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ABSTRACT: DNA-base small molecules of guanine, cytosine, adenine,
and thymine construct the DNA double helix structure with hydrogen
bonding, and they possess such a variety of intrinsic benefits as natural
plentitude, biodegradability, biofunctionality, low cost, and low toxicity. On
the basis of these advantages, here, we report on unprecedented useful
applications of guanine layer as hydrogen getter and charge trapping layer
when it is embedded into a dielectric oxide of n-channel inorganic
InGaZnO and p-channel organic heptazole field effect transistors (FETs).
The embedded guanine layer much improved the gate stability of inorganic
FETs gettering many hydrogen atoms in the gate dielectric layer of FET,
and it also played as charge trapping layer to which the voltage pulse-driven
charges might be injected from channel, resulting in a threshold voltage
(Vth) shift of FETs. Such shift state is very ambient-stable and almost
irrevocable even under a high electric-field at room temperature. So,
Boolean logics are nicely demonstrated by using our FETs with the guanine-embedded dielectric. The original Vth is recovered
only under high energy blue photons by opposite voltage pulse (charge-ejection), which indicates that our device is also
applicable to nonvolatile photo memory.
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■ INTRODUCTION

Polymer chain deoxyribonucleic acid (DNA) researches have
been mainly oriented to biomedical or biochemical applica-
tions. Following the bioresearch, DNA has recently been
studied as one of the interesting candidates for future electronic
materials, too, because it has such a variety of intrinsic benefits
as its natural plentitude, biodegradability, biofunctionality, low
cost, and low toxicity.1−5 For example, light emission efficiency
in organic light-emitting diode (OLED) was highly improved
when DNA polymer was used as an electron blocking layer.6,7

Also, DNA polymer was used as a dielectric layer for field-effect
transistors (FETs), although its dielectric behavior turned out
to be unstable.8−12 However, because of the insolubility of
DNA polymer in typical organic solvent, additional purifying
process with a cationic surfactant complex should be
accomplished for optoelectronic or electronic application. On
the one hand, DNA-base small molecules such as guanine,
cytosine, adenine, and thymine, which construct the DNA
double helix structure with hydrogen bonding, are able to form
a deposited thin film by thermal evaporation and readily
patterned by conventional method.13−15 Such DNA-base small
molecule layers are electrically insulating and were adopted for
a dielectric for organic FETs, although their dielectric stability

again remains questionable if they aren’t leaning on an adjacent
inorganic insulating layer.
Here, we report on unprecedented useful applications of

DNA-base small molecule guanine (C5H5N5O) layer as
hydrogen getter and charge trapping layer when it is embedded
into a dielectric oxide of inorganic and organic FETs. Because
thermal evaporation-deposited guanine layer plays as H getter
during low temperature (100 °C) process of atomic layer
deposited (ALD) dielectric oxide, the dielectric becomes more
electrically stable than the case without the DNA-base guanine
layer, and moreover the embedded guanine plays as a trap layer
for injected charges from the channel of the FET, so that the
voltage pulse-driven charge injection simply leads to the
threshold voltage (Vth) shift of the inorganic FET.

16−19 Because
such a Vth shift is very ambient-stable and is almost irrevocable
even under a high electric (E)-field at a room temperature,
Boolean logics are nicely demonstrated by using our FETs with
the DNA base-embedded dielectric. Such a Vth shift by guanine
trap layer is demonstrated for both n-channel InGaZnO
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(IGZO) and p-channel organic heptazole FETs, and the
original Vth is only obtained by blue photons with ∼2.7 eV,
whereas lower energy photons do not work.

■ EXPERIMENTAL METHODS
Fabrication of IGZO FETs with Guanine-Embedded Dielec-

tric. On a precleaned corning glass substrate with a 350 nm SiO2
grown by plasma-enhanced chemical vapor deposition system
(PECVD), we deposited a 50 nm thick amorphous-InGaZnO (a-
IGZO) thin film through DC magnetron sputtering system at room
temperature. Patterning process was done by conventional photo-
lithography and wet etching process using diluted buffered oxide
etchant (B.O.E) solution (200:1) and then a-IGZO was annealed at
200 °C for 2 h in ambient using hot-plate. The source and drain
electrodes of Ti/Au (50 nm/50 nm) bilayer were deposited by DC
magnetron sputtering system and patterned by photolithography and
lift-off process. The lift-off technique was achieved by the lift-off-layer
(LOL 2000: Micro Chem) and photo-resist layer (SPR 3612: Micro
Chem). The defined-channel width/length ratio was 1000 μm/50 μm.
After that, atomic layer deposition (ALD) system was used for
aluminum-oxide (Al2O3) as tunneling (5 nm) and blocking (40 nm)
layers, while 20 nm-thin DNA-base material (here, guanine) was
inserted between them. DNA-base thin films are carefully deposited by
thermal evaporation system (at 200 °C for the guanine, 95 °C for the
cytosine, 85 °C for the adenine, 80 °C for the thymine), to play as a
charge trapping layer between them. ALD process was maintained at a
temperature lower than 100 °C in consideration of the thermal limit of
guanine layer in vacuum (∼0.5 Torr). The Al2O3 etching for source-
drain contact definition was performed with the same dilute B.O.E as
used in the IGZO patterning. Finally, opaque gold (Au) or transparent
indium−tin-oxide (ITO) thin-film was deposited for the gate electrode
of a-IGZO thin-film transistors (TFTs). (Schematic device cross
section is described in Figure 1c). Logic inverter and Boolean logic
devices were then fabricated by interconnecting Al as shown in Figure
1b.
Fabrication of Heptazole FETs with Guanine-Embedded

Dielectric. The bottom gate and top contact organic FET with
heptazole semiconductor channel was also fabricated on a precleaned

corning glass substrate. Bottom Al gate electrode was thermally
evaporated through a shadow mask for patterning at first. Then 40 nm
thick and 5 nm thin Al2O3 layer were grown by the ALD process,
whereas a guanine layer (20 nm) was inserted in between those two
Al2O3 layers by thermal evaporation system. Here, deposition
sequence for our guanine embedded dielectric was opposite to
IGZO FETs. Then 60 nm-thin heptazole channel layer (width/length
= 500/90 μm) was patterned on the thin charge tunneling Al2O3 layer
by organic molecule beam deposition (OMBD) system as we
purchased the heptazole small-molecule from our co-workers
(Luminano Co). Finally, gold electrode was employed for ohmic
source and drain contact.

Electrical and Photoelectric Measurements. The device
current−voltage (I−V) characterizations were carried out by a
semiconductor parameter analyzer (HP 4155C, Agilent Technologies).
Electrical dynamics measurements were investigated with a function
generator (AFG 310, Sony/Tektronix) and an oscilloscope (TDS210,
Tektronix). Photoelectric measurements were also implemented on
both of our a-IGZO and Heptazole FETs with guanine-embedded
dielectric by using light-emitting diodes (LEDs) with three different
energies (wavelengths): red (680 nm), green (540 nm), and blue (440
nm). The optical power of the LEDs was given as 4, 2, and 1.5 mW for
red, green, and blue in the same distance from the target FET.

Ultraviolet and X-ray Photoelectron Spectroscopy (UPS and
XPS). The UPS and XPS were carried out in an ultrahigh vacuum
multi-chamber system composed of analysis and preparation chambers
which were maintained at a pressure of 3 × 10−9 and 2 × 10−8 Torr,
respectively. For UPS analysis, we prepared four types of DNA base
thin-films on ITO substrate. After deposition of DNA-base films by
thermal evaporation system, the sample was transferred into the UPS
chamber within 5 minutes. The UPS spectra were obtained with a
sample bias of −15 V in normal emission geometry to measure the
secondary electron cut-off. For XPS analysis, we deposited 3 nm thin
guanine layer by thermal evaporation on a highly doped silicon
substrate (p++ Si). After that, the substrates with and without thin
guanine layer were put into ALD chamber for 3 nm-thin Al2O3 layer
deposition on both samples, so that Al2O3 on p++ Si and Al2O3/
guanine on p++ Si samples were achieved.

Figure 1. (a) Schematic energy-level diagrams of DNA-base materials including adenine, guanine, thymine and cytosine thin films with vacuum-level
(Evac) alignment. The HOMO-LUMO gaps, electron affinities, and ionization energies were determined by ultraviolet photoemission spectroscopy
(UPS) measurement. (b) Optical microscopy image of the top-view of our inverter comprised of two a-IGZO FETs which were connected in series.
The a-IGZO channel and embedded guanine layer are indicated by blue and white dashed lines. (c) Schematic cross-section image of the a-IGZO
FET with embedded guanine getter/charge trapping layer.
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Optical Absorption. The 20 nm thin DNA-base films of adenine,
guanine, cytosine, and thymine were deposited on glass and taken to
optical absorption measurement system, to measure their respective
highest occupied molecular orbital-lowest unoccupied molecular
orbitals (HOMO-LUMO) gaps.
Film Thickness, X-ray Diffraction, and Surface Morphology.

The film thickness of guanine, other DNA-base films, and tunneling/
blocking Al2O3 films was measured by using a mechanical profiler
(alpha-step) and optical ellipsometry method. Crystalline quality and
surface morphology of thick 150 nm thick guanine was characterized
by Cu−Kα X-ray diffraction (XRD) and atomic force microscopy
(AFM) after the film was deposited on a Si wafer. Details of AFM and
XRD results are shown in Figures S1a, b in the Supporting
Information, respectively.

■ RESULTS AND DISCUSSION

A. Device Structure of a-IGZO FETs with Embedded
Guanine Molecule Layer. Figure 1a shows the energy
diagrams including the highest occupied molecular orbital-
lowest unoccupied molecular orbitals (HOMO-LUMO) gaps,
electron affinities, and ionization energies, which were obtained
from adenine, guanine, thymine, and cytosine thin films by
ultraviolet photoemission spectroscopy (UPS) and optical
absorption measurements (Figure S2 in the Supporting
Information shows the absorption spectra of 20 nm thin
DNA-base molecule layers).20 Among the four molecules,
guanine solely survived the present atomic layer deposition
(ALD) process for Al2O3 dielectric formation which was
conducted at 100 °C, whereas other DNA small molecule thin
films could not endure the consecutive ALD process (for
blocking Al2O3 layer) following DNA-base layer deposition. It
is because the guanine−guanine pair is the most stably stacked
in comparison with those of three other kinds of molecules, and
because the highest melting point of 360 °C and high density of

2.2 g/cm3 in guanine could probably prevent any decom-
position of the molecule layer.21,22 In the present study, we thus
focused on the electronic properties of guanine thin film (3.83
and 2.48 eV as HOMO−LUMO gap and electron affinity,
respectively), and chose the guanine layer to be embedded
between ALD oxides for our logic and memory device design.
The device cross section of an top-contact top-gate structured
amorphous-InGaZnO (a-IGZO) FET of Figure 1c now shows
5 nm thin Al2O3, 20 nm-thin guanine, and 40 nm thin Al2O3,
respectively stacked as tunneling, charge trapping, and blocking
layers.23,24 The top view of a-IGZO FET is displayed as an
optical microscopy image in Figure 1b, where two FETs are
connected in series each other as a driver (right) and a load
(left) to form an inverter structure. Channel width/length (W/
L) ratio was 1000 μm/50 μm. White and blue dashed lines
indicate our embedded guanine and IGZO channel areas,
respectively (more details of process steps are introduced in the
Experimental Section).

B. Guanine Layer as H Atom Getter in a-IGZO FETs.
Our a-IGZO FET with embedded guanine layer appeared very
electrically stable under a positive gate bias stress (PBS),
compared to the other FET without guanine layer as shown in
panels a and b in Figure 2. According to the drain current-gate
voltage (ID−VG) transfer curve of Figure 2a, the IGZO FET
without DNA-base layer in Al2O3 dielectric does show
significant threshold voltage shift (ΔVth) toward positive
voltage direction along with a hump due to the PBS (condition:
VG = 10 V, drain voltage VD = 1 V for 5000 s), whereas it also
reveals a hysteresis in its initial sweep. The threshold voltage
shift and initial hysteresis were estimated as 2.27 V and 0.60 V,
respectively. In contrast, our FET device with DNA-base
guanine layer hardly displays such bias-stress-induced ΔVth and
gate hysteresis. More about the gate hysteresis behavior of less

Figure 2. Transfer characteristics of a-IGZO FETs before and after positive gate bias stress (PBS). PBS tests were performed under the condition VG
= 10 V, VD = 1 V, 5000 s for the both FETs (a) without and (b) with guanine layer. Transfer characteristics for devices (c) without and (d) with
guanine layer as tested at VD = 1 V under multiple gate voltage sweep up to 100 times.
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stable device is addressed in panels c and d in Figure 2 (more
details are in Figure S3 in the Supporting Information). These
transfer curves with 100 times of continuous sweep also show
the poor device stability of the IGZO FETs without guanine
layer in terms of ΔVth (= 1.70 V) and initial hysteresis (= 0.75
V). The measured value of Cox is 75.0 nF/cm2 for our guanine
embedded dielectric, and dielectric constant of guanine is
calculated to be ∼5.02 whose value seems slightly higer than
reference.13 The linear mobility of our devices after 5000 s PBS
was estimated at Figure S4 in the Supporting Information to be
∼8.8 and ∼8.3 cm2/V s for the device without and with guanine
layer embedded, respectively.
The device stabilities certainly come from the gate dielectric

with the embedded DNA-base layer, but require an appropriate
explanation, which is related to the DNA-base molecules
themselves. To find out the proper reason, we carried out X-ray
photoelectron spectroscopy (XPS) measurements with two
cases on highly doped silicon substrate: one is Al2O3/guanine
layer, and the other is only Al2O3 layer. To prevent the charging
problem, we controlled each layer thickness to be only 3 nm.
The XPS spectra in Figure 3a show the electron binding energy
of oxygen 1s (O 1s) orbital and aluminum 2p (Al 2p) orbital.
The binding energies of the case with guanine layer show
smaller values for both O 1s (as 0.51 eV) and Al 2p (as 0.55
eV) than those of the case without guanine. These differences
are attributed to the hydrogen atoms, which are supposed to
stay in the low temperature Al2O3 but now some of them are
rather incorporated into guanine during ALD deposition.
According to the literature,25,26 ALD-grown Al2O3 is supposed
to have lower binding energies for both O 1s and Al 2p XPS
signals as the oxide loses H atoms in its inside (see Table S1 in
the Supporting Information for more details). The molecular

structure of a single guanine (G) molecule (C5H5N5O) is
described in Figure 3b, where some of H and O bridging atoms
of guanine need to be paired with other atoms of cytosine (C)
molecule (G−C dipole pair: δ−−δ+). In the present situation,
our G molecules have no pairing cytosine molecules, but
instead expect many H and O atoms from Al2O3 ALD process
(involved with precursor, reactant, and biproduct),27,28 so that
G molecules may easily take those atoms to fit in the hydrogen
bonds that replace the dipole pairing. In addition, H atoms
usually deliver a positive charge and G molecules may then take
H+ ions because guanine is a base material in its chemical
nature. (An acid material is supposed to give H+ ions). In this
case, guanine tends to have direct chemical bonds with H ions
instead of dipole interaction, so it is possible for guanine
molecules to capture H ions according to literatures.29,30 H
atoms in the oxide dielectric diffuse into the IGZO/Al2O3
interface,31 resultantly to cause high density interface traps
(linked to several types of oxygen vacancies in IGZO) which
are the source of the device instability.32−35 Now, if the G
molecules in the embedded layer getter those H atoms or H
ions, the gate dielectric stability is successfully achieved by
blocking the ALD-induced H atoms from coming down to the
IGZO/Al2O3 interface. The device scheme of Figure 3c further
illustrates the H blocking effects by G molecule layer,
comparing the two cases with and without G layer. We believe
that the G molecule layer may play a role as a getter for H
atoms.

C. Guanine Layer As Charge Trapping Medium.
Because the guanine molecule layer is now located above the
5 nm-thin Al2O3 tunneling layer as illustrated in Figure 1c,
electron charges can be injected from IGZO channel to the
guanine layer by a positive voltage pulse on the gate (by

Figure 3. (a) XPS spectra of Al2O3/guanine and Al2O3 layer on highly doped silicon substrate. To determine the role of guanine during ALD oxide
growth, we examined electron binding energies of oxygen 1s and aluminum 2p orbital. (b) Schematic molecular structure of three hydrogen bonds
between the guanine (C5H5N5O) and cytosine (C4H5N3O) pair. Dashed lines indicate hydrogen bonds (δ−−δ+) between guanine and cytosine
molecule, whereas blue circle does H atoms in the bond. (c) Schematic device cross-sections after ALD-growth of Al2O3 blocking layer for both
cases, without and with guanine. H atoms that are the defect source may stay in guanine, not reaching to the 5 nm thin Al2O3 or Al2O3/a-IGZO
interface as gettered by guanine itself.
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Fowler−Nordheim tunneling mechanism), resulting in ΔVth
toward a positive direction of transfer curve according to a
simple device physics and electrostatics (we name this state as
Program).36−38 The threshold voltage shift by charges trapped
in guanine layer can be expressed by following equations39

ψ= + + −V V
Q

C

Q X

C Xth FB s
G

OX

guanine og

OX OX (1)

Δ = −V
Q X

C Xth
guanine og

OX OX (2)

where VFB is the flat-band voltage, ψs is the potential due to
band bending of the channel semiconductor, Qs is the charge
per unit area associated with dielectric band bending as induced
by gate bias, Qguanine is the injected charge (per unit area) in the
guanine layer, COX is the total dielectric capacitance per unit
area, XOX is the total thickness of gate dielectric, and Xog is the
thickness between gate and guanine. The positive voltage pulse
effects on the FET with the guanine layer are displayed in detail
with the transfer curves of Figure 4a, where ΔVth effects by
pulse voltage variation are observed (ΔVth must be always
positive according to eq 2 as electrons are trapped). According
to Figure 4a, 10 V pulse does not make any ΔVth, whereas small
ΔVth is achieved by 20 V pulse. A considerable ΔVth of more
than 3 V was obtained from 30 V pulse with 100 μs. Fowler−

Nordheim tunneling easily explains such effects as shown with
the inset band diagram of our FET device in Figure 4a. Under
the high electric (E)-field with 30 V, the Al2O3 tunneling layer
is seriously bent to make a triangular shape of barrier wall, so
that the accumulated electrons at the IGZO channel easily
tunnel through the thin barrier and then begin to occupy the
LUMO state of guanine (because the HOMO state is always
occupied by electrons in general). It is remarkable that without
thermal or photo energy-induced aid, the guanine-trapped
electrons cannot easily escape but should stay there infinitely
due to the barrier height. Negative bias of −30 V could not
release the trapped electrons because, in this case, a-IGZO layer
is electrically depleted by the negative pulse voltage and takes
quite a voltage drop in its thickness (see Figure S5 in the
Supporting Information shows more details of −30 V pulse-
driven results). Likewise, in the thin-film based FETs, Program
state (by charge trapping) is only visible but Erase state (by
escaping/de-trapping) is rare to see in report.16,40−43 Besides
the application to inorganic a-IGZO FET, we also applied same
mechanism to p-channel organic FET with small molecule,
8,16-dihydrobenzo[a]benzo[6,7]indolo[2,3-h]carbazole (hep-
tazole: C26H16N2) which appeared more photostable than
widely used organic small molecule, pentacene.44 Since ALD
process would seriously damage the heptazole organic channel
layer, our organic FET was fabricated with bottom gate
structure as shown in Figure S6 in the Supporting Information.

Figure 4. Transfer characteristics of the FET with guanine layer under the gate voltage pulse. Significant threshold voltage shifts are obtained (a) by
top-gate top-contact a-IGZO FETs and (b) by bottom-gate top-contact heptzole FETs. Schematic band diagrams of our a-IGZO and heptazole
FETs under Fowler−Nordheim tunneling are inset to the respective figures.

Figure 5. Transfer characteristics of the FETs under the negative voltage pulse and energetic photons (red, green, and blue). Full de-trapping of
charges from the guanine layer is optimized with blue photons for (a) a-IGZO and (b) heptazole FETs, and its mechanism by photo illumination is
shown as schematic energy band diagram as inset.
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With sufficient gate voltage to make thin Al2O3 barrier
thickness as triangular shape, hole charges can be injected
from heptazole active to guanine trapping layer (inset in Figure
4b). A considerable ΔVth was achieved by more than −15 V
pulse in this case, which is relatively smaller than that in the
former case of a-IGZO FET; it is mainly because organic
heptazole has smaller hole barrier to ALD Al2O3 than the
electron barrier of a-IGZO to the same dielectric (detail
estimation is shown in Figure S7 and Table S2 in the
Supporting Information).
Practical way of erasing (de-trapping the electrons trapped in

the DNA-base well) is probably by using energetic photons; in
fact our inorganic and organic FET devices underwent such
photoinduced erasing as shown in panels a and b in Figure 5.
According to photo-transfer curve and the inset schematic of
Figure 5a, our guanine-embedded FETs with transparent
indium−tin-oxide (ITO) gate are illuminated by energetic
photons simultaneously under the condition of −30 V 100 μs
pulse, and only blue photons of 440 nm appear very effective
for de-trapping while the other spectra (red and green) with
lower energy than that of blue result in only a little effect. (Of
course, a −30 V pulse without any illumination never works as
evidenced by Figure S4a, b in the Supporting Information). In
view of the electron affinity (2.48 eV) of organic guanine layer
(Figure 1a), it is certain that more chances would be provided
to trapped electrons by the photons whose energy is even
higher than 2.48 eV. Along with the a-IGZO case, the hepazole
organic FETs also show similar behavior with energetic
photons. As shown in Figure 5b, the injected hole charges
can only be fully recovered by blue photons of 440 nm, whereas
low energy photons (red and green) do hardly induce any
significant detrapping probably due to the barrier between
guanine HOMO and Al2O3 valence band maximum. In the
present study, the programming by Fowler−Nordheim
tunneling and erasing by blue energetic photon were the
most optimal ways to demonstrate any feasibility of the
nonvolatile charge injection/photo memory application.
D. Boolean Logic Gate Application Using Guanine

Trapping Layer. On the basis of aforementioned trapping
effects by guanine layer, we here extend such program effects to
a logic inverter and Boolean logic applications using inorganic
a-IGZO FETs.45,46 Trapped and staying in the guanine layer,
the injected electron charges induce the positive threshold
voltage shift as discussed in 2.2. Programmed (30 V 100 μs
pulse) and unprogrammed FETs (Initial) with their respective
transfer curves (Figure 4a) would now play as driver and load
in an inverter (NOT gate logic) if they are coupled each other
as shown in the optical microscopy of Figure 1b. Because the
Vth of our programmed FET becomes close to zero volts after
the pulse in Figure 4a, we could obtain a high-to-low transition
voltage of our inverter at a positive voltage (as 0−2 V) as seen
in the voltage transfer characteristic (VTC) curves of Figure 6a.
Interestingly, the program state of our driver FET with guanine
trap layer was so fixed without any fluctuation that our inverter
showed only a little change (< 0.3 V) in its VTC characteristics
even after 10 days pass in ambient. Moreover, according to the
inset graph of Vout versus time in Figure 6a, Vout of our inverter
almost maintains its initial value under a critical bias stress
condition: 10000 s at VDD = 10 V and Vin of 2 V (which is the
transition voltage). These results mean that the trapped charges
in guanine stably stay within the 20 nm thin DNA-base guanine
layer. The inset circuit of Figure 6b distinguishes programmed
(driver) and unprogrammed (load) FETs with the thick black

bar in FET, whereas the red line in both FETs indicates the
embedded DNA-base layer. Voltage gain (= −dVout/dVin)
appears not that high, to be 4.2 at a supply voltage (VDD) of 10
V, because the Vth of programmed FET by 30 V pulse yet stays
in a negative voltage region. However, the value would be
optimized by reducing the blocking Al2O3 layer thickness, and
our inverter still seems very effective, dynamically playing as a
logic device. Under 10 V VDD, our inverter shows less than 50
ms switching time according to its 2 and 10 Hz operations in
Figure 6c. Because such programming was possible for every
FET cell with guanine layer, NAND and NOR gate logics were
simply demonstrated with 1 unprogrammed and 2 programmed
FETs as respectively seen in panels a and b in Figure 7. Because
NAND and NOR logic gates need two driver transistors, one
additional programmed transistor was achieved by the same
condition of 30 V 100 μs gate pulse. Two programmed FETs
were then connected in series for NAND logic and in parallel
for NOR logic. As a result, two static VTC curves were
obtained by scanning Vin,1 from −5 V to 10 V under two fixed
Vin,2 voltages: −5 V and 10 V (here, we used the two input
voltages of −5 V and 10 V as logic signal 0 and 1, respectively).
Logic truth tables for NAND and NOR Boolean logics are

Figure 6. (a) Inverter retention properties are shown by VTC curve
after 10 days in ambient and also by stable output voltage value under
a critical bias stress VDD = 10 V and Vin = 2 V (inset). (b) Static voltage
transfer characteristics (VTC) curve of our inverter logic circuit under
several VDD conditions (VDD = 10 V, 6 V, 2 V). The thick black bar
indicates the channel of Un-programmed FET while the red line
indicates the embedded guanine layer in the inset circuit. (c) Dynamic
inverter behavior under VDD = 10 V, 2 Hz (left column) and 10 Hz
(right) operation.
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summarized in the inset table of Figure 7, and its operations are
well-demonstrated.

■ SUMMARY
In summary, we have performed unprecedented applications of
DNA-base guanine layer for modern FET devices. Embedded
with the layer in dielectric oxide during ALD process, our
IGZO FET becomes more electrically stable since the guanine
layer getters H atoms during ALD-oxide growth process.
Moreover, the embedded guanine layer plays as a charge
trapping layer for not only channel-injected electrons of a-
IGZO, but also injected holes of heptazole. The photon-
assisted erasing function is also accomplished when the injected
charges are recovered to both the inorganic and organic
channels by the aid of blue photon energy under proper voltage
pulse. Finally, basic Boolean logics such as NOT, NAND and
NOR are stably demonstrated using the programmed and
unprogrammed FETs. We conclude that our DNA-base
guanine layer is novel and promising enough to be used as
an important component for electrically stable FETs, photo-
memory and FET-based logic.
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