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A polysilicon-based organic nonvolatile floating-gate memory device with a bottom-gate top-contact configuration is
investigated, in which polysilicon is sandwiched between oxide layers as a floating gate. Simulations for the electrical
characteristics of the polysilicon floating gate-based memory device are performed. The shifted transfer characteristics and
corresponding charge trapping mechanisms during programing and erasing (P/E) operations at various P/E voltages are
discussed. The simulated results show that present memory exhibits a large memory window of 57.5 V, and a high read
current on/off ratio of ~ 103. Compared with the reported experimental results, these simulated results indicate that the
polysilicon floating gate based memory device demonstrates remarkable memory effects, which shows great promise in

device designing and practical application.
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1. Introduction

Organic nonvolatile floating gate memory (ONFGM) de-
vices based on organic thin film transistors (OTFTs) with typi-
cal physical structures and unique working mechanism have
been widely investigated recently due to their nondestruc-
tive read-out, simple preparation process and single transis-
tor realization.['* Meanwhile the performance of the ON-
FGM device was greatly improved by optimizing the physi-
cal structures and memory materials.>%! Relevant researches
have demonstrated that high k dielectric materials because of
their excellent capacitance ratio usually served as the gate
dielectric layer to scale down operating voltage, and metal-
lic nanoparticles were imbedded within the gate dielectric in-
terface acting as charge trapping sites to reduce the stress-
induced leakage current by precisely controlling the size and

7-121 1t has also been

trap density of metallic nanoparticles.
demonstrated that memory performances could be improved
with light assisted program.[!3] Recently, Yi et al. demon-
strated that light illumination and electrical stress can act as
an independent programming/erasing operation method, by
which the stable ambipolar memory properties were observed
and a large memory window, excellent retention time and high
ON/OFF current ratio of the ambipolar memory device were
obtained to be 70 V, 10* s and 10%, respectively.!'*! Tseng et al.
improved the characteristics of the memory device, and their
researches mainly focused on introducing a double-floating
gate monolayer, which included a diacetylenic (DA) unit as a
hole carrier trap and a naphthalenetetracarboxyldiimide (ND)
unit as an electron carrier trap.!!3] The memory device with
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the double-floating gate monolayer exhibited a larger mem-
ory window, longer retention time and rather stable device
characteristics than with the single-floating gate. Kim et al.
placed a graphene oxide layer between two polystyrene (PS)
layers as charge storage medium, and their work demonstrated
the multilevel characteristics of nonvolatile floating-gate mem-
ory devices.[!® In addition, Jung et al. investigated the parti-
cle size effects on the memory performance by using semi-
conducting cobalt ferrite nanoparticles as charge trap sites.!!”]
Nevertheless, up to now it has remained a significant challenge
of improving the data retention property and scale down op-
erating voltage of ONFGM devices, simultaneously. Clearly,
the memory effects are strongly dependent on the floating gate
trapping and detrapping charge carriers at an external gate
voltage. It is actually difficult to measure the variations of
charge stored in a floating gate in the P/E process. While
research about multilevel characteristics of the ONFGM de-
vice with a sandwiched poly-silicon (Poly-Si) floating gate be-
tween two oxide layers, in particular the variations of charge
stored in the floating gate, have been scarce. Hence, it is highly
needed to have an insight into the operating mechanism and
the shifted effects of transfer curves at different programming
and erasing voltages (Vp/VE).

In this work, simulation for the electrical characteristics
of the ONFGM device is developed by employing poly-Si as
a floating gate. Because poly-Si has widely been studied in
inorganic memory devices and the relevant results show that
poly-Si effectively increases charge traps.!'8] In particular, the
shifted effects of transfer curves and the corresponding varia-
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tions of charge stored in the floating gate during P/E operations
are discussed in detail by the simulated results and the energy
band diagrams. In addition, simulation on dynamic memory
switching behavior is also carried out.

The rest of the present paper is organized as follows. In
Section 2, the device structure and relevant simulating mod-
els are introduced. The numerical simulation process is also
given. In Section 3, the numerical simulation for the electrical
characteristics including output and transfer curves and mem-
ory features of ONFGM are discussed in detail. Finally, some
significant conclusions are drawn from the present studies in
Section 4.

2. ONFGM device structure and simulation
2.1. ONFGM device structure

Taking into consideration the sequence of thermal treat-
ment process and the excellent performance the memory ex-
hibits, the configuration of device in this work is designed
into bottom-gate, top-contact p-channel ONFGM as shown in
Fig. 1. In this cross-sectional structure model, pentacene with

high hole-mobility!!>?°! is covered on the tunneling insula-
tor as an active layer and polysilicon is inserted into the oxide
layer as a charge storage medium. Gold with a high workfunc-
tion is used as the source/drain contact which is propitious to
injection and extraction of holes between the metal electrode
and the organic semiconductor channel. The control gate di-
rectly contacts the heavily doped n-type silicon. The detailed
physical and structural parameters are listed in Table 1.

<1 - N

organic semiconductor (pentacene) Ts

tunneling insulator

floating gate (poly-Si) Tr

gate insulator (SiOs) Tox

control gate (n*-Si)

Fig. 1. Schematic cross section of ONFGM based on pentacene with a
bottom-gate, top-contact structure.

Table 1. Physical and structural parameters used for device simulation.

2.2. Simulation for device

Parameter Symbol Value
Channel length L/yum 10, 20, 30
Channel width W/mm 2
Thickness of source and drain electrode (Au) ST, Dr/nm 40
Thickness of organic semiconductor Ts/nm 60
Thickness of tunneling insulator Tr/nm 10
Thickness of floating gate Tr/nm 20
Thickness of gate insulator Tox/nm 300
Dielectric constant of gate insulator (SiO;) & 3.9
Dielectric constant of organic semiconductor 3
Schottky barrier height ¢pleV 0.1~0.3
Band gap of organic semiconductor EgleV 1.8~22
Work function (Au) Wg/eV 5.10 ~5.47
Impurity concentration of gate region nt/em™3 1x 10"
Lowest unoccupied molecular orbital level of pentacene LUMO/eV =32
Highest occupied molecular orbital level of pentacene HOMO/eV -5.0
follows:[2>-281
The geometry of the ONFGM device resembles that V(eesVe)=qgn—p+N,—P), (1)
of OTFT except the tunneling insulator and floating gate
P £ or ane s & V-Jp=q(G-R), @)
that are sandwiched between the organic semiconductor and p
. . L. = E)E —gD,—
the gate insulator. Based on the investigation of p-channel Ip = aip(E) q%p ox’ 3)
OTFTs,[?12%] the charge carriers transporting mechanism is Do—u(E koT 4
p=Hp(E) 7’ )

strongly dependent on the temperature, electric field and holes
traps between the organic semiconductor channel, electrode
and gate dielectric layer.[>>?* Therefore, the simulations for
the charge carrier transport of the ONFGM device are car-
ried out by solving Poisson’s equation, continuity equation

and holes drift-diffusion equation, which are described as

where ¢ is the electrostatic potential, N; and P, are the densi-
ties of trapped electrons and holes respectively, n and p are the
electron and hole’s concentration, J, is the hole current den-
sity, G is the hole generation rate strongly dependent on the
hole potential barrier, R is the recombination rates, E is the
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electric field, and D, is the hole diffusion coefficient. Accord-
ing to the Einstein equation (4), J, is expressed as

it op)

qg Ox ©)

JPZCIHP(E)(E

here, ko is the Boltzmann constant, T is the absolute temper-
ature (300 K), and u,(E) is the Poole-Frenkel mobility given

by[29]
Eno B
koT + (k()T ) \/7:|

In this model, tpo is the low field mobility and Epg rep-

Up(E) =Hpoexp [— (6)

resent the activation energy for hole (E = 0) which is equal to
0.018 eV, B is the hole Poole-Frenkel factor, and 7 is the fitting
parameter. For obtaining prominent simulation results, the
contact between electrode and organic semiconductor are re-
garded as a Schottky barrier (0.1 eV~ 0.3 eV). Moreover, in an
organic semiconductor material, the effective density of states
at the lowest unoccupied molecular orbital (LUMO) level is
considered to be the same as that at the highest occupied
molecular orbital (HOMO) level. 331 Tn addition, the hot car-

rier injection and Fowler—Nordheim (FN) tunneling model are

P ™
( ) Scharfetter—
defining the Gummel
device method
structure

-
defining the
materials and discretizing the

related semiconductor

( parameters equation:
N > -
J//

describing the

/

finite-difference
method and box

integration method

physical models

\
\ : /

utilized for simulating holes injected into or extracted from
the floating gate during P/E operation. The thermal emission
current J and tunneling current Jpy are respectively given as
follows: [32:33]

— /PE/4
J=A"T?exp ( / ﬂeox) @)
koT
J q3E2m —4 Zm 2/3 3
N Swhormy T e ) ®

where J and Jgn are influenced mainly by E, T, and @t (@r
is defined as the interface barrier height between semiconduc-
tor and tunneling insulator (programing) or tunneling insula-
tor and floating gate (erasing)), A* is Richardson constant ex-
pressed as A* = 47rqm;k(2) /h3, with my being the effective hole
mass and h being the Planck constant, and my( being the free
hole mass.

Based on the models above, the electrical characteristics
of the ONFGM device are simulated and calculated reason-
ably through Newton’s iteration method. Figure 2 shows the

flow chart of numerical simulation.

"/7 7\\
Newton’s
iteration
method
\ ™~
obtaining and
solvmg .
analysis the
semiconductor

characteristics of

memory divece

equatlonb/

Fig. 2. Flow chart of numerical simulation.

3. Simulation results and discussion

3.1. Output and transfer characteristics of ONFGM de-
vice

The simulations of the output and transfer characteristics
of our present ONFGM device are performed, and the simu-
lated results indicate that the device features typical p-channel
field-effect behavior in hole-accumulation mode during Vps
ranging from 0 V to —20 V and Vgs from 0 V to —20 V in

steps of —5 V as shown in Fig. 3(a). In comparison with the

/// 7\\\
specifying the |
calculating
conditions
o
[34]

experimental data,'”*' the simulated results of output curves
are in the appropriate order of magnitude and the current val-
ues are superior to that of Au-nanocrystal memory within a
certain voltage range. Figure 3(b) shows the simulated trans-
fer curves for the channel length (L) ranging from 10 pm to
30 um. The regulation effect of gate on channel current in-
creases with channel length decreasing from 30 um to 10 pum.
The inset shows the behavior of a small fraction of holes accu-
mulating at the channel in the case of low-ranging Vs which is
possibly attributed to the induced weak electric field of trapped
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charge carriers generated from the floating gate. This behavior
is in good agreement with that in the literature. 3!
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Fig. 3. (color online) (a) Output characteristic curves of ONFGM with
a channel length of 10 um. (b) Comparison of the transfer characteris-
tic curves with different channel lengths. The inset shows the transfer
curves at low gate voltages.

3.2. Electrical memory characteristics of ONFGM device

According to the above analysis, by employing the hot
hole injection model and the FN tunneling model, the (P/E)
characteristics of the present ONFGM are simulated and the
effects associated with shifts in transfer curves are examined
through a series of P/E operations in a sequence of programing
voltages (Vp) and erasing voltages (Vg), respectively. For all
of the P/E operations, the drain-source voltage (Vps) is main-
tained at 0 V and the P/E time is set to be 5 s, holes are majority
charge carriers in the present ONFGM which is operated in the
p-channel as mentioned in Subsection 3.1.

Figure 4(a) shows the energy level of the present ON-
FGM device, where Ej is the vacuum energy level, LUMO
and HOMO are the lowest unoccupied molecular orbital level
and the highest occupied molecular orbital level of pentacene,
which are —3.2 eV and —5.0 eV, respectively.*®! During pro-
graming operations, a high negative voltage is applied to the
gate, holes accumulate at the interface between channel and
Si0O,, and the energy band of the ultrathin SiO, layer is ex-

tremely bended so that holes are injected from the channel into
the poly-Si floating gate (Fig. 4(b)). Once holes are injected
in the floating gate, a shift towards the threshold voltage (AVr)
will be induced as depicted in Fig. 5(a).

vacuuln

Ey
32 4.05eV
.0 eV _
5.1|eV 2.25/eV. I;'l o 5.17 eV
LUMO .

OMO §j0, poly-Si  SiO,

_Au_ pentacene|

nt+-Si
4.85 eV 4.68 eV
(a) -+
/—Ec
nt+-Si
poly-Si  SiO; /— Ev
LUMO gate

pentacene

HOMO Q

Si0, 088

(b) Vas<0 V
LUMO
pentacene
SiO,
HOMO poly-Si ‘;
g* Si0, Ec

Q nt+-Si
gate

(C) Vas>0 V

Fig. 4. (color online) (a) Energy level diagram of ONFGM without applying
voltage, (b) energy band diagrams of ONFGM during programming, and (c)
erasing operations.

It is clearly revealed that the transfer curves shift rapidly
in the negative direction with the increase of Vp from —45 V
to —60 V, and then more slowly as Vp increases from —60 V
to —70 V. To further confirm that the shift effect of the trans-
fer curve is attributed to the trapped holes in the floating gate,
the variations of poly-Si floating gate charge are simulated as
shown in Fig. 5(b) (logarithmic coordinates). The variations of
poly-Si floating gate charge show that the holes injected from
the channel to the poly-Si floating gate first increase rapidly
with the increase of Vp, and then gradually increase slowly as
Vp increases from —60 V to —70 V which is consistent with
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the shifted effect of the transfer curve. This also demonstrates
that the charge stored in the floating gate will not increase
even though the programing time is very long. Based on the
equation An = AQ/e (where An is the number of transferred

N =——rtay
Lol — 50V Ve =
ol —72Y — 45V
L= — 60V 50V
o — —65V
0.8 _T 0.04 —70V — 5V
i Voo — 60V
< . s — =65V
= 0.6} —10 —0 S —70V
8 L Vas/V —— initial
T 0.4 with time of 5 s T4V
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charge carriers, AQ is the total charge quantity of transferred
charge carriers and e is the elementary charge), the number of
transferred holes is ~ 10'! which is slightly inferior to that of
CoFe;04 NPs-structure memory in Ref. [17].
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Fig. 5. (color online) (a) Transfer curves of the ONFGM device in the initial and a series of post-P/E operations at various of Vp /Vg voltages in a time of 5 s.
The inset shows the shifts in transfer curves during P operations at Vs ranging from —5 V to —30 V. (b) Corresponding variations of charge stored in the
poly-Si floating gate in logarithmic coordinates and the inset in linear coordinates during P operation and (c) E operation. (d) Memory windows for various

Vp and Vg voltages.

After a series of programing operations, a series of eras-
ing operations are performed. As depicted in Fig. 5(a), it is
obviously observed that the transfer curves shift towards the
positive direction rather than return to the initial state with the
Vg increasing from 45 V to 70 V. Moreover, after erasing op-
erations, the values of the shifts in transfer curves towards the
positive direction are larger than towards the negative direction
in the case of post-programing operations. These phenomena
also result from the variations of charge carriers stored in the
poly-Si floating gate. As depicted in Fig. 5(c), holes are grad-
ually extracted from the poly-Si floating gate to the channel,
which induces a shift of transfer curves towards the positive
values. It is notable that the value of charge stored in the
poly-Si floating gate decreases to zero with the erasing time
increasing from x107> s to 1 x 10™* s, which suggests that

the transfer curves should return to the initial state. However,
it is interesting that the value of charges changes into a neg-
ative value with the increase of erasing time, by which the
transfer curves continually shift towards the positive direction.
Owing to a high barrier height of 1.9 (eV) between the LUMO
of pentacene (3.2 eV) and the work function of Au (5.1 eV),
electrons are limited to be injected into the channel. 37! In this
case, the holes stored in the floating-gate are first ejected from
the floating-gate to the channel at large positive gate voltage,
and then electrons at the interface between organic semicon-
ductor and SiO, layer transfer from the LUMO (lowest un-
occupied molecular orbital) level of pentacene to the conduc-
tion band of the polysilicon floating-gate by tunneling through
a thin SiO; layer. Although the electrons are minority car-
riers in the p-type pentacene active layer, the energy barrier
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(2.25 eV) for electron transport between the LUMO level of
pentacene and the conduction band of SiO, is lower than that
(4.85 eV) for holes transport between the HOMO (highest oc-
cupied molecular orbital) level and the valence band of SiO,.
Therefore, the above behavior is possibly explained by the fact
that the electrons at the interface between the organic semi-
conductor and the SiO; layer are injected into the channel by
high positive Vg. Moreover, due to the fact that the barrier
(4.68 eV) between the poly-Si floating gate and the SiO, tun-
neling insulator in the case of erasing operations is slightly
lower than the barrier (4.85 V)38 between the HOMO level
of pentacene and the poly-Si floating gate in the case of pro-
graming operations, it is easier for holes to be ejected from the
poly-Si floating gate to the channel during erasing operations
than from the channel to the poly-Si floating gate during pro-
graming operations. In contrast, the obvious shifts of transfer
curves towards the positive and negative direction by P/E op-
erations are matched correctly with those in the literature. [*]
As a result, a large memory window (AVr) of 57.5 V is ob-
tained at Vp/Vg of £70 V in a time of 5 s. Figure 5(d) shows
the values of Vr at different Vp /Vg voltages.
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Fig. 6. (color online) (a) Switching behavior for the ONFGM device
with poly-Si floating gate (E: erase, P: program, Roy: read-on state, and
Rogr: read-off state), and (b) the drain currents of ON state and OFF
state after erase and program.

In the present ONFGM device, the drain current re-
sponses for program, read, erase, and read cycles, which are
called dynamic memory switching behaviors, are also simu-
lated at sequential and repeated gate voltages of —60, —20,

60, and —20 V in an interval time of 5 s as shown in Fig. 6(a).
Meanwhile, the ON/OFF memory current ratio is calculated to
be about 10 as shown in Fig. 6(b).

4. Conclusions

In this work, simulations for the present ONFGM device
by sandwiching polysilicon between oxide layers as a float-
ing gate are performed through basic organic transporting, hot
holes injection, and FN tunneling models. The simulated re-
sults demonstrate that the poly-Si floating gate based ONFGM
device exhibits remarkably memory effects which include a
large memory window of 57.5 V, excellent switching behav-
ior, and a high read Io, /log of ~ 103. In addition, the values
of shifts in transfer curves towards the positive direction after
erasing operations are larger than towards the negative direc-
tion after programing operations. It is of great value that em-
ploying the simulations for the variations of charge stored in
the floating gate during P/E operations examines and explains
the shifted effects of transfer curves which are attributed to the
transferred charge carriers at various Vp/Vg voltages. These
simulated results are significantly helpful in designing devices
and understanding the storage characteristics of the ONFGM
device.
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