the

Results

The effect of residual gas pressure on the current/voltaté
response of PPF/NAB.7)/Ti/Au junctions is shown in Fig. 1, with g : o 051
the ordinate expressed as current denliyin A/cm?). The curve ~ azobenzene Iay%rl, 2|2nclud|ng Tidi 2pz;, peak at 454.8 6)61'23
for 8 x 107 Torr is similar to that reported in detail previousfy, — T120s (456.1 eV,"*“and a small amount of TikX458.8 eV.”"
showing hysteresis for positive voltage and a large resistance at lorigure 3 shows high-resolution XPS spectra of thg, Tégion ob-
voltage(685 MQ). For lower pressures, the resistance at low voltagetained near the azobenzene layer for high ox&le< 10°® Torr) and
decreases to 127 + 210k for 4.0 X 107" Torr, 17.5 + 6.6 K) for low oxide (2.1 1077 Torr) PPF/AB/Ti/Au junctions. Although
2.8x 107 Torr, and 3.1 + 1.5 R for 2.1 X 107 Torr. Compared there are variations in the distribution of Ti and Ti oxides for the two

Table Il. PPF/molecule/Cu/Au junction results.

J(+2V) J(-2V) dv/dl
Moleculé Samples Junctions Resistah¢®) (Alcm?) (Alcm?) (+2)
BP (1.5° 2 21/21 315 + 82(26%) 4.72 + 0.51(11%) 4.54 + 0.60 (13%) 176 £ 13 (7.2%
NBP (1.7 2 28/28 267 + 59(22%) 3.85 + 0.42(11%) 3.74 £ 0.44(12%) 191 + 15 (7.7%
NBP (2.5 2 28/28 690.2 + 71.6(10.4% 3.45 £ 0.21(6.0% 3.22 £ 0.20(6.2% 186 + 5 (2.9%
NBP (4.2 2 28/28 2072 + 424(21%) 2.60 + 0.85(33%) 2.60 + 0.85(33%) 252 + 79 (31%)
NBP(4.8) 2 28/28 5070 = 790(15.7% 1.98 + 0.58(29%) 1.73 £ 0.54(31%) 301 + 92 (30%)
NAB (1.8° 2 8/8 443 + 208(49%) 4.38 + 0.64(13%) 4.34 + 0.66 (15%) 192 + 21 (11%)
NAB (3.7)¢ 2 8/8 1490 + 810(54%) 4.18 + 0.99(24%) 4.05 + 1.12(28%) 175 + 37 (21%)
NAB (4.2° 2 8/8 8040 + 1950(28%) 4.04 + 1.09(27% 3.66 + 1.01(28%) 177 + 40 (22%
Molecule absent 2 18/18 81+6 >5 >5 -

#Pressure during Cu deposition was X710°7 Torr unless indicated otherwise.
® Inverse slope of/V curve (dV/di) for V = +50 mV.

°Number in parentheses is thickness of molecular layer in nanometers.
4Cu deposited at 2.% 107 Torr.

¢ Pressure during Cu deposition was 451077 Torr.
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pressure was approximately linear, its slope wa3, indicating a
8 x 10 torr / 21x107 strong, nonlinear dependence on pressure.
/ / //4)(10'7 As noted, the lowest backpressure employad x 1077 Torr)
¢ L T

yielded a Ti deposit that contained significant oxide, making it dif-

Lo an v s o

J (Aleni)

— ficult to evaluate junctions containing only metallic Ti. To circum-
/”//’ B x 105 vent this problem, copper was substituted for Ti to reduce the ten-
/ X dency of the top contact metal to oxidizZ#V curves for low oxide

/XNABQDSem PPF/NAB3.7)/Ti/Au and PPF/BFL.5/Cu/Au junctions are com-
pared in Fig. 5. The Cu junctions had somewhat lower resistance
2 a1 0 1z 03 than the Ti junctions at low bias, although the curve shapes were
Volts, V similar. Table Il includes resistance values obtained for many Cu
04 8x 10 torr /) junctions, including standard deviations for multiple junctions on
02 / two separate samples. The reproducibility of the Cu junctions was
Nitroazobenzene o significantly better than that of the Ti junctions, and few Cu junc-
tions displayed anomalous behavior. Of the 157 Cu junctions on 16
02 Y ™\NAB absent samples listed in Table I, none was rejected due to anomalous re-
04 sistance or unstabl@/VV response. The mean resistances observed
2 B ® vetav 2 8 for PPF/NAB3.7)/Cu/Au junctions are shown in Fig. 4 for two
residual gas pressures, and exhibit only a weak dependence on pres-
Figure 1. i/V curves for PPF/NAB.7)/Ti junctions with Ti deposited at ~ Sure. Comparison of Tables | and Il reveals that the Cu junctions
varying residual gas pressuréadicated for each curve in torrScan rate  consistently had lower resistance than the corresponding low oxide
was 1 V/s in all cases, and deposition pressure in torr is indicated for eachTi junctions, often by about 50%.
curve. Inset shows high oxide X 107® Torr) case with expanded current An additional difference between the Ti and Cu junctions was
density scale. Also shown are the linear responses obtained when the matapility during exposure to air. The resistance of the low oxide Ti
lecular layer is ab;z,ent for PPF/Ti/Au junctions formed at .1.0°7 (upper junctions increased with time, by roughly a factor of 100 over a
pane) and 8 10 Torr (lower panel. period of one monthJ/V curves for 1-year-old Ti junctions showed
rectification and hysteresis similar to that of the high oxide case of
Fig. 1, but with smaller currents. The resistance also increased with
pressures, clearly even the low oxide case contains significant Tigime for PPF/NAB/Cu junctions, but much more slowly, by less than
and TbOz. The small peak for TiQ apparent in the high oxide 10% per week in ambient air. As noted earlier, the resistance values
sample increased with time after deposition, with Tileing the ~ reported here are from junctions measured one day after E-beam
dominant species after 1 year in ambient #éfig. 39. High- metal _d(_EpOSI_tlon, .Unl.ess indicated otherwise. As the behaVl(?r of
resolution XPS spectra of the,gregion showed two peaks at 530.5 NAB/Ti junctions is likely to be affected by the semiconducting
and 532 eV, which are characteristic of metal ox{#80.5 e>>2° nature of TiQ, identical junctions were fabricated with Al substi-
and metal hydroxidé531.7 eV1.2>%-*The oxyhydroxide depositis tuted for Ti. Not only is Al oxide an insulator, but it also lacks the
likely to be very disordered and is referred to as JiOlearly, the  intermediate oxidation states prevalent in the JJu@posit. AJ/V
2 x 107 Torr base pressure of the E-beam system employed wa§urve for a 1-day-old PPF/NAB.7)/Al/Au junction prepared under
not sufficiently low to yield a Ti deposit that is uncontaminated by high oxide conditions is included in Fig. 5a and c. The Al oxide
oxides, and also that the Tj@ayer is a structurally complex mixture junction had very high resistance, no rectification, and no hysteresis,
of Ti in the +2, +3, and+4 oxidation states. for a voltage range of at least4 V. o
A more detailed examination of the effect of residual gas pres- Because the resistance values for Cu and low oxide Ti junctions
sure on the low-bias resistance was conducted for the PPFare low, a concern arises that Cu penetrated the molecular layer and
NAB(3.7)/Ti/Au case, with the results shown in Fig. 4. The resis- the observed response is due to Cu or Ti filaments or “shorts” acting
tance at low voltage decreased monotonically with decreasing®S metallic conductors. This possibility was explored by making
pressure, down to the lowest pressure achievable with the apparatd¥AB and NBP junctions with varying thickness by exploiting their

employed, 2.1x 1077 Torr. Although a log-log plot of resistanws. propensity to form multilayers® J/V curves for junctions consisting
of three thicknesses of NAB with both Ti and Cu top contacts are

shown in Fig. 6, and the observed resistances are listed in Tables |
and Il. The observed resistance increases rapidly with the thickness
2.7 x107 of the molecular layer for both Ti and Cu top contacts.
~ 5x107 Inspection of Fig. 5 and 6 reveals that titf¥ curves approach a
1 / similar slope at high bias. The value ai\/di at both positive
- (Tables | and Il and negative biagnot shown is in the range of
150-300(), slightly higher than the observed low bias resistance
when the molecule is absent. These observations imply that the cur-
rent at high bias is limited by the background resistance, which
results mainly from the relatively high resistivity of PRB.005
Q-cm).*** Figure 7a shows the PPF/NAB/Cu/Au current/voltage
curves corrected for a constant series resistance of(1L98y sub-
tracting theiR product from the applied voltage. Figure 7b shows a
6x 10% torr plot of differential conductancédi/dV) vs. Vfor a PPF/NAR4.2)/
Cu/Au junction, as well as the control plot for a junction with no
molecular layer. The high conductance for the corrected curves at
high bias implies rapid electron transport through the molecular
layer.

S b b

J (Alem?)

J (Arem2)
L o

Biphenyl
J (Alem2)

Discussion

V, volts

Considered as a group, the molecular junctions studied here can
Figure 2. Same as Fig. 1, but for PPF/BP5)/Ti junctions, also at 1 V/s. be classified into three distinct types, all of which are illustrated in
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low oxide
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Figure 3. XPS spectra of PPF/
azobenzene/Ti/Au junctions prepared
with deposition pressure ofa) 8.0

X 1078 Torr and(b) 2.1 X 10”7 Torr,
following Ar* sputtering of junction
for 1500 s. Sputtering time was chosen
to remove most of the Au and Ti over-
layers, so the composition reflects that
near the molecular layer. Spectrym)

is high oxide junction after exposure
to lab air for~1 year. Likely assign-
ments for various peaks are shown.

T T
456 452

468 464 460 456
Binding Energy (¢V)

Fig. 1 and 5. The PPF/NAB.7)/Cu/Au junctions have limited ox-

the Cu and Al junctions. The following discussion considers the

ide present and are essentially carbon/molecule/metal junctions witltonsequences of variations in the nature of the metal layer with

relatively high conductivity. The high oxide PPF/NAB7)/Al/Au

junctions have very low conductivity and appear to be carbon/

deposition conditions and composition.
The dramatic effect of residual gases on PPF/molecule/Ti/Au

molecule/insulator/metal junctions. The important distinctions be-junctions apparent in Fig. 1-3 indicates the importance of Ti oxides

tween AIQ, and TiQ, include the semiconducting behavior of TiO

and the existence of intermediate oxidation states betwe8hand

Ti(IV), which are not present for AlQ Therefore, the high oxide

to junction behavior, a point that was not appreciated when such
junctions were described initiallj® Let us first discuss the low
oxide Ti junctions and Cu junctions listed in Table I, because they

PPF/NAB3.7)/Ti/Au junctions appear to be carbon/molecule/ represent the conceptually simplest case. Figure 3 shows that sub-
semiconductor/metal devices with different behavior from that of stantial Ti oxide is present for the lowest backpressure studied, and

10.0

9.0
8.0 PPF/NAB(3.7)/Ti
7.0
6.0

5.0 1

Log (R, Q)

PPF/NAB(3.7)/Cu
4.0

3.0 —

2.0 T
0.E+00 2.E-06

4E-06 6.E-06 B8.E-06

Pressure, Torr

1.E-05

Figure 4. Mean resistance®n log scal¢ of PPF/NAB3.7)/Ti/Au and PPF/

the continuing decrease in resistance with presgkig 4) implies

that the resistance for a junction of purely metallic Ti is lower than
that observed for Ti deposition at 2 10~/ Torr. The redox po-
tential of Cu(E° = 0.34vs. normal hydrogen electroglés nearly 2

V positive of Ti(—1.6 V), and the sticking coefficient of oxygen on
Cu is at least four orders of magnitude lower than that oA Ti.
Hence, Cu should be much less prone to react with residy@l bt

O, during E-beam deposition. As shown in Fig. 4, the resistance
observed for PPF/NAB.7)/Cu junctions is much less sensitive to
residual gases and has a resistance near that of the lowest oxide Ti
junction. Based on the initial results with copper as a top contact, it
appears that it is yielding junctions with characteristics similar to
those made using titanium, but with much lower likelihood of insu-
lating oxide formation.

A strong indication that junction behavior reflects the properties
of the molecule rather than some artifact is the pronounced effect of
molecular structure and film thickness on conductivity, shown in
Fig. 1, 2, and 6. Even if thé/V response were contaminated by
defects or metallic short circuits, the large variation in conductivity
and curve shape for different molecules indicates that the molecule
is a major factor in determining junction conductivity. For example,
the high oxide NAB response of Fig. 1 is qualitatively different from

NAB(3.7)/Cu/Au junctions prepared with a range of residual gas pressuresthat of the high oxide BP junctio(Fig. 2), lacking the hysteresis at

during Ti or Cu deposition. Error bars represerit standard deviation unit.

In all cases, initial Ti or Cu deposition rate was 0.1 nm/s.

negative voltage. Furthermore, Table | shows variations of a factor
of 35 for molecules of nearly the same lengBP and NBPR and a
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(@

NAB@3.7)Cu NAB(3.7)/Ti

(b)

4
2 NAB(3.7)/Al BP(1 .5)/Cu\ Figure 5. Comparison ofJ/V (1000
3 3 V/s) curves for(a) NAB and (b) BP
Vv 2 junctions prepared with Cu top con-
- - . _ tacts deposited at 4.5 107 Torr
2 § g 5 / g1 r (NAB) or 2.7x 107 Torr (BP) or Ti
S top contacts deposited at 2.1
LE06 :2:0 X 107 Torr. Panel a also includedV
(©) 1 BP(1.5)/Ti curve with aluminum substituted for
3Ei08 Ti using high oxide conditions; this
2.E-06 -2 curve is magnified in panel c.
g 1.E-06 3
S 0.E+00 "
> 106 T 4 0 1 2
-2.E-06 v
-3.E-06
-4.E-06

factor of over 200 for different molecular layer thicknesses be totally ruled out for the Cu junctions, the strong dependence of
[NBP(1.7) and NBR4.2)]. These variations are difficult to explain junction behavior on the structure and thickness of the molecular
unless the nature and thickness of the molecular layer are strongayer indicates that such defects cannot be the dominant determinant
determinants of junction conductivity. of junction conductivity. It is likely that the ability to make func-
Given past reports of metal penetration into Au/thiol SAMs,  tioning reproducible molecular junctions by metal deposition on the
how do we know the/V curves observed for Cu junctions are not monolayers studied here is due to the strength of the substrate-
merely due to metallic filaments? Although the observed resistancegolecule bond(~ 100 kcal/mo) compared to much weaker Au-

for NAB, BP, and NBP monolayers with Cu conta¢#t3, 315, and  thjg| (~40 kcal/mo) bonds in SAMs and electrostatic bonds in LB
267}, respectively are close to each other, there are several StronGgir ctures.

arguments against the involvement of metallic Cu “short circuits.” The symmetry of the low oxide Ti and Cu junctions implies that

First, metallic conduction through Cu should be linear with voltage, y,o i function difference between the metal and carbon does not
rather than showing the nonlinear behavior apparent in Fig. 1, 2, an duce significant rectification. The strong rectification reported

5-7. The possibility that the nonlinearV response results from previous| 333 for high oxide Ti junctions requires TiOto be

formatior! .Of Cuor Ti filame_nts at high bias is unlikely, given the present and is completely absent for the Cu junctions. The observa-
repeatability and scan rate independetfoam 0.1 to 1000 V/5 of I(tion that the Cu and low oxide Ti junctions all exhibit high conduc-

the i/V curves. Second, metallic conduction should show a weak. . X . X ) .
dependence on layer thickneés d3), yet both NBP and NAB tivity for high blas could be due to s_everal mechanlsms, |nclud|ng
show a much stronger dependence, with resistance increasing by sonant tunneling thr(_)ugh_ unoccupied molec_ular o_rbl_tals, thermi-
factors of 20-200 for a factor of 3 increase in the thickness of the t;;gé";h;gzogfk?ég felfgfu(r"ee'agoﬁsgyc%rdahneﬂmf?ﬁg' LPZ;e cur-
molecular layer. Third, the good reproducibility of the resistance of rently underway to prpobe the con?ductivity mechanism p

Cu junctions is unlikely if the conductivity is controlled by metallic The XPS results in Fig. 3 indicate a mixture of(@j Ti(l),

defects, unless the defects are numerous and uniform. Furthermor%(m), and T{IV), all in a presumably disordered oxide deposit. The

the “blank” junctions without molecules exhibit lineafV curves, . 4 - h S

with a slope reproducibly higher than that observed for molecular@2S€nce of hysteresis for the low oxide Ti junctions implies a change
junctions (Fig. 1, Tables | and II, bottom entryFourth, the simi- in mechanism assomat.ed with the presence and composmon of the
larity of junction resistance for BP, NBP, and NAB monolayers is |Ox layer. The small difference in the XPS results for high and low
at least partly due to the background resistance of 80-250 oxide junctions is surprising, given the large change in elegtronlc
Subtraction of this resistance amplifies the structural effectsProperties. A possible explanation is based on the observation that
implying a stronger dependence of conductivity on molecular the TiO, content increases with time, presumably by permeation of
structure. This correction is not yet rigorous enough to draw quan-0Xygen or water through the protective Au film covering the Ti
titative conclusions about the structural effects on monolayer junc-ayer. TiO and TjO; are only slightly less conductive than Ti
tion resistance, but such differences are unlikely if conductivity metal;’™ but TiO, has a conductivity approximately 10 orders of
were due solely to metallic “shorts.” Finally, if recently reported magnitude lower. Thus, small amounts of Jj@ossibly formed as
resistances for similar moleculés.g, 4,4 -bipyridine, 1.3 M2)*? a layer at the Au/Ti interface, could have large effects on conduc-
are scaled up to junctions with-10'' molecules in parallel, the tivity. This possibility is supported by the observation that “old”
observed junction resistances should be less th&hwithout in- junctions with signficantly higher TiQcontent(Fig. 30 have very
voking metal filaments. This observation does not prove that fila-low conductivity and exhibit pronounced hysteresis. Although the
ments are absent, but it does indicate that low observed resistancéignction composition and structure were very different from the cur-
for the current monolayer junctions are consistent with reportedrent case, Hoaglanét al®® reported that Cu/molecule/Al tunnel
single molecule results. Although pinholes or other defects cannofunctions were also sensitive to residual gases, and they attributed
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the effect to aluminum oxide formation. As apparent in Fig. 5a, acarbon® It was also apparent during the spectroscopic experiment
carbon/NAB/metal junction has high conductivity, and addition of that both NAB and TiQ must be present for rectification to be
an AlQ, insulating oxide results in very low conductivity. The semi- observed® Therefore, the conductance changes and hysteresis ob-
conducting Ti oxide junction not only has an intermediate conduc-served in high oxide PPF/NAB/Ti junctions are associated with a
tivity, but it also exhibits hysteresis and rectification. ~ redox process in which electrons are transferred between the NAB/
Electron transfer in carbon/molecule/Ti high oxide junctions is NaB- and TilTiO, layers. An applied voltage in the range of 2-3 V
under active investigation, but at least two mechanisms may be regy,, 14 pe energetically sufficient to cause redox reactions, given
fhat the difference in redox potentials between NAB in acetonitrile

bias. We showed previously using Raman spectroscopy that NAB 0'2—0.62 V vs. NHE®®) and Ti/Ti*2 (—1.6 V) is about 1 V. Solution

PPF is partially reduced upon Ti deposition to a mixture of NAB and . . . .
NAB anion radical In a separate publication, we reported struc- redox potentials are only a guide to solid-state behavior, but clearly,

tural changes in high oxide PPF/NAB/Ti/Au junctions obseried & Negative bias on a PPF/NAB/TI junction promotes formation of
situ with Raman spectroscopy through a partially transparent metalNAB anion at the negative electrode, whereas a positive bias should
top contact® The spectra showed unequivocally that structural 0Xidize NAB anion and inject electrons into the Ti/TiGyer. One
changes occurred in the NAB layer under negative KRRF rela- explanation for the hysteresis in high oxide junctions is a change in
tive to Ti), and that these changes were similar to those observedi/TiO, or NAB/NAB™ conductivity accompanying such electron
during electrochemical reduction of NAB chemisorbed to glassyinjection. This injection may provide charge carriers in the semicon-
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ducting TiQ, or may produce Ti metal, which provides metallic process depends on the products of the reactions of trace gases with
conductivity between the bulk Ti metal and the molecular layer. It is deposited titanium, and it is difficult to narrow down the possible
also possible that the insulating Ti@resent in high oxide Ti junc-  reactions without more information about Ti@omposition. Fur-
tions is reduced to the more conductivelli or Ti(lll) oxides. In thermore, observed conductivity is a function of the electronic prop-
any case, electron injection into the initial, low conductivity TiO erties of both the TiQand NAB layers, both of which are modified
generates a more conductive phase under positive bias, while ele®y a redox process. Nevertheless, the key point is the association
trons leave the molecular layer. In the limit of complete conversionbetween electron transfer between the NAB and,Tjpbases and

of TiO, to a metallic phase, we expect the junction conductivity to changes in junction conductivity.

approach that of the low oxide case, as is apparent in Fig. 1 and 5. .

As reported in detail previousHy, this electron injection process has Conclusion

several properties of a redox reaction, including dependence on tem- In summary, the behavior of carbon/molecule/metal molecular
perature, time, and applied voltage. The hysteresis results from th@unctions is a strong function of preparation conditions, particularly
relatively slow kinetics of the overall reaction. Note that biphenyl those that result in a semiconducting metal oxide layer. Reduction of
and nitrobiphenyl are also reducible to anion radicals, although atesidual gas pressure during metal deposition causes the junction
more negative potentials than NAB. The stoichiometry of the redoxcurrent/voltage behavior to change from the rectification reported
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previousl)}?"15 to a symmetric response with much higher current
density. The extreme sensitivity of titanium to trace gases is a likely &
source of the greater variability in Ti junction resistance and behav- g
ior compared to Cu. If the residual gases were controlled more ac-
curately than possible with the apparatus used here, this variability
should be reduced. Cu junctions are distinct from Ti junctions and©:
more closely resemble a true carbon/molecule/metal structure. Fo,
Ti or other metals, control of oxide level may permit useful exploi-
tation of the hysteresis and rectification associated with the oxidej2.
e.g, in memory devices based on the conductivity of various redox
states. It is somewhat speculative at this point, but it is also possiblé®
that trace water or oxygen is actually beneficial during Ti deposition, 14
in that it allows TiQ, formation in lieu of “destruction” of the mono-  1s.
layer by titanium atoms reported for SAMS!2 However, for fun-
damental investigations of electron transport in molecules, coppef®:
appears to be superior to titanium, with its much lower sensitivity to ;;
residual gases. The next step using a Cu top contact is to signifiig.
cantly reduce the junction area to minimize effects of ohmic poten-
tial losses in the PPF and external contacts, and to exclude air from®:
completed junctions to improve junction stability. 2
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