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In this work, we show that organic monolayers can be assembled Si .

i ; ; : . = i (111) ; _17,-4: 06
on Si (100) that are comparable in quality, aliphatic monolayer o £ 41 : .
coverage, and extent of substrate oxidation to those assembled on = £ o
the more extensively studied Si (111) crystal face. These monolayers g B 4 ' -0.43
enable the successful fabrication of molecular electronic devices g0l - %
on Si (100) substrates that exhibit molecule-dependent electrical .2 i_‘, -0.2¥
characteristics and have the potential for integration with traditional 1} '-E ©
silicon-based technologies. The use of 100-oriented Si is imperative 0 . . . — . . . 0.0
for increasing the compatibility of molecular electronic devices with Thiol OH| Thiol OH §Thiol OH (Thiol OH
existing CMOS technologies; however, the majority of self- (a) lightly doped [highly doped ; lightly doped | highly doped

assembly on Si for use in molecular electronic devices has been
performed on substrates with (111) crystalline orientation (moti- J Si (111)
vated, in part, by the nearly ideal surfaces achieved by H termination 0.6 mmimmediately
in buffered HF):~7 While there has been limited investigation of & {  after assembly
solution-phase monolayer assembly on the hydrogen passivated S'rv-’ 0.4 T exposed to air for 6h after
(100) crystal facé; 1 the device fabrication and electrical char- & assembly
acterization of monolayers on Si (100) performed to date have relied S 0.2
on nonmetallic “soft” device top contact materials (such as mercury 1
drops, carbon nanotubes, or electrolyf@s)* These “soft” contacts 0.0 T T — T
have been used to avoid displacement or degradation of the (b) T,Ii:,?t',y dcg:d I::r:ly dog: iT"*;'h‘:fydo‘ng T;;:ydoi):d
monolayer during the metal evaporatitié however, the use of '
these materials limits the molecular devices to be integrated with Figure 1. (a) XPS peak intensity ratio of C 1s/ Si 2p (right-side, open
existing Si technologies and circuits. One of the main obstacles to ?;rrfl)l r?:tg g"rir?gr?g:ae)tgsthcﬁkﬂgeﬁz ;lzfrt]-jiﬂ% rﬁ?/"gosggffseﬂ fég;iglnzngia('igg?l
g\e/lllgg-?niohrﬁzggbr;:aorlr?;ijelzzzi:le;hor:gtl:%?grIZILZ?rE:I?gZE\:LZ:;?; substrates. (b) O 1s/Si 2p XPS peak ratios for thiol and alcohol monolayers
] assembled on lightly and highly doped Si (111) and Si (100) substrates
test structure¥’"2” By assembling monolayers on the CMOS-  immediately after monolayer assembly and after the monolayers were
compatible Si (100) and circumventing the need for “soft” top exposed to the ambient for 6 h.
contacts through the use of evaporated silver (which does not
displace directly attached moleculég)ye fabricated devices with  or coverage between those monolayers assembled on Si (100) and
increased future integration potential that show molecule-dependentthose assembled on Si (111). The intensity of the CH stretching
electrical characteristics. bands in the FTIR of the samples shows similar trends (see
Monolayers of aliphatic alcohols and thiols were assembled by Supporting Information).
using a UV-assisted procedure previously developed for molecular  The differences between the samples with different functional
assembly on Si (11%).The quality of the monolayers on both  groups, wafer orientations, and substrates fall within the range of
heavily and lightly doped Si (100) was compared to identically uncertainty for the various characterization methods when data from
prepared films on Si (111) with spectroscopic ellipsometry (SE), SE, XPS, and FTIR are included. By using four different methods
X-ray photoemission spectroscopy (XPS), and Fourier transform to estimate surface coverage from these data (see Supporting
infrared spectroscopy (FTIR). The SE-determined thickness for each|nformation for description of methods) and averaging the resullts,
sample is shown on the left-hand axis of Figure 1a and ranged we were able to estimate a surface coverage for each of the samples
between 1.6 and 2.4 nm. (The theoretical calculated molecular of approximately 3+ 1 x 104 cm 2. This density is consistent
length is~2.4 nm.) Full XPS scans from 1100 to 0 eV that were jth FTIR spectroscopy of the GHisymmetric stretch that indicates
obtained for each sample contained only Si, C, S, and O, the moderate gauche disorder in the alkane chains compared to highly
elements of the monolayer and substrate, indicating molecular crystalline films, such as octadecanetrichlorosilane (OTS) mono-
purity. Also shown in Figure 1a is the ratio of the monolayer C 1S |ayers assembled on silicon dioxigeChain conformational order
peak intensity to the substrate Si 2p peak intensity, corrected for js 5 syptle function of packing density. The areal densities of liquid
sensitivity factors. The trends in the SE and XPS agree well, and 54 solid alkanes differ by only about 10%. The difference in areal
both indicate that there is no observed overall difference in quality yensities is estimated by using the density of a densely packed
 Electronics and Electrical Engineering Laboratory. crystal of parqffin (ar.1 or.dered Iong-chgin alkane solid) of 0.93 g§/cm
#Chemical Science and Technology Laboratory. and the density of liquid dodecanethiols of 0.845 g/mL.
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Figure 2. Cross section of the molecular electronic device structure. :
-0.034
The monolayer quality can be further inferred by its ability to a 06 04 02 00 02 04 086
block the growth of silicon oxide. XPS was used to characterize Voltage (V)
the extent of the substrate oxidation that occurred after monolayer .
formation. The O 1s/Si 2p XPS peak ratios for the lightly and 1x1074 .
heavily doped Si (100) and Si (111) samples immediately after \“‘"*Qozv
removal from an oxygen-free environment and laeh of air § oo T b
exposure are shown in Figure 1b. Making the assumption thatall  § e -*”‘}’
of the measured oxygen is contained at the silicon surface and 5 » /f"",o_z v
attenuated by the molecular overlayer, we used this XPS data to © -1x1074 g
calculate the surface O/Si ratios for the samplesom the O 1s/
Si 2p XPS peak ratios of 0.63.35 shown in Figure 1b, we 21072 ettt
calculated that the ratios of oxygen to silicon atoms on the substrate 2 0 2 4 6 8 10 1? 14 16 18 20
surface ranged from 0.7 to 1.7 for the freshly prepared samples b Chainlength (# C's)
and from 2.0 to 5.9 for those exposed to air ®h (one SiQ ) ) ] )
monolayer is expected to hexa O to Siratio of approximately 2, Figure 3. (a) RepresentativeV curves for two different chainlengths of

. h Il the O 1s si | he Si | | molecules assembled on Si (100) and the hydrogen terminated silicon
assuming that all the s signal emanates at the Si-molecule gy, (b) Chainlength vs median currentt&d.2 and—0.2 V for multiple

interface). The calculated ratios for the unexposed films are in the devices.
range of those previously reported for similar self-assembled
monolayers on Si (111) and indicate that the oxide layer formed well capped with metal, rather than having multiple metal top
on the surface prior to long-term air exposure is less than a contacts directly deposited onto a single monolayer assembled over
monolayer This lack of significant oxidation of the surface is alarge ared>3%32 The control devices consisted of the hydrogen-
supported by the negligible Si@eatures in the FTIR spectra. The terminated silicon/Ag junction with no monolayer assembled. Ag
lack of a full monolayer of oxide also reinforces that the observed was used as the top contact material for all of the devices because
SE thickness accurately represents the thickness of the aliphaticit has been observed not to displace the molecules in the junctions
monolayer (Figure 1a). during top contact evaporatidh Degenerately doped silicon was
There is no clear correlation evident between the order of the used to increase the likelihood that the electrical behavior of the
film (as determined via FTIR) or the density of the film (as device was dominated by the quantum mechanical tunneling through
determined via SE and XPS) and the oxidation of the monolayer the molecular monolayer, rather than being dominated by the surface
over time. There was no evidence for the oxidation of the adsorbed depletion field due to the Schottky barrier between the silicon and
thiol, based on the position of the S 2s peak (226 eV, see Supportingthe silver top contac® The resistance of the silicon substrate contact
Information). The S 2s peak was used to determine the extent of was tested and was found to be negligible relative to the resistance
the thiol oxidation, instead of the S 2p peak that is traditionally of the device junction. The complete details of the fabrication are
used for molecules assembled on metals, because Si has a 2s pealiven in the Supporting Information.
at 155 eV that overlaps with the S 2p peak, making shifts in S 2p  Figure 3a shows representative currevibltage (V) curves
position difficult to detect for monolayers on Si. for the Si (100)-based molecular electronic devices. Figure 3b shows
To directly assess the monolayers assembled on Si (100) forthe current-chainlength dependence of the devices at 0.2-arii
potential use in technological applications, we fabricated enclosed V. Each data point of Figure 3b represents the median current
planar molecular electronic devices with alkanethiols. Alkanethiols magnitude of a different chainlength molecular device. The median
have been widely studied for use in molecular electronic devices, current values and standard deviations represented include data from
and because their expected mode of electron transport is simpleall of the devices tested that exhibited a current magnitude within
quantum mechanical tunneling, they are expected to exhibit a 4 times the median current for the devices with the same molecular
current vs molecular chainlength dependeXé@ By fabricating chainlength. In total, 21 devices from multiple experimental runs
and comparing Si (100)-based devices containing alkanethiols of were tested. Of these devices, 18 showed current magnitudes that
at least two different chainlengths, we confirmed the effectiveness were within 4 times the median current, resulting in an overall
of the assembly technique on Si (100) for use in molecular “working” device yield of 86%.
electronic devices. From these data, it is evident that the electrical characteristics
The basic device structure (schematically shown in cross sectionof the devices are inversely dependent on the presence/absence of
in Figure 2) begins with a hydrogen-terminated silicon bottom of molecules and the molecular chainlength, which indicates that the
a 5um x 5 um well through a thermally grown oxide layer. electrical behavior of the devices is molecule-depenéetit.
Monolayers (octadecanethiol or dodecanethiol) were then assembledHowever, the degree of the dependence is not as strong as would
on the bottom silicon, and the device was capped with a thermally be expected based on classic tunneling models through a rectangular
evaporated top Ag contact. This structure is one of a few that are insulating barrier with the same thickness as that of the molecular
fabricated with the molecular monolayer encapsulated in an oxide film.
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One possible explanation for the weaker current vs chainlength
dependence could be changes in the film structure with alkane chain
length. In earlier studies of alcohol attachment to Si (111), optimal
film order, as judged by FTIR, was achieved for shorteC(L3)
chainst The relative film densities of the C18-thiol and C12-thiol
monolayers can be deduced from their SE thicknesses by taking
into account their relative chainlengths. This interpretation of the
SE as an indication of aliphatic coverage is valid due to the lack
of oxide in monolayers as determined via FTIR and XPS. The SE
film thickness for the C12-thiol monolayer was approximately 1.5
nm, which, taking into account the relative chainlengths of C18-
thiol (2.4 nm) and C12-thiol (1.6 nm), indicates that the C18-thiol

(4) Eves, B. J.; Sun, Q.-Y.; Lopinski, G. P.; Zuilhof, Bl. Am. Chem. Soc.
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(9) Sun, Q.Y.; de Smet, L. C. P. M.; van Lagen, B.; Giesbers, M.; Thune, P.
C.; van Engelenburg; de Wolf, F. A.; Zuilhof, H.; Sudholter, E. JJR.
Am. Chem. SoQ005 127, 2514-2523.

(10) De Smet, L. C. P. M.; Pukin, A. V.; Sun, Q. Y.; Eves, B. J.; Lopinski, P.;
Visser, G. M.; Zuilhof, H.; Sudholter, E. J. Rppl. Surf. Sci2005 252,
24—30.

assembled on the degenerately doped Si is less dense than the C12¢11) Guisinger, N. P.; Greene, M. E.; Basu, R. U.; Baluch, A. S.; Hersam, M.

thiol. Thus, there is the possibility that some of the observed chain

length dependence is due to structural changes. However, the

variation of current with ellipsometric thickness (vs carbon number)
still deviates strongly from expectations based on simple tunneling.
Other factors that may contribute to the observed decreased
dependence of current on molecular chainlength when compared
to classic tunneling models include the effects of: contact image
charges, molecular polarization of the film, mixing of the silicon
electronic states with the molecular electronic statemd/or a
silicon surface depletion field tunneling barrier that results from
the work function mismatch between the Ag and the siliEeH.
Other work with metal-molecule-Si devices has also exhibited
current/chainlength trends that are different than would be expected
for classical tunneling through a rectangular baA$éP.A quantita-
tive analysis of the device characteristics is beyond this report. Such
a study, including the influence of strongly electron withdrawing
molecular films, is underway. Overall, the molecular dependence
observed for these Si (100) devices illustrates the potential for direct
assembly to be used to fabricate technologically relevant molecule-
dependent electronic devices.
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