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Pentacene-based metal-insulator-semiconductor memory structures utilizing
single walled carbon nanotubes as a nanofloating gate
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A pentacene-based organic metal-insulator-semiconductor memory device, utilizing single walled
carbon nanotubes (SWCNTs) for charge storage is reported. SWCNTs were embedded, between
SUS8 and polymethylmethacrylate to achieve an efficient encapsulation. The devices exhibit
capacitance-voltage clockwise hysteresis with a 6 V. memory window at *= 30V sweep voltage,
attributed to charging and discharging of SWCNTSs. As the applied gate voltage exceeds the SUS8
breakdown voltage, charge leakage is induced in SUS8 to allow more charges to be stored in the
SWCNT nodes. The devices exhibited high storage density (~9.15 x 10" cm™?) and demonstrated
94% charge retention due to the superior encapsulation. © 2012 American Institute of Physics.

[doi:10.1063/1.3675856]

Floating gate memory devices with discrete charge stor-
age nodes display longer charge retention characteristics
than the traditional continuous floating gate equivalents.'?
Typically, Au, Ag, or Ge nanocrystals (NCs) or Cgy nano-
composites are utilized as discrete charge storage nodes in
metal-insulator-semiconductor (MIS) or transistor memory
devices.>™ TIssues related to lack of chemical inertness, me-
chanical and thermal stability of such NCs and nanocompo-
sites hinder their applications as storage nodes in organic
nonvolatile memory devices (ONVM).® Carbon nanotubes
(CNTs) were found to be more favorable for such applica-
tions because of their higher thermal stability, chemical
inertness, reduced surface states and favorable work function
(4.8eV for pristine CNTs).° CNTs embedded in a high-k
dielectric were reported as a nanofloating gate in MIS (Ref.
7) and transistor memory devices.® The nearly ideal surface
states enhances CNTs’ charge retention characteristics com-
pared to that of metallic NCs.*? Their high thermal and me-
chanical stability and relative chemical inertness also make
CNTs attractive choices for organic and flexible electronics
applications. Earlier reports of hybrid CNT memory devi-
ces®’ describe structures fabricated using SiO, dielectric
because SiO, is well characterized, therefore simplifies the
analysis of the effects of CNTs. However, Si/SiO, is not suit-
able for use in flexible electronics which requires the mem-
ory devices to be built up using organic semiconductors and
insulators (““all organic”).

We report on the fabrication and characterization of a
SWCNTs and pentacene-based ONVM device consisting of
a MIS structure, which exhibited a relatively large memory
window at low sweeping voltages and high charge retention.
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SWCNTs were sandwiched between SUS8 photoresist and
polymethylmethacrylate (PMMA) insulators to serve as
charge storage nodes. The device structure, shown in Fig.
1(a), consists of Al/SU8/SWCNTs/PMMA/pentacene/Au
layers. Such devices are critical for the development of a
range of new applications in flexible and plastic electronics.’

Poly(ethyleneimine) (PEI) (M,, =25000), poly(acrylic
acid) (PAA) (M,,=4000000), sodium dodecyl sulphate
(SDS), PMMA, and pentacene were purchased from Sigma-
Aldrich and SUS8 obtained from MicroChem Corp (MCC).
Commercial SWCNTs (purchased from Carbon Nanotech-
nologies Inc.) were purified until the impurity content was
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FIG. 1. (Color online) (a) Schematic diagram of the Al/SUS/CNTs/PMMA/
pentacene/Au device. 5 x 5 um AFM images of pentacene grown on (b)
SU8 and (c) PMMA.
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below 5 wt. %. The purchased SWCNTs have 2/3 semicon-
ducting and 1/3 metallic CNTs according to the manufac-
turer data. These were combined for the fabrication of the
device shown in Fig. 1 as follows:

A glass substrate was cleaned using a piranha solution
and a 100nm thick Al gate was thermally evaporated
through a shadow mask. A 90nm thick layer of SU8 was
spin coated (30 s at 3000 rpm, then baked for 5 min at 95°C)
and UV cross-linked to serve as a gate dielectric. SWCNT's
were deposited by the layer-by-layer (LbL) deposition, a
technique based on a charge reversal to build up bi-layer
assemblies of oppositely charged (functionalized) molecules.
The details of this technique and various SWCNT film archi-
tectures are reported elsewhere.'®!'" Briefly, the deposition
began by the alternate immersion of the substrate in aqueous
PEI (cationic, pH =8.5) and PAA (anionic, pH = 6.5) solu-
tions, for 15 min each to form seed layers to facilitate the ad-
hesion of SWCNTs onto the SUS8 layer. The substrate was
then repeatedly immersed in PEI solution for 15min then
SWCNT, solution (anionic SWCNTs, dispersed in SDS) for
30min. The final SWCNTs matrix consisted of three
SWCNT,-PEI bilayers. The diameter of the SWCNTs uti-
lized as charge storage elements in this investigation is esti-
mated to be in the order of 1.5-2 nm."?

PMMA (20 wt. % in chlorobenzene) was subsequently
spin coated to a 40 nm thickness and baked for 25 min at
120°C. Pentacene was thermally evaporated at a rate of
0.01-0.07 nm/s to a thickness of ~30nm. Finally, 30 nm of
gold was deposited, through a shadow mask, to form Ohmic
contacts. A PC driven LCR Bridge (HP-4192) was used to
record the capacitance-voltage (C-V) behavior of the devices
at 400 kHz with a 0.5 V/s scan rate. Each test consisted of a
double sweep (positive—negative) at room temperature in air.
The morphology of the pentacene layers deposited on SUS8
and PMMA was investigated by atomic force microscopy
(AFM) and shown in Fig.1. Films grown on SUS8 (Fig. 1(b))
exhibited fine polycrystalline structures with insulating char-
acteristics. In contrast, relatively large grain sizes (~1.2 pum)
were found when pentacene was deposited on PMMA, Fig.
1(c). This indicates that the substrate chosen for deposition
significantly affects the electronic properties of the penta-
cene film. Since larger pentacene crystals are generally asso-
ciated with superior semiconducting performance,]3 we
utilized PMMA for the top dielectric on which pentacene
was grown. Conversely, SU8 was utilized as the gate dielec-
tric due to its chemical stability during the SWCNTSs deposi-
tion process.

A control device Al/SU8/PMMA /pentacene/Au was fab-
ricated without SWCNTs and its C-V characteristic is shown
in Fig. 2(a). The control device exhibited the usual character-
istics of MIS structures based on p-type semiconductors,
with flatband voltage of —2.5V and full semiconductor
depletion at 0 V. The double voltage sweep exhibited no hys-
teresis which is indicative of the absence of charge trapping
in the bulk dielectrics and at the surfaces of the SU8 and
PMMA layers. Assuming that the MIS structure consist of an
insulator capacitance (Cy,,) connected in series with a semi-
conductor capacitance (Cs), the C-V characteristics of the
control devices may be used to extract fabrication parame-
ters. The majority carriers accumulate at the interface
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FIG. 2. C-V double sweep of (a) control device Al/SU8/PMMA /pentacene/
Au and (b) SWCNT embedded memory device: Al/SUS/CNTs/PMMA/
pentacene/Au.

between the insulator and the semiconductor when the de-
vice operates in the accumulation region. Thus, the maxi-
mum accumulation capacitance (Cp,.x = 332 pF) can be used
to estimate the dielectric constant of the insulator stack, C,.x
> Chps=A e,,m/dlns,14 where ¢, is the dielectric constant of
the SU8/PMMA insulator stack, dj,,; the cumulative SU8 and
PMMA thickness, and A the device area (1 mmz). Using the
insulator stack thickness measured using AFM (130 nm), we
obtained ¢;,; =43.18 x 0" F/m, corresponding to an
effective relative permittivity of 4.88. The intrinsic doping
concentration (N,) of the pentacene thin film semiconductor
is calculated using,14

€lns
)
s Kol es
dins + €s e eN,

where Crp is the flatband capacitance, € is the dielectric
constant of pentacene (3 x 8.85 x 1072 Em ™ 1),151° K, the
Boltzmann constant, T the temperature (300K), and e the
electric charge. The measured capacitance at the flatband
voltage (—2.5V) is estimated to be 320pF (Fig. 2(a)).
Accordingly, the calculated intrinsic doping concentration
was ~4.61 x 10" cm ™, in a close agreement with recently
reported values.'>'® Applying a positive DC bias to the gate
of a p-type organic MIS capacitor causes majority carriers in
the semiconductor to be repelled from the insulator interface.
This is associated with a decrease in the capacitance as the
depletion region expands (Fig. 2(a)). For a thin film, the

Crp=A (D
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capacitance is at its minimum when the organic semiconduc-
tor is fully depleted (the equivalent of the inversion regime
for a conventional Si/SiO, metal-oxide-semiconductor
(MOS) device). Thus, the minimum capacitance is deter-
mined by the insulator and semiconductor capacitances in
series. The minimum capacitance (C,,;,) corresponding to
full depletion is then given by,"”

€lns

Whtax *
d]nS + ‘ImESMa\

Chin =A (2)

The maximum depletion width, W), = 26 nm calculated from
equation (2) is close to the estimated pentacene thickness.

The addition of SWCNTSs as a floating gate to the con-
trol sample to form Al/SU8/CNTs/PMMA/pentacene/Au,
resulted in clear hysteresis in the C-V curves (Fig. 2(b)). As
it is difficult to obtain accurately the flatband voltage, we
estimated the window as the shift between the forward and
reverse scans at the point when capacitance is about 85% of
the difference between accumulation and inversion capaci-
tances. Forward sweeps below =10V exhibited curves simi-
lar to those of the control devices, with 255 pF accumulation
capacitance and a very small negative shift in the flatband
voltage to (—2.8 V). In contrast, a clear positive shift in flat-
band voltage to (—1.8 V) is evident for £15V voltage sweep
as shown in Fig. 2(b). The difference in the accumulation ca-
pacitance to the control device was expected due to a change
in the effective insulator stack thickness when SWCNTs are
embedded.

The small negative shift in the flatband voltage (com-
pared to the control device) after the forward sweep and for
sweeping voltage below =10V indicates that a very few
incorporated holes originating from the pentacene become
trapped on the SWCNTs layer. The positive shift in flatband
voltage for the voltage sweep from 15V to —15 V is attrib-
uted to the breakdown in the SU8 dielectric strength, result-
ing in a leakage current and electrons transfer through the
SUS film to the floating gate. Typical values for SUS8 dielec-
tric strengths are 100-150 V/um and thickness dependent.
Hence, for a 90 nm thick SUS layer, the breakdown voltage
is very close to 13 V.'® The reverse sweep showed a distinct
change in the flatband voltage shifting to about 1.3V
for =15V sweeping voltage range. The hysteresis is attrib-
uted to the presence of SWCNTs as a floating gate and
results from the charging and discharging of the SWCNTs
when negative and positive voltages are consecutively
applied. The shape of the hysteresis curves for low sweeping
voltages, below the SU8 breakdown voltage (Fig. 2(b), spe-
cifically the short depletion regions) reflects high charge
transport mobility for the semiconductor layer. This will lead
to fast charging and discharging of the CNTs in the memory
stack. As shown in the inset, Fig. 2(b), the hysteresis in the
C-V curves increased with sweeping voltages in the meas-
ured range (from =5V to £30V). For sweeping voltages
below the SU8 breakdown voltage, the memory window
increases almost linearly with increasing sweep voltages and
becomes negligible for voltages below £5V. However, at
higher sweeping voltages (above =15V), the memory win-
dow rises slightly sharper and reaches 6 V at =30V due to
the charge leakage induced by the soft breakdown in the
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SU8 dielectric strength. The fact that the centre of the hyster-
esis is very close to the 0V, makes the memory structures
produced favorable for lower operating voltages. Subsequent
measurements indicated that the typical results (Fig. 2) are
repeatable after several rounds re-testing. The devices also
display a clockwise hysteresis, a positive flatband voltage
shift in the C-V characteristics during the reverse voltage
sweeps (Fig. 2(b)). These results are consistent with the
behavior of a p-type semiconductor (pentacene in this de-
vice) MIS structure where electrons are injected into the
SWCNT floating gates from the Al electrode through the
SU8 organic insulator. This could be due to the high resistiv-
ity of PMMA (10" Q.cm at 10° V.cm ™" applied field) which
prevents charges from tunneling from the pentacene through
PMMA to the SWCNT floating gate.'” We therefore believe
that when a negative voltage (higher than the flatband volt-
age) is applied to the gate electrode, electrons are injected
from the gate through the SUS8 thin film into the floating gate
resulting in charging the SWCNTSs layer. Equally, a higher
positive gate voltage must be applied to reach depletion in
the pentacene. Accordingly, the C-V curve in Fig. 2(b) is
shifted towards more positive voltage. The charges stored in
the SWCNTs floating gate (Q) can be estimated from
Q =Crp X AVgp, where AVpp is the flatband voltage shift.
This gives approximately 9.15 x 10" cm 2 charges stored in
the SWCNTs floating gate for =30V sweep voltage. Some
preliminary tests on the reproducibility, stability, and repeat-
ability of the memory structures have been undertaken. Devi-
ces fabricated on the same substrate showed a maximum
variation in the accumulation capacitance of 10% and 5%
variation in the flatband voltage. However, all devices stored
under vacuum were tested regularly over a period of six
months and produced repeatable memory behaviour with a
variation in hysteresis of not more than 5%.

The retention behavior of the MIS-based memory struc-
tures were observed by monitoring the capacitance with time
after charging the device for a few seconds and then applying
a stress voltage (0V in this study). Here, a two second —13
V pulse was applied to charge the memory device. Over
94% of the charges trapped in the SWCNTSs remained con-
fined in the floating gate over the measurement time of more
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FIG. 3. Charge retention characteristics of Al/SU8/CNTs/PMMA/penta-
cene/Au memory devices.
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than 6 h of continuous testing as shown in Fig. 3. The rela-
tively small change in the capacitance after six hours of con-
tinuous testing indicates that the MIS memory structure has
a very good retention capacity and there is a very little leak-
age current in the MIS structure.

In summary, we have demonstrated a pentacene and
CNT-based floating gate memory device in the form of Al/
SUS/CNTs/PMMA /pentacene/Au structure. Enhanced mem-
ory effects were achieved by carefully selecting and process-
ing appropriate organic insulators to encapsulate the
SWCNT charge storage elements. This resulted in memory
effects at relatively low voltages and high charge retention
of 94% after 6h. The charge trapping effect is attributed to
the charges injected from the gate through the SUS to the
SWCNTs, becoming significant as the breakdown voltage of
SU8 is approached. The characteristics described in this
investigation clearly demonstrate the potential for SWCNTSs
to be used as storage elements in advanced non-volatile or-
ganic memory devices in flexible electronics.
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