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Room-temperature negative differential resistance in nanoscale
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Molecular devices are reported utilizing active self-assembled monolayers containing the nitroamine
[2'-amino-4,4-di(ethynylpheny)-5’-nitro-1-benzenethiolafe or the nitro  compound

[4,4' -di(ethynylpheny)-2'-nitro-1-benzenethiolale as the active components. Both of these
compounds have active redox centers. Current—voltage measurements of the devices exhibited
negative differential resistance at room temperature and an on—off peak-to-valley ratio in excess of

1000:1 at low temperature. @000 American Institute of Physid$S0003-695(00)03234-4

The discovery of negative differential resistan®DR)
in semiconductor diodes opened a new chapter in semicon-
ductor device physicsThe physical basis of the Esaki diode
is interband tunneling between the valence band and the con-
duction band. NDR can also result from resonant tunneling
in semiconductor heterostructureShe presence of NDR at
room temperature allows for many practical applicatidns.
Here, we report on the observation of large NDR behavior,
and room temperature operation, in an electronic device that
utilizes molecules as the active component.

Electronic measurements were performed in a nanostruc-
ture consisting of top metal conta¢Au)—self-assembled
monolayer active regiof80 to 50 nm in diametgérbottom
metal contact(Au), similar to that reported previousfy.
The active electronic component was made from
2’ -amino-4,4-di(ethynylphenyj- 5’ - nitro- 1 -(thioacety)
benzendla) that was prepared as outlined in Figajl Acy-
lation and nitration of 2,5-dibromoaniline afford@d which
underwent Pd/Cu—catalyzed coupfingith phenylacetylene
preferentially at the more electrophilic C—Br site to yield
3. Acetate hydrolysis and coupling with
4-ethynylthioacety)benzen® afforded the desired com-
poundla. As was previously establishélithioacetyl groups
can be selectively hydrolyzed with ammonium hydroxide in
tetrahydrofuran during the self-assembly step to afford the
free thiol, 2-amino-4,4-di(ethynylpheny)-5’-nitro-
1-benzenethio(1b), in this case. The actual assembly likely
forms the thiolate [1: 2'-amino-4,4-(diethynylpheny)
--5'-nitro-1-benzenethiolateupon exposure to Alt The
other redox center-containing molecular compound used
in this study is  4,4(diethynylpheny)-2’-nitro-
1-benzenethiolaté4). Its synthesis is shown in Fig.(H).
2,5-Dibromonitrobenzene was sequentially coupled to trim-
ethylsilylacetylene and phenylacetylene using Pd/Cu
catalysi€ to yield 6. Exposure of the terminal alkyne and
coupling with 4-thioacetyliodobenzene affordéd
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Typlcal l (V) characteristics of a Au2)—Au device are FIG. 1. (8 Schematic of the synthesis of the active molecular compdund

ShO\_N_n in Fig. 2a), summarized heref as p_rEViOUSW reporﬁ'}d-_and its precursoréla and 1b). (b) Schematic of the synthesis of the active
Positive bias corresponds to hole injection from the chemimolecular compound and its precursoréa and 4b).
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FIG. 2. (a) I(V) characteristics of a Au-1()—Au device at 60 K. The peak Voltage (V)
current density is-50 A/cn?, the NDR is~ — 400 cn?, and the PVR is
1030:1; (b) cyclic voltammagram of compounitic showing two distinct 64 e ———
reduction peaks. | (C)
48 -
sorbed thiol-Au contact and electron injection from the z
evaporated contact. At 60 K, the peak current density for this 2 321 -
device was>53 Alcn?, the NDR is<—380u() cn?, and g g
the peak-to-valley ratigPVR) is 1030:1. Unlike previous E 161
devices that also used molecules to form the active retfion, © .
this device exhibits a robust and large NDR. TIG&) curve 04 -
is fully reversible upon a change in this bias sweep direction; . L
for a given device, small fluctuatior® few percentwere M
observed with consecutive positive and negative sweeps but 0 04 08 .12 .16 -20 -24
could be attributed to temperature fluctuations e K » Potential (V)

(within the experimental thermal stabiljtyThe performance
exceeds that observed in typical solid state quantum WGEI_G' 3. 1(V) characteristics of a Au4-)—Au device at(a) 300 K; (b) 190
. _15 L. ; (©): Cyclic voltammagram of compountt showing two distinct reduc-

resonant tunneling heterostructutds® The intrinsic PVR i neaks,
of the molecule may be considerably greater than that re-
ported here, because the valley currents obsefeedthe
order of picoamper@sre comparable to typical leakage cur- @nd second reduction potential for compourd are
rents in the silicon nitride. The devices are stable for more=1.70V and—2.33V, respectively.
than one year in ambient conditions. A candidate mechanism for NDR is a two-step reduction

Cyclic voltammetry measurements of compouhdfor process that modifies charge transport through the molécule.
simplified analysis, specificallyc) were performed at room As the voltage is increased, the molecule initially undergoes
temperature on a BAS CV-50 W voltametric analyzer usinga one-electron reduction, turning on the conduction channel;
an Ag/AgNQ; reference electrode, and solvent systema further increase in voltage causes a second-electron reduc-
of dimethylformamide and 1 Mn-tetrabutylammonium tion with subsequent blocking of the curréftThe width of
tetrafluoroborate with a scan rate of 100 mV/s. Figufie) 2 thel(V) peak correlates well with the difference in the two-

shows the cyclic voltammetry reduction curve where the firsilectron reduction potentials. The NDR behavior is absent in
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the control moleculéno amine or nitro moietigs? indicat- sponsible for the NDR behavior. The performance of mo-
ing that the nitroamine redox center is responsible for thdecular NDR devices can be improved by changing the
NDR behavior of the devices. chemical structure of the molecules, a conceptually different

Similar NDR behavior was also observed in devices withapproach than solid state NDR devices.
nitro only moiety(4). The PVR is smaller than that af but
NDR behavior persisted from a low temperature to room
temperaturel (V) characteristics of a Au4)—Au device at
300 K are shown in Fig.@). The device has a peak curren
density >16Alcn?, NDR <-—144m)cn? and a PVR
1.5:1. At 190 K[Fig. 3(b)], the NDR peak is much sharper, L. Esaki, Phys. Revi09, 603 (1958

: : ; . Esaki, Phys. Re .
_although its PVR is r_10t as large as thatlofThe degradation 2L L. Chang, L. Esaki, and R. Tsu, Appl. Phys. L, 593 (1974,
in PVR (decreasing in peak currgrgan probably be caused st c. . G. Soliner, W. D. Goodhue, P. E. Tannenwald, C. D. Parker, and
by increased inelastic scattering with increased temperature.D. D. Peck, Appl. Phys. Let#3, 588(1983.
Figure 3c) shows the cyclic voltammagram curve for com- 4'&"4623511%%& H. Sakaki, and J. Yoshino, Jpn. J. Appl. Phys., P24,2
pound 4c where the rgductlon pOtentla_lS peakedﬁl.39 5S. M. Sze,H'igh-Speed Semiconductor Devig®¥iley, New York, 1990.
and —2.09V, respectively. The reduction potential differ- sc_zhou, M. R. Deshpande, M. A. Reed, and J. M. Tour, Appl. Phys. Lett.
ence is in approximate agreement with the width ofItfié) e 611(1997. _
peak. The fact thadc is more readily reduced thatc (the J. Chen, M. A. Reed, A. M. Rawlett, and J. M. Tour, Sciedé§ 1550
reduction potential oficis 0.3 V less than that afc) could (1999.
p_ : . 8M. Moroni, J. Le Moigne, T. A. Pham, and J. Y. Bigot, Macromolecules
be responsible for the observation of room temperature NDR 30, 1964(1997.
in 4 but not in1. The NDR behavior is absent in amino only °K. Sonogashira, Y. Tohda, and N. Hagihara, Tetrahedron B6ft4467
molecule  [2’-amino-4,4-di(ethynylpheny)-1-benzene- (1979
hiolate]. This observation suggests that the nitro group is: D. L. Pearson and J. M. Tour, J. Org. Chea, 1376(1999).
thio i gg_ 9 . P 18115 M. Tour, L. Jones II, D. L. Pearson, J. S. Lamba, T. P. Burgin, G. M.
responsible for the NDR behavior. Further understanding of whitesides, D. L. Allara, A. N. Parikh, and S. Atre, J. Am. Chem. Soc.
the underlying mechanism and experimentation with variousl,zlll l?529(hl9959- |
; ; C. Zhou, thesis, Yale University, 1999.
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