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Data Storage Studies on Nanowire Transistors with Self-Assembled Porphyrin Molecules
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Detailed memory studies have been carried out based g Inanowires coated with self-assembled
monolayers of porphyrins. Devices with redox-active Co-chelated porphyrin coatings exhibited prominent
memory effects, where the bit was represented by the charge stored in the molecules and the nanowire
conductance was used as the readout. These devices exhibited reliable operation with on/off rati@s of

and were electronically programmable and erasable. Temperature-dependent retention measurements revealed
a thermal activation behavior with a barrier of 264 meV. While devices with Co-porphyrin coatings showed
efficient memory operation, analogous protio porphyrin coated nanowire devices exhibited no memory effects.
A largely metal-centered oxidation (e.g., €8") appears to be important for achieving a memory effect in
these devices. Our results have convincingly established a direct correlation between the molecular structure
and the observed memory effect, and further in-depth studies may eventually lead to systems useful for practical
applications.

Process scaling in semiconductor technology has led to adithioacetate-terminated porphyrin molecules and studied the
continuous increase in the density of silicon-based memories gating effect of the self-assembled monolayers (SAM) e@4in
and a resulting decrease in the cost per bit. The scaling, howevernanowire field effect transistors (FETS). Studies reveal that the
will soon reach physical and technical limits, inspiring the memory effect was only observed for samples with Co-metalated
development of new technologies for electronic memories. porphyrins, and no memory effect was obtained with protio
Molecular electronics has been proposed to circumvent the limits porphyrins. The data storage for devices with Co porphyrin was
associated with semiconductor-based devices. Electroactivecarried out by altering the redox states of the molecules, and
molecules can store charges through discrete redox states thate 1,03 nanowire conductance was used as the readout. Our
are readily accessible, thus providing a viable approach for devices exhibited reliable operation and on/off ratios-af0*.
programming through oxidation and reduction reactions. Mo- Furthermore, we have carried out temperature-dependent memory
lecular memory could in principle function at nanoscale with a studies for the first time with such devices, and the retention
few electrons, and therefore promises low power and ultradensetime was observed to increase as temperature decreased fol-
systems. There have been recent reports of molecular memoryowing an activation behavior.

devices, constructed with molecular monolayers sandwiched \ye have used a variety of nanowires for our study: here we
. 3T ) _ _ ;
between metallic contacts?® This approach has shown interest- |, focus on the results from kOs nanowires. The KOs

ing device properties; however, the deposition of metals onto a hangwire synthesis was performed using a laser ablation setup
monolayer of molecular wires can lead to low device yield and following the well-known vaporliquid—solid approach.Pre-
this problem remains a major challenge. cise control over the nanowire diameter has been achieved by
An alternative approach to the use of monolayers of molecular ,qin 4 monodispersed 10 nm gold clusters as the catalyst. These
materials between metal electrodes is to utilize redox-active nanowires were then deposited onto a silicon wafer coated with
molecules to chemically gate _charge sgnsmve.nanostru.ctures,SiOZ_ Source/drain electrodes, contacting the nanowires, were
SUCE aslln%?otubes or narr:owwes. Inbthls way It is poZSIbIe tolpatterned using photolithography (shown in Figure 1a), and the
make reliable contacts to the nanotube or nanowire and control gy, gybstrate was used as the gate electrode. Details of the

its properties with the molecular material, without having to | - -0 4 Gevice fabrication can be found elsewli&Ehese
make direct contacts to the molecules themselves. This concepfq,ices exhibited typical n-type field effect transistor behavior

\(/:V(?bSaErsfgtf(ljglr(?(?rz]isr:irr?éef(ijlmvgﬂ\:vfﬂsa?j\i/!rleas gg?r:ter(ij J}’r']th rﬁgr'“:]r;ron and showed no hysteresis in electrical properties when measured
P Y ' piay guing Y in vacuum. The porphyrins used here as molecular gates are

h D
32?5@?@?;}%2 g:;;:gﬁaﬂ:v‘;z\r/]erihmzzrfzfaf dmmﬁgw:; illustrated schematically in Figure 1b. The nonmetalated (protio)
b - ranging 9 porphyrin hasX = H; in Figure 1b, while cobalt-metalated

to lying flat on the nanowire surface. To prepare a more robust porphyrins havex = Co. Functionalization of the nanowire

nanowire/molecular interface with better control, we prepared . . . - i
surface was carried out by immersing the as-fabricated devices
* Corresponding authors. E-mail: chongwuz@usc.edu (C.Z.); met@usc.eduinto a 0.1-0.5 mM solution of the desired porphyrin. A small

(M.T.); wlan@mail.arc.nasa.gov (W.F.). amount of agueous NJ®H was added to the solution to convert
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nanowire

Figure 1. (a) Fabrication process of the memory device. An as-fabricat€} ilmnowire transistor was first immersed in a solution of the desired
molecules, and self-assembly was employed to coat #{@; Imanowire with a monolayer of various porphyrin molecules. The sample was then
taken out of the solution and ready for memory characterization. (b) Molecule structure of the porphyrins used in this study. (¢) SEM image of an
In,O3 nanowire device used in this study.

monolayers, as shown in Figure la. Ellipsometry was per-
formed over test 1503 film samples to confirm the formation
of monolayers. A scanning electron microscopy image of our
memory devices is shown in Figure 1c.

Our memory studies were based on devices consisting of
individual nanowires. The writing operation of our devices was
performed by applying a negative voltage pulse to the Si back
gate, which led to positive charges injected into the self-
assembled molecules, leaving them in the oxidized state. The
readout of the memory was performed by measuring the
conductance of the #®; nanowire with the gate bias fixed at
0 V, where the oxidized molecules should work as a chemical
gate and lead to a high-conductance state for the n-type
semiconductive IOz nanowire. Vice versa, applying a positive
bias to the gate can return the porphyrin to its reduced form
and bring the nanowire device to a low-conductance state. The
retention time of our memory devices is therefore determined

E
e
o

by the charge retention of the redox states of the self-assembled s
molecular coating, which can be controlled by rational engineer-
ing of the molecular structures.
Figure 2a shows typical memory operations of apOn ol | |

nanowire field effect transistor functionalized with a self-
assembled monolayer of Co-porphyrin molecules. All measure- AV %V)
ments were carried out at room temperature with the devices g
residing in a high-vacuum chamber to eliminate the effect of Figure 2. |—Vq characteristics of kDs; nanowire devices with self-
moisture (pressure-10-6 Torr). Our devices exhibited n-type assembled Co-porphyrin (a) and protio porphyrin (b), respectively.
transistor behavior both before and after the molecule deposition,'NS€ts: structures of the corresponding molecules.

as a negatively increasing gate bias can progressively reducenolecules using the same method, and typliealy curves are

the nanowire conduction. However, a striking hysteresis was plotted in Figure 2b. In contrast to the large hysteresis observed
observed in the currenk)(versus gate bias/y) curve, as shown  with the device containing Co-porphyrin molecules, almost no

20 -10 10 20

in Figure 2a. The source-drain bias was held constartOat hysteresis was observed for the devices functionalized with
V, while the gate bias was swept fromb to 5 V. A current protio porphyrin. More than six devices were measured for each
onset was observed fofy; = —3 V; however, whervy was porphyrin, and consistent behavior was clearly observed. Our

swept back from 5 te-5 V, the current decreased monotonically work directly links the observed memory effects to the redox
and reached zero around 3 V. Similar experiments were alsostates of the metal ion in the porphyrin coating. Cobalt
performed with devices containing protio porphyrin porphyrins show facile oxidation, due to the readily accessible
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Co?3* couple. Protio porphyrins also show oxidation states, 2000
associated with oxidation of the porphyrinsystem, but at a “17
higher potential than the Co-metalated analotti€hus oxida- 1000+
tion of the Co porphyrin leads to a largely metal-centered Q
positive charge, while the protio porphyrin has the charge = 0 —
delocalized over the entire porphyrin. Our results indicate that — 0
sweeping the gate bias converts the Co-porphyrin molecules to -10001+
different redox states, which subsequently led to the prominent
hysteresis observed in the Vg sweep in Figure 2a. The positive 2000 ] 1 1
charge, written to the Co porphyrins, leads to a lasting change 04 02 00 02 04
in the nanowire conductance, whereas cycling to a high enough V (V)
positive bias can erase the written information and reduce the 500
Co porphyrin. The protio porphyrin molecules, however, do not b 1
show evidence of any lasting reduced or oxidized porphyrin -400 -
states on sweeping the gate bias up to tens of volts, thus clearly Q 300
illustrating the importance of the molecular porphyrin coating. £
Our working hypothesis is that trapping the charge on the metal = 200
center of the porphyrin (as in the Co case) leads to a largely

. X ; . -100 -
trapped positive charge, relative to the case in the protio 0
porphyrins, where the positive charge extends to edges of the 0 1 1
porphyrin molecule and is thus readily transferred back to the 0 500 1000 1500 2000 2500
nanowire on reverse cycling of the potential. Time (s)

From Figure 2a, two memory states, one denoted state “1” Figure 3. (a) |-V curves for state “1” and state “0” of the JD;
and the other denoted state “0”, can therefore be defindg at nanowire memory with Co-porphyrin molecules. (b) Current recorded
= 0. From theI—Vg curve in Figure 2a, we calculated a after the device was repeatedly written into states “1” and “0”. Here,
transconductance @f, = dl/dVy = 1.56 x 107 S at a source- vV=-01V.
drain bias ofV = —0.1 V for the sweep from-5to 5 V, and
Om = 8.30x 1077 S for the sweep from 5 te-5 V. Normalized
by the width of the nanowirel = 10 nm, transconductance
values of 15.6 S/m and 83 S/m were thus obtained. The electron
mobility can be further deduced from the transconductance of
the FET01In the linear regime, it is given byldiVy = u(C/

L2V whereC is the capacitance andis the length of nanowire.
The capacitance of the nanowire is given By~ 2meeol/
In(2h/r) = 1.17 x 10716 F, wheree = 3.9 is the dielectric
constanth = 100 nm is the thickness of the silicon oxide layer,
andr = 5 nm andL = 2 um are the radius and length of the

source-drain bias of-0.1 V. The readout after each writing
operation is plotted in Figure 3b. This device showed two
distinctive states, and no obvious degradation was observed after
repeated writing and reading. Such reliable operation is a direct
result of the present device configuration: compared to previous
molecular memories using metal/molecular monolayer/metal
sandwich structureks;® the molecular materials in our devices
are moved out of the conduction path, thus eliminating the most
difficult reliability issues such as voltage stress, heat dissipation,
and metal filament formation. Figure 3b also reveals a decrease
. ! . of the current value for state “1” after each writing was
In,O3 nanowire, respectively. The electron mobility was thus performed. In contrast, the current for state “0” remained almost

estimated to be 533 cifvs and 2838 ciVs from the o, g ring the time duration measured, indicating that this is
transconductance values we obtained for the different gate biashe efaylt state. This is consistent with the fact that the as-

sweep directions. We caution that nanowires functionalized with synthesized Co-porphyrin has €dons (reduced state) as the
redox-active molecules cannot be treated as a simple field effectyey it state. These unoptimized devices exhibited rather slow
transistor and the above mobility values can only be used aSgperation €1 kHz). This is likely limited by the high device
guidance. Nevertheless, these numbers are in the high ranggqgistance (0.25 K2 for state “1” in Figure 3a) and also high
compared to conventional semiconductors and indicate the highparasitic capacitance(~ 690 pF) between the bonding pads
quality of our IOz nanowires. From the change of the threshold (each~ 1 mn?) and the silicon back gate. This yields a time
voltage ;) when the gate bias was swept back and forth, we cqnstant of 0.172 ms and an upper limit of 5.8 kHz for the
can further estimate the electron concentration variation using operation frequency. We stress that future effort should be able
the equatiorAn = CAVi/eL = 3 nn*, whereAVi = 6.8 Viis {4 pring the operation frequency up to gigahertz by eliminating
the shift of the threshold gate voltage. This estimation confirms {he parasitic capacitance and increasing the device conduction.
that our memory devices operate with few electrons(per Bit retention as a function of time and temperature are shown
nanometer length of the nanowire). in Figure 4. Current versus time curves (shown in Figure 4a)
Below we focus on the operation of memory devices utilizing were taken at room temperature with a fixed source-drain bias
Co-porphyrin molecules. Writing operation was achieved by V= —0.2V for both state “1” (upper curve) and state “0” (lower
applying positive or negative voltage pulses to the gate electrode,curve) right after the writing\(;7 = —5 and + 5 V) was
and the memory state was read by measuring the conductanc@erformed. A relatively large decrease in the current value for
of the device with the gate electrode grounded. Figure 3a state “1” was observed, whereas state “0” only exhibited a
displays twol —V curves, with state “1” taken after applying a relatively small increase in current. This is consistent with the
—5 V gate pulse and state “0” taken afte 5 V gate pulse. data shown in Figure 3, and once again indicates that @o
Careful examination revealed a conductance of 42B0¢ S the more stable state for the Co-chelated porphyrin in our device
for state “1” and 1.16x 10710 S for state “0”, thus indicating  structure. The retention curve for state “1” can be fitted with
an on/off ratio as high as 3 10* We have further tested the  an expressioe’?, and a retention time constant of 41 s was
reliability of our memory devices, where the device was obtained. This device was then cooled with the bit retention
repeatedly written into state “0” and state “1” with a fixed measured at various temperatures. Three typical curves are



Data Storage Studies on Nanowire Transistors J. Phys. Chem. B, Vol. 108, No. 28, 2002649

-1000}F illustrated by the top curve in Figure 4b. Measurements of the
retention time at different temperatures yielded an exponential
-8007 4 dependence with 1000/as shown in Figure 4c. This indicates
- a thermal activation behavior as = 19 expEd/(kT)). The
é -600 activation energye, for this molecule over this bias regime was
ht 400 found to be approximately 264 meV. More work is needed to
fully elucidate the origin of this activation barrier; however,
-2001 “17 we envision that much longer retention time can be obtained
0 ' ' 0" with increased activation barrier height, for instance, by replac-
0 1000 2000 ing the phenyl group in Figure 2b with alkyl groups of equal
Time (s) or longer length.
In summary, we have demonstrated nanoscale memory
10 devices based on nanowire field effect transistors with self-
08 assembled redox-active molecules. This technique creates a
= seamless integration of nanowires and molecular wires and
é 0.6 yields devices with on/off ratios exceeding*1®/e have further
= 04 demonstrated that metal ions in the porphyrin molecules play a

key role for the observed memory effects, as only Co-chelated
porphyrin yields pronounced hysteresis in thé/y sweeps. We
believe this demonstration will be very beneficial for future
0 4[',0 i 200 1200 nanoscale memory studies. For instance, one can envision that

. truly molecular scale memories can be made by scaling down

Time (s) ; ;
the nanowire channel length to nanometers or by using quantum
T (K) dots functionalized with redox-active molecules.
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