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Modern electronics is based on the ability to dope semiconduc- T " ' T
tors, that is, to purposely introduce small amounts of impurities to
control the electronic properties of the material. A similar approach
is used in organic electronics, although impurity concentrations are
generally significantly higher than those used for materials such
as Si and GaAs. The approach to molecular electronics that we
investigate uses molecular monolayers, rather than a single
molecule, between electrodes. In such systems, both properties of
individual molecules and collective properties come into play, but
an unspoken criticism is that transport, measured across the 260 280
monolayer, may well be dominated by uncontrolled defects in the Kinetic Energy [eV]
monolayer. One way to unambiguously address this issue is to Figure 1. The X-ray-induced C KVV Auger spectrum ofraSi—CisHz9
explore “doping” such monolayers, so as to measure changes insample, before (black) and after (red) electron irradiation, measured with

. : . . Al Ka X-ray source.
charge transport after introducing defects or impurities. However,
this process can only work if electronic transport across the original
layer is not dominated by defects; that is, the monolayer has
sufficiently low defect and impurity density.

Recently, we reported transport measurements through alkyl
monolayers bound to oxide-free Si and contacted by Hg on their
other end. These monolayers have sufficiently high structural and
electronic quality that they act as ideal insulators in this MIS-like
structure! This is clearest witm-Si. Then, as predicted by MIS
theory? transport at reverse or low forward bias is dominated by
thermionic emission (TE) over the barrier of the Si and by tunneling o %
across the molecular monolayer at higher forward bids. Voltage (V)
particular, transport via TE, more than any other common charac- Figure 2. J—V curves forn-Si—Cy4Hz9/Hg junctions, (red) nonirradiated
terization method tried so fawas found to be extremely sensitive monolayer, (bla(;k) f_reshly |'rrad|ated, (b'Iue) irradiated mono_layer remeasured

. after 1 week. Bias is applied to the Si, and the Hg drop is grounded. The
to the monolayer quality. measurements start at 0 V. A complete curve, including the reverse bias

Alkanes are well-known to be affected by X-ray, UV, and range, is given in the Supporting Information.
electron irradiatiort;® and indeed, we found from UV photoemis-
sion spectroscopy (UPS), inverse photoemission spectroscopyirradiation and also allowed in situ characterization, before and after
(IPES), and near-edge-X-ray absorption fine structure (NEXAFS) irradiation. Currentvoltage (—V) measurements on the molecular
that alkyl monolayers are also changed by such irradiations. In UPS,monolayer were done, ex situ, as described elsewhafter
this is reflected by the appearance of electronic states between thecontacting the layer with a 99.9999% pure Hg drop. Figure 1 shows
highest occupied molecular orbital (HOMO) of the adsorbed alkyls the effect of irradiation on the C KVV Auger spectrum. Before
and the Fermi levelEr. The NEXAFS results point to €C electron irradiation, the spectrum shows two well-defined features
formation in the alkyl chains as one of the irradiation-induced at ~257 and~263 eV. After irradiation, these two peaks merge
effects, in agreement with what is known for alkanes and similar and a broadened spectrum is obtained, witkZaeV shift of its
systems!~16 Here we demonstrate the effect of these changes in edge toward higher kinetic energy. This phenomenon was already
the monolayer on the electronic charge transport througiC8k- interpreted in terms of disorder in the monoladyexhich, in our
(CH,)1,—CHa//Hg junctions. case, is presumably due to the formation of intramoleé¢utza=C

The alkyl chain monolayers were prepared, as described previ- and intermoleculd? C—C bonds. We can interpret the tail shift in
ously? on n-Si(111) 1-15 Q-cm. The changes in the monolayer the Auger KVV transition as a shift of the valence density of states
were induced by a 10 min irradiation with 100 eV electrons (from and, thus, as the emergence of new states near the top of the valence
an electron flood gun) at a current density©0.8 ©A/0.1 cn?, band, consistent with previous UPS restits.
either in a Kratos AXIS-HS XPS instrument at the Weizmann |-V characteristics, taken before and after irradiation, are
Institute or in a home-built UPS system at Princeton University. compared in Figure 2, where nominal current densifjgased on
Detailed conditions were described elsewh&fdn both cases, the  the geometric contact area, is plotted against applied voltage. Note
ultrahigh vacuum prevented contamination of the sample during that all of the curves are obtained on the same sample, only part of
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which was irradiated. Before irradiation, the sample is highly
uniform over its entire area (x 1 cn?) in terms of -V
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' T ' T T ] explain the observed current enhancement for both transport
regimes. In the TE regime, the current increases with a steeper slope
than for the virgin sample, corresponding to an ideality factor close
to unity. Assuming that irradiation does not significantly reduce
the thickness of the monolayer, the decrease in the ideality factor
can be explained by an increase in the number of interface states
4 with energy levels within the Si gdg.In the voltage range where
] transport is dominated by tunneling (in virgin samples), the current
M\%Wﬁru enhancement is presumably due to an increased density of states
B pyo oa P P % o between the HOMO_and LUMO _o_f the molecules throughout the
Binding Energy [eV] monolayer. Such an increase facilitates transport mechanisms such
Figure 3. The XPS Si2p line of a-Si—Ci4Hz sample, before (black) ~ @s hopping, trap-assisted tunneling, or TE, an issue that we are
and after both irradiation and electrical transport measurement (red). Note currently investigating. Disordering of the monolayer, though
the semilogarithmic scale and the minute amount of,%iO~103 eV. possible, cannot account for the observed current increase since

characteristics. After irradiation, the nonirradiated part of the sample ele.c.tron transfer through disordered hydrocarbon chains is less
efficient than through ordered on&s'®

retains thd —V characteristic expected for a high quality monolayer Lo A .
P gh qualty y In conclusion, irradiation-induced effects, most likel=C bonds

f C14 alkyls® H the irradiated part sh 2 ord . . .
© alkyls: However, the Irracialed part Snows &2 orders and C-C cross-links in relatively defect-free alkyl monolayers,

of magnitude enhancement of the current in the voltage range, where.
TE dominates transport in nonirradiated samples, and 1 order ofmtrOdUCe new states between the HOMO and LUMO gap of the

magnitude increase in the voltage range, where tunneling dominatesalkyl chain. These states strongly affect electronic transport through

transport. These changes scale with irradiation time. We ascribethe monolayer. This doping effect (see Supporting Information for

these changes to defects created in the monolayer by irradiation. Ifg!zgzss'.zﬂecg ;:]Oemuseeﬁgéttshz deoggn%;(éztcspa Zir?)rgagrg;e?;y;se
the samples are stored in inert atmosphere for up to 7 days, these Ih'lhg'lrj:t m s th tthu call | r:j N 'tp' pn t aff yt d’
characteristics do not change. which in turn suggests that the overall layer density is not affected.

Figure 3 compares the Si2p XPS lines of a fresh and an irradiatedOur r?sults slugges_t, therleforle, alwe;y to extend significantly the

sample, where the latter was used for electrical transport measure-usi Ok molnodayerstlnvrvnottleqcu ErEe EC rgn'f'w b Uni

ments (with Hg contact) as well. The spectrum from the fresh . crknowiedgment. We thank £. mbac (. uerzburg niver-
sity) and A. Salomon (WIS) for stimulating discussions, the Israel

sample does not show any significant oxide, consistent with our _ > . . : .
earlier report on high quality layefd-ollowing electron irradiation Science Fgundatlon (Jerusalem), the Mlner_va Foundation (Munlch),
and the Kimmel Centre for Nanoscale Science and, at Princeton,

and exposure to ambient (for the electrical transport measurements . . .
with Hg as contact), only a minute amount of silicon oxide is the National Science Foundation (DMR-0408589) and NSF MRSEC

detected (102104 eV) on the irradiated areas where the Auger C (DMR-0213706) for partial support. D.C. holds the Schaefer Energy

KVV spectrum is broadened. This amount is too small to account Research_chalr. . . .

. . Supporting Information Available: Reverse bias—V character-
for the changes in electrical transport, based on the shape of the . ) ! i

S o b b istics, complete ref 10, and the concept of doping. This material is
|-V characteristic, which is very different from those obtained on . . i
- . L . available free of charge via the Internet at http://pubs.acs.org.
samples with oxidé.Considering the treatment on the sample, this
result shows that irradiation does not significantly affect the density references
of the monolayer because the interface is still well protected from (1) Salomon, A.; Boecking, T.; Chan, C. K.; Amy, F.; Girshevitz, O.; Cahen,
; . ; D.; Kahn, A.Phys. Re. Lett. 2005 95, 266807.

the amtzlent: C?nsequently, not all moleculgs are affecteq, that is, (2) Shewchun. J.: Dubow. J.: Myszkowski. A.. Singh JRAppI. Phys1978
we are “doping” the monolayer. The very slightQ.1 eV) shift to 49, 855-864. ) )
lower binding energies of the Si2p core level after irradiation (Figure ~ (3) Seitz, O.; Bocking, T.; Salomon, A.; Gooding, J. J.; Caherl.dhgmuir

- . . R . 2006 22, 6915-6922.
3) indicates a change in band bending, the implications of which (4 Uen%, N.; Sugita, K.; Koga, O.; Suzuki, $pn. J. Appl. Phys1983 22,

before Irr.
after Irr.
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will be discussed in detail elsewhere. 1613-1617.
- . . (5) Vilar, M. R.; Schott, M.; Pfluger, PJ. Chem. Phys199Q 92, 5722
Thel—V characteristics of the irradiated samples can be analyzed 5730.

and compared with those of the nonirradiated samples. In the low (6) g%%man, E.; Cohen, H.; Maoz, R.; SagivLangmuir1997 13, 5089~
voltage range, where TE over the barrier of the Si dominates, @ Buncick, M. C.: Thomas, D. E.. McKinny, K. S.; Jahan, MAgpl. Surf.

transport through a nonirradiated sample yields a barrier height (BH) Sci.200Q 156 97-109. _ _
and an ideality factorr) of 0.904-0.01) eV and 1.5£0.1), ®) E:Asgt;rdifébg?‘aigfkgfiy" Grunze, M.; Johansson, L. S. O.; Ulman, A.

respectively. These values are quite similar to those deduced earlier (9) Ono, M.; Morikawa, EJ. Phys. Chem. B004 108, 1894-1897.
PR . (10) Amy, F.; et al.J. Phys. Chem. R00G 110, 21826-21832.

Tor ‘{'rg'” hlgh qu,a“ty mon0|ayer§' If W? as,sum,e that after (11) Jager, B.; Schurmann, H.; Muller, H. U.; Himmel, H. J.; Neumann, M.;

irradiation the dominant transport mechanism in this voltage range Grunze, M.; Woll, C.Z. Phys. Chem1997, 202, 263-272.

does not change, the BH andvalues calculated from the data are (12 éﬂgm'kgxé:\n"-?ﬁi@%é’\’i? gfégﬂ%‘ﬁ‘i“ A. Frey, S.; Grunze Rtlys.

0.84(0.01) eV and 1.10.1), respectively. An ideality factor so (13) Heister, K.: Frey, S.: Golzhauser, A.: Ulman, A.; Zharnikov,MPhys.

i indi igi Chem. B1999 103 11098-11104.
close .to 1 (|r1 an MIS structure) indicates a nearly negligible voltage (14) Frey. .- Rong, H. T.: Heister, K. Yang, Y. J.: Buck, M.. Zharnikov, M.
drop in series with the space charge layer (e.g., over the mono- Langmuir2002, 18, 3142-3150.
Iayer).17 (15) Feulner, P.; Niedermayer, T.; Eberle, K.; Schneider, R.; Menzel, D.;
) : . L. . Baumer, A.; Schmich, E.; Shaporenko, A.; Tai, Y.; Zharnikov,Rhys.
As mentioned above, the previously reported irradiation-induced Rev. Lett. 2004 93,

changes in the UPS, on the one hand, and the changes in NEXAFS (16) FZ’Earni(lé?]v, M.‘:32 gggpfégnlggég_.;s lP?XI, A.; Golzhauser, A.; SchollJA.
P . S. em. .
spectrd® and the shift in the C KVV threshold (Figure 1), on the (17 Ca¥d, H. C.. Rhoderick, E. HL. Phys. D: Appl. PhysL971 4, 1589

other hand, show that new electronic states are formed between 1601.
(18) Haran, A.; Waldeck, D. H.; Naaman, R.; Moons, E.; CahenS@ence

the electrode Fermi level and the HOMO and LUMO of the 1994 263 948-950.
molecule, respectively. These states, which are attributed in part (19) Slowinski, K.; Majda, M.J. Electroanal. Chem200Q 491, 139-147.
to C=C bond formation, based on the NEXAFS resitsan JA071960P

J. AM. CHEM. SOC. = VOL. 129, NO. 24, 2007 7495





