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Vertical Quantum Dot Electrochemical Transistors and
Complementary Inverters

Hyunwoo Jo, Seongmin Park, Hwichan Cho, Hyeono Yee, SeungHwan Roh,
Myeongjae Lee, Hajin Bhang, Da In Kim, Tae Hyun Kwon, BongSoo Kim, Sohee Jeong,*
and Moon Sung Kang*

Quantum dot (QD) films possess intrinsic free volumes that can be charged
volumetrically with electrolytes, enablingmodulation of charge density via elec-
trochemical doping–a fundamental mechanism of electrochemical transistors
(ECTs). In this work, it is reported the first demonstration of vertical QD electro-
chemical transistors (vQECTs), in which an n-type InAs QD channel is stacked
vertically between the source/drain electrodes. This architecture significantly
reduces the channel length to the tens of nanometer scale, offering a promising
strategy to enhance device transconductance. The resulting n-type vQECTs
exhibit a high transconductance of 20.96 (±2.16) mS and a high integration
area normalized on-current of 79.5 (±3.54) A cm−2 along with excellent opera-
tional stability (including endurance against bias stress, storage, and repeated
on/off cycling operation). These results demonstrate performance comparable
to typical p-type vertical organic ECTs (vOECTs), suggesting that vQECTs
can serve as a complementary counterpart to existing vOECTs. To illustrate
this, n-type vQECTs are further integrated with p-type vOECTs to construct
vertically stacked complementary inverters, achieving a signal gain of ≈4.7.

1. Introduction

Electrochemical transistors (ECTs) operate through volumetric
charging enabled by ions penetrating the entire body of semi-
conductor films under an applied electrical bias.[1–3] This oper-
ation principle differs from that of the other-type of electrolyte-
based transistors, e.g., electric double-layer transistors (EDLTs),
which operate through interfacial charging induced by the forma-
tion of an EDL at the 2D semiconductor/electrolyte interface.[4]
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Consequently, ECTs can accumulate a
higher volumetric density of charge carri-
ers within their entire channel and attain
larger signal amplification, defined via
transconductance (gm = ∂ID/∂VG, where
ID and VG are the drain current and gate
voltage, respectively) compared to EDLTs.[5]

Based on typical transistor equations, the
transconductance (most important metric)
of ECTs can be defined as gm = (W× d/L)× µ
× C* × (VG − Vth) in the saturation regime,
whereW, d, and L are the width, depth, and
length of the channel, respectively, µ is the
mobility, C* is the volumetric capacitance,
and Vth is the threshold voltage.[1–3] Note-
worthily, we refer to C* as the volumetric
capacitance because charging occurs over
the entire channel volume rather than at a
2D interface (as in EDLTs). This equation
suggests that gm can be improved not only
through materials engineering (improving
µ or C*)[6–15] but also by simply controlling

the geometry of the channel (increasing W × d/L).[16–20] Al-
though increasing d can simply increase gm, it also degrades
the switching characteristics of the device because thick chan-
nels prolong the time required for ions to penetrate or exit
the entire channel.[16,21] An alternative strategy is to shorten L.
This strategy has led to growing interest in unconventional ver-
tically structured ECTs, also known as vertical ECTs (vECTs),
where the source/drain electrodes and the channel are stacked
vertically.[22–33] In vECTs, the channel length corresponds to the
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thickness of the semiconductor film (t) between the source and
drain electrodes, which typically ranges from tens to hundreds of
nanometers. Moreover, the channel area (A), which is expressed
asW × d in the equation above, simply corresponds to the over-
lapped area of the source/drain electrodes, which typically ranges
from several hundred to tens of thousands of square microm-
eters. Therefore, vECTs constructed by rearranging the device
structure of conventional ECTs (cECTs) can exhibit higher gm,
which can then be described as (A/t) × µ × C* × (VG − Vth) in
the saturation regime. By employing this geometric engineering,
Facchetti et al. demonstrated that vECTs can achieve up to 206
times higher transconductance than cECTs when the same chan-
nel materials are used.[22] Furthermore, they developed vertically
stacked complementary logic circuits by stacking ECTs on top of
each other. Their findings suggest that the new device structure
not only improves the performance of ECTs but also increases
the integration density of the devices.
To achieve high-performance vECTs, the channel materials

must possess nanoscopic pores that facilitate ion penetration
for volumetric charging and discharging. Therefore, solution-
processed conjugated polymers have been the benchmark ma-
terials for ECT applications because they exhibit nanoscopic free
volumes in thin-film states.[1] Extensive side-chain engineering
of these materials, which primarily affects ion-transport charac-
teristics in thin films, has led to continuous improvements in
ECT performance.[34–39] However, most high-performance ECTs
based on conjugated polymers exhibit p-type characteristics,
wherein the hole current increases (decreases) when the films are
doped (dedoped) with anions (cations).[13,39,40] Promising alter-
native channel materials for ECTs with n-type characteristics in-
clude nanostructured inorganicmaterials, such as colloidal quan-
tum dots (QDs). Thin films densely packed with QDs possess
nanoscopic pores even in an ideally close-packed structure (the
ideal packing fraction for spheres is 74%).[41] Additionally, the
organic ligands attached to the surface of the inorganic core cre-
ate additional free volumes, further facilitating ion penetration.
In fact, extensive fundamental studies using spectroelectrochem-
ical methods have investigated how the discrete energy levels
of different QD films are filled/emptied upon volumetric dop-
ing/dedoping processes with ions.[42–47] However, in more prac-
tical device-level studies based on this principle,[48–56] there is no
clear explanation as to whether these devices operate through vol-
umetric charging and discharging, as in ECTs, or through inter-
facial charging and discharging, as in EDLTs. Even though QD
thin films are inherently structured to allow sufficient ion pen-
etration, their operation has been interpreted using the EDLT
mechanism in some studies.[50,53,54] In these cases, the interpreta-
tion has been based on areal specific capacitance (F cm–2) rather
than volumetric specific capacitance (F cm–3), suggesting a dis-
connect between the physical understanding of electrochemical
charging in QD films and the device-level understanding of tran-
sistor operation, despite both being rooted in fundamentally sim-
ilar principles. Furthermore, there have been no reported cases
of using QD thin films as the channel of vECTs. Therefore, ad-
dressing this issue could create new possibilities for advancing
high-performance transistor technologies.
Herein, we report the development of vertical QD ECTs

(vQECTs) based on n-type InAs QD films. The relationship be-
tween the volume of the InAs QD films and their transconduc-

tance and capacitance was examined through a systematic inves-
tigation, which revealed that the entire film exhibits volumetric
capacitance rather than surface capacitance. This confirms that
QD-based electrolyte-gated transistors operate through volumet-
ric charging, following the mechanism of ECTs rather than that
of EDLTs. Furthermore, by integrating n-type vQECTs with p-type
vertical organic ECTs (vOECTs), we were able to fabricate verti-
cally stacked hybrid inverters. These findings establish QD-based
ECTs as viable candidates for high-performance vertical transis-
tor architectures and compact logic circuits.

2. Results and Discussion

Figure 1a illustrates the structure of a vQECT based on a
channel of n-type InAs QDs, which are one of the promising
RoHS-compliant QD systems. (The material also exhibits a
narrow bandgap yielding characteristic photo-response in the
infrared regime.[57]) The vQECTs operate based on the volu-
metric charging and discharging of the channel with cations of
an ion gel electrolyte. The fabrication process is schematically
illustrated in Figure 1b. Briefly, a Cr/Au contact was formed on
a Si/SiO2 substrate via thermal evaporation through a shadow
mask to serve as the source electrode of the device. The InAs
QD film was then spin-coated onto the substrate using an
InAs QD dispersion (in toluene) containing photo-cross-linking
agents, namely, 6-light-induced ligand cross-linkers (6-LiXers)
[2-(((4-azido-2,3,5,6-tetrafluorobenzoyl)oxy)methyl)-2-((3-((4-
azido-2,3,5,6-tetrafluotobenzoyl)oxy)-2,2-bis(((4-azido-2,3,5,6-
tetrafluorobenzoyl)oxy)methy)propoxy)methyl)methyl]propane-
1,3-diylbis(4-azido-2,3,5,6-tetrafluorobenzoate)]. Under UV
illumination, the photo-cross-linking agent can form cross-links
between the ligands of neighboring InAs QDs, modifying the
solubility of the InAs QD film.[58] The InAs QD film was pho-
topatterned by selectively exposing it through a shadow mask
and removing its uncross-linked regime using toluene. The
patterned InAs QD films were treated with 1,2-ethanedithiol
(EDT) to replace the insulating native ligands (oleic acid) and the
cross-linkers, leading to enhanced electronic coupling between
neighboring QDs.[59] Note that both the patterned InAs QD film
and the pristine InAs QD film without 6-LiXers exhibited similar
degrees of ligand exchange after EDT treatment (93% and 95%,
respectively) (Figure S1, Supporting Information). Addition-
ally, the electrical conductivity of the patterned InAs QD films
was also similar to that of the pristine InAs QD films without
6-LiXers (Figure S2, Supporting Information). These results
confirm that the photo-cross-linkers did not alter the electrical
transport characteristics of the EDT-treated InAs QD film since
they were mostly removed during the EDT treatment. ZnMgO
nanoparticles (NPs) ligated with butyl amine were subsequently
photopatterned on top of the EDT-treated InAs QD patterns,
which prevented the potential electrical leakage through the InAs
QDfilm caused bymetal penetration during top electrode deposi-
tion. vQECTs without ZnMgO NP layers exhibited drain current
flow with no significant modulation at the 10−2 A level, indicat-
ing of electrical leakage (Figure S3, Supporting Information).
For this purpose, here, the ZnMgO NPs were dispersed in chlo-
roform and mixed with other photo-cross-linking agent, namely,
2-LiXers [ethane-1,2-diyl bis(4-azido-2,3,5,6-tetrafluorobenzoate)]
(Figure S4, Supporting Information). The dispersion was then
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Figure 1. a). Schematic description of the structure and operation principles of vQECTs. b) Schematic description of the process for fabricating the
vQECTs using photopatterned InAs QDs and ZnMgO NPs. c) Optical microscopy image, d) transfer characteristics, and e) output characteristics of the
vQECTs.

spin-coated, and the resulting film was selectively exposed to
UV light through a shadow mask, which induced cross-links
between the organic ligands (butylamine) of the neighboring
ZnMgO NPs. Subsequently, a development step was performed
using fresh chloroform. Thereafter, an Au contact was deposited
via thermal evaporation with a shadow mask to serve as the
drain electrode of the device. This electrode overlapped the InAs
QD/ZnMgO NP films in a direction rotated 90° from the bottom
electrode. Finally, the ion-gel precursor solution, which com-
prised a mixture of an ionic liquid [1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI])], a prepolymer
[poly(ethylene glycol)diacrylate (PEG-DA)], and a photoinitiator
[2-hydroxy-2-methylpropiophenone (HOMPP)], was dropped
onto the regimes where the source and drain electrodes over-
lapped with the InAs QD/ZnMgO NP films. Upon 365 nm UV
irradiation, an ion gel layer was formed through the cross-linking
of PEG-DA that was photoinitiated with HOMPP.[60] Finally, a
gold tungsten tip coated with Ag/AgCl paste was contacted to the
ion gel which served as the gate electrode. The overlapping area
between the source and drain electrodes determined the trans-

port channel area [A = (40 × 40)–(100 × 100) μm2] (Figure 1c).
The length of the channel was determined from the thickness
of the InAs QD/ZnMgO NP films (88 nm) sandwiched between
the electrodes.
When a positive voltage was applied to the Ag/AgCl gate elec-

trode connected to the ion gel layer, ionic polarization drove
[EMIM]+ into the InAs QD/ZnMgO NP films, enabling the en-
tire film to be charged with electrons (Figure 1a). When a neg-
ative voltage was subsequently applied to the gate electrode, the
penetrated [EMIM]+ was extracted from the channel film, leading
to the discharge of accumulated electrons. Consequently, sweep-
ing VG while applying a constant VD (1.0 V) between the top and
bottom electrodes induced a change in the channel current (ID),
which is a transfer characteristic of a transistor (Figure 1d left).
This indicates that the device exhibits typical n-channel behavior,
consistent with the n-type nature of the InAs QD/ZnMgO NP
films. Note that the slight increase in ID at more negative VGs
is attributed to the gate leakage current in the off state. Rather
than weak p-channel behavior (Figure S5, Supporting Informa-
tion). An ID as high as 8 mA was attained at VG = 2 V, a current
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level that is rarely attainable in conventional n-type ECTs struc-
tures. Note that vECTs based solely on a photopatterned ZnMgO
NP film channel–with a thickness comparable to that of the InAs
QD/ZnMgO NP bilayer film–also exhibited n-channel behavior.
However, both the degree of current modulation and the current
level at VG = 2 V were significantly lower than those observed
in devices featuring the InAs QD/ZnMgO NP channel (Figure
S6, Supporting Information). These results indicate that the un-
derlying InAs QD film functions as the primary channel layer
responsible for the high drain current. Figure 1d right presents
the transconductance curve, which was extracted from the trans-
fer characteristics using gm = ∂ID/∂VG. A maximum transcon-
ductance (gm, max) of 20.96 ± 2.16 mS was obtained. A finite hys-
teresis in transfer characteristics was observed between the for-
ward and reverse scans of the vQECTs. Interestingly, the direc-
tion of the hysteresis depended on the scan rate. At a high scan
rate above 0.15 V s−1, the device displayed a typical anticlockwise
hysteresis (Figure S7, Supporting Information), which is com-
monly observed in n-type ECTs. Such hysteresis is typically due
to the sluggish motions of ions that penetrate the channel but
are unable to promptly exit the channel during the fast turn off
VG scan. Conversely, at a slow scan rate of 0.08 V s−1, a clockwise
hysteresis was obtained. This clockwise hysteresis is attributable
to the negation of the sluggish ionic effect at such a low scan
rate, which instead reveals the electron-trapping effect possibly
at the InAs QD surface (a clockwise hysteresis is typically ob-
tained for n-channel transistors when the electron-trapping ef-
fect is prominent).[61] Note that such hysteresis leads to a shift in
Vth depending on the operation conditions of the device. When
conventional logic circuits-where precise voltage control is es-
sential for deterministic logic switching- are implemented us-
ing these transistors, the hysteresis can pose challenges includ-
ing reduced noise margins and potential timing instability.[62]

However, this behavior may also be leveraged in alternative cir-
cuit architectures, such as memory devices or neuromorphic sys-
tems, where history-dependent responses and charge retention
are beneficial.[27] Figure 1e shows a series of output characteris-
tics, ID versus VD relations, obtained from the vQECTs at differ-
ent fixed VGs (0–2 V, at 0.25 V steps). The shape of the output
characteristics also follows typical n-channel behavior.
Prior to understanding the characteristics of the vQECTs in

detail, we will discuss the critical role of ZnMgO NP layers. As
mentioned above, vQECTs without ZnMgO NP layers exhibited
significant electrical leakage (Figure S3, Supporting Informa-
tion). We conjecture that this phenomenon was caused by mi-
crocracks in the InAs QD film, which were formed when the
film was treated with EDT.[59] In the presence of microcracks,
the top electrode material may penetrate the crack during the
deposition step, leading to an electrical shortage pathway. De-
spite attempts to fill cracks using repeated InAs QD deposition
or EDT treatment conditions, reproducibility across devices was
poor, prompting us to adopt an overlayer, which significantly im-
proved fabrication consistency. We selected ZnMgO NP films
for this purpose. ZnMgO NPs are well-known n-type materials
used in QD devices.[63] Despite the small conduction band mini-
mum offset between the InAs QD and ZnMgONP layers (Figure
S8, Supporting Information), interfacial electron transport from
InAs QD to ZnMgO layer – and eventually to the top drain elec-
trode – should be feasible, particularly under a positiveVD (= 1V).

Similar toQDs, ZnMgONPs can also be photopatterned by cross-
linking the ligands attached to their surface; however, this pro-
cess does not require an additional ligand removal/replacement
step. Therefore, the probability of microcracks forming in the
NP film is minimal. Consequently, vQECTs with ZnMgO NP
layers operated without exhibiting electrical shorts, as shown in
Figure 1d,e.
To further investigate the role of the ZnMgO NP layer, we con-

ducted additional experiment using two testbed devices with a
cQECT structure, wherein the source/drain electrodes and the
channel are arranged laterally, while the ion gel layer is lami-
nated on top of the channel (Figure S9, Supporting Informa-
tion): Testbed 1 comprised cQECTs with an InAs QD film chan-
nel placed underneath a ZnMgO NP film and Testbed 2 com-
prised cQECTs with only an InAs QD film channel. Here, all
the InAs QD and ZnMgO NP films were deposited following the
same protocol used to fabricate vQECTs shown in Figure 1. The
n-type transfer curve of Testbed 2 indicates that InAsQDfilms are
easily charged/discharged with [EMIM]+ (Figure S9, Supporting
Information). The slightly higher drain current flow in Testbed
1 compared to Testbed 2 indicates that the top ZnMgO NP layer
can additionally be charged/discharged with [EMIM]+. Overall,
we conjecture that the ZnMgO NP layer in the vQECTs enables
effective delivery of electrons from the InAs QD channel to the
drain electrode, while also preventing electrical shorts between
the source/drain electrodes.
Testbed 2 was also employed to validate the volumetric charg-

ing of the InAs QD films. We hypothesized that if ions can
penetrate the nanoscopic pores within the InAs QD films and
electrochemically charge the entire volume of the film, the
current level of the device should scale with the thickness of
the channel. In contrast, if 2D charging occurs locally at the
QD film/ion gel interface, the channel current should remain
nearly constant regardless of the channel thickness variation.
Figure 2a shows the transfer characteristics of the cQECTs with
different QD film thicknesses (46, 78, and 105 nm) obtained at
VD = 1.0 V. The morphology of these films examined through
atomic force microscope (AFM) is shown in Figure 2b. The sim-
ilar surface roughness of the InAs QD films suggests that any
discrepancy in the electrical measurement can be attributed to
the thickness variations. Clearly, the current levels and the cor-
responding gm values consistently increased as channel thick-
ness increased (Figure 2c). Figure 2d depicts the gm, max values
of these films as functions of W × t/L (where W and L are the
channel width and length, as defined above for the cECT equa-
tion, respectively, and t is the film thickness). W and L were
fixed to 1600 and 200 μm, respectively. Clearly, the gm, max of the
device exhibited a linear relationship with t (gm, max = (31.12 ±
1.87)W

L
t, R

2 = 0.9929), indicating that the entire volume of the
InAs QD film participates in electrical conduction and that the
films are therefore charged volumetrically through electrolyte
gating.
The VD-dependent variation in the shape of the transfer char-

acteristics provides additional evidence for the volumetric charg-
ing of InAs QD films. Figure 2e shows the transfer character-
istics of cQECTs (the channel thickness = 46 nm) collected at
two different VDs (1.0 and 0.1 V). Unlike the transfer character-
istics measured at VD = 1.0 V, where ID consistently increased
as VG increased, those measured at low VD = 0.1 V displayed
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Figure 2. a). Transfer characteristics of the cQECTs with different InAs QD film thicknesses (t = 46, 78, and 105 nm). b) AFM images (5 μm × 5 μm)
of the InAs QD films with different thicknesses (t = 46, 78, and 105 nm). c) Transconductance curves of the cQECTs with different channel thicknesses
(t = 46, 78, and 105 nm). d) Maximum transconductance of the cQECTs plotted as a function of channel geometry factors. e) Transfer characteristics
of the cQECTs at different VDs (0.1 and 1.0 V). f) Bode plot of the electrical impedance spectroscopy data for InAs QD films collected at different offset
voltages ranging from 0.4 to –2.0 V in 0.4 V steps. The complex data were fitted to Rs(Rp||Q). g) Volumetric specific capacitance of the InAs QD films as
a function of the applied potential. h) Total capacitance of the InAs QD films as a function of the film volume.

a negative transconductance regime at VG levels above 1.2 V,
where ID decreased as VG increased. The output characteristics
of these devices (Figure S10, Supporting Information) consis-
tently demonstrated an unusual current level flip at low VDs.
Such an unusual negative transconductance at low VD and high
VG levels has also been observed in certain n-type organic ECTs
(OECTs).[6,8,38,64] This phenomenon is attributed to a substantial
shift in the Fermi level of the channel caused by volumetric elec-
trochemical doping, which drastically increases the injection bar-

rier at the source/channel heterojunction, leading to yield non-
ohmic charge injection.[38] We believe that the same explanation
can be applied to our findings. Owing to the substantial volu-
metric charging of InAs QD films induced by electrochemical
doping, the Fermi level of the channel rises substantially, result-
ing in the formation of a sufficiently high injection barrier at the
source/channel junction. Although this injection barrier does not
have a substantial impact under high VDs, it can noticeably sup-
press electron injection under low VDs, leading to the generation
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of a negative transconductance regime at high VGs (Figure S11,
Supporting Information). Overall, the negative transconductance
regime observed in our cQECTs under low-VD and high-VG op-
eration conditions further indicates that the InAs QD films are
volumetrically charged during the operation.
Furthermore, we performed electrochemical impedance spec-

troscopy (EIS) to investigate the volumetric capacitance of the
InAs QD films. For the EIS measurements, we employed a
metal–electrolyte–semiconductor structure. The InAs QD film,
which served as the semiconductor layer, was deposited on a
Au electrode (0.03 cm2) serving as the working electrode. The
ion gel layer, which served as the electrolyte layer, was cast onto
the InAs QD film, and an Ag/AgCl tip was used as the refer-
ence and counter electrode (Figure S12, Supporting Informa-
tion). Figure 2f shows the Bode plot obtained from 105 to 0.1 Hz
with an alternating current amplitude of 10 mV at offset voltage
ranging from 0.4 to –2.0 V in 0.4 V steps (the offset voltage of
–2 V corresponds to a condition where +2 V is applied to the
Ag/AgCl tip relative to the Au electrode). This data was well-fitted
to the Randles circuit model Rs(Rp||Q), where Rs is the electri-
cal resistance of the electrolyte, Rp is the polarization resistance,
and Q is the constant phase element. The capacitance spectra
were extracted using an equation C = 1/(2𝜋f × Im(Z)), where f
is the frequency and Z is the complex impedance (Figure S12,
Supporting Information).[65] Next, the volumetric specific capac-
itance of the InAs QD films was estimated by dividing the ca-
pacitance measured at 1 Hz by the volume of the films. The esti-
mated values were plotted as a function of the applied potential
(Figure 2g). Notably, the specific capacitance increased as the po-
tential increased, and it reached up to 523 mF cm−3 at 2 V, indi-
cating that volumetric charging was enhanced as more [EMIM]+

penetrated the InAs QD at increased potentials. We also plotted
the measured total capacitance values (in F) at 2 V for the InAs
QD films with different thicknesses as a function of film vol-
ume (Figure 2h). Clearly, the capacitance increased as the film
volume increased. The volumetric specific capacitance obtained
from the slope of this plot was 542± 27mF cm−3, which is consis-
tent with the values obtained from Figure 2g at 2 V. Collectively,
these results indicate that the InAs QD films are volumetrically
charged by ions, allowing the entire the film to be electrochemi-
cally doped.
After confirming the volumetric charging capability of the

InAs QD films, we investigated the geometry-dependent perfor-
mance of vQECT devices. Specifically, we varied the channel area
of the device while keeping the thickness of the ZnMgO NP and
InAs QD films constant (88 nm). Figure 3a shows the transfer
characteristics of the vQECTs with three different channel areas
[A = 40 × 40, 70 × 70, and 100 × 100 μm2]. The vQECTs with
the largest channel area exhibited the highest on-current (IonD , de-
fined as the drain current at VG = 2 V) and gm, max. Figure 3b
shows plots of IonD and gm, max as functions of A. Although the ver-
tical transistor equation (ID = (A/2t) × µ × C* × (VG – Vth)

2) and
its corresponding maximum transconductance (gm, max = (A/t) ×
µ × C* × (VG – Vth)) predict that ID and gm, max should exhibit
simple linear scaling relations with A, a sublinear relation was
found in this study. This can be explained by the extended dis-
tance that the ions (originally located outside the film at the off
state) must travel to fully charge the InAs QD films between the
electrodes when A is relatively large. In fact, the turn-on voltage

(Von), which represents the minimum gate voltage required to
electrochemically charge the InAs QD films, also exhibited ge-
ometry dependence. A more positive Von was obtained at large
A values, indicating that a high gate voltage is required to drive
ions into the InAs QD film between the electrodes with A is
large.
In terms of device performance, our vQECTs exhibited excep-

tionally high IonD for a specified channel area. In fact, the device
with A = 100 × 100 μm2 exhibited an on-current density (JonD )
of 79.5 ± 3.54 A cm−2, which is by far the highest integration
area normalized current (IonD,A, i.e., drain current divided by the
projected channel area on the substrate) value reported for n-
channel transistors based on ionic liquid gating.[28,31,54–56,66–72]

This metric, introduced from Faccetti et al.[22] is particularly rel-
evant for vECTs, as it reflects their advantage in terms of areal
integration. In the case of vertical devices, IonD,A coincides with J

on
D ,

while in planar devices the two metrics differ due to the lateral
charge transport geometry. It is worth noting that our vQECTs
not only exhibited the highest IonD,A value but also achieved
the highest on/off current ratio ((4.3 ± 0.22) × 106), which is
a crucial indicator of the switching capability of a transistor
(Figure 3c).
In addition to the excellent switching characteristics, the

vQECTs also exhibited decent stability characteristics. Figure 3d
shows the bias stability of the transfer characteristics under a
constant VG (2 V) for different periods (0–2400 sec). The device
parameters–IonD,A, on/off current ratio, and subthreshold swing
(Vss)–remained nearly unchanged under these test conditions
(Figure 3e). Figure 3f shows some of the transfer characteristics
of the vQECTs that were measured at 7-day intervals while be-
ing stored in an N2-filled glove box. While ID slightly decreased
over time, the on/off current ratio and the Vss remained nearly
consistent, indicating that the device exhibited strong stability
under the N2-storage conditions (Figure 3g). Moreover, the op-
erational stability of the device is demonstrated in Figure 3h,
which shows the drain current response obtained when square-
wave-formed input signals (i.e., VG = 2 and 0 V) were applied.
The vQECTs exhibited reliable characteristics over more than
10 000 switching cycles, a feature that has not been achieved by
previously reported n-channel ionic liquid-gated transistors. Al-
though the same level of stability was not observed under ambi-
ent conditions, the confirmed intrinsic stability under N2 stor-
age suggests that, with proper encapsulation or environmen-
tal protection strategies, the vQECTs hold potential for practical
applications.
Finally, a vertically stacked complementary inverter was fabri-

cated to demonstrate the feasibility of vQECTs in vertical logic
applications. The fabrication of a complementary inverter com-
prising an n-channel transistor and a p-channel transistor is re-
garded as a primary demonstration toward fabricatingmore com-
plicated logic gates. To fabricate the inverter, we employed a p-
type vOECT based on benchmark poly(3-hexylthiophene-2,5-diyl)
(P3HT) as a complementary channel to our n-type vQECT (Figure
4a).[27] Specifically, we formed the n-type vQECT on top of a bot-
tom Au contact, inserted a middle Au contact, and then stacked
the p-type vOECT channel on top together with a top Au con-
tact. Finally, an ion gel was placed on the vertical channels to
gate both the p-channel and n-channel of the inverter (Figure S1,
Supporting Information). For the inverter operation, the bottom
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Figure 3. a). Transfer characteristics of vQECTs with different channel areas. b) Averaged IonD (left y-axis) and averaged gm, max (right y-axis) of the vQECTs
with different channel areas. c) Comparison of on/off current ratio–IonD,A for n-type ionic liquid-gated transistors. The Sources are detailed in Table S1
(Supporting Information). d) Transfer characteristics and e) parameters (IonD,A, on/off current ratio, and Vss) of the vQECTs under a constant VG for
2400 s. f) Transfer characteristics and g) parameters (IonD,A, on/off current ratio, and Vss) of the vQECTs stored inside an N2-filled glove box for 35 days.
h) Operational stability of the vQECTs over 100 000 s at VD = 1.0 V and VG switching between 0 and 2 V.

electrode functioned as the ground (GND) electrode, the mid-
dle electrode served as the output voltage (VOUT) readout, the top
electrode served as the supply voltage (VDD) electrode, and the
Ag/AgCl tip contacting the ion gel served as the contact for input
voltage (VIN) (Figure 4a). As shown in Figure 4b, all electrodes
were carefully aligned to overlap the channel areas of the bot-
tom vQECTs and top vOECTs. The transfer characteristics of the
p-type vOECTs were balanced with those of the n-type vQECTs

(Figure 4c), causing the hybrid inverters to exhibit a typical in-
version response. The VOUT versus VIN relations were collected
at different VDDs (VDD = 0.2−1.0 V, 0.2 V steps), as shown in
Figure 4d. A “1” output logic state (VOUT = VDD) appeared at VIN
= 0 V (where the n-type vQECTs were turned off and the p-type
vOECTs were turned on), and a “0” output logic state (VOUT = 0 V)
appeared at VIN = 2 V (where the n-type vQECTs were on and the
p-type vOECTs were off). The signal gain (defined as ∂VOUT/∂VIN)

Small 2025, 21, 2504531 © 2025 Wiley-VCH GmbH2504531 (7 of 11)
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Figure 4. a). Schematic description of hybrid inverters (left) with cross-sectional illustrations (right). b) Optical microscopy image of hybrid inverters.
c) Transfer characteristics of the P3HT-based vOECTs. d) Voltage-transfer characteristics and e) inverter gain signal of the hybrid inverters.

of hybrid inverters was determined as ≈ 4.7 at VDD = 1 V
(Figure 4e).

3. Conclusion

In this study, we implemented vQECTs using n-type InAs QD
thin films. Our systematic investigation confirmed that the InAs
QD films exhibit volumetric capacitance, validating their oper-
ation as true ECTs rather than EDLTs. The vQECTs exhibited
high transconductance (gm, max = 20.96 ± 2.16 mS) and a record-
high IonD,A = 79.5 ± 3.54 A cm−2 among n-type ionic liquid-

gated transistors, along with excellent operational stability. Fur-
thermore, by integrating n-type vQECTs with p-type vOECTs, we
successfully fabricated vertically stacked hybrid inverters, which
achieved a signal gain of ∼4.7. These results highlight the po-
tential of QD-based ECTs for use in high-performance vertical
transistor architectures. Our study provides a new platform for
developing compact, high-density electronic devices and creates
avenues for constructing next-generation electrolyte-gated logic
circuits. Future workwill focus on optimizingmaterial properties
and exploring additional device architectures to further enhance
performance.
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4. Experimental Section
Chemicals: Indium acetate (99.999%), oleic acid (≥99%), and 1-

octadecene (ODE; 99.999%) were purchased from UNIAM. Diocty-
lamine (≥97%), hexane (anhydrous, 95%), 1-butanol (anhydrous, 99.8%),
and toluene (anhydrous, 99.8%) were purchased from Sigma-Aldrich.
Trimethylsiylarsine ((TMSi)3As; 99%) was purchased from JSI Silicone.
Additionally, 2-LiXer and 6-LiXer were prepared according to the protocol
described previously.[58,73] ZnMgO NPs were prepared using previously
reported methods with butylamine instead of ethanolamine in the final
step.[74]

Materials for Device Fabrication: Si substrates (n++, < 0.005 Ω) with a
thermally grown SiO2 layer (300 nm) were purchased from Namkang Hi-
Tech. [EMIM][TFSI] was purchased from C-TRI Korea. EDT (98%), PEG-
DA (averageMn 575), HOMPP (97%), and P3HT (averageMw = 20 000–
45 000) were purchased from Sigma-Aldrich.

InAs QD Synthesis: The QDs were synthesized using previously re-
ported methods with minor modifications.[75] To synthesize InAs seed
QDs, an indium oleate solution was prepared by mixing 0.29 g (1 mmol)
of indium acetate with 0.85 g (3 mmol) of oleic acid in 5 mL of ODE and
degassing the mixture in a three-neck flask under a vacuum at 100 °C for
2 h. The As solution was then prepared by mixing 0.14 g (0.5 mmol) of
(TMSi)3As with 0.36 g (1.5 mmol) of dioctylamine dissolved in 1 mL of
degassed ODE solution, and the solution was stored inside a nitrogen-
filled glove box at 60 °C for 30 min. The degassed indium oleate solution
was heated to 300 °C under nitrogen conditions. The prepared As solution
was rapidly injected into the indium oleate solution at 300 °C.

To synthesize amorphous InAs nanoclusters, an indium oleate solution
was prepared by mixing 1.74 g (6 mmol) of indium acetate with 5.10 g
(18 mmol) of oleic acid in 30 mL of ODE and degassing the mixture at
100 °C for 2 h under vacuum. Thereafter, the As solution was prepared by
mixing 0.84 g (3mmol) of (TMSi)3As with 2.17 g (9mmol) of dioctylamine
dissolved in 6 mL of degassed ODE solution, and the solution was stored
inside a nitrogen-filled glove box at 60 °C for 30 min. The As solution was
then injected into the indium oleate solution at room temperature and
stirred for 10 min.

To synthesize the InAs QDs, the InAs nanocluster solution was contin-
uously injected into the InAs seed QD solution through a syringe pump at
a growth temperature of 300 °C at desired rates. After the growth reaction
was terminated, the InAs QDs were repeatedly purified using butanol and
hexane. Finally, the synthesized InAs QDs were dispersed in toluene.

Device Fabrication: To fabricate the vQECTs, the Si/SiO2 substrates
were first cleaned sequentially with acetone, 2-propanol, and distilled wa-
ter. Next, the Cr/Au electrode was thermally evaporated onto the sub-
strates at deposition rates of 0.1/1.0 Å s−1, respectively. Subsequently,
dispersions (20 mg mL−1 in toluene) of InAs QDs mixed with 6-LiXer
(1 wt.% relative to the weight of the InAs QDs) were spin-coated
(2000 rpm, 30 s) onto the substrates. The channel regimes of the vQECTs
were selectively irradiated with UV light (254 nm, 0.4 mW cm−2, cor-
responding exposure: 2 mJ cm−2) using a shadow mask for 10 s. The
uncross-linked regime of the InAs QD film was removed using pure
toluene in order to form the patterns. For ligand exchange, the InAs QD
films were treated with 50 mm EDT in acetonitrile for a dwelling time of
2 min and then rinsed with pure acetonitrile. The channel-patterning to
ligand-exchange steps were repeated once more. Thereafter, dispersions
(20 mg mL−1 in chloroform) of ZnMgO NPs mixed with 2-LiXer (5 wt.%
relative to the weight of the ZnMgO NPs) were spin-coated (2000 rpm,
60 s). The areas of ZnMgO NPs film having the InAs QD patterns un-
derneath were selectively irradiated with UV light (254 nm) through the
same shadowmask used to pattern the InAs QDs, and then patterned Zn-
MgO NP films were formed by removing the uncross-linked regime of the
ZnMgO NP film using pure chloroform. The Au electrode was thermally
evaporated onto the ZnMgO NP layer at a deposition rate of 1.0 Å s−1.
Finally, a liquid mixture of PEG-DA, HOMPP, and [EMIM][TFSI] (weight
ratio = 2:1:22) was poured onto the regimes where the two electrodes
and the InAs QD/ZnMgO NP films overlapped. The liquid mixture was
subsequently exposed to UV light (365 nm, 0.4 mW cm−2, corresponding
exposure = 2 mJ cm−2) for 60 s. The detailed conditions of the fabrica-

tion process of the cQECTs, including InAs QD channel formation and ion
gel deposition, were the same as those for the vQECTs. The entire fabrica-
tion process was performed under an inert atmosphere inside an N2-filled
glove box.

To fabricate the complentary inverter, the P3HT solution in chloroform
(10mgmL−1) was prepared by stirring themixture solution at 50 °C for 5 h.
Next, 2-LiXer in chloroform (5 wt.% relative to the weight of the P3HT) was
added to the P3HT solution. Subsequently, the 2-LiXer containing P3HT
dispersionswas spin-coated (2000 rpm, 60 s) onto the vQECTs. After being
irradiated with UV light (254 nm, 0.4 mW cm−2, corresponding exposure:
2 mJ cm−2) and rinsed with pure chloroform, the samples were dried for
12 h in an N2-filled glove box. The Au electrode was thermally evaporated
onto the P3HT layer at a deposition rate of 1.0 Å s−1. Finally, a liquid mix-
ture of PEG-DA, HOMPP, and [EMIM][TFSI] (weight ratio = 2:1:22) was
poured onto the regimes where the three electrodes overlapped. The liq-
uid mixture was then exposed to UV light (365 nm, 0.4 mW cm−2, corre-
sponding exposure 2 mJ cm−2) for 60 s.

Characterization: FT-IR spectra were collected using an FT-IR 4700
spectroscopy (JASCO) under ambient conditions. The samples for FT-IR
analysis were prepared on bare Si substrates. The surface morphology and
thickness of films were confirmed using a Park XE7 (Park Systems) un-
der ambient conditions. Electrical measurements were performed on all
the devices using a probe station (MSTECH M5VC) connected to a Keith-
ley 4200-SCS parameter analyzer under vacuum conditions. EIS measure-
ments were performed using a potentiostat (Metrohm MULTI AUTOLAB
M204) connected to a probe station under vacuum conditions.

Statistical Analysis: All the average and standard deviation values are
obtained from more than 10 samples.

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