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ABSTRACT: An organic—inorganic hybrid superlattice with near
perfect synergistic integration of organic and inorganic constituents
was developed to produce properties vastly superior to those of either
moiety alone. The complementary hybrid superlattice is composed of
multiple quantum wells of 4-mercaptophenol organic monolayers and
amorphous ZnO nanolayers. Within the superlattice, multichannel
formation was demonstrated at the organic—inorganic interfaces to
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B INTRODUCTION nized as a potential replacement for silicon (Si) comple-

mentary metal-oxide semiconductors (CMOS).”> Thin-film
ICs are becoming the ideal technology for diverse types of
wearable Internet of things (IoT) devices that allow
communication between humans and/or smart devices
because thin-film ICs can be lightweight, flexible, scalable,
low-cost and biocompatible.”> Currently, low-temperature
polycrystalline silicon (LTPS) and oxide semiconductors are

L - o . the most mature technologies for TFT channel layers,zo’24
for numerous applications such as organic light-emitting diodes . i - : 25
13 14 s . while diverse candidates, such as amorphous Si (a-Si),
(OLEDs)," solar cells,'* energy storage,” functional coat- ey e ‘ . )
.16 .17 .6 ST 19 organic,® superlattice,”” and two-dimensional (2D) semi-
ings, © catalysis, ' optics,” electronics, © and sensors.

28
However, hybrid materials suffer from structural irregularity condl.lctors, .have .been .P roPosed. LTPS has. .been a
and incompatible nature between organic and inorganic }l)g%mlngr{;_?pt_l;))nboini gtFﬁ’ 1tsffh1g1f1 ﬁelcll—egecft mf;blhty (/:1 >
constituents.' ™ One promising solution is development of CITl s ’ u_ 1t st sultlers rorr'1 ack ot unt ormlty_ ue
layered organic—inorganic superlattices with a periodic to grain boundaries in the polycrystalline structure and high-
structure. Within the superlattice structure, a synergic cost manufacturing processes such as excimer laser crystal-

: ’ yRerg lization (ELC).”*** Amorphous oxide semiconductors are
combination of organic and inorganic constituents produces : P

X . . . more attractive to commercial electronics than is LTPS
new, useful functions or properties that neither moiety i L
. . because they have far more reproducible large-area fabrication
demonstrates alone. Theoretically, a complementary hybrid e L
. ) L and are less expensive.”” However, there are critical issues of
superlattice with perfect synergy of the properties inherent to . ,
. . . these semiconductors that must be overcome for practical
the different classes of materials can be developed with a

regular structure.

Hybrid organic—inorganic materials have been exploited as a
very unique and promising class of artificial materials
combining the distinct properties of the individual organic
. . 1-5 .
and inorganic components. They are widely used to
improve optical’ and magnetic properties,’ luminescence,®
electrical,’ thermal,'” and ionic conductivity,11 and chemical
reactivity.'” Therefore, hybrid materials have been exploited

Thin-film transistors (TFTs) are the most popular design of Received: ~February 26, 2020
pixel switches in cutting-edge displays such as active-matrix Revised:  June 15, 2020
and micro light-emitting diodes and virtual and augmented Published: June 18, 2020

20—-22

reality (VR and AR, respectively) devices. Interestingly, as
TFTs have enhanced area/energy efliciency and power, high-
performance TFT-based integrated circuits (ICs) are recog-
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Figure 1. Complementary 4MP/ZnO hybrid superlattices. (a) Model structure and (b) cross-sectional transmission electron microscopy (TEM)
image of the triple-quantum-well 4MP/ZnO superlattice. (c) Schematic image and (d) optical micrograph of the bottom-gate top-contact FET
with four-probe electrodes based on the triple-quantum-well superlattice. (e) Typical transfer (Ids—Vgs) characteristics of FETs with the triple-
quantum-well superlattice and the 12 nm pure ZnO thin film as channel materials (Inset). (f) Temperature-variable intrinsic mobilities (¢,,)
plotted against T~'/* for the two FETs with hybrid superlattice or pure ZnO. Total ZnO thickness for all samples was maintained at 12 nm.

application, such as inferior field-effect mobility (4 < 40 cm”
V™! s71)*** and poor bias stability.””*" Regarding the poor
bias stability, minimization of degradation under bias stress has
been attempted through encapsulation'® or annealing,®’ but
there is no strategy for enhancing their intrinsic stability.
Recently, various heterostructures have been offered to
effectively engineer field-effect mobility with modulation
doping to form a two-dimensional electron gas
(2DEG).**"*° Nevertheless, the mobility is still far from that
needed for practical applications for VR/AR displays beyond
human retina resolution or high-performance thin-film IoT
ICs, and doping can increase power dissipation due to
increased source-drain current in the OFF-state (Iogg).”
Herein, we report a new complementary hybrid semi-
conducting superlattice composed of alternating 4-mercapto-
phenol (4MP) organic monolayers and ZnO nanolayers.
Within the hybrid superlattice, complementary hybridization of
4MP monolayers and ZnO nanolayers produces extraordinary

4865

enhancement of both electrical performance and stability
compared to those of each moiety alone. The improvement in
electrical characteristics mainly originated in multichannel
formation in the superlattice with quantum confinement of
ZnO nanolayers. Accordingly, the transistors with a hybrid
superlattice as an active channel exhibited higher field-effect
mobility and steeper subthreshold swing compared with the
pure ZnO transistors. In the hybrid superlattice, only a 4MP
monolayer was incorporated between ZnO nanolayers as an
organic constituent to minimize deterioration of the semi-
conducting properties, a frequent issue in hybrid materials.
Furthermore, owing to mutual stabilization between 4MP and
ZnO, performance degradation notorious in organic and ZnO
transistors was successfully avoided. Chemical bonds cross-
linking the components stabilize the organic monolayers
against easy decomposition and prevent formation of
detrimental defects at the surfaces of ZnO nanolayers. In
addition, the organic monolayers in the superlattices provide

https://dx.doi.org/10.1021/acs.nanolett.0c00859
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Figure 2. Multichannel formation in the hybrid superlattices. (a) Capacitance—voltage (C—V) characteristics of the triple-quantum-well
superlattice capacitor. The inset shows a schematic structure of the corresponding metal—insulator—semiconductor (MIS) capacitor. (b) Depth
profile of the carrier concentration extracted from (a). (c) Simulated free electron density distribution (N,) along the vertical direction at the gate-
source voltage (Vgs) of 6 V and (d) corresponding energy band diagram of the hybrid superlattice transistor. (e) Schematic band diagram of the
triple-quantum-well superlattice FET in the ON-state. (f) Transfer characteristics for single-, double-, and triple-quantum-well FETs. The inset

shows schematic representation of the superlattice active channels.

good mechanical flexibility to the inorganic framework,
allowing the superlattice transistor on plastic substrates to
resist drastic bending stress.

B RESULTS AND DISCUSSION

Complementary organic—inorganic semiconducting super-
lattices were fabricated using molecular layer deposition
(MLD) and atomic layer deposition (ALD) to form 4-
mercaptophenol (4MP) organic monolayers and ZnO
inorganic nanolayers, respectively (Figure la). See the
Supporting Information for the detailed fabrication. Cross-
sectional transmission electron microscopy (TEM) was used to
identify the hybrid superlattice with triple quantum wells
(Figure 1b). The 4MP organic monolayers were identified in
the image by color contrast. The TEM image confirmed that
the individual 4MP monolayers and ZnO nanolayers
constituted the superlattice with good interfaces. Additionally,
the measured thickness of the 4MP monolayer was
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approximately 7 A, indicating that the organic chain was
only tilted 17° from the surface normal, which corresponds to
the theoretically predicted value of 14° from the optimized
4MP/ZnO superlattice structure in Figure S1 (Supporting
Information). The thickness of the ZnO nanolayers was
controlled by adjusting the number of ALD cycles with a
growth rate of 1.43 A per cycle. The ZnO thickness was 4 nm,
the same as expected for 28 ALD cycles. The ZnO nanolayers
in the superlattice were amorphous, which was confirmed by
high-resolution TEM and X-ray diffraction (XRD) (Figure S2,
Supporting Information). Atomic force microscopy (AFM)
images of the hybrid superlattices showed very smooth and
uniform surfaces, and the root-mean-square (RMS) roughness
of the surfaces was as small as 0.33 nm (Figure S3, Supporting
Information). The RMS roughness of the initial cleaned silicon
substrate was approximately 0.22 nm.

Bottom-gate top-contact field effect transistors (FETs)
adopting the superlattice as an active channel (Figure 1c)

https://dx.doi.org/10.1021/acs.nanolett.0c00859
Nano Lett. 2020, 20, 4864—4871
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were fabricated to evaluate the electrical characteristics of the
resultant organic—inorganic hybrid superlattice containing
three 4 nm thick ZnO nanolayers sandwiched between 4MP
organic monolayers. See the Supporting Information for the
detailed procedure and capacitance measurement (Figure S4).
For extracting the intrinsic electrical properties from the FETs,
a four-point probe configuration (Figure 1d) was used to
eliminate any contact effect (Figure SS, Supporting Informa-
tion).”” Figure le displays the typical I4—V, transfer
characteristics of the hybrid superlattice (red) and pure ZnO
(black) transistors, where Iy, Vj,, and Vg, are the drain-source
current and drain- and gate-source voltage, respectively. The
insets in Figure le show the schematics corresponding to the
two channel structures. A typical pure-ZnO FET exhibits
conventional n-type transfer characteristics: the intrinsic
electron field-effect mobility (/441,) is estimated to be 28 cm”
v gt along with an on/off current ratio of 10° and a
subthreshold swing (SS) deduced as 225 mV decade™ from
the linear fitting of the transfer curve (Figure SS, Supporting
Information). These are comparable to those previously
reported for high-performance ZnO FETs.>® However, the
typical hybrid superlattice FET shows notably enhanced
electrical performance: the intrinsic mobility (,u4p) reached
73 cm® V! s7! with a high on/off current ratio of 10° and an
excellent SS as steep as 110 mV decade™. Table S1 in the
Supporting Information summarizes theelectrical character-
istics of the typical superlattice FET versus the pure ZnO
transistor.

To evaluate the charge transport mechanism, we performed
temperature-variable measurements from 300 to 90 K for FETs
with the hybrid superlattice or 12 nm pure ZnO. Figure 1f
displays the temperature-dependent p4, of the superlattice
(red) and pure ZnO (black) FETs. For the pure ZnO FET, the
intrinsic mobility consistently drops over the entire temper-
ature range (300—90 K) as the temperature decreased.
Logarithmic mobility values as a function of temperature
follow the relationship ln(/,t4p) ~ —T7Y* This result is clearly
explained by a thermally activated behavior with an activation
energy of 15 meV (Figure SS, Supporting Information), which
is consistent with earlier reports for many amorphous oxide
semiconductors and is related to hopping conduction.””*’
However, the hybrid superlattice FETs exhibited no temper-
ature dependence on the intrinsic mobility value of 73 cm?* V™!
s™! over 300—90 K, which can be explained by a band-like
transport model.>*>*" In contrast to the pure ZnO FETs
displaying the hopping conduction, the observation of band-
like transport in the hybrid superlattice FETs suggests that the
inherent drawbacks of amorphous ZnO can be overcome by
the complementary hybrid semiconducting superlattices to
produce high-performance FETs.”*~>

Analysis of the unique charge carrier distribution in the
triple-quantum-well superlattice was performed for in-depth
understanding of electrical performance enhancement in the
superlattice FETs. Capacitance—voltage (C—V) depth profiling
is a useful technique to allow depth analysis of the carrier
concentration in semiconducting thin films.*****® For this
analysis, metal—insulator—semiconductor (MIS) capacitors
with the superlattice were fabricated as shown in the inset of
Figure 2a. The obtained C—V characteristics from the
superlattice capacitor (Figure 2a) show an increase in total
capacitance per unit area (C) with bias voltage (V), and
depletion (V < 1.5 V) and accumulation (V > 4.0 V) regions
are separated. Using the depth profiling method (Figure S6,
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Supporting Information), the C—V characteristics were
transformed into spatial distribution of the carrier concen-
tration across the channel depth (z) by setting the origin (z =
0) at the bottom of the first ZnO nanolayer.*>***°
Significantly, the depth profile of the carrier concentration
(Figure 2b) shows two additional peaks at z = 6.2 and 11.2 nm,
both evidently corresponding to the confined charge carriers in
the second and third ZnO nanolayers of the superlattice,
respectively. In comparison, MIS capacitors with 12 nm pure
ZnO thin films were fabricated to show no additional peak in
the depth profile of carrier concentration (Figure S6,
Supporting Information). Therefore, carrier distribution
analysis clarified formation of multiple channels in an
organic—inorganic hybrid superlattice, which could be related
to improvement in electrical performance.

Multichannel formation in the hybrid superlattice FET was
theoretically expected by technological computer-aided design
(TCAD) simulations carried out using Silvaco ATLAS-2D self-
consistent solution of the Schrodinger—Poisson model.
Simulation parameters are listed in Table S2 and S3
(Supporting Information). The free electron density distribu-
tions (N,) and energy band diagrams for the 12 nm pure ZnO
or hybrid superlattice channels along the vertical direction
from the dielectric/channel interface toward the back-channel
surface were calculated as shown in Figure 2¢,d and Figure S7
(Supporting Information). As expected, the maximum N, value
was near the interfacial channel/dielectric region for the 12 nm
pure ZnO FET (Figure S7, Supporting Information) and
decreased rapidly toward the back-channel surface. As shown
in Figure 2c, the triple-quantum-well superlattice FET
exhibited three distinct local maxima near the centroid of
each ZnO nanolayer, which is consistent with C—V analysis.
The wave function of conduction electrons can be confined
effectively in each potential well of the ZnO nanolayer due to
the potential barrier of the 4MP monolayer, which generates
quasi 2-dimensional electron gas (2DEG) within the hybrid
superlattice. The existence of quasi 2DEG with these parallel
multichannels and minimized scattering of quasi 2DEG at the
heterointerface due to local N, minima allow synergic
enhancement of the carrier mobility and SS of the resulting
field-effect transistors. Furthermore, all TCAD-simulated
transfer characteristics accurately reproduced the measured
I-V data with excellent fit (Figure S8, Supporting
Information), indicating that our physical model is valid and
adequate to predict device performance.

On the basis of experimental and theoretical depth analyses
of charge carrier distribution for triple-quantum-well super-
lattice devices, we propose a schematic band diagram in Figure
2e under V,, beyond the threshold voltage (V). Here,
formation of multiple channels was established by additive
band bendings at the 4MP/ZnO interfaces, where induced
surface charges are generated in response to an electric field
due to discontinuity in polarizability between ZnO and 4MP.
As shown in Figure lef, where the hybrid superlattice FETs
showed higher y,, value with temperature independence in
contrast to pure ZnO FET, multichannel formation in the
superlattice mainly demonstrates critical enhancement in FET
performance. Figure 2e shows that the band bendings at the
4MP/ZnO interfaces effectively reduced the gap between the
Fermi level (Ep) and mobility edge (E,,) to increase the free
electron density throughout the superlattice channels, which
eventually improved the mobility (u,,) with band-like
transport.”’ Additionally, multichannel formation produces

https://dx.doi.org/10.1021/acs.nanolett.0c00859
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steep SS for the superlattice FET because trap states in each
ZnO nanolayer are simultaneously filled.”*

Furthermore, the number of stacked quantum wells was
carefully examined to understand the multichannel effect on
the superlattice FET's associating quantum confinement of the
ZnO nanolayer. First, the single-quantum-well FET exhibits
similar 1, and steeper SS compared to the 12 nm pure ZnO
FET (Figure 2f). Notably, the p,, plot versus T~"/* for the
single-quantum-well FET exhibited no temperature depend-
ence over the temperature range of 300—90 K (Figure S9,
Supporting Information), implying band-like transport. This
result suggests the existence of a quasi 2DEG in the ZnO
nanolayer due to the confined charge carriers near the center of
the quantum well,*** as expected by TCAD simulation. Given
the quasi 2DEG in the ZnO nanolayer, SS for the single-
quantum-well FET was additionally suppressed.” Additionally,
enhancement of FET characteristics was investigated by
increasing the number of stacked quantum wells three times.
Figure 2f and Table 1 show gradual enhancement of FET

Table 1. FET Characteristics for Single-, Double-, and
Triple-Quantum-Well FETs

single quantum  double quantum  triple quantum

well well well
Hap (em® V7' s7h) 30 50 73
TIon/Tope 7.2 X 10° 1.8 x 10° 22 % 10°
Iogr (A) 4.6 x 10712 32 x 1072 45 x 1072
SS (mV 165 140 110
decade™)

performance with increase in number of stacked quantum
wells, such as increasing 4, and reducing SS, ensuring
formation of multiple channels in hybrid superlattice FETs.
These results suggest that multichannel formation enables the
hybrid superlattice FETs to have higher p,, with band-like
transport and steeper SS compared to pure ZnO, by inducing
more charge carriers occupying extended states at the 4MP/
ZnO interfaces. Therefore, the results pave the way for
engineering FET performance by simply constructing a
multiple quantum well structure to modify the distribution of
accumulation layers therein.

We applied the complementary hybrid superlattice in large-
scale flexible electronics. A wafer-scale FET array containing
284 transistors was fabricated on a 4 in. polyimide (PI)
substrate (Figure 3a). Please refer to Supporting Information
for detail in fabrication. Statistical distributions of the two-
probe mobilities (4,) and on/off current ratios (Ion/Iorr) are
demonstrated as histograms in Figure 3b,c, respectively.
Quantitatively, the p,, data set highly converged to the
average value of 52.7 511.13) cm® V7' 57, and the average
Ion/Iopr was also good, with a value of 2.8 (+0.9) x 10
Overall, the resultant device-to-device uniformity and
reproducibility were outstanding compared to oxide semi-
conductor FETs,*>** confirming the feasibility of our hybrid
superlattice FET's for large-area applications.

The 4MP/ZnO superlattice with triple-quantum-well is a
promising semiconductor channel because of its high y,,, steep
SS, low Iogg, superior uniformity, and low-temperature
processability. Furthermore, highly improved bias-illumination
stability of the superlattice FET can unravel an important issue
for developing practical products. To elaborate on electrical
stability, negative bias illumination stress (NBIS) tests were
carried out. Parts d and e of Figure 3 present the time-
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dependent transfer characteristics under NBIS for the hybrid
superlattice and pure ZnO FETs, respectively. As summarized
in Figure 3f, the superlattice FET revealed excellent stabilities
over the stress time, with nonsignificant variations of Vi
(AVy) and SS (ASS), unlike the pure ZnO FETs that
suffered from unstable electrical behavior.*> In addition,
various gate-bias stability tests including positive bias stress
(PBS), negative bias stress (NBS), and positive bias
illumination stress (PBIS) also confirmed the nearly
unchanged performance of the hybrid superlattice FET (Figure
S10, Supporting Information). These results indicate that
4MP/ZnO hybrid superlattices surpass bias and illumination
stability of oxide semiconductors.””*’ Note that the hybrid
superlattices were also thermally stable in the air up to 300 °C.

The high stability of the 4MP/ZnO hybrid superlattice can
be explained by another complementary hybridization between
4MP organic monolayers and ZnO nanolayers, called mutual
stabilization. The 4MP monolayer itself has preeminent
stability compared with that for typical MLD-grown organic
monolayers, such as alucone and zincone, due to the air-stable
Zn—S bond and z—7 stacking of aromatic rings.”® Never-
theless, as an inherent drawback of free-standing organic
molecules, a lack of chemical bonding between the tail groups
in a free-standing 4MP monolayer generates disorder and
physicochemical instability.*” In our hybrid superlattice, the
head and tail groups of the 4MP molecules were covalently
bonded to the adjacent ZnO cross-linkers to stabilize
themselves (Figure 1a).*” Furthermore, we executed density
functional theory (DFT) calculations to gain further insights
into the effect of 4MP molecules to functionalize ZnO surface
by evaluating oxygen defect formation energy (E{). Using the
theoretically designed hybrid 4MP/ZnO structure (Figure S1,
Supporting Information), Ei,, were calculated by considering
all possible defect sites (Figure 3g and Figure S11, Supporting
Information) on the (001) surface of the pure ZnO and hybrid
4MP/ZnO structures. The remarkably higher E\o value of
3.995 eV for the hybrid 4MP/ZnO was obtained versus 0.277
eV of pure ZnO (Table S4, Supporting Information), which
implies that the hybrid superlattice is extremely resistant to
oxygen defect formation. To elaborate on oxygen defect
formation, we deeply analyzed the electronic states using the
projected density of states (PDOS) on oxygen because the
frontier states near the Fermi level are mainly involved in
defect formation reaction. As expected, the PDOS analysis in
Figure 3h,i and Figure S11 (Supporting Information) shows
that the surface oxygens of both pure ZnO and hybrid 4MP/
ZnO dominantly contribute to frontier states compared to core
oxygens. Therefore, oxygen defects are liable to occur on the
surface of pure ZnO and hybrid 4MP/ZnO. However, hybrid
4MP/ZnO has an interesting PDOS behavior depending on
position of surface oxygens, where the PDOS of oxygen close
to 4MP shifts down from the Fermi level. Consequently, more
energy is needed to form defects of oxygen close to 4MP.
Oxygen vacancy states were experimentally measured using X-
ray photoelectron spectroscopy (XPS) analysis in both the
pure ZnO and the hybrid superlattice thin films. The results
show that the vacancy concentration for the hybrid superlattice
was much smaller than that for pure ZnO (Figure S12,
Supporting Information). Consequently, the characteristic
electronic features of the 4MP/ZnO hybrid semiconducting
superlattice can efficiently suppress oxygen defect formation on
the surface, minimizing the performance degradation common
in ZnO FETs.
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Figure 3. Large-area complementary hybrid superlattice FETs. (a) Photograph of an array containing 284 superlattice FETs on a 4 in. polyimide
(PI) substrate. (b) Two-probe mobility (,uzp) and (c) on/off current ratio (Ioy/Iop) distributions for 284 FETs with the triple-quantum-well
superlattice on PI substrate. (d, e) Transfer characteristics under negative bias illumination stress (NBIS) as a function of stress time for the (d)
superlattice and (e) 12 nm pure ZnO FETs. (f) Threshold voltage shift (AVy,) and subthreshold swing shift (ASS) as a function of stress time for
the superlattice and pure ZnO FETs. (g) Atomic model structures for the (001) surface of pure ZnO (left) and hybrid 4MP/ZnO (right). (h, i)
Projected density of states (PDOS) on oxygens for (h) the pure ZnO surface and (i) hybrid 4MP/ZnO surface.

For flexible electronics that require the ability to be folded
without loss of performance, electrical properties of hybrid
superlattice FETs on PI were investigated after repetitive
bending up to 10000 cycles with a 1 mm bending radius. The
variation of transfer characteristics as a function of bending
cycles (Figure S13, Supporting Information) exhibits excellent
mechanical flexibility to provide great endurance to external
strain due to the ultrathin ZnO nanolayers sandwiched
between the 4MP organic monolayers. Additionally, Figure
S14 (Supporting Information) shows the transmittance spectra
of the triple-quantum-well superlattice on a quartz wafer,
which clearly illustrates high transparency that exceeded 90%
in the visible light range. The 4MP/ZnO hybrid superlattice
FETs reveal potential use in flexible and invisible electronics
due to its endurance of strenuous bending and transparency
over the visible light range.

B CONCLUSIONS

A new 4MP/ZnO hybrid semiconducting superlattice with
extraordinary enhancement of both electrical performance and
stability was developed through complementary hybridizations
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of the two constituents. The significant improvements mainly
originated in multichannel formations in the hybrid super-
lattice and mutual stabilizations between 4MP and ZnO
nanolayers. As a result, hybrid superlattice FETs exhibited
remarkable electrical properties, such as a high mobility yy, of
73 em? V™! 57}, an excellent subthreshold swing as steep as 110
mV decade™’, and exceptional stabilities. This study suggests a
new design rule for engineering FET performance by
developing organic—inorganic hybrid materials employing the
regular superlattice structure with optimized complementary
integration of the two constituents.
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