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Photoinduced Memory with Hybrid Integration of an
Organic Fullerene Derivative and an Inorganic Nanogap-
Embedded Field-Effect Transistor for Low-Voltage Operation

Chung-Jin Kim, Sung-Jin Choi, Sungho Kim, Jin-Woo Han, Hoyeon Kim, Seunghyup Yoo,

and Yang-Kyu Choi*

Conventional flash memory faces serious technical challenges
in reducing high program/erase voltages,!! and the increasing
discrepancy between low supply voltages and the high flash-
operation voltage makes problems worsen. They arise from
the inherent trade-off relationship between the program/
erase speed and retention time through the scaling of a tunnel
oxide.!l Moreover, it is forecasted that the reduction of the oper-
ation voltage will barely be achieved, despite aggressive dimen-
sional scaling of the cell size.’l

Recently, as an alternative memory mechanism, optical
switching devices with a photoactive material have been pro-
posed.[*-%1 However, these optoelectronic approaches based on
the simple functionalization or the homogeneous integration
of organic channel/organic-based gate dielectrics still show
intrinsic problems in memory functionality, such as unstable
hysteresis, which make the data states undistinguishable and
the operation voltage too high.

To be free from the aforementioned inherent limitations for
low-voltage operation and the intrinsic problems stemming from
the homogeneous integration of the organic material alone, it is
essential to develop a novel operation method and hybrid integra-
tion based on the adoption of a new material such as a photoac-
tive organic on a commercially matured and reliable silicon-based
complementary metal oxide semiconductor (CMOS). On the other
hand, although commercialized silicon-based CMOS devices pro-
vide high mobility and high-quality gate dielectrics accompanied
with matured mass-production technology, hybrid integration is
hampered by the high-temperature processes of CMOS, which
can result in the thermal instability of organic materials.

Herein, we demonstrate a photoinduced memory for low-
voltage operation, achieved by embedding an organic fullerene
derivative, [6,6]-phenyl-Cg;-butyric acid methyl ester (PCBM),
into an inorganic nanogap. The nanogap structure paves the
way for a high mobility corresponding with that of a silicon
channel and organic-inorganic-hybrid integration without any
thermal-instability issues in the organic material. Further-
more, the operation voltage, in the photoelectrical program/
erase method, is noticeably reduced compared with that by
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the electrical program/erase method alone.’! This is achieved
by optically induced carrier injection with the aid of the photo-
sensitive PCBM and retained free carriers, which are confined
by PCBM-surrounding high-quality SiO,. In view of the bias
polarity and performance, the proposed program/erase mecha-
nism, which is totally different from the mechanism relying on
the electrical program/erase method only, is also verified using
a commercialized numerical simulator.’!

For optical carrier injection, PCBM is used as a photoreceptor
in the proposed nanogap-embedded hybrid memory device.
PCBM is a good candidate for optoelectronic applications due
to its high extinction coefficient, which exceeds 10*-10° cm™.[®!
The implementation of organic materials that are vulnerable
to high temperature in the inorganic CMOS process, however,
should be avoided, or the process should be carefully designed
so as to minimize thermally induced performance degradation,
as well as possible cross contamination. A nanogap made by
partial removal of a sacrificial gate dielectric can be one solution,
because the nanogap can be filled following the high-tempera-
ture CMOS processes. Moreover, the formation of a nanogap
filled with PCBM requires only three extra process steps: wet-
etching to carve the nanogaps, thermal reoxidation, and the
introduction of PCBM into the nanogaps by dipping or drop-
casting (Figure 1a). Also, it should be noted that the nanogap
structure exhibits a high mobility property, which cannot be
acquired in conventional organic FETs (OFETs), and results
from the organic-embedded-nanogap configuration based on a
high-mobility inorganic (i.e., single crystalline) silicon template
(see inset of Figure 2a and Supporting Information, Figure S1).

In the nanogap-filling process, the solution processability of
PCBM is critical, because it enables the filling of the nanogaps
with organic material by capillary force, as described in pre-
vious work.’) As shown in the magnified transmission electron
microscopy (TEM) image (inset of Figure 1b) the oxide-sur-
rounded nanogap was well filled with PCBM without any voids,
which resulted from the aforementioned high solubility!”
and small molecular dimensions of the PCBM, comparable
to that of fullerene, Cg.['Yl The nanogap length released by a
buffered oxide etchant (BOE) was 500 nm, and the dimensions
of the gate stack were 3.5 nm/35 nm/5.5 nm for the bottom
(or tunneling) oxide/PCBM/top (or control) oxide, respectively
(Figure 1b). Cross-sectional energy dispersive X-ray spectros-
copy (EDS) mapping (Supporting Information, Figure S2a)
confirmed that the nanogap-embedded material, sandwiched
between the two oxide layers, contained carbon elements.
Also, the Raman spectrum was recorded for PCBM
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Figure 1. a) Schematic illustration depicting the fabrication process: PCBM-embedded photoinduced memory from conventional metal oxide semi-
conductor FET (MOSFET). b) Cross-sectional TEM image with 35 nm-thick PCBM. The inset shows the magnified TEM image at the bottom oxide
interface.

(Supporting Information, Figure S2b) and the peak distribution
at 1465 cm™! (i.e., the v (C=C) band) supported that the detected
substance was PCBM.[12]

As a result of the optical-carrier injection in PCBM, the
optical response of the proposed device appeared as a change in
its threshold voltage (V7), as shown in Figure 2a. For memory
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Figure 2. a) Measured transfer characteristics after gate-bias application of =7 V and =9 V with/without an optical pulse of 100 mW cm™2 by a halogen
lamp (measurement sequence: 1. gate-voltage sweep; 2. negative gate voltage + optical pulse; and 3. gate-voltage sweep) b) Electrical-program method
alone. c) Energy-band diagram that schematizes the behavior of e~ and h* during application of the (-) gate bias using the photoelectrical-program
method. d) Schematic to illustrate the operation principle of the photoinduced memory. The different distances of e~ and h* from the channel result
in a spatially imbalanced charge effect.
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functioning, the Vi of the proposed device was uniquely shifted
by the application of a relatively low negative bias with the aid
of an optical stimulus, whereas it was shifted by the application
of a high positive bias in a conventional n-channel non-volatile
memory (NVM) device.'3] When a high negative gate bias was
applied alone, no change in the transfer characteristics was
observed (empty symbols). If, however, the same negative-gate
pulse of =9 V and an optical pulse (white light, 100 mW cm,
see Experimental Section) were applied together, referred to as
the photoelectrical program, a Vr shift (AVy) in excess of 9 V
was observed and the amount of the shift was enhanced with
increased negative-gate voltage (filled symbols).

When light is irradiated on photosensitive PCBM, similar to
an organic photovoltaic (OPV) device,* excitons or electron-
hole pairs bound by the Coulomb force are formed. Free elec-
trons (¢7) and holes (h*), which are separated by the applied
electric field, then move towards the opposite ends of the PCBM
layer and accumulate at the bottom oxide/PCBM and the top
oxide/PCBM interfaces under a negative voltage, respectively,
as shown in Figure 2c. As long as the same number of ¢~ and h*
remain, they cannot contribute to the excess charges that induce
a AVy as in conventional flash memory using Fowler-Nord-
heim tunneling (FNT): the conventional FNT-program method
is based on tunneling through the triangular-shaped barrier by
the electric field (Figure 2b). For that tunneling, a highly posi-
tive gate bias, enough to make a narrow barrier, is required;
electrons, that are selectively tunneled into the electrically iso-
lated floating gate from the inverted channel, make a positive
shift of the threshold voltage. In contrast, the photoelectrical-
program method firstly creates the electron-hole pairs through
the light illumination and, secondly, separates them through
the electric voltage. Those redistributed e~ and h* result in a V¢
shift because of the differently induced potential at the channel,
which arises from the accumulated e” and h* at the interface.
It should be noted that the induced potential by the charges at
the bottom oxide/PCBM interface is not the same as that by the
charges at the top oxide/PCBM interface because it is a func-
tion of the distance from the channel. Therefore ¢~ close to the
channel have a greater influence on the channel potential than
h* close to the gate do, as shown in Figure 2d. This spatially
imbalanced charge distribution eventually contributes to a AVy,
even if the numbers of ¢~ and h* remain the same within the
PCBM layer. The AVy, induced by the separated charges, can be
described by:[*%!

€

ASOX

AVr=— (%ch — Xc.e) 1)

In Equation 1, Q. is the amount of electron charges, the value
of which is the same as that of the hole charges and is propor-
tional to the nanogap area occupied by the PCBM; A is the device
area, which is expressed as the product of the gap length and the
device width; g is the permittivity of SiO,, and xc . and xc, are
the centroids of the confined e~ and h*, which are the respective
distances from the channel interfaces (Supporting Information).
Equation 1 is consistent with the proposed spatially imbalanced
charge distribution and the charge-based numerical simulations
(Supporting Information, Figure S3).

As explained in Figure 2c, the combination of both a negative
electrical pulse and an optical pulse is required for a positive
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AVry, which is the photoelectrical program. If we simply change
the polarity of the gate pulse, namely the application of a posi-
tive electrical pulse with the optical pulse, Vi shifts oppositely
and it can be named as a photoelectrical erase. The decreased
Vr results from the decreased number of e in the company of
k" by sequential processes of the generated excitons dissocia-
tion and recombination with e~ and h* that had been formerly
distributed at the interface by the photoelectrical program (Sup-
porting Information, Figure S4). In short, it can be concluded
that the optical pulse acts as a driving force for AVy and the elec-
trical pulse acts as a controller to determine on/off switching,
the direction of the shift, and the operation speed. This kind
of controllable method, which uses electrical and optical pulses
simultaneously for program/erase, can overcome the limita-
tion of previous similar work using an optical or electrical pulse
alone for program and erase;'l thereby, it can be a strength
over other work, as well as the compatibility with traditional Si-
technology for mass production.

Figure 3a,b shows the program and erase speed of the
photoinduced memory for various gate pulses. The switching
speed means the time duration over which the optical and the
electrical pulses were applied simultaneously. As the magni-
tude of the gate pulse increased, the Vi difference increased.
Notably, a low program/erase operation voltage, equivalent to
2 MV cm™ of electric field, is the merit of the proposed memory.
Compared with the conventional FNT method for NVM pro-
gramming, the photoelectrical-program method resulted in a
lowered operation voltage and a bigger AVy (Supporting Infor-
mation, Figure S5). A greater shift of the threshold voltage with
a lowered program voltage is highly demanded to sustain an
exponential growth rate in the memory market for the next two
decades.

The data retainability could be examined by observing the
evolution of V as a function of time, as shown in Figure 3c.
In the absence of an external pulse after the photoelectrical-
program process, the duration of the memory effect could
be estimated, given that the imbalanced charge distribution
was retained. If we extrapolate the transition curve of Vr to
10 years, which is the retention criterion for commercial flash
memory, it is observed that 50% of the photoinduced charges,
expressed as the Vi difference, are preserved. Recombina-
tion through back transfer of ¢ and h*1'l and charge loss
due to the low barrier height of the oxide seen by e, owing
to the lowest-unoccupied-molecular-orbital (LUMO) level of
the PCBM,["®1 can be considered as two of the reasons for
Vi relaxation. Figure 3 d shows the repeatability of the photo-
induced memory in a single device and it was observed that
data were well preserved after 1000 on/off cycles. The reason
that Vq seemed to gradually increase is due to the degradation
of the transfer curve (subthreshold swing), which was induced
from interface trapping during the repeatable accumulation
process of the photoinduced charges. The endurance property,
including the voltage shift, will be improved through the opti-
mization of generated excitons, such as light-intensity tuning
and program/erase-voltage lowering.

Due to the photosensitive nature of the operation mecha-
nism, the proposed device can also act as a photodetector. To
verify the feasibility as a photodetector, the spectral photo-
response and the intensity dependence were characterized.

Adv. Mater. 2011, 23, 3326-3331
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Figure 3. a) Program speeds for various gate voltages with fixed light intensity. b) Erase speeds for various gate voltages with a fixed light intensity.
c) Data-retainability characteristics without electrical and optical pulses after photoelectrical programming and photoelectrical erase. d) Repeatability

characteristics with respect to the number of program/erase operations.

Figure 4a shows the spectral dependence of the proposed
photoinduced memory. A wavelength-dependent AVy is clearly
observed. Red-, green-, and blue-colored light-emitting diode
(LED) (30 mW cm ™2 each) light sources were used for this spec-
tral study. As the wavelength of the incident light decreased, the
photoinduced memory effect increased. This is consistent with
the characteristic that the absorbance of PCBM is higher in the
shorter wavelength region,?% since the number of generated
excitons is proportional to the absorbance.

In observing the intensity dependence, the gate voltage nec-
essary for light detection was designated as Vpgr. The gate-bias-
dependent characteristics in Figure 4b show the limit of detec-
tion in the optical intensity. It was observed that the margin for
optical detection, the Vi difference between Vr in the initial
state and after photoelectrical programming, decreased as the
optical intensity decreased. Additionally, the margin for detec-
tion of a relatively low intensity could be acquired at the cost
of a high Vpgr. In addition to this improved detection ability to
sense low-intensity light, the proposed configuration of photoin-
duced memory is applicable as a highly scaled image sensor.
One unit pixel in a conventional image sensor is composed of
a light-receiving photodetector region occupying a large area,
because a silicon-based photodetector needs enough light for

Adv. Mater. 2011, 23, 3326-3331
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light sensing, and thus the enlarged area of the photodetector
limits the scaling of each pixel. If the proposed scheme with
an embedded photodetector were used for an image sensor, the
pixel size would no longer be a concern.

As the next step, we investigated the effect of embedded
organic materials on memory phenomena. It is known that
the high degree of symmetry in Cg, as shown in the chemical
structures in the inset of Figure 4c¢, results in many of the low-
energy transitions being forbidden.?"?2l In contrast, C;y-based
PCBM ([70]PCBM), with an asymmetric chemical structure,
has a considerably higher extinction coefficient than Cgy-based
PCBM ([60]PCBM), which is directly tied to photon absorp-
tion; this results in more absorption in the visible wavelength
region (Figure 4c).B22231 It should be noted that the absorption
spectrum of the halogen lamp used for the experiment was
distributed primarily in the visible-light range. This character-
istic appeared as a difference in the memory effect, as shown
in Figure 4d. The critical gate bias in the [70]PCBM-embedded
device that starts to enable a photoinduced memory effect was
-3V, while that of the [60]PCBM-embedded device was —7 V.

In conclusion, we have reported on photoinduced memory
effects even at lowered voltages, by the use of simple hybrid
integration with a photosensitive PCBM and embedded,
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Figure 4. a) Wavelength dependence with red (630 nm), green (520 nm), and blue (465 nm) LED light sources. b) Intensity dependence of the photo-
induced memory. c) Absorption spectra of [60]PCBM and [70]PCBM. The inset indicates the chemical structures of [60]PCBM and [70]PCBM. d) Memory
effect according to the embedded material in the nanogap using a halogen lamp.

inorganic, silicon nanogaps. Based on experiments and simu-
lations, we found that the photoinduced memory effect with a
low operation voltage can be attributed to an imbalance in the
spatial distribution of ¢~ and h* within the nanogap, where e
and h* are separated from the photoinduced excitons. The pro-
posed memory configuration will help guide research for high-
performance memory applications and also provide a scaled
scheme of a photodetector, based on the investigation of the
spectral photoresponse and the ntensity dependence.

Experimental Section

For PCBM preparation, PCBM solution (5mg mL™", Nano-C) dissolved
in chlorobenzene was stirred for 12 h, and filtered through a 0.2 um
polytetrafluoroethylene (PTFE) filter. The devices were dipped for 24 h
and then dried at 150 °C for 1 h. The PCBM preparation and the coating
process were performed under a nitrogen atmosphere inside a glove-box
system.

The experiment for the optical response was performed using a
halogen lamp, a light-emitting diode (LED), and a laser. The intensity
of the halogen lamp (Hoya—Schott, Megalight 100), which was a broad-
band light source, was measured using a fiber-optic spectrometer
(K-MAC UV-vis Spectrometer, SV2100) and a calibrated photodiode
(Thorlabs, FDS1010-CAL) of which the spectral response was known.
Light from the halogen lamp was guided by an optical fiber and focused
onto the sample using the objective lens of a microscope. For green light,
a diode-pumped solid-state (DPSS) laser with a wavelength of 532 nm

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and a spectral line-width of 0.1 nm was used. Its intensity was varied
using a neutral density (ND) filter. The intensity of the LED light source
(Photron, 3 W Power LED) was modulated by the supplied voltage of the
power supply (Agilent, E3646A) while monitoring the photocurrent of the
calibrated photodiode. Since the viewing angle of an LED can be as large
as 125°, an appropriate focusing lens was used to concentrate the light.

The electrical characteristics were analyzed using a parameter analyzer
(Agilent, 4156C) and the drain current was measured while the gate voltage
was swept with a grounded source voltage and a drain voltage of 0.1 V. To
evaluate the memory performance, V; was defined from the gate voltage
corresponding to a constant drain current of 10® A um™. A nominal
electrical pulse was applied with medium integration time and stress mode
was used for the characterization of the program and erase speed.

The TEM images were attained using a field-emission scanning
TEM (Hitachi, HD-2300A). High-resolution TEM images were obtained
at 200 kV and EDS elemental mapping was conducted (Supporting
Information, Figure S1a).

Raman spectroscopy (NT-MDT, NTEGRA Spectra) was performed
using a Renishaw Raman microscope with a 532 nm pumped solid-state
laser and gratings of 600 lines mm™'. The Raman spectra of the PCBM-
coated samples were recorded by dipping a bulky silicon substrate
into PCBM solution, which is the same as the dipping process of a
photoinduced memory device.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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