Resear ch Proposal

The main comporent of the proposed devicesis ananoscde Metal/Mixed Self-
Assembled Monolayer/Metal heterostructure. The key issue is to crege a mondayer
whaose ©nduwtance can be tuned by an external lase. The following mecdhanism is
propcsdl to sdisfy this requirement. The SAM consists of a mixture of moleaules that
have the sane main structure but different substituents. The main structure has arte
eledron system and contains aphaoadive ceiter. The phdoadive ceiter can uncergo
reversible isomerization upon phton adsorption, and thus change the condctivity of the
moleaules (idedly, the two isomers crregpondto the ON and OFF statesrepedively).
The aubstituents, having dfferent eledron affinity, shift the UV absorption band d the
moleaules acordingly. The total condictivity of the device will be determined by the
number of moleaulesin the mondayer that are switched on a off. We will chocse a
mixture of these moleaules with dfferent comporents cvering dfferent but slightly
overlapped absorption bands, so that when swept with a tunable lase, different
comporents will be svitched on a off sequentially. By controlli ng the frequency range
of the lase swee, we can switch on @ off different number of moleaules and thus
control the overall condctivity of the heterostructure. The devicefabricaionwill employ
aprevious reported technique [3,6).

Thereg of this proposd is divided into five setions. Thefirst sedionwill disauss
the dedgn and syntheds of candidate moleaules for use in the devices The seond

sedion will disaussthe preparation d the mixed SAMs. The third and fourth sedions



will descibe the fabricaion and charaderizaion o the device In the lag sed¢ion, some

potential difficulties and experimental isueswill be disaussel, followed bya simmary.

Preparation of Candidate Molecules

The first key iswe is to desggn the dedgred moleaular badkbore, which shoud
contain a Teeledron system and a phaoadive ceiter. The phaoadive ceter must be ale
to uncergo phdo-induced isomerization and change the cnductivity of the whae
moleaule. At leas in ore of the isomer states the organic badkbore shoud be fully
conjugated, which corregponds to the “ON” state, and the other state $oud be as
insulating aspossble. There ae several such phdoadive functional groups that are well
studied in areaof optoeledronics [20-24]. Three examplesthat contain fully conjugated

badkbores ae given below.
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The moleaules in Scheme 1 and 2 are smple and eay to manipulate or
functionalize. Since these moleaules (1a,1b,23,2b) all have planar structures they are
expeded to form more compad mondayers. However, in thesetwo schemes bah left
and right isomers have fully conjugated 1t eledron systems. Thus they are not good
moleaular switches In Scheme 3, isomer 3a doesnat have afully conjugated badkbore,
while isomer 3b has afully conjugated 1t eledron system. When this moleaule undergoes
phao-isomerizaion, significant change in condictance can be expeded. A lessimportant
rea®n that Scheme 3 is preferred is that the relative positions of two far ends of
moleaulesdo nd change alot during isomerization: when incorporated into the device,
there will be me nstraints on the movement. The isomerizaionwill be difficult if the
ends neal to shift a lot relative to ead aher. In addition, duing the g/nthess of
badkboresin Scheme 3, a wide flexibility exists in adding dfferent substituents to the
benzene rings (detail s below).

The next step is to modify the backbore in Scheme 3 by adding a thiol groupto
the left end so that the moleaules ca form a séf-assenbled mondayer onthe Au surface
Previous gudeshave fiown that sulfur compound have a $rong affinity to transition
metal surfaces(see Ref. 19 and references therein). In particular, many organasulfur
compound were foundto form mondayers on gdd surface and can incorporate awide
range of substituents in the dkyl chain and at the dhain terminals. The later property is
particularly important to this proposd becaise we neal to add dfferent substituents to
the badbore to shift the asorption band o the moleaules Because the thiol groupis
unstable and can be eay oxidized [25], disulfides which are more gable, will be

syntheszed instead. Chemisorption d disulfide on a dean gdd surface gives



indistingushable mondayers cmpared to corregpondng thiol [19]. The g/nthess of di-
nitrospiropyran dsulfide (compound?) is siown in Scheme 4. The first two steps were
arealy reported in literatures[26]. Readions smilar to the final synthess gep have been

reported (see @amplesin Appendix A). Therefore no particular difficulty is expeded.
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Ref. 1: Eur. Pat. Appl., 445643, 11 Sep 1991
Ref. 2: Khim. Geterotsikl. Soedin., (1), 104-9; 1988
Ref. 3: Sichuan Daxue Xuebao, Ziran Kexueban, 30(2), 283-7; 1993

The disulfide cmpound(7) hasthe desred propertiesfor the proposed device It
contains aphaoadive caiter that can undergo phdo-isomerizaion (Scheme 3) under
irradiations and switch between ON and OFF states The next step is to add dfferent
substituents to this backbore to creae smilar moleaules that have dightly different
absorption bands. This can be dore by repladng the darting compounds 4 or 8 with their
substituted derivatives It hasbeen shown that many derivativesof compound8 can read
with indde moieties to form nitropiropyran urits (see Appendix A). Following

Woodwvard's rule, the diift of absorption band can be esimated [25]. Some typicd



substituents and corregpondng shift in UV absorption band are shown in Table 1. For
compound?, v; ~ 340 rm and v, > 495 nm (egimated from a very similar compoundin

Ref. [19, 2Q; v, ON O OFF, v,, OFF ON; seeScheme 3).

Preparation of Mixed SAMs

SAMs ae densdy paded moleaular mondayers alsorbed from solution orto
solid substrates Signifi cant progressinto understanding the formation processof SAMs
hasbeen made over the pad few yeas. Studiesof the formation d alkanethiol SAMs on
the Au (111) surface fiowed atwo-stage mechanism (seeFig. 2): aninitial formation d a
“striped” phase which takes afew minutes followed by nicledionand gowth of islands
in which moleaules $and upand pad in sdf-organized patterns [19,27. The first step,
descibed well by dffusion-controlled Langmuir adsorption, was found to strondy
depend upon thiol concentration. The seond step can be descibed as a arface
crystalli zaion pocess where dkyl chains get out of disordered state and into unt cdls.
The kinetics of the first step is determined by the medhanism of surface head group
readion, and adivation energy may depend onthe dedron density of adsorbing sulfur.
The kinetics of the seond step is related to chain disorder, chain interadions and the
surfacemobility of chains (for more detail, seeRef. 19and referencestherein).

The ratesof formation d SAMs from disulfi desor thiols ae indistingushable. A
simple oxidative aldition d S-S bondto the gald surfaceis possbly the medhanism in
the formation d SAMs from sulfi des

RSSR+Au,’ O RS Au* Auy’
However, due to the disulfide bond cleavage medhanism, the rate of replacament of

moleaulesin SAMs for disulfi desis much slower than for thiols[19].
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According to the mecdhanism given abowe, there $oud be no dfficulty in
growing SAMs of the moleaulesdesgned in previous setion. The only concern is how
to control the compasition d the mixed SAMs. Formation d mixed SAMs could involve
complicaed competition medhanisms for thiols becaise replacanent could occur in the
seondstep. However, in ou caseit is sSmpler becaisereplacement moreislesslikely to
occur for disulfides Sincein the first step adsorbing rate is grondy dependent uponthe
concentration d the lution, the final ratio of various cmporents in the mixed SAM
shoud be mainly determined by the cmpasition d the olution. This assmption can be
further justified sincein ou case H comporents have very similar structures

Therefore, to prepare amixed SAM of certain compasition, we need a olution o
the same wmpasition. Typicdly, the lvent is tetra-hydrofuran (THF), and relatively
dilute solutions (10° M) shoud be used. The eitire growing procedure shoud be caried
out in an inert aimosphere (e.g., Argon gasproteded). It usually takeshous to days for
the thickness ad contad angles of mondayer to read their final values The optimal
growing time, aswell as siitable mixtures where the conductance of the resulted mixed
SAMs is tunable, needs to be found experimentally. Theseisueswill be readdresse in

thelag sedion.

Device Fabrication

The device will be fabricated using a previously reported technique [3,6]. Two
fedures essdtia to this proposd are included in the process The first fedure is the
employment of a nanascde device aea The aea ca be made snaller than the domain
size of SAMs (about 1000A for alkanethiols on Au surface, thus the alsorbed organic

layer is highly ordered and mostly defed free The seond fedure is that during the
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deposition d the top contad, severa measires namely low depasition temperature, very
slow depasition rate and high vaauum, are taken to ensure that the deposited metal atoms
acawmulate & the SAM surface ad do no penetrate into the organic layer. These
measires &so minimize damagesto the SAM during deposition.

A schematic diagram of the fabrication d a smilar deviceis shownin Fig. 3.The
starting substrate for the device fabrication is a250-um-thick doule-side pdished Si
(100 wafer, onwhich 50m of Si.,N, isfirst deposited onby low-pressire chemicd vapor
depasition. The nitride on the badk is then removed in a gquare of 400 um by 400um by
opticd lithogaphy and readive ion etching (RIE). The exposel siliconis d@ched through
to the top surfaceto leave a sispended sili con ritride membrane 40 um by 40um. About

1000 A& thick of SIO, is then gown thermally on the sdewall to improve insulation.

Eledron bean lithography followed by readive ion etching is used to open a pore in the
suspended Si,N, membrane. The RIE rates &e substantially reduced so that the far side
opening is much smaller than the adual pattern. The resilted pae has abowl-shaped
geometry cross setion, with an opening o diameter of ~30 rm. A Au contad of 200 rm
thickness is evaporated to fill the pore. The typicd crystalite sze for god is
approximately 50 mm, thus the lower surface in the nanopae is probably a snge
crystallite. The sanple is then immediately immersed into a lution to sdf-assenble the
adive optoeledronic comporents. The sanple is then rinsed, loaded into a high vaauum
chamber, and mourted orto a liquid nitrogen cooed stage for bottom eledrode
evaporation. Approximately 200 nm of Auis evaporated at 77 K at avery slow rate (< 1

A/s). The sanples ae then al owed to slowly warm up to room temperature (~ 24 h for

conductance measirements and cemonstration d gating with atunable lase.
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Device Characterization

Two terminal current-voltage (I-V) charaderistics ae to befirst measired at room
temperature using standard semicondtctor parameter analyzers. In the fabricated device,
only ore end d the moleaulesis chemicadly bonded to the gold eledrode (S-Au) and the
other end orly has physicd contad with the dedrode. It has been suggeded that the
medhanisms, thus the barriers, for eledrons geded from the two eledrodesare diff erent
[3]. Due to the aymmetry, prominent redifying bkehavior is epeded in the |-V
charaderistics (see a example shown in Fig. 4). To verify that the cmndwctance of this
deviceis mntrollable by atunable lase, we nedl to fix the biasvoltage to some positive
value, and meagsire the condwtance under diff erent irradiations. The dye lases will be
the primary choice of light source due to its broad tenability and gea operational
flexibility [28]. In principle, first we neal to verify that the conduwtance CHANGES
under irradiations, and then we can proceal to demonstrate that the dange is

controllable.

Experimental Issuesand Summary:

Whil e the desgiptions dowve sigged that the cnstruction d the propcsed device
isfeasble, there ae gill some experimental concerns and pdential problems.

1). During the fabrication d the device, it is very important to ensure that the
deposition d bottom Au eledrode does not damage the mondayer and has no dred
contad with the top Au eledrode. We must also ensure that the mondayers themsdves
are mostly defed free within the domains. Thus, before proceealing to the device
fabricaion step, we may neel to study the quality of the prepared mondayers caefully

using standard tods such as X-ray Photon Spedrosoopy (XPS, €llipsometry. In
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principle, we neal to determine the optimal growing time and corregpondng solution
concentration. Growing the SAMs & lower temperature and in dfferent solvents is dso
in consideration.

2). Ancther important issue in redizing the propcseal deviceis to find a mixture
with dlightly different absorption lbands that in total cover some cntinuows range.
Experimentally, we will neeal to first fabricate deviceswith dfferent pure SAMs and
measire their v, and v,. Then we can try to make up suitable mixed SAMs. In addition,
athough,asdisaussal in the mixed SAM preparation sedion, the composition o mixed
SAMs may be smply determined by the composition d the slutions, it is sde to verify
it by usingtoadls such asFourier transform mass pedrosoopy (FT-MS).

3). A patential problem: the phaoisomerization d spiropyran adually consists of
two steps. In the seondstep, the mnformation o the caboncarbon doulbe bondchanges
from cis- to trans- conformation. It is not clea how much the barrier will i ncreasewhen
one end is seni-fixed (one end o the moleaules have physicd contad with the Au
eledrode). Nevertheless we can increasethe flexibility of the moleaulesby adding to the

nitro end a onjugated alkene dhain.

In summary, a pseudo 3terminal moleaular devicethat uses a@unable lase as an

external gate terminal has been descibed to experimentally study ore possble way of

gatingin amoleaular device
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