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Nonvolatile memory with graphene oxide as a charge storage node
in nanowire field-effect transistors

David J. Baek, Myeong-Lok Seol, Sung-Jin Choi, Dong-Il Moon, and Yang-Kyu Choia)

Department of Electrical Engineering, KAIST, Daejeon 305-701, South Korea
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Through the structural modification of a three-dimensional silicon nanowire field-effect transistor,

i.e., a double-gate FinFET, a structural platform was developed which allowed for us to utilize

graphene oxide (GO) as a charge trapping layer in a nonvolatile memory device. By creating a

nanogap between the gate and the channel, GO was embedded after the complete device fabrication.

By applying a proper gate voltage, charge trapping, and de-trapping within the GO was enabled and

resulted in large threshold voltage shifts. The employment of GO with FinFET in our work suggests

that graphitic materials can potentially play a significant role for future nanoelectronic applications.
VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3690670]

Owing to its role as a precursor to graphene, graphene

oxide (GO) has attracted substantial interests from the scien-

tific community.1 Recently, various studies have been carried

out to find different ways to utilize GO. These efforts include

using GO as a channel region in thin film transistors

(TFTs),2 testing the potential of GO as a dielectric material

in organic field-effect transistors (OFETs),3 and employing

GO in memory applications.4,5 The structure of a GO is

known to consist of a hexagonal ring-based carbon network

with sp2-hybridized carbon atoms and sp3-hybridized car-

bons bearing hydroxyl and epoxide functional groups on ei-

ther side of the sheet, while the edge area of the GO contains

carboxyl and carbonyl groups.6,7 Within the GO, the oxygen

functionalities and the defects that originate from the chemi-

cal structure of the edge area can act as a charge trapping

site.8 With the ample space it provides for charge trapping,

several research groups have investigated GO for its role in a

nonvolatile memory device.9,10 As much as the abundant

charge trapping capacity GO contains is interesting, due to

the weak immunity GO has against temperature,9 it is highly

difficult to realize a nonvolatile memory device with GO on

a complementary metal-oxide semiconductor (CMOS)-com-

patible FET as the properties of GO would severely alter dur-

ing the fabrication steps. Moreover, for planar FETs and

organic FETs, when the device is realized on the silicon-on-

insulator (SOI) substrate, as the silicon substrate acts as a

global backgate, the device lacks individual addressibility.

For memory operations, monolithic integration with an

external circuit is crucial for practicality.

To address the above issue, herein, we report a structural

platform derived from a FinFET, which enabled us to de-

velop a CMOS-compatible nonvolatile memory using GO as

the charge trapping site. The top-down approach utilized in

our work is exceptionally simple, precisely controllable, and

easily reproducible. Furthermore, as a viable candidate for

developing future computer chips, FinFETs have recently

been announced in the media for commercialization due to

the smaller device size and stronger immunity against short-

channel effect that FinFETs have compared with planar

FETs.11,12

The overall configuration of the proposed device is illus-

trated in Fig. 1(a). An n-channel double-gate FinFET, in

which the silicon fin is sandwiched between the two gate

electrodes, was modified for the realization of the proposed

device. That is, to provide a space for the injection of the

aqueous GO, the gate oxide was replaced with an air gap.

Through sufficient etching, the gate oxide was completely

removed, and subsequently 3 nm of silicon dioxides were

regrown on the exposed surfaces of both the channel and the

gates through thermal oxidation in the furnace for 30 min at

700 �C. For planar FETs, due to structural limitations, the

fabrication process requires thermal annealing of the source

and drain after the insertion of the GO. As a result, much of

the electrical properties of GO are altered, and the charge

trapping capacity is reduced.9,13 In that sense, the particular

structure of the proposed device is highly advantageous as it

can allow for the introduction of the GO after all the high

temperature fabrication steps have been carried out including

annealing which is required for improving transistor

characteristics.

The process of inserting GO was simple because, as pre-

viously reported, GO is soluble in many different solvents and

can be uniformly deposited onto a wide range of substrates.14

To attach the GO material, 3-aminopropyltriethoxysilane

(APTES), which serves as an adhesion layer, was coated on

the device prior to the introduction of the GO. By dipping the

device in a solution containing aqueous APTES solution

mixed with de-ionized water in 1:100 ratio for 30 min, the

coating of the APTES was completed. Then, by dipping the

same device in an aqueous GO solution for 30 min, GO was

attached to the channel and the gate area. As a result, we were

able to obtain a final structure in which the GO is located

between the gates and the channel, and the regrown oxides

enclosing the GO served as the tunneling and blocking oxides

for the memory operation.

The GO used in this work was acquired from following

a modified Hummer’s method.15 Figure 1(c) shows the

Raman spectrum of the GO that was used for this work. The

first peak at the frequency of 1335 cm�1 corresponds to

a)Author to whom correspondence should be addressed. Electronic mail:

ykchoi@ee.kaist.ac.kr.
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the D band while the second peak at 1600 cm�1 corresponds

to the G band. Conventionally, the intensity ratio ID/IG of the

two peaks is widely used for characterizing the defect quan-

tity within the graphitic materials.16,17 By controlling the

amount of defect quantity, the electronic and mechanical

properties of the GO can be tuned to the user’s purpose.18

Thus, the trapping sites within the GO and therefore the

amount of threshold voltage shift can be readily modulated.

In our case, in order to provide an abundant room for charge

storage, it was desirable to have a more severely fragmented

GO. We imagine that as the device scales down, the uniform-

ity of the GO material with respect to both its size and frag-

mentation will be increasingly important for obtaining

reliable memory characteristics. The obtained GO was em-

bedded within the fabricated device and the cross-sectional

view of the finalized structure is as presented in Fig. 1(d).

Here, it should be noted that the thicknesses of the oxides ad-

jacent to the gate and the channel are about the same. In

order to confirm the presence of the GO within the nanogap

after its insertion, an elemental mapping was performed with

the energy dispersive spectroscopy (EDS). The mapping for

silicon in Fig. 2(a) results from the polysilicon gates and the

silicon channel, while that of the nitrogen element shown in

Fig. 2(d) is from the hard mask and the passivation layer. As

illustrated in Figs. 2(b) and 2(c), the oxygen and carbon

atoms show high intensity signals concentrated at the nano-

gap region. The carbon element is relatively less clear com-

pared with other elements as carbon is more vulnerable to

the surrounding noise. Knowing that GO consists of both ox-

ygen and carbon, the EDS mapping clearly supports the

attachment of GO on the channel and the gates. Furthermore,

due to the presence of the regrown oxide layers, oxygen

shows a more apparent pattern compared with carbon.

To study the charge trapping properties of the GO, the

current-gate voltage (I-VG) hysteresis was measured from

n-channel devices with a gate length of 1 lm and nanowire

width ranging from 40 to 60 nm. The obtained I-VG curve

was then converted to a conductance-gate voltage (G-VG)

curve by the relationship G¼ I/Vds, where Vds is the drain-

source voltage. As illustrated in Fig. 3(a), for the GO embed-

ded device, it was found that the ratio between the high con-

ductance on state and the low conductance off state was as

large as 107. After the initial read, the device was switched

to an erased state by applying þ10 V. When a positive volt-

age was applied to the gates, the threshold voltage (VT)

shifted in a leftward direction and the device was turned on

FIG. 1. (Color online) (a) Schematic

illustration of the proposed device with

the GO embedded. The final configura-

tion is formed by an initial gate oxide re-

moval from the double-gate FinFET,

followed by a slight re-oxidation, and

finally the introduction of the GO mate-

rial. Due to the initial removal of the

gate oxide, a nanogap is formed in which

the GO can enter into. (b) Cross-

sectional schematic of the final GO-

embedded device. (c) Raman spectrum

of the GO used for the characterization.

(d) Cross-sectional transmission electron

microscopy (TEM) image of the GO-

embedded device with a close-up view

of the region between the channel and

the gate.

FIG. 2. (Color online) Analysis of the gap region between the gates and the

channel for a GO-embedded device. Elemental mapping with EDS for (a)

silicon, (b) oxygen, (c) carbon, and (d) nitrogen.
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at a lower voltage. Designating 2000 nS to be the high con-

ductance on state, which corresponds to a drain current of

10�7 A when 0.05 V of Vds is applied, the VT shifted by

6.05 V after the erase. From the erased state, when a subse-

quent VG of �10 V was applied, the device switched to a

programmed state and the VT shifted rightward by 9.45 V. To

confirm that the APTES layer was not a factor for the large

hysteresis, a control experiment with only the APTES layer

was carried out. As illustrated in Fig. 3(b), the hysteresis is

markedly small, implying that the GO clearly functions as a

charge trapping site. As illustrated in Fig. 4(a), when a nega-

tive VG is applied (e.g., program operation), electrons from

the heavily doped n-type polysilicon gate tunnel through the

oxide layer and are stored in the traps within the GO. Due to

the lower mobility and higher potential barrier experienced

by the holes compared with that of the electrons, electrons

play a dominant role during the tunneling process. As the

electrons are trapped within the GO, larger VG is required for

the creation of an inversion layer in the channel and thus the

VT is increased. As positive VG is applied, the electrons

within the GO layer tunnel back into the gate, and thus

smaller VG is necessary for the channel inversion. To confirm

that the mechanism behind the program and erase involves

tunneling, control experiments were performed for three dif-

ferent tunneling oxide thicknesses (TOX). For the three differ-

ent TOX, that is, 3, 5, and 7 nm, the following oxidation

conditions were employed: 700 �C for 30 min, 750 �C for

30 min, and 750 �C for 45 min. As presented in Fig. 4(b), as

TOX was increased, less hysteresis was shown. As widely

known, the tunneling probability of the electrons decreases

greatly for increased TOX. Hence, when TOX is increased,

smaller number of electrons would travel into the GO region

and would result in reduced number of trapped electrons

within the GO.

FIG. 3. (Color online) (a) G versus VG

for the final GO-embedded device with

0.05 V of Vds applied. The initial curve

(black) shifts to the right (blue) as a VG

of �10 V is applied. The converse is true

when a VG of þ10 V is applied. The

right curve (blue) shifts to the far left

(red). The double-headed arrow indi-

cates the wide memory window between

the “programmed” and “erased” states.

(b) G versus VG with only the APTES

adhesion layer attached to the gate and

the channel. Without GO, the hysteresis

is greatly reduced.

FIG. 4. (Color online) (a) Operation of

program and erase. (b) Amount of VT

shift for different TOX. (c) On and off
switching of the device using þ10 V and

�10 V. During erase and program, VG of

þ10 V and �10 V, each with a pulse

width of 50 ms were employed, respec-

tively. The on/off states were read with a

VG of 2 V and a Vds of 0.05 V for

250 ms. Hence, the total period of a sin-

gle cycle was 0.6 s. (d) Program/Erase
time versus VT shift with different VG

applied for both program and erase.
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We extended our study by measuring the on/off cycles.

Our device showed excellent endurance as the switching

between on and off states maintained the same conductance

change for at least 104 cycles and the typical on/off cycles are

as shown in Fig. 4(c). Moreover, large hysteresis was

observed even for small VG applied. The VT shifts for different

VG applied are shown in Fig. 4(d). As the magnitude of the

applied VG is increased, the amount of hysteresis is increased

as well. It should be noted that in Fig. 4(d), the VT shift for

program and erase each represent hysteresis from its counter

state. For the erased state, as the erase time and the magnitude

of the applied VG is increased, the hysteresis is increased as

well. However, for the programmed state, though the

increased magnitude of the applied VG resulted in larger hys-

teresis, the program time did not have a significant influence.

During program, as electrons are simply being tunneled into

the GO layer, the operation occurs quickly and a large hyster-

esis can occur at a relatively short amount of time. However,

during erase, as the trapped electrons must be de-trapped

before the tunneling, the time seems to play a bigger role.

Finally, the retention time of the proposed device have

been characterized. Figures 5(a) and 5(b) represent the reten-

tion time for different TOX, 3 and 5 nm, respectively. For 3 nm

of TOX, though the initial on/off ratio of the conductance

between the erased and programmed states was 106, the large

ratio was reduced to a difference of only one order in a rela-

tively short period of time (<1000 s). On the other hand, when

the TOX was increased to 5 nm, though the initial on/off ratio

was decreased to 103, the gap between the two states remained

for an increased period of time. Thus, by optimizing the TOX to

fit our purpose, we can either obtain excellent retention time or

large on/off ratio. We believe the variability of the retention

time is likely due to the variations in the electron tunneling

probability. Moreover, the characteristics of the GO material

itself may influence the retention time. As well-known, the

main transport mechanism within GO is lateral conduction

which occurs by hopping between localized states.19 Thus,

reduced GO can possibly worsen the retention by increasing

the density of such localized states20 and charge leakage.

In summary, to study the charge trapping properties of

GO without altering its innate characteristics, a FinFET was

modified for the realization of a structure that can allow for

the insertion of the GO after the complete fabrication of the

device. As the proposed device is directly derived from a

FinFET, it is CMOS-compatible, individually addressable,

and extremely practical. More importantly, due to GO’s

large charge trapping capacity, memory window was shown

to be as wide as 9.45 V. Together with the solution-

processability of GO and the unique structure of the pro-

posed device, we were able to obtain results that demonstrate

the potential usage of graphitic materials with respect to the

silicon technology.
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Jorio, and R. Saito, Phys. Chem. Chem. Phys. 9, 1058 (2007).
9S. Wang, J. Pu, D. S. H. Chan, B. J. Cho, and K. P. Loh, Appl. Phys. Lett.

96, 143109 (2010).
10T.-W. Kim, Y. Gao, O. Acton, H.-L. Yip, H. Ma, H. Chen, and A. K.-Y.

Jen, Appl. Phys. Lett. 97, 023310 (2010).
11J. Markoff, Intel increases Transistor Speed by Building Upward, The

New York Times, 4 May 2011.
12D. Clark, Intel, Seeking Edge on Rivals, Rethinks Its Building Blocks, The

Wall Street Journal, 4 May 2011.
13C. Gomez-Navarro, R. T. Weitz, A. M. Bittner, M. Scolari, A. Mews, M.

Burghard, and K. Kern, Nano Lett. 7, 3499 (2007).
14G. I. Titelman, V. Gelman, S. Bron, R. L. Khalfin, Y. Cohen, H. Bianco-

Peled, Carbon 43, 641 (2005).
15W. S. Hummers and R. E. Offman, J. Am. Chem. Soc. 80, 1339 (1958).
16F. Tuinstra and J. L. Koenig, J. Phys. Chem. 53, 1126 (1970).
17F. Tuinstra and J. L. Koenig, J. Compos. Mater. 4, 492 (1970).
18I. Jung, D. A. Dikin, R. D. Piner, and R. S. Ruoff, Nano Lett. 8, 4283 (2008).
19S.-S. Li, K.-H. Tu, C.-C. Lin, C.-W. Chen, and M. Chhowalla, ACS Nano

4, 3169 (2010).
20G. Eda, C. Mattevi, H. Yamaguchi, H. Kim, and M. Chhowalla, J. Phys.

Chem. C 113, 15768 (2009).

FIG. 5. (Color online) Retention characteristics of the GO-embedded device

with TOX of (a) 3 nm and (b) 5 nm. The upper and lower curves stand for

erased and programmed states, respectively.
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