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As memory materials, two-dimensional (2D) carbon materials such as graphene oxide (G0)-based materials have attracted attention due to a variety of

advantageous attributes, including their solution-processability and their potential for highly scalable device fabrication for transistor-based memory and

cross-bar memory arrays. In spite of this, the use of GO-based materials has been limited, primarily due to uncontrollable oxygen functional groups. To

induce the stable memory effect by ionic charges of a negatively charged carboxylic acid group of partially reduced graphene oxide (PrGO), a positively

charged pyridinium N that served as a counterion to the negatively charged carboxylic acid was carefully introduced on the PrGO framework. Partially

reduced N-doped graphene oxide (PrGOpy;) in dimethylformamide (DMF) behaved as a semiconducting nonvolatile memory material. Its optical energy

band gap was 1.7—2.1 eV and contained a sp> (=C framework with 45—50% oxygen-functionalized carbon density and 3% doped nitrogen atoms. In

particular, rewritable nonvolatile memory characteristics were dependent on the proportion of pyridinum N, and as the proportion of pyridinium N atom

decreased, the PrGOpy film lost memory behavior. Polarization of charged PrGOpy containing pyridinium N and carboxylic acid under an electric field

produced N-doped PrGOpy: memory effects that followed voltage-driven rewrite-read-erase-read processes.
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rganic rewritable nonvolatile mem-
O ory that shows repeatable switching

between different conducting states
would be a highly versatile memory usable
in numerous applications. Since the active
layer could be highly scalable, organic or
hybrid organic—inorganic semiconductors
have been of interest due to their compat-
ibility with low-cost, high-throughput pro-
cessing techniques.! For example, small
organic molecules, oligomers, and polymers
which have sz-conjugated molecular sys-
tems or electroactive systems have been
used as engineered materials that can be
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fabricated by simple solution-deposition
or vapor-deposition processing into robust
nonvolatile memory electronic devices.?
Because of process advantages such as
chemical functionalization or hybrid com-
posites, m-conjugated carbon materials
such as pentacene, fullerene,* carbon nano-
tubes,”> and graphene oxide (GO)®’ have
attracted considerable attention in memory
applications. In particular, GO has shown
promising nonvolatile memory characteris-
tics. Nonvolatile memory devices with GO
as the active material and Al—AI® and Al—ITO
as the top and bottom electrodes showed
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Scheme 1. Schematic solvothermal reduction process of graphene oxide in DMF for the creation of N-doped partially reduced

graphene oxide nonvolatile memory materials

electrically rewritable characteristics in a cross-
bar memory cell, but devices using Au—ITO® and
graphene—graphene were not rewritable.'® Thus, an
origin of the rewritable memory characteristics does
not from GO, but rather from the Al metal particles
serving as the memory material. The electrical diffusion
of oxygen atoms or the electrochemical reaction of
oxygen-containing groups could result in memory
behaviors.2 " The resistivity switching of GO or par-
tially reduced GOs can be reversible in electrochemi-
cally active metal contacts (e.g., Al)® and irreversible in
electrochemically inactive metal contacts (e.g., Au)°
or graphene contacts.'® Thus, until now, there is no
report on that GO by itself can be used as a rewritable
memory material.

It is suggested that an existence of a negatively
charged carboxylic acid and a positively charged ca-
tion functional group in nitrogen-doped partially re-
duced GO (PrGO) may produce an easy polarization
that leads to be used as a memory material under
an electric field. It is also expected that an association
between charged functional groups may generate
a charge transport path to increase the operational
ON/OFF ratio of rewritable memory devices for the
voltage-induced polarized film. For example, the
N-doped PrGO containing pyridinium N as a counter-
ionic functional group to the negatively charged carboxylic
acid (e.g., H**N-PrGO—CO0°~/H**N-PrGO—CO0°~ or
H*N-PrGO—COO /H"N-PrGO—COO") should be one
of potential materials. In addition, the reversible resis-
tive memory effects for the diffusion of oxygen on the
graphene plane can be taken into account. The charge
carrier density on the graphene plane should deter-
mine the memory behavior of GO in the devices, which
should be dependent on the degree of oxidation or
reduction. Even though the role of the oxygen groups
in GO is unclear, it is clear that the binding between the
oxygen-containing functional groups of GO and the
charges induced by the electrode materials strongly
influence the nonvolatile memory characteristics. Thus,
one of the important challenges in GO-based rewrita-
ble nonvolatile memory devices is facile control of the
semiconducting property of GO at different oxygen
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density states (or charging states). Therefore, the con-
trol of the oxygen functional groups associated with
the semiconducting characteristics of PrGO and the
understanding of the specific polarization through
the dipole—dipole or hydrogen-bonding states of the
oxygen-functional groups under an electric field and
the rewritable nonvolatile memory behavior are cru-
cial. Semiconducting GO or graphene possessing dif-
ferent energy band gaps has been synthesized by the
reduction of GO. The energy band gaps of chemically
reduced GO and thermally reduced GO can be con-
trolled in the range of 2.2 to 0.5 eV."?

Herein, we present novel GO-based rewritable non-
volatile memory materials containing nitrogen atoms
with controlled energy band gaps (Scheme 1). Since
GO sheets in thin films are stacked, oxygen functional
groups between neighboring sheets could form hydrogen
bonds due to intercalated water molecules or the
presence of solvent.'® During the reduction of GO,
the intercalated molecules can aid in the generation
or loss of bonds between the GO sheets. To precisely
control the energy band gap of GO to produce a
suitable memory material, strong reducing reagents
such as hydrazine and hydroiodide should be avoided.
Thus, dimethylformamide (DMF), a polar aprotic sol-
vent, was chosen, since it is a good solvent for
GO/PrGO and a mild reducing agent at elevated tem-
peratures and can also serve as a nitrogen source.'*'*
During the thermal reduction of GO in DMF, nitrogen
doping (the formation of C—N bonds), which forms the
active sites for the memory activity of PrGO, could
occur. Because of the mild reduction capability of DMF,
it is expected that pyridinic N-doped PrGO would be
the predominant species synthesized instead of pyr-
rolic N-doped PrGO, which is produced by partially
charged PrGO with pyridinium N and has an open
energy band gap. It is believed that the association
(including hydrogen-bonding interactions) between
charged pyridinium N and charged carboxylic oxygen
at the interlayers of N-doped PrGO sheets could induce
the polarization of PrGO films under an electric field
that leads to the voltage-driven conductance switch-
ing between On and OFF states in a memory device.
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Figure 1. XPS spectra of C1s of (a) GO, PrGOpwf, and rGOpp, (b) rGOnzH4 and rGOherm (at 300 °C).

Reported herein are the rewritable nonvolatile mem-
ory characteristics of chemically synthesized semicon-
ducting N-doped PrGOs with different band gap values.
Regarding the oxygen-functionalized carbon density,
rewritable nonvolatile memory behaviors were found to
be significant for an oxygen-functionalized carbon den-
sity of 45—50%. On the other hand, the current hyster-
esis of the current—voltage characteristics is negligible
when fully reduced GO has a low oxygen-functionalized
carbon density and when highly oxidized GO has
a high oxygen-functionalized carbon density. As a
whole, our proposal suggests that a suitable density of
oxygen functional groups is required to form Ho*N-
PrGO—CO0° /H’ N-PrGO—CO0® between the inter-
layers of pyridinium N-activated N-doped PrGOpwme
sheets, and that a charge-controlled layer that allows
for the control of the characteristics of polarization-
induced rewritable nonvolatile memory could be formed.

RESULTS AND DISCUSSION

Solvothermally reduced GOs with DMF (PrGOpue
and rGOpyr) and chemically reduced GO with hydra-
zine (i.e., rGOpap4) Were examined with X-ray photo-
electron spectroscopy (XPS) to characterize chemical
functionalities related to sp>- or sp>-carbon atoms. As
shown in Figure 1, the deconvoluted C1s spectra of
GO were assigned to the sp? carbon—carbon (C=C at
254.6 eV) peak and the sp> carbon—oxygen peaks (e.g.,
the oxygen-containing groups such as hydroxyl/ether/
epoxy (C—O0 at 286.6 eV) and carbonyl/carboxyl (C=0/
C(O)OH at 288.6 eV)). As shown in Figure 1, the sp?
carbon—carbon peak gradually increased, whereas
the sp® carbon—oxygen peaks gradually decreased
as the reaction time increased. Eventually, after a
12-h reaction (rGOppmg), the C—0 and the C=0 peaks
significantly decreased and new peaks representing
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C=Nat 285.9 eV and C—N at 287.3 eV were observed,'®
which were nearly identical with those of rGOnzn4
(Figure 1) except for the existence of a C=0 peak at
288.4 eV replacing the C(O)OH peak at 288.9 V. In
contrast to rGOpyr and rGOp;n4, GO thermally reduced
at 300 °C (rGO¢erm) did not show noticeable C—N
peaks, indicating that DMF and N,H,4 supplied N atoms
for the binding formation of C—N. The changes in the
peak intensity or area of the Cls spectra suggest
changes in the oxygen coverage of carbon atoms or
the oxygen configurations in the solvothermal reac-
tion. For a detailed quantitative analysis of the degree
of oxygen atoms bounded to carbon atoms, the Cls
XPS spectra of GO, PrGOppr, rGOpmr, and rGOpnzha
were used to determine the oxygen coverage to
carbon atoms that was given by the area ratio of the
deconvoluted carbon—oxygen peaks over the convo-
luted C1s peak (Table S1, Supporting Information).
Consequently, the oxygen-functionalized carbon den-
sity was decreased as the oxygen-containing func-
tional groups were eliminated by the solvothermal
reduction. The defunctionalization of the carbon atoms
led to a decrease in the oxygen-functionalized carbon
density, which gradually decreased from 70.6% (GO) to
41.4% (120 min PrGOppme) and to 36.5% (rGOpme). As
shown in Figure 1, rGOy,p4 has an oxygen-functiona-
lized carbon density of 34.3%, which was similar to that
of rGOpwr. The XPS spectra confirmed that DMF acted
as a mild reducing agent for GO. Furthermore, in the
same manner, GO dispersed in pure Dl water was much
less reduced than in DMF (Figure S1, Supporting
Information).

In addition to the mild reduction of GO, DMF acted
as a source of N atoms for N-doped PrGOppg, Which
was also confirmed by the XPS spectra of PrGOpymr and
rGOpwe showing significant N1s peaks (Figures 2a
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Figure 2. (aand b) XPS spectra of N1s of (a) PrGOpywr and rGOpp, (b) rtGOyz14. (€) XPS spectra of O1s of GO, PrGOpr, and rGOpy¢-

and 2b), corresponding to >3% of the N atoms. The
deconvoluted N1s spectra of PrGOpyr were assigned
to the pyridinic N—C peak at 399.4 eV and the pyridi-
nium N—C peak at 401.5 eV.'®"° As the reaction time
increased, the pyridinium N—C peak gradually de-
creased, whereas the pyridinic N—C peak gradually
increased. Eventually, after a 12 h-reaction (rGOpmg),
the pyridinium N—C peak vanished and new peaks
of pyridinic N—O at 402.4 eV and pyrrolidic N—C at
399.9 eV were observed.?® Unlike the N1s peak of
rGOnara” ' @ quaternary N—C peak at 401.0 eV and a
dangling N—C peak at 402.7 eV were not observed. The
N1s XPS spectra indicated that during the solvothermal
reduction with DMF, the association between the
oxygen groups of GO and the N atoms of DMF could
be involved in new N—O bonds via an intermediate
form of the pyridinium *N—C. The O1s XPS spectra
(Figure 2c) also revealed the new N—O bond at
531.5 eV for rGOpyr after a 12 h-reaction. Therefore,
the N-mediated reduction of GO could occur along
with the formation of a pyridinium N intermediate and
the production of N-doped rGOppr.

Structural changes due to the reduction of GO were
characterized by Raman spectra (Figure 3a). First-order
G- and D-bands originating from the vibrations of sp?
carbon appeared at 1597—1609 cm™' (from GO to
rGOpwme) and 1350—1360 cm ™" (from GO to rGOpwmg),
respectively. The intensity ratio of the D-band to the
G-band increased as GO sheets (Ip/lg < 0.8) converted
to PrGOpyr sheets (0.8 < Ip/lg < 0.9) and to 12 h rGOppe
(Io/lg > 0.9). An increase in the Ip/Ig ratio indicated an
increase in the defect density correlating with the
defunctionalization of the oxygen functional groups.
In particular, the G-bands shifted considerably with
regards to reaction time. Electron-doping effects due
to the insertion or bond formation of N atoms to the
sp>-carbon framework led to a red-shift in the G-bands
of PrGOppr (20 min, 40 min, and 60 min) and rGOppe.
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At 120 min, the G-band of PrGOpmr was markedly blue-
shifted (Figure 3b), which might be the result of a
transition state between two different doping types of
pyridinium- and pyridinic-N atoms in the sp*-carbon
framework. The catalytic activity of pyridinium N dur-
ing the reduction of oxygen groups on the neighbor-
ing PrGOpwmr sheets resulted in highly reduced
PrGOpmr compared to PrGOyater (Figure S1, Support-
ing Information), which can also be clearly observed
by the formation of pyridinic N—O. Furthermore, the
formation of N-doped PrGOpme was also identified
by Fourier transform infrared (FT-IR) spectroscopy
(Figure 3¢). In the IR spectrum of GO, the characteristic
bands of C=0 at 1730 cm™', C=C at 1620 cm™ ', and
C—0 at 1050 cm™' could be identified. After the
reduction of GO to PrGOpy, the C=0 peak decreased
relative to the C=C peak. The absorption in the 1200—
1600 cm ™' range can be attributed to the N atoms
bonded into the sp? carbon framework.??> Thus, the
new peak at 1550 cm ™' can be attributed to C—N in
PrGOpme and a peak at 1662 cm™ ' in rGOpap, can be
attributed to C=N,?" whereas no peak associated with
N atoms on rGO,erm Was found (Figure 3d).

As the N-doping and reduction of GO proceeded in
the DMF solution, the restoration of the s-conjugated
structures induced the gradual red-shifting of the peak
at 230 nm (attributed to the —x* transition of C=C
bond) in the UV—vis spectra of GO and PrGOpy
powder (Figure S2, Supporting Information). The dif-
fuse reflectance UV—vis spectra of the PrGOpyr pow-
der were measured to obtain the band gap. This
technique has generally been used for particles, in-
cluding rGOs (or graphite oxide). The band gap energy
was determined by the Kubulka-Munk method, de-
fined as F(R) = (1— R)?/(2R), where R is reflectance and
F(R) is proportional to the extinction coefficient.?*2*
Figure 4a shows plots of the modified Kubulka-Munk
function versus the band gap energies of PrGOppg, in
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Figure 3. (a) Raman spectra of (a) GO, PrGOpy, and rGOpy. (b) Plots of G-bands for GO, PrGOpyr, and rGOpe. The error bars
indicate standard deviation. (c and d) FTIR spectra of (c) GO and PrGOpy, (d) rGOnz14 and rGO¢herm (at 300 °C).

which the modified Kubulka-Munk function is the F(R)
function in terms of hv, where h is Plank's constant
and v is the light frequency. The band gap energy
decreased from 2.55 eV (GO) to 1.35 €V (120 min
PrGOpme) as the reaction time increased. The band
gap energy of GO significantly decreased by 50%
during the 120 min of reduction to PrGOpy, which is
presumably associated with a significant decrease
(~30%) in the oxygen-functionalized carbon density
and the C=0 groups in particular, as shown in FT-IR
spectra (Figure 3c). One of the noticeable phenomena
in the plots of the modified Kubulka-Munk function
was a significant decrease of the band gap energy after
120 min of reaction, which also appeared in the XPS,
Raman, and FT-IR spectra with the same frequency.
To understand the change in the interlayer of
PrGOpyr films with reaction time, X-ray diffraction
(XRD) was used. Figure 4b shows the reduction time-
dependent evolution of the peaks for the (002) facet
of graphene. As the reduction reaction gradually pro-
ceeded, two types of the (002) peaks appeared and
shifted to the right. Peak A at 20 = ~10—12° gradually
decreased over the 60 min reaction time and nearly
merged into Peak B at 20 = ~24.5° after 120 min.
Interestingly, the position of Peak A of GO was observed
at a higher degree (11.26°) than those of PrGOpy at
20—40 min, indicating that the intercalations of certain
molecules such as DMF can produce a larger interlayer
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distance in PrGOpyr at 20—40 min (8.816 and 8.037 A),
as compared with GO (7.852 A). The interlayer distances
of Peak B gradually decreased from 3.887, 3.811, and
3.789 A for PrGOp at 20—60 min to 3.645 A for 120 min
PrGOppr and to 3.559 A for PrGOpe at 12 h (Figure S3,
Supporting Information). In particular, a drastic change
in the XRD pattern of PrGOpy is that Peak A faded to
merge into Peak B in PrGOpyr at 120 min. It is reason-
able to assume that the interlayer distance decreased
as the reduction proceeded due to removal of inter-
calated water molecules and oxygen functional groups.
Furthermore, the interlayer distance of rGOuerm at
1000 °C was measured to be 3.43 A (Figure S3, Sup-
porting Information), which was very similar to that of
graphite (~3.4 A). Intercalated molecules, oxide
groups, defects, or empty spaces between GO/PrGO/
rGO sheets could produce interlayer distances larger
than that of graphite.? In the same manner, doped
nitrogen atoms from C—N bonds (chemical defects)
could also have induced the increase in the interlayer
distance. Considering the existence of pyridinicN—O in
rGOpp (in the XPS spectra) instead of pyridinium N,
H®"N-PrGO—CO0° /H*"N-PrGO—CO0°~ as an inter-
mediate could be formed in the interlayers of PrGOpj.
As the amount of doped nitrogen atoms was retained
at 2.7-3.2% in PrGOpme, the pyridinium N in H°*
N-PrGO—CO0%~/H*+*N-PrGO—COO°~ presumably was
converted to pyridinic N—C or pyridinic N—O (as shown in
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Figure 2a). The significant loss of C=0 (C(O)OH at
1730 cm™") in the FT-IR spectrum of PrGOpye at 120 min
suggests that the deformation of H>*N-PrGO—CO0°/
HO*N-PrGO—CO0°~ could occur. Therefore, the loss of
Peak A in the XRD pattern of 120 min PrGOpyg was due
to the loss of carboxyl groups in the interlayer.
Finally, the rewritable nonvolatile memory charac-
teristics of PrGOp films with H°*N-PrGO—CO0°~/
H2*N-PrGO—CO0O°~ was demonstrated using a two-
terminal crossbar memory device with the memory
material sandwiched between the bottom and top
electrodes (e.g., metal/PrGOpye thin film/metal)
(Figure 5a). The thin film active layer on the ITO sub-
strate was prepared by the spin coating of GO,
PrGOppmr, and rGOp;H4 (@ control sample was used to
represent fully reduced GO) dispersed in DMF solution.
The electronic characteristics of each device were
investigated in a low voltage range and a high voltage
range. At a low voltage range from —0.5 V to +0.5V,
the electronic transport behaviors of the Au/thin film/
ITO devices were examined. The current—voltage
characteristics of the Au/PrGOpy¢/ITO devices showed
sigmoidal curves, and in contrast to the linear |-V
curve of Au/rGOpnyH4/ITO. At —0.5 V, the current value
of 20 min PrGOpwr Was increased by ~10° times over
that of GO (see the /—V curve in inset), revealing a
significant reduction effect accompanied by N-doping
in DMF solution. Furthermore, operation performances
of the Au/PrGOpp/ITO memory devices were tested at
a high voltage range between —3.5 V and +3.5 V
(Figure S4, Supporting Information). The voltage
biased to the top electrode was swept from 0 to +3.5
and —3.5 V in a cycle. Two types of current—voltage
plots were obtained with various reaction times. The
Au/PrGOpyr/ITO devices reacted for 20 to 60 min
showed small asymmetric hysteresis loops, while the
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other devices (GO, PrGOppw reacted for 120 min, and
rGOnzn4) did not exhibit current hysteresis loops. On
the other hand, using Al top-electrode-deposited thin
film devices (e.g., Al/15 nm GO, PrGOppmg, or rGOpzn4
films/ITO), the Al/PrGOpye/ITO devices reacted for
20—60 min showed a significant current hysteresis
loop due to conductance or resistivity switching be-
tween the two states (Figure 5b and Figure S5 in
Supporting Information), whereas no noticeable cur-
rent hysteresis was observed in GO, PrGOpy reacted
for 120 min, and rGOy;p4. Since the current—voltage
plots showed that there were two types of memory
devices with different metal top electrodes, it is be-
lieved that the electrochemical properties of each
metal could be associated with memory behaviors.
The electrochemically inactive gold electrode cannot
be oxidized while the aluminum electrode can be
electrochemically oxidized under applied positive vol-
tages. Thus, accumulated electrons near the ITO elec-
trode could be partially consumed to reduce PrGOpwr
in Au/PrGOpy/ITO devices, leading to asymmetric
current hysteresis due to the irreversible reduction of
PrGOpwr.” However, electrochemically oxidized alumi-
num ions can diffuse into the interface layer between the
Al and PrGOpyr layers of Al/PrGOpye/ITO devices, and
can aid in charging a portion of the active layer. Further-
more, all samples from the electrically insulating GO to
the fully reduced rGOpyHs Were not electrochemically
reduced under a voltage range from —3.5to +3.5 V.

In the current—voltage plots of Al/PrGOpng/ITO
devices (Figure 5b), the switching voltage from low
(an OFF state) to high (an ON state) conducting states
was approximately >2.0 V, which did not show specific
dependence on the type of PrGOpye with the reac-
tion time, indicating that current switching is not
associated with the electrochemical reduction of
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Figure 5. (a) Current—voltage plots in linear scale for GO, PrGOpyr and rGOy;44 at the low bias range from —0.5 to 0.5 V for
Au(top)/GO, PrGOppw, rGOnzHa/Au(bottom) devices. (b) Current—voltage plots in log scale for GO, PrGOpyr and rGOy,p4 at the
high bias range from 0.0 to 3.5 Vand —3.5 Vin a cycle for Al (top)/GO, PrGOpp, rGOn2na/ITO (bottom) devices. (c) Write-Read-
Erase-Read (WRER) performance of a 20 min PrGOp ¢ device. The upper panel display applied voltage cycles for Write (3.0 V),
Read (1.0 V), Erase (—3.0 V), and Read (1.0 V). The lower panel display responded current cycles in linear scale for Write, Read,
Erase, and Read. (d) Current retention plots in log scale for On/Off states. (e) WRER current cycles in log scale for the device in

panel c after 50 day storage.

PrGOppme. At 1V, the current value of the ON state was
approximately 100 times larger than that of the OFF
state. The rewritable memory performances of write-
read-erase-read (WRER) for the Al/PrGOpne/ITO de-
vices reacted for 20 min were tested (Figure 5c¢). The
voltages for writing, reading, and erasing were 3.0V,
1.0 V, and —3.0 V, respectively, and the memory
operation was stable for over 100 cycles of WRER.
The ON/OFF ratio was approximately 100 (Figure 5c)
with a retention time of >1000 s (Figure 5d). The WRER
operation was preserved after 50 days of storage
(Figure 5e). Thus, Figure 5c—e demonstrated crucial
characteristics as a nonvolatile memory showing the
stable retention and endurance performances of ON/
OFF states. The PrGOpyr memory materials showed
high stability with the short readout intervals and

SEO ET AL.

the long storage: (1) PrGOpype as @ memory material
showed clear ON/OFF states and nondestructive states
during much readout (1100 times) for the short time
(1000 s). (2) The stable endurance performance after
50-day storage is long enough. In addition, the |-V
characteristic tests of each device were performed
under ambient condition as well as vacuum, and no
effects of oxygen or water were not found. Intercalated
water molecules (for GO) or oxygen groups (for
PrGOpme) in each film could not destruct the device
performance during a long storage.

According to the literature, partially reduced GO ex-
hibits stable memory behavior in comparison with
nonreduced GO, indicating that some degree of oxy-
gen content influences GO-based memory effects.’
In this study, only semiconducting PrGOpyr with an
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Figure 6. Schematic of the proposed switching mechanism of two conducting states for an N-doped PrGOpyr memory

device; (a) Al/GO/ITO, (b) Al/PrGOpme/ITO, (c) Al/rGOpwe/ITO.

oxygen-functionalized carbon density of 45—50% in-
duced the bistable resistivity associated with rewritable
nonvolatile memory. Moreover, insulating GO, decarboxy-
lated PrGOpwe (ie, defunctionalization of carboxylic
groups), and highly conducting rGOp,n4 devices did not
exhibit current hysteresis loops, indicating that the factors
determining the memory behavior of PrGOpy included
not only the oxygen content (or the oxygen-functiona-
lized carbon density) of GO (or rGO), but also the forma-
tion of H>"N-PrGO—CO0° /H>*N-PrGO—COO’~ in the
interlayers. Therefore, our results revealed that, in addition
to the oxygen content or the oxygen-functionalized
carbon density, the interplay of functional groups be-
tween PrGO sheets is an important factor to determine
the memory characteristics.

Figure 6 shows a schematic of the proposed switch-
ing mechanism of the two conducting states for an
N-doped PrGOpyur memory device. (1) The pristine GO
device has many water molecules intercalated in a
relatively thick interlayer, which serves as an insulating
barrier between the GO framework and the oxygen
functional groups. On the other hand, (2) N-doped
PrGOpp, particularly pyridinium N, has a relatively
small insulating barrier due to the insertion of nitrogen
atoms and the reduction of the intercalated water
molecules and oxygen functional groups. In addition,
a charge transport path could be formed through the
association between pyridinium N doped PrGOpwme
frameworks and charged oxygen functional groups,
switching an OFF state to an ON state as a result of the
voltage-induced polarization of the film. However, (3)
when oxygen functional groups such as carboxyl groups
are removed, the polarization effect becomes weak and

METHODS

Sample Preparation. GO was synthesized using a modified
Hummers method from graphite powders (Bay Carbon, SP-2)

SEO ET AL.

the resulting charge transport path no longer forms,
resulting in no observable current hysteresis loops for
120 min PrGOppyr and rGOp;,n, devices.

CONCLUSIONS

In conclusion, chemically synthesized N-doped
semiconducting PrGOs were produced using a mild
reducing agent, the polar aprotic solvent DMF, and
yielded different band gap values. Reaction time-
dependent GO reduction with DMF resulted in a
variety of optical band gaps from 2.55 eV (GO) to 1.35
eV (120 min PrGOppg). In two-terminal memory devices
with the N-doped semiconducting PrGOs sandwiched
between top and bottom metal electrodes, the current
hysteresis exhibited two conducting states in current—
voltage characteristics. However, for fully reduced GO
with a low oxygen-functionalized carbon density (small
amount of a negatively charged oxygen) and highly
oxidized GO with a high oxygen-functionalized carbon
density (no positively charged pyridinium), the current
hysteresis was negligible. As carefully designed, the
semiconducting PrGOpye devices containing sp> C=C
frameworks with 2.7—3.2% nitrogen atoms and an
oxygen-functionalized carbon density of 45—50%
(especially ~1.5% pyridinium N atoms) clearly displayed
rewritable nonvolatile memory behaviors, suggesting
that novel N-doped PrGOpr could form a charge trans-
porting path by associating with oxygen/nitrogen-
functional groups such as H>*N-PrGO—CO0°~/H®*N-
PrGO—CO0%  in interlayers of PrGOppg sheets. As a
whole, the voltage-induced polarization of the film
allowed the switching of an OFF state to an ON state,
producing a rewritable nonvolatile memory.

and purified according to previous reports.?*=2® GO sheets
(approximately 1.0 mg mL™") were dissolved in solvent (DI
water) or a solvent mixture (DMF:DI H,0O, 9:1) followed by
ultrasonication. The GO solution was thermally reduced under
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reflux conditions in an oil bath (or an autoclave) at 150 °C under
an Ar gas (10% H;) atmosphere. A cooling condenser was used
to prevent solvent evaporation. The product was filtered or
directly drop-casted on chemically cleaned substrates, predried
at room temperature in the air, and dried at 80 °C for 24 hiin a
vacuum oven.

Thermal Annealing. Dried samples of both GO and chemically
reduced rGOyp4 (With hydrazine) in a vacuum oven at 80 °C for
24 h were thermally reduced or annealed by a programmed
heating/cooling process under Ar containing 10% H, by a rapid
thermal annealing (RTA) system (SAM Vac CS410, Eurotherm
2040 Temperature controller). The samples were initiated at
room temperature, rapidly heated to high temperature within a
few tens of seconds (30 or 90 s), and then slowly cooled to room
temperature within 15 min.

Characterization. Raman spectroscopy was performed at 514 nm
on samples on SiO, substrates. FT-IR spectroscopy (Bruker IFS-66/S)
and X-ray diffraction (Ultima 1V, Rigaku) were performed using
highly pressurized pellets of ground powder samples. X-ray
photoelectron spectroscopy (VG Microtech ESCA 2000) and
UV—uvis diffuse reflectance spectroscopy (UV-3600, Shimadzu)
were performed using drop-cast samples on Si substrates.

Fabrication and Measurement of Memory Devices. The synthesized
solutions were spin-coated to produce a thin film (~15nm) on a
precleaned ITO (or Au) electrode. The samples were dried in a
vacuum oven at 80 °C for 24 h. Au top electrodes (60 nm thick)
or Al top electrodes (80 nm thick) were deposited by electron-
beam evaporation at a low deposition rate (0.1 A s"). The
electrical characteristics of the memory devices were measured
(a Keithley 4200—SCS semiconductor characterization system)
in a vacuum (approximately 1.0 x 10™* ~ 1.0 x 107 Torr).
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