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migrate across the emitting layer, and 
recombine to produce light. This process 
can occur with nearly perfect internal 
quantum efficiency (IQE).[6] It is also pos-
sible to generate electroluminescence by 
employing an alternating current (AC)-
driving scheme.[7] Early examples include 
ZnS-phosphor-based devices,[8] which rely 
on extremely high operating voltages to 
achieve impact excitation to excite lumi-
nescent centers. Other examples include 
double-insulator devices where both elec-
trodes are covered by a dielectric layer, and 
carriers are solely generated from internal 
charge generation layers.[9]

Conversely, both charge carriers can be 
injected directly from contacts. In vertically 
structured field-induced polymer electro-
luminescent devices, charge carriers are 
injected from an electrode and/or gener-
ated in charge generation layers.[10–12] EL 
has also been demonstrated with a later-
ally structured capacitive device structure 
in which materials are deposited on top of 
a gate oxide layer across which AC voltage 
is applied.[13–15] A more complex transistor-
based structure that applies an additional 

drain–source bias can also be adopted to generate light from 
various materials.[16,17] These examples, which use microscale 
metal contacts to inject carriers, may be sufficient to produce 
AC EL from materials with relatively high mobility; however, 
denser electrical contacts are preferable for generating bright 
AC EL from other kinds of materials, including molecular emit-
ters with poor mobility.[18,19] To this end, self-assembled carbon 
nanotube (CNT) networks[20] can be used as a porous top con-
tact to increase contact density and emission intensity.[21] Due 
to the lateral nature of charge injection, the emitting material 
does not need to be suited for further processing, and optical 
properties can be easily probed without requiring transparent 
contacts, unlike vertical multilayered devices in which the emit-
ting layer is sandwiched between multiple films.

In this work, we study the performance limits of a generic 
AC electroluminescent device in which direct bipolar charge 
injection is achieved with a single CNT network electrode, 
using numerical device simulations to corroborate and under-
stand experimental measurements. We previously demon-
strated such a device for applications in electroluminescence 
spectroscopy and sensing,[21] but more elaborate knowledge is 
required to understand the scope of compatible materials as 
well as the operating parameters that are optimal for different 

The use of an alternating current (AC) voltage is a simple, versatile method 
of producing electroluminescence from generic emissive materials without 
the need for contact engineering. Recently, it was shown that AC-driven, 
capacitive electroluminescent devices with carbon nanotube network con-
tacts can be used to generate and study electroluminescence from a variety of 
molecular materials emitting in the infrared-to-ultraviolet range. Here, perfor-
mance trade-offs in these devices are studied through comprehensive device 
simulations and illustrative experiments, enhancing understanding of the 
mechanism and capability of electroluminescent devices based on alternating 
as opposed to direct current (DC) schemes. AC-driven electroluminescent 
devices can overcome several limitations of conventional DC-driven electrolu-
minescent devices, including the requirement for proper alignment of mate-
rial energy levels and the need to process emitting materials into uniform 
thin films. By simultaneously optimizing device geometry, driving parameters, 
and material characteristics, the performance of these devices can be tuned. 
Importantly, the turn-on voltage of AC-driven electroluminescent devices 
approaches the bandgap of the emitting material as the gate oxide thickness 
is scaled, and internally efficient electroluminescence can be achieved using 
low-mobility single-layer emitter films with varying thicknesses and energy 
barrier heights relative to the contact.

Common light-emitting devices rely on the phenomenon of 
electroluminescence (EL), the emission of light in response to 
electrical excitation. These devices include the light-emitting 
diode (LED), a two-terminal device driven by a direct current 
(DC) voltage source. Bright and efficient LEDs have already 
been successfully developed to generate light emission from 
a wide variety of materials, from inorganic III–V semiconduc-
tors[1,2] to colloidal quantum dots (QDs)[3,4] to organic mole-
cules.[5] Generally, electrons and holes are simultaneously 
injected into an emissive material from n- and p-type contacts, 
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material samples. Through studies of device scaling, we show 
that turn-on characteristics of the AC electroluminescent device 
are controlled by vertical scaling of the device’s dimensions. We 
further elucidate the interplay between charge transport, bright-
ness, and efficiency by analyzing spatial and temporal varia-
tions of charge density and carrier recombination. Finally, we 
investigate how device design affects fundamental efficiency 
losses and transient responses, informing directions of future 
improvement for AC electroluminescent devices and demon-
strating that efficient light emission can be achieved with AC 
voltages depending on the material and device parameters.

The structure and operating scheme of the AC light-emitting 
device under study is schematically illustrated in Figure 1a. The 
device consists of a layer of emissive semiconducting material 
deposited on top of an oxide layer. AC voltage is applied across 
a bottom gate contact and top CNT network source contact. 
Experimentally, we fabricated this device structure on a 50 nm 
SiO2/p++ Si substrate in which the p++ Si substrate serves as 
the bottom gate contact and a metal grid is used to contact the 
CNT network for probing. When a pulsed gate voltage with a 
finite slew rate is applied across the gate and source contacts, 
light emission is observed after voltage transitions as con-
firmed by earlier time-resolved EL measurements.[13] The pro-
posed mechanism behind such a driving scheme has been 
discussed previously.[21] To briefly recapitulate, electrons accu-
mulate in the emitter layer when the gate voltage is positive, 

causing there to be a large electron concentration but low hole 
concentration. When the gate voltage switches from positive to 
negative, the field across the device cannot change immediately, 
so the applied gate voltage instead drops across resistive com-
ponents such as the emitter material. The large potential drop 
at the source contact–emitter interface results in steep band 
bending that enables carrier tunneling (Figure  1b). Holes are 
injected into the emitter layer as electrons either exit the semi-
conductor through the contact or recombine with holes. Even-
tually, the transient carrier action subsides and the band dia-
gram resembles that of a metal-oxide-semiconductor capacitor 
at steady state until the subsequent negative to positive voltage 
transition, where a similar tunneling process occurs.

To further understand the operating characteristics and per-
formance limits of such a device, we performed numerical sim-
ulations of the device using Sentaurus technology computer-
aided design (TCAD) tools, which simultaneously solve the 
Poisson and carrier continuity equations with a drift-diffusion 
model involving Fermi statistics and radiative carrier recombi-
nation.[22,23] We assume equal and constant electron and hole 
mobilities as well as ambipolar contacts for symmetry. In both 
simulation and experiment, a certain turn-on voltage is required 
to observe EL, after which point the EL intensity increases 
approximately linearly with the amplitude of the square wave 
gate voltage (Figure 1c). EL occurs immediately following each 
voltage transition and lies dominantly near the source contacts 

Figure 1. a) Schematic of an AC electroluminescent device with a metal grid electrode (yellow) contacting a CNT network (purple lines) on an oxide 
substrate (gray). Square wave AC voltage is applied between the p++ Si gate (blue) and the grounded metal electrode. To capture device behavior, 
we simulate the region between two individual CNT contacts. b) Energy band diagrams at the CNT–emitter interface at the square wave timepoints 
indicated in (a). Quasi-Fermi levels for electrons and holes are shown in red and blue, respectively. c) EL intensity as a function of gate voltage from 
simulation (blue) and experiment (orange). d) EL intensity as a function of square wave frequency from simulation and experiment. Experimental data 
were measured from devices with red CdSSe/ZnS quantum dots on 50 nm SiO2 gate oxide using a 100 kHz, 10 V square wave.
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in most cases, so the EL intensity should scale linearly with the 
number of voltage transitions or square wave frequency. Experi-
mentally, the EL intensity does scale linearly with square wave 

frequency up to a certain cut-off frequency, after which the EL 
intensity rolls off since the device can no longer reach steady-
state conditions during square wave pulses (Figure  1d). Based 
on this model, we studied trends between material properties 
(e.g., carrier mobility and bandgap), device structure (e.g., CNT 
network density, oxide, and emitter layer thickness), and per-
formance characteristics (e.g., turn-on voltage, brightness, and 
quantum and power efficiency).

While various AC electroluminescent devices have been pro-
posed and demonstrated in the past, these devices largely rely 
on high operating voltages (in the tens to hundreds of volts) to 
achieve reasonable electroluminescence, rendering them less 
practically appealing than their DC counterparts.[12,24,25] In our 
device, the turn-on voltage reflects the presence of a charge injec-
tion barrier at the source–semiconductor contact as well as any 
external parasitic components in the experimental measurement. 
We performed EL simulations at different peak-to-peak gate volt-
ages for devices with varying oxide thicknesses (Figure S1, Sup-
porting Information) in order to understand global trends in 
turn-on voltage scaling. As the bandgap of the emissive mate-
rial increases, the threshold voltage increases superlinearly 
compared to the theoretical limit (VT ≈ ±Eg/2), meaning that it 
is harder to achieve low turn-on voltage for materials with large 
bandgaps as a result of the increased injection barrier.

Due to the unique ability of our device to generate EL from 
emissive materials with nearly any bandgap in the infrared-to-
ultraviolet range, we can study fundamental scaling relation-
ships of turn-on voltage versus emitter bandgap using a single 
device, without any need to design different electron and hole 
contacts for different materials. Experimental EL data from 
devices with different gate oxide thicknesses agree well with 
the simulated model (Figure  2a). In particular, scaling down 
the oxide thickness reduces the turn-on voltage. As in conven-
tional field-effect transistors, gate control of the emissive semi-
conducting material depends on the equivalent oxide thick-
ness (EOT) of the gate oxide, which is defined as t ( / )ox SiO ox2ε ε  
for a gate oxide of thickness tox and relative dielectric constant 
εox.[26] The EOT can be reduced by decreasing the oxide thick-
ness or increasing the dielectric constant of the oxide layer. The  
charge on a capacitor at steady state depends on the gate capaci-
tance and voltage (Q ∝ Cox(Vg − VT)); increasing the capacitance 
decreases the operating voltage required for equivalent charge 
input. It is worth noting that high-κ dielectrics have been pre-
viously applied to reduce the turn-on voltage in AC electrolu-
minescent devices with double dielectric layers, albeit based on 
a different mechanism which relies on field-dependent charge 
regeneration due to the absence of direct carrier injection.[27] 
For materials with very low bandgap, the EOT has little effect 
on the turn-on voltage, which remains near the bandgap for all 
oxide thicknesses shown. The turn-on voltage approaches the 
theoretical limit across a larger range of emitter bandgaps as 
the EOT is decreased, as exemplified by simulations of a device 
with a 2 nm high-κ (εox ≈ 22) oxide layer with EOT ≈ 0.4 nm.

Energy band diagrams at the source–semiconductor interface 
shed light on the physical mechanism underlying the reduction 
in turn-on voltage. As the EOT decreases and gate capacitance 
increases, the electric field or steepness of band bending at the 
source contact during voltage transitions increases, thereby 
thinning the tunneling barrier for carrier injection at a fixed 

Figure 2. a) Turn-on voltage as a function of photon energy from simula-
tion (solid lines) and experiment (open markers). Simulations were per-
formed in 0.5 eV bandgap energy increments for devices with gate oxide 
thicknesses roughly corresponding to the fabricated devices indicated in 
the legend (2 nm ZrO2 ≈ 0.4 nm EOT, 8 nm ZrO2 ≈ 1.4 nm EOT, and 50 nm 
SiO2 = 50 nm EOT). The black dotted line represents the curve VT = Eph/2. 
Experimental data were measured using a 100 kHz square wave. Abbre-
viations: PbS-QD (PbS quantum dot), CdTe-QD (CdSeTe/ZnS quantum 
dot), R-QD (630 nm red CdSSe/ZnS quantum dot), Ru (Ru(bpy)3(PF6)2), 
G-QD (520 nm green CdSSe/ZnS quantum dot), PFO (poly(9,9-dioctyl-
fluorene)). b) Energy band diagrams at a source contact for devices with 
different gate dielectrics at Vg = 2 V. c) Energy band diagrams at a source 
contact for a device with 2 nm ZrO2 and different applied gate voltages. 
The simulated emitter layer bandgap is Eg = 2 eV.
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gate voltage (Figure  2b). Increasing the applied gate voltage 
has a similar effect (Figure  2c). Since the breakdown voltage 
of the gate oxide scales with oxide thickness, practical choices 
for the oxide thickness should consider both the viable oper-
ating voltage regime and the achievable turn-on voltage. Alto-
gether our results show that the turn-on voltage corresponds to 
the transition from injection- to transport-limited behavior and 
depends on both the emitter bandgap and gate oxide thickness. 
Other parameters, such as carrier mobility in the emitter layer, 
have less effect on the turn-on voltage (Figure S2, Supporting 
Information).

2D plots of the electrostatic potential show the evolution of 
voltage drops present in the device. During the gate voltage 
transient, the charge on the capacitor cannot switch polarity 
immediately, thus causing the electric potential to drop at the 
contact–emitter interface first. This regime, in which the poten-
tial changes mostly along the lateral (x) direction, is depicted 
in Figure 3a-i. As time elapses, the potential drops increasingly 
across the oxide as opposed to across the emitter layer, yielding 
greater changes in electrostatic potential in the vertical (y) direc-
tion across the oxide (Figure 3a-ii). When the oxide is thick and 
of low dielectric constant, less voltage is dropped near the CNT 
contact, which reflects the more gradual band bending and 
decreased level of carrier injection (Figure 3b). In this case, the 
gate capacitance is smaller, and less charge is accumulated in 
the emitter layer during the steady-state periods of the square 
wave pulse.

In general, the turn-on voltage of AC electroluminescent 
devices with ambipolar contacts should approach the optical 
energy gap of the emitting material as the EOT is decreased. 
The simulated turn-on voltages for charge injection and EL con-
sistently underestimate the experimentally measured threshold 
voltages, in part due to exclusion of excitonic effects in the 
simulation model. In excitonic materials, electrons and holes 
undergo recombination by first forming bound pairs (exci-
tons) with energies slightly smaller than the bandgap for free 
carriers. The difference between the measured photon energy 
and the bandgap for transport depends on the excitonic binding 
energy. Furthermore, it is unlikely that the CNT contacts are 
perfectly ambipolar with respect to the experimentally meas-
ured materials. When the source contacts have p- or n-type 
work functions, the turn-on voltage increases by an amount 

similar to the increase in Schottky barrier height for the 
harder-to-inject carrier (Figure S3, Supporting Information). In 
this case, DC offsets can be applied to the AC gate voltage to 
offset detrimental work function differences and restore low-
voltage device behavior equivalent to the case of midgap con-
tacts. For example, it is more difficult to inject holes into the 
emitter material using n-type contacts because of the increased 
Schottky barrier height. Applying a negative DC offset pulls 
the emitter bands upward, yielding sharper band bending that 
thins the barrier and enables carrier tunneling (Figure S3, Sup-
porting Information). Importantly, the EL at moderate-to-high 
voltage does not depend greatly on the Schottky barrier height 
or work function difference between the source contact and 
energy levels of the emissive material. As a result, the conven-
tional requirement for Ohmic contacts[28] or low injection bar-
riers can be overcome.

Once charge injection into the emissive material has been 
achieved, charge carriers move through the emitter layer and 
a fraction eventually undergoes radiative recombination to 
emit photons. Although large strides have been made toward 
improving the mobilities of molecular emissive materials such 
as those used in organic LEDs (OLEDs), these materials largely 
possess limited carrier mobilities (<1 cm2 V−1 s−1) that are orders 
below those of common inorganic semiconductors.[19,29,30] It 
is even more difficult to design molecular systems with both 
high carrier mobility and efficient solid state emission for opto-
electronic applications, particularly in the case of solution-pro-
cessable emitters.[31–33] In light of these constraints, it is useful 
to study the necessity of maintaining high carrier mobility in 
electroluminescent devices. Unlike traditional vertically stacked 
LED architectures, our AC electroluminescent device relies on 
lateral transport from single contacts that inject both electrons 
and holes. As carrier mobility in the emissive layer decreases, 
the total amount of radiative recombination between an indi-
vidual pair of CNT contacts increases (Figure  4c). For very 
low carrier mobilities, the amount of EL saturates or slightly 
diminishes depending on the spacing between the contacts. 
The recombination efficiency increases concomitantly with 
decreasing carrier mobility until a saturation value of around 
90% (Figure  4d). The recombination efficiency is calculated 
as the ratio of radiative recombination events to the number 
of injected electron–hole pairs; 100% recombination efficiency 

Figure 3. a) Schematic of the simulated device with a grounded CNT source contact on the top left at x = 0 and a gate electrode on the bottom at y = 0; 
i,ii) the 2D electric potential distributions near the source contact during and after a square wave voltage transition, respectively. The simulated device 
has an 8 nm thick high-κ gate dielectric (EOT ≈ 1.4 nm). b) 2D electric potential distribution during a square wave voltage transition for a device with 
a 50 nm thick SiO2 gate dielectric. The applied gate voltage is ±4 V and the emitter layer mobility is μ = 10−3 cm2 V−1 s−1.
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occurs when all electron–hole pairs produce a photon. Although 
we assume that the emissive material has unity quantum yield 
in the simulation (i.e., there are no nonradiative recombina-
tion pathways), the time-alternating injection of electrons and 
holes, as well as finite slew rate do not guarantee that all injected 
charge carriers undergo recombination with opposite charge car-
riers, and some of the carriers will instead return to the electrode 
during voltage transients.

The influence of charge transport can be explained by exam-
ining the calculated band diagrams. When carrier mobility is 
low, charge carriers are unable to transport far into the emis-
sive material and accumulate near the source contact, causing 
the electric potential to vary dramatically near the contact 
(Figure  4a). Quasi-Fermi level splitting only occurs near the 
contact, in accordance with the lack of injected charge car-
riers far from the contact. When the mobility is high, quasi-
Fermi level splitting extends along the entire lateral length of 
the emitter layer as carriers populate the entire volume of the 
emissive material. At the gate voltage transition, the potential 
gradient is distributed gradually along the entire length of 
the emitter (Figure S4a,b, Supporting Information). Radiative 
recombination, which requires the simultaneous presence of 
both electrons and holes, is localized entirely near the source 

contact when the mobility is low (Figure 4b), as confirmed by 
the fact that changes in steady-state carrier concentrations are 
only observed near the contact (Figure S4c,d, Supporting Infor-
mation). The length of the emission region scales roughly with 

µ ; tenfold increases in carrier mobility lead to approximately 
threefold increases in emission length, consistent with the 
scaling of diffusion length in semiconductors. In low-mobility 
materials, emission is limited to near the source contact in 
both the lateral and vertical directions, as shown by simu-
lated 2D emission profiles for devices with thick emitter layers 
(Figure S5, Supporting Information). These results resemble 
those of OLEDs, in which the recombination zone is closer 
to the contact injecting the lower mobility carrier.[28,34] As the 
distance between CNT contacts increases, the EL intensity and 
recombination efficiency increase because longer emission 
lengths can be accommodated. Therefore, carrier mobility and 
CNT network density should be simultaneously optimized to 
yield transport lengths similar to the spacing of the CNT net-
work. EL tends to increase, then saturate as the thickness of 
the emitter layer increases, suggesting that precise control of 
the emitter layer thickness is not essential for bright EL. At the 
same time, EL can be obtained from arbitrarily thin materials 
contacting the CNT network, including those with nonuniform 

Figure 4. a) Energy band diagrams at a source contact for devices with an emitter layer carrier mobility of 10−3 cm2 V−1 s−1 (left) or 10−5 cm2 V−1 s−1 
(right). b) Radiative recombination profiles over space (in the lateral direction along the length of the emitter layer) at different timepoints ∆t after the 
start of a voltage transition. c) Total radiative recombination and d) recombination efficiency per cycle as a function of carrier mobility in the emitter 
layer for devices with different average CNT–CNT spacings L. Shorter L corresponds to denser CNT networks. Simulations were performed for devices 
with a 50 nm SiO2 gate dielectric and ±12 V square wave gate voltage.
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morphologies. This behavior contrasts that of conventional 
OLEDs, which show increased turn-on voltages and decreased 
luminance as the thickness of the emissive layer increases due 
to poor charge transport properties of molecular emitting mate-
rials.[35] Furthermore, the emissive materials in OLEDs must be 
able to form smooth and pinhole-free thin films on the order of 
up to tens of nanometers.[19]

The effect of emitter material mobility is illustrated in 
Figure  5 for thin gate oxide devices where ±4 V square wave 
gate voltages are applied with a transient slew time of 20 ns. 
For μ = 10−1 cm2 V−1 s−1, the switch in applied gate voltage from 
−4 V (at ∆t = 0 ns, where ∆t denotes the time since the start of 
the voltage transition) to 4 V (at ∆t = 20 ns) occurs nearly instan-
taneously across the oxide, with the electrostatic potential at the 
end of the voltage transition (∆t = 20 ns) varying linearly across 
the bulk of the oxide as expected for a capacitor under steady-
state DC voltage. At ∆t = 12 ns (the moment at which 60% of 
the voltage transition has elapsed), the gate contact voltage is 
+0.8 V and the potential near the contact is nearly uniformly 
equilibrated at this value. When the carrier mobility is reduced 
to 10−3 cm2 V−1 s−1, the steady-state electrostatic potential profile 
is observed somewhat later at ∆t = 100 ns after the start of the 
voltage transition. When the carrier mobility is reduced even 
further to 10−5 cm2 V−1 s−1, the potential distribution does not 
reach the steady-state condition by ∆t = 100 ns as large lateral 
potential drops have not yet subsided. Immediately after the 
voltage transition, dramatic lateral voltage drops are observed 
in the vicinity of the contact due to the low conductivity or large 
resistance of the emissive material in series with the oxide. 
Similar results are obtained for devices with thicker gate oxide 
(Figure S6, Supporting Information). To summarize, the tem-
poral dynamics show that higher peak EL is in fact obtained in 
materials with lower carrier mobility as a result of spatial locali-
zation of the charge carriers and inability of the electric poten-
tial to drop across the oxide rapidly.

Surprisingly, a square wave gate voltage waveform with a fast 
slew rate is not necessary for bright EL when the charge car-
rier mobility is low. Experimentally, applying a sine wave gate 
voltage waveform yields similar EL levels as applying a square 
wave gate voltage waveform (Figure S7, Supporting Informa-
tion), with EL only reduced by around 50% or less. The EL per 

cycle typically increases with sine wave frequency, as confirmed 
in simulation. Through numerical simulation, we find that the 
difference in EL when using a sine versus square wave gate 
voltage is smaller when the mobility is lower. Calculated energy 
band diagrams indicate that sufficiently steep band bending 
occurs at the contact following a switch in voltage polarity for 
either a sine wave or square wave, with quasi-Fermi level split-
ting being about equal to the bandgap in both cases. The overall 
lateral voltage drop across the emitter is greater when a square 
wave is applied, but carrier injection is located near the con-
tact in either case as indicated by the lack of quasi-Fermi level 
splitting in the middle of the domain. The exact relationship 
between frequency (for a sine wave) or slew rate (for a square 
wave) scaling and emission intensity would depend on the radi-
ative recombination rate in practice.

Until now, the presented results have assumed equal mobil-
ities for electrons and holes. It has been shown that balance 
of charge carrier mobilities improves OLED brightness and 
efficiency by reducing the fraction of one carrier type that 
travels across the device without recombining.[34] Due to the 
alternating injection of carriers in the AC EL scheme, recom-
bination efficiency is dominated by the lower mobility carrier; 
high efficiency can be achieved as long as one of the carriers 
has sufficiently low mobility (Figure S8, Supporting Informa-
tion). If the hole mobility is greater than the electron mobility, 
then holes exit the emitter layer much faster than electrons are 
able to enter the emitter layer at the downward voltage transi-
tion, leading to negligible EL. However, at the upward transi-
tion, holes are able to populate the bulk of the emitter layer 
much faster while electrons exit slowly, giving rise to substan-
tial EL comparable to the case of equal and low carrier mobility 
(Figure S9, Supporting Information). Asymmetric EL at voltage 
transitions therefore results not only from nonambipolar con-
tacts[13] but also from asymmetric charge transport. Even when 
the charge carrier mobilities are unbalanced, EL can still be 
obtained by using a single contact to inject both carriers near 
the contact.

Aside from turn-on voltage and brightness, other important 
figures of merit for light-emitting devices include quantum 
and power efficiency. The IQE of a light-emitting device is 
given by ηint  = φγ and the external quantum efficiency (EQE) 

Figure 5. 2D maps of the electrostatic potential for devices with an 8 nm thick high-κ gate dielectric (EOT ≈ 1.4 nm). Simulations were performed with 
a ±4 V square wave gate voltage, and the plots represent behavior from the upward voltage transition (from −4 to +4 V). For each emitter layer mobility 
case (shown in separate rows), the potential map is plotted for different times ∆t (shown in separate columns) after the start of the voltage transition 
at t = 0. The rise time of the voltage transition is 20 ns. From left to right, the columns correspond to the potential during the gate voltage transition, 
at the end of the gate voltage transition, and 80 ns after the end of the gate voltage transition. The black dotted line represents the interface between 
the gate oxide and the emitter layer as shown in Figure 3.
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is given by ηext = ηint ηcoupling, where φ relates to the intrinsic 
photoluminescence efficiency of the emissive material, γ is 
the recombination efficiency (fraction of injected charge car-
riers that recombine in the emissive layer; Figure S10 (Sup-
porting Information)), and ηcoupling is the outcoupling efficiency 
(fraction of photons that are able to escape the device).[36] For 
organic excitonic materials with singlet emission, the intrinsic 
efficiency of the emissive material also takes rst, the ratio of 
singlet to triplet excitons, into consideration. To evaluate the 
fundamental efficiency of an alternating-current-based carrier 
injection scheme, we focus on the efficiency of carrier injection 
leading to radiative recombination (γ), which is the term that 
depends on the mechanism of device operation. According to 
simulation, the recombination efficiency tends to increase with 
gate voltage near the turn-on voltage of the device, but slowly 
decreases thereafter (Figure 6a). The recombination efficiencies 
for devices with different oxide thicknesses are similar, with 
the thicker oxide device only being slightly less efficient. Peak 
recombination efficiency is achieved when the band bending is 
just steep enough to allow for efficient carrier tunneling and 
subsequent injection. Beyond this point, higher gate voltages 
increase the rate at which the steady-state carriers are swept out 
of the emissive material, decreasing the fraction of injected car-
riers that are able to recombine with opposite charge carriers 
exiting the emissive material.

Experimentally, we observe a similar trend for a high-κ gate 
oxide device with a drop-cast layer of Ru(bpy)3(PF6)2 in which 
the IQE increases with voltage up to a certain point before 
decreasing (Figure 6a, inset). For simplicity, we performed the 
simulations assuming 100% quantum yield in the emitter layer; 
however, the experimentally measured materials have nonu-
nity quantum yield.[37,38] Hence, the experimentally extracted 
internal quantum efficiencies, which are a product of φ and 
γ, do not reach the same levels as the calculated efficiencies, 
and, in this case, are around one-fifth lower than the simu-
lated performance limit. This value is consistent with analo-
gous photoluminescence quantum yield measurements of the 

drop-cast emitter layer on the device substrate. In addition, the 
peak experimental quantum efficiencies are achieved at almost 
double the gate voltage calculated from simulation, which 
may be a result of parasitic device resistances that reduce the 
voltage applied to the emitter as well as nonradiative recombi-
nation mechanisms that dampen the EL intensity at low car-
rier concentrations. As a qualitative example, the recombina-
tion efficiency increases monotonically with gate voltage up 
to Vg  =  ±12 V if we include trap-assisted Shockley–Read–Hall 
recombination in addition to radiative recombination in our 
simulated model (Figure S11, Supporting Information). Strik-
ingly, the total amount of radiative recombination and net 
recombination efficiency does not depend on the contact work 
function or Schottky barrier height after the turn-on regime has 
been surpassed (Figure S12, Supporting Information), although 
unbalanced charge injection has been found detrimental to 
the performance of quantum dot LEDs[4] and OLEDs.[39] While 
devices simulated with p- and n-type contacts (0.1 eV Schottky 
barrier height in each case) show similar overall results as a 
device simulated with ambipolar contacts, EL at the upward 
voltage transition is higher with an n-type contact than with a 
p-type contact due to more facile electron injection, and vice 
versa at the downward transition.

Similar to our findings on recombination efficiency, larger 
CNT–CNT distances (corresponding to sparser CNT networks) 
are preferable for achieving higher power efficiency, particu-
larly in materials with higher mobility (Figure S13, Supporting 
Information). Here power efficiency is defined as the time-aver-
aged output light power (assuming photons are emitted with 
an energy equal to the bandgap) divided by the input electrical 
power, which is calculated by integrating the product of the 
time-dependent current and voltage over a full AC cycle. Power 
efficiency approximately depends on the quantum efficiency 
and the factor (hν)/(qV) where hν is the photon energy and qV is 
the energy of the injected carriers based on the effective applied 
voltage. Assuming that the CNT–CNT spacing is long enough 
for the quantum efficiency to saturate, the power efficiency 

Figure 6. a) Gate voltage dependence of recombination efficiency from simulation (solid lines). The blue and orange data represent devices with 8 nm 
high-κ gate dielectric or 50 nm SiO2 gate dielectric, respectively. Experimentally measured internal quantum efficiencies (IQE), which normalize for dif-
ferences in light outcoupling, are shown in the inset (open markers). b) Gate voltage dependence of power efficiency from simulation for devices with 
different gate dielectric (upward triangles: 8 nm ZrO2, downward triangles: 50 nm SiO2) and emitter layer bandgap Eg. The dotted lines are guides to the 
eye and represent an inverse voltage relationship of the form Eg/Vg with a constant scaling factor. Experimentally measured internal power efficiencies 
(IPE) are displayed in the inset (colors same as in panel (a)). Data were measured from devices with a drop-cast Ru(bpy)3(PF6)2 emitter layer (Eg = 2 eV).
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tends to increase with the bandgap of the emissive material due 
to the higher energy of photons produced (Figure 6b). However, 
the turn-on voltage is also higher for larger bandgap materials, 
resulting in similar power efficiencies at the voltages required 
for similar emission intensities. Beyond the turn-on voltage, the 
maximum power efficiency decreases approximately inversely 
with applied gate voltage. The peak power efficiency for a 
thicker oxide device is lower than that of a thinner oxide device 
and occurs at a larger gate voltage because of the higher turn-
on and operating voltages. Although the internal recombina-
tion efficiency can approach unity, the power efficiency lags the 
quantum efficiency in both simulation and experiment because 
each carrier type contributes to the electrical current when it 
enters and exits the material. Resistive losses in the large-area 
CNT network, which are neglected in the model, impose fur-
ther reductions in power efficiency in the fabricated device.

Lastly, we investigated the temporal response of the device, 
which determines the maximum frequency or speed at which 

the gate voltage can be modulated while retaining linear fre-
quency response. Even when external parasitic capacitances in 
the measured device are minimized, the lifetime of electrolu-
minescence can still be limited by device characteristics such 
as carrier mobility. From the transient carrier density and EL 
profiles in Figure  7a,b, simulated using a square wave gate 
voltage, we observe that the number of holes in the emitter 
layer decreases and the number of electrons increases as the 
gate voltage switches from −12 to +12 V. This behavior is con-
sistent with the mechanism in which downward band bending 
enables tunneling of electrons into the emitter layer as holes 
are extracted out, leading EL to occur for a finite period of time 
following the voltage transition. EL requires electron and hole 
populations to overlap in both space and time; as the mobility 
decreases, the time required for the slow holes to exit the 
semiconductor increases, and EL is longer-lived. The EL life-
time, calculated as the length of time in which the radiative 
recombination is at least 1% of its peak value, increases with 

Figure 7. a,b) Simulated total number of carriers (a) and radiative recombination (b) versus time where an upward square wave transition from −12 V to  
+12 V is initiated at 20.02 µs. The solid and dashed lines in (a) represent electrons and holes. Simulations were performed for a 50 nm SiO2 gate oxide 
device. The effective EL lifetime τ is calculated as the difference between the times when the EL rises and falls to 1% of its peak value. The inset in (b) 
shows τ as a function of carrier mobility in the emitter layer. c) Simulated EL lifetime as a function of CNT–CNT spacing. d) Experimentally measured 
EL intensity per square wave cycle as a function of square wave frequency for devices with CNT networks assembled for 5 min (≈9 CNT µm−2) or  
60 min (≈17 CNT µm−2), where longer assembly times yield more dense CNT networks (shorter CNT–CNT distances). e) Simulated EL lifetime versus 
gate voltage for devices with different EOT. f) Experimentally measured EL intensity per square wave cycle as a function of square wave frequency for 
devices with gate voltages between 9 V (blue) and 17 V (yellow). The inset shows the time constant corresponding to the inverse of the frequency at 
which the normalized EL drops by half. The dotted lines in (e) and (f) represent inverse gate voltage scaling of the form 1/Vg. Data were measured 
from 50 nm SiO2 gate oxide devices with 9,10-diphenylanthracene (DPA) as the emitter.
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decreasing carrier mobility but saturates at 10 µs (the length of 
a half-period of the 50 kHz applied square wave) for very low 
carrier mobility. Consequently, the emitter mobility should 
be increased if higher AC operating frequencies are desired, 
so that the device can reach steady-state conditions after each 
voltage transition. We performed device simulations using a 
higher frequency square wave gate voltage to confirm these 
trends (Figure S14, Supporting Information). With a 5 MHz 
square wave, the radiative recombination begins to fall off at a 
higher carrier mobility than for a 50 kHz square wave, as indi-
cated by the similar levels of EL at μ ≥ 10−3 cm2 V−1 s−1 but lower 
EL at μ = 10−4 cm2 V−1 s−1. Band diagrams of the device operated 
at 50 kHz show a constant concentration of electrons accumu-
lated in the emitter layer before a downward voltage transition, 
with almost no holes present. Flat energy bands along the lat-
eral direction indicate that the applied gate voltage is dropped 
in the vertical direction across the oxide. On the other hand, the 
device operated at 5 MHz continues to show large quasi-Fermi 
level splitting in the emitter layer, meaning that a substan-
tial population of holes is still present. At this frequency, the 
0.1 µs long period of constant positive gate voltage is insuffi-
cient to allow the carrier populations and electrostatics to reach 
equilibrium.

A simple method to probe temporal device behavior is to 
measure the frequency-dependent EL intensity. The increase in 
EL lifetime with decreasing carrier mobility relates to the higher 
resistance imposed by the emissive material. Hence, increasing 
the CNT network density, or reducing the CNT-–CNT distance, 
should decrease the EL lifetime and increase the maximum 
frequency for which the EL intensity per voltage transition 
does not decrease. This behavior is confirmed in both simula-
tion and experiment as shown in Figure  7c,d. The cut-off fre-
quency in the experimentally measured data is around 100 kHz. 
This frequency corresponds to an EL lifetime of around 5 µs, 
which is higher than the simulated values. This suggests that 
parasitic RC delays in the fabricated microscale device struc-
ture, CNT network, and measurement setup may additionally 
contribute to prolonged EL responses, as well as differences 
in luminescent lifetimes of the experimentally measured and 
simulated emissive materials. The EL lifetime decreases with 
increasing gate voltage, at the expense of efficiency, as carriers 
in the emissive material are swept out more quickly under 
the influence of steeper potential profiles near the contact 
(Figure 7e). Experimental measurements show a similar trend 
in which the EL intensity per transition remains constant over a 
larger frequency range when the applied gate voltage is higher 
(Figure 7f). In the future, parasitic device resistances, which are 
currently largely dominated by the resistive CNT network used 
as the porous source contact, should be minimized to improve 
the operating frequency of the device and increase the time-
averaged EL intensity.

In conclusion, we studied the performance of an AC electro-
luminescent device through numerical simulations and experi-
ments, thereby guiding the rational design of high-performance 
AC electroluminescent devices for different applications. The 
model captures the essential physics of an AC electrolumi-
nescent device based on direct bipolar carrier injection and 
demonstrates that performance metrics are dictated by a com-
bination of material properties, device structure, and operating 

parameters. In the ultimate limit of gate oxide scaling, EL can 
be generated at peak-to-peak gate voltages equal to the bandgap 
of the emitting material. Moreover, there are negligible differ-
ences in EL intensity and efficiency for materials with different 
energy level alignments with the source contact once the turn-
on regime has been surpassed. The device thus renders elec-
troluminescence spectroscopy a practical tool for studying and 
characterizing emissive materials with varying morphological, 
optical, and electronic properties in different environments. 
Since EL can be obtained from any material deposited on top 
of a pre-prepared device and does not require any specific mate-
rial properties to occur, AC electroluminescent devices may 
serve as a promising solution for in situ metrology of unmodi-
fied materials and could have potential applications in a broad 
range of scientific fields in the future. Finally, the photon 
energy–bandgap scaling trends established from our model 
show that there are no fundamental limitations associated with 
generating EL from wide-bandgap materials, suggesting that 
AC injection may be a viable approach for developing LEDs in 
the deep-UV regime and beyond.

Experimental Section
Device Fabrication: 50 nm SiO2/p++ Si substrates were subjected to 

O2 plasma treatment for 1.5 min, immersed in poly-l-lysine solution 
for 5 min, then rinsed with deionized (DI) water. The substrate 
was subsequently immersed in 90% semiconducting CNT solution 
(NanoIntegris) for 30 min unless otherwise specified, then rinsed with 
DI water. Increasing the assembly time increased the density of the CNT 
network as reported previously.[40] Afterward, the substrate was annealed 
for 1 h in forming gas at 250 °C. Metal grid electrodes contacting the 
CNT network were patterned by photolithography and deposited by 
e-beam evaporation (0.5 nm Ti/25 nm Pd). CNTs outside the device 
area were patterned by photolithography and etched with O2 plasma to 
prevent leakage. For devices with thin gate dielectric, 90 nm SiO2/p++ 
Si substrates were patterned by photolithography and the exposed SiO2 
was etched completely away with 6:1 buffered oxide etch. Around 8 nm 
ZrO2 was deposited at 180 °C by atomic layer deposition, followed by 
e-beam deposition of 2–3 nm SiOx for adherence of CNT networks.[41] 
The remainder of device fabrication followed the process described 
earlier, except here metallic CNT networks were used as the source 
electrode to reduce the turn-on voltage. Metallic CNT networks were 
deposited by drop-casting 99% metallic CNT solution (NanoIntegris) on 
the substrate at 100 °C followed by a DI water rinse.

All emissive materials were purchased commercially from Sigma–
Aldrich (unless otherwise noted) and prepared at room temperature 
under ambient conditions. Visible-wavelength QD emitter layers were 
prepared by drop-casting a 1 mg mL−1 solution of CdSSe/ZnS alloyed 
quantum dots in toluene on the device and letting the solution dry at 
room temperature. In this work, red and green QDs corresponded to 
630 and 520 nm wavelength quantum dots, respectively. CdSeTe/ZnS 
quantum dots (NanoOptical Materials) were first washed (by adding 
0.1 mL of the 5 mg mL−1 QD solution to 1.5 mL ethanol, centrifuging 
at 8800 rpm for 5 min, then decanting the clear supernatant) before 
redispersing in 0.2 mL toluene. The resulting solution was drop-cast on 
the device and left to dry at room temperature. To remove extra ligands, 
devices with CdSSe/ZnS or CdSeTe/ZnS QDs were immersed in acetone 
for 1 min, 1 wt% acetic acid in acetone for 5 min, and then acetone again 
for 1 min. PbS quantum dots (NNCrystal) were washed and redispersed 
in the same manner as the CdSeTe/ZnS QDs, then drop-cast on the 
device and left to dry at room temperature. The film was not washed 
afterward due to its tendency to delaminate when immersed in solution. 
Ru(bpy)3(PF6)2 was deposited by drop-casting a 20 mg mL−1 solution 
of Ru(bpy)3(PF6)2 in acetonitrile on the device and letting it dry on a 
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hotplate at 70 °C in air. 9,10-diphenylanthracene (DPA) was deposited by 
drop-casting a 10 mg mL−1 solution of DPA in toluene on the device and 
letting it dry at room temperature. For all drop-cast emitter materials, 
around 5 µL of solution was dispensed on chips of around 0.25 cm2 in 
size. Poly(9,9-dioctylfluorene) (PFO) was measured by spin-coating a  
5 mg mL−1 solution of PFO in toluene on the device at 6000 rpm.

Device Characterization: AC voltage was applied using an arbitrary 
waveform generator (Agilent 33522A) and a voltage amplifier for 
voltages beyond 10 V. Optical measurements were performed using 
a custom-built micro-PL instrument in which EL was dispersed by a 
spectrometer and detected with a charge-coupled device (CCD) (Andor 
iDus BEX2-DD). Emission power was measured with a power meter 
(Thorlabs PM100D with S120C sensor) and cross-calibrated with CCD 
counts. Electrical measurements were performed with a current amplifier 
(Stanford Research Systems SR570) and an oscilloscope. Devices were 
measured in vacuum (≈10 mTorr). The experimental IQE was determined 
by dividing the number of emitted photons (estimated from the EL 
power and emission spectrum) by the time-averaged number of injected 
electron–hole pairs (estimated by integrating the electrical current; refer 
to Figure S10 in the Supporting Information).

Device Simulation: In order to capture the basic physics of the 
device, 2D simulations of the device cross section were performed 
using Sentaurus TCAD (Synopsys) following a previously described 
approach.[21] The modeled device consisted of a layer of semiconducting 
material between two 1.4 nm tall edge contacts representing CNT 
source contacts. The underlying gate oxide layer (50 nm SiO2 with  
ε = 3.9 unless otherwise stated) was contacted by a bottom gate electrode. 
For devices with a high-κ gate dielectric, the oxide dielectric constant 
was ε = 22. Unless otherwise specified, material parameters used for the 
semiconducting layer were Eg (bandgap) = 2 eV, ε (relative permittivity) 
= 3.5, μn (electron mobility) = μp (hole mobility) = 0.001 cm2 V−1 s−1, 
me* (electron effective mass) = mh* (hole effective mass) = m0 with 
CNT–CNT spacing L = 300 nm. These parameters were similar to those 
used in numerical simulations of optoelectronic devices with similar 
material systems.[42–44] Contact work functions were set to be midgap 
relative to the emitter bandgap in order to produce ambipolar behavior 
(i.e., symmetric results for upward and downward voltage transitions).  
For simplicity, a free carrier model with purely radiative recombination 
was assumed. A nonlocal tunneling model for electrons and holes at the 
source contact–semiconductor interface was applied. The total amount 
of radiative recombination was calculated by integrating the volume 
density of the radiative recombination rate over the volume of the 
emitter layer over one period of a 50 kHz square wave voltage applied 
between the gate and source contacts. The slew time (rise as well as fall 
time) of the square wave gate voltage was 20 ns.

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