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Revealing the Negative Capacitance Effect in Silicon
Quantum Dot Light-Emitting Diodes via
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Abstract—In this study, quantum dot light-emitting diodes based
on non-toxic silicon quantum dots functionalized with hexyl and
dodecyl organic ligands showed a negative capacitance effect. Cur-
rent density-voltage (J − V ) measurements revealed the charge
transport mechanisms in the QLEDs. The capacitance-voltage
(C − V ) characteristics were measured with an LCR meter over a
wide range of frequencies (200Hz to1MHz) and at temperatures
from −40 ◦Cto 60 ◦C. The classical heterojunction theory can
describe the operation of quantum LEDs, but an effect not pre-
dicted by Shockley’s theory was observed. Negative capacitance
values were recorded in both fabricated LEDs, which were not
observed in SiQD-LEDs before. Hence, we investigate the negative
capacitance origin and its influence on the device performance.
We attribute the negative capacitance to trap-mediated recombi-
nation, where charges at defect sub-bandgap states contribute to
the recombination but cannot be replenished fast enough. As a
result, a current flows to re-establish the equilibrium, which lags
behind the applied voltage, and the NC appears. By comparing the
two functionalizations, we also observed a different temperature
dependence of the positive capacitance peak and a stronger negative
capacitance effect for dodecyl functionalized SiQDs. This effect is
attributed to their improved charge carrier confinement abilities.

Index Terms—Silicon quantum dot (SiQD), light-emitting diode
(LED), negative capacitance (NC).

I. INTRODUCTION

QANTUM dot light-emitting diodes (QLEDs) are highly re-
searched as promising electroluminescence (EL) devices.
QDs itself combine the advantages of inorganic and or-
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ganic materials by offering size-tunable emission [1], high color
purity [2], easy processibility [3], and high photoluminescence
quantum efficiency [4]. Additionally, QLEDs are expected to
have improved stability compared to OLEDs because of their
inorganic crystalline materials [5].

Many conventional QDs consist of toxic or heavy metal ma-
terials, such as Cd or Pb, and therefore, alternative materials are
researched. A promising alternative is nanosized silicon, called
silicon quantum dots (SiQDs) because of the non-toxicity of Si
and its abundance in nature [6]. Even though Si is an indirect
semiconductor, the quantum confinement effect leads to elec-
troluminescence (EL) at sizes below the Bohr exciton radius of
4.5 nm [7]. By controlling the size and surface functionalization
of the SiQDs, the emission wavelength for EL can be tuned [8],
[9].

SiQD-LEDs reach already efficiencies of up to 8.6% [10].
For further improvement, more information about the working
mechanism in SiQD-LEDs is needed. The electrical characteris-
tics of an LED can be described by using Shockley’s classical pn
junction theory [11]. To uncover the effect of charge transport on
the capacity behavior of the SiQD-LEDs, capacitance-voltage
(C − V ) measurements are needed. C − V measurement is a
powerful technique where an AC signal is superimposed on a
DC bias and the electrical capacitance and conductance response
of the device can be recorded as a function of the applied
AC frequency [12]–[14]. Charge injection and kinetics can be
studied in a non-destructive manner [15]–[17] and processes
that occur at various time scales can be monitored with high
sensitivity [18]–[20].

We found a negative capacitance response in SiQD-LEDs. In
many other optoelectronic devices such as GaAsP LEDs [21],
metal-semiconductor Schottky diodes [22], OLEDs [23], p-i-n
structures [24], or quantum well infrared detectors [21], a nega-
tive capacitance (NC) has been observed previously [14], [25].
A negative capacitance is not predicted by Shockley’s theory,
which only describes increasing diffusion capacitance [26].
NC was therefore attributed to parasitic inductance due to in-
strumental problems or false equipment calibration [13], [14],
[21]. Capacitance measurements can, however, reproduce the
NC effect, which would not be possible if it was a measure-
ment artifact [21]. That brings us to the question of where the
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reproducible NC measurements in the SiQD-LEDs have their
origin.

Still up to today, NC behavior in LEDs is controversially
discussed and many different theories have been developed to
explain it. In principle, NC can be described as a lag of current
behind the voltage as the bias changes [14], [22]. This happens
due to the faster consumption of free charge carriers than their
replenishment and the induced compensatory current, which
lags behind the voltage and tries to establish equilibrium [27].
Mathematically, this is expressed as a positive-valued time
derivative of the transient current response to a voltage step [14],
[28]. Changes in the capacitance signal reveal changes in the
carrier and the trap state density, leading to negative capacitance
in QD devices [28]. Bisquert et al. explain the NC via an electron
injection model through interfacial states in OLEDs [23]. Others
have attributed the effect to high-level injection [21], conductiv-
ity modulation, minority carrier injection, slow transient time of
injected carriers, or charge trapping [22], [24], [25]. Bimolecular
recombination, self-heating, and energetic disorder have also
been considered as responsible mechanisms [20].

Capacitance-voltage measurements are crucial to understand
the negative capacitance effect as the phenomenon is not fully
understood. In particular, its behavior at different temperature
and frequency modulations is important [11], [29].

In this contribution, we provide a comprehensive study of the
capacitance characteristics of hexyl functionalized SiQD-LEDs.
In doing so, we found an NC in SiQD-LEDs for the first time. To
uncover the NC effect in SiQD-LEDs, we performed capacitance
measurements for changing voltages and frequencies over a
temperature range of 100 ◦C. We use the existing demarcation
energy theory to explain the NC appearance. In order to improve
the understanding of the effect, a second functionalization with
a dodecyl chain was investigated because surface groups are
known to influence the performance of SiQD-LEDs [30]. Our re-
sults offer additional information to uncover the effect of charge
transport on the negative capacitance behavior in SiQD-LEDs.

II. EXPERIMENTAL DETAILS

Device fabrication: The SiQD-LED consists of stacked layers
from ITO (120 nm), PEDOT:PSS (20 nm), Poly-TPD (10 nm),
SiQDs (35 nm), ZnO (25 nm), and Ag (100 nm) in that or-
der. PEDOT:PSS solution (Ossila Al 4083, 1:3 in isopropanol,
filtered through a 0.45μm reactive cellulose filter) was spin
coated onto the prestructured ITO substrates (Xinyan Technol-
ogy, 15Ω/�) with 50 rps and annealed at 140 ◦C for 10min.
Afterwards, the samples were immediately transferred to a
nitrogen-filled glovebox (O2 and H2O < 1 ppm). Poly-TPD
(Solaris Chem., 5mg/mL in DCB) and SiQDs (15mg/mL in
toluene) were spin coated with 67 rps, and ZnO nanoparticles
(InfinityPV,1.8wt% in isopropanol) with50 rps. All layers were
annealed at 140 ◦C for 10min. The 100 nm silver electrode was
thermally evaporated in a Univex 350 from Leybold (3 Å/s,
∼8× 10−6 mbar).

Device characterization: All capacitance-voltage and pho-
todiode measurements were performed inside a Vötsch VCL
4006 climatic chamber after a 15 min waiting period to let

the samples adapt to the set temperature. For C − V measure-
ments an Agilent E4990 A LCR meter was used. An RMS
value of 30mV was set during all measurements to maintain
the linearity of the response and to stay below the current
limit of the LCR meter. The device irradiance was measured
with a Thorlabs FDS10x10 photodiode. The LED was driven
and measured by a Keithley 2602 A. The EL spectra of the
LEDs were measured using a Thorlabs IS200-4 Integrating
sphere and an AvaSpec-ULS2048x64TEC spectrometer from
Avantes. The spectrometer was calibrated in the wavelength
range of 350 nm to 1100 nm with an Avalight-HAL-CAL mini
lamp from Avantes. All measurements were controlled with a
Matlab program.

III. RESULTS

The SiQD-LEDs used in this work are fabricated accordingly
to the process described in our previous publication, hence
extending the previous work [30]. To evaluate the negative
capacitance effect in SiQD-LEDs, they are initially measured
optoelectronically. The electrical J(V ) and capacitance charac-
teristicsC(Vbias, f, T ) of a SiQD-LED with hexyl functionaliza-
tion are measured to uncover the effect of charge transport on the
capacitance behavior of the SiQD-LED. In Fig. 1 a) the current
density is plotted, whereas the measured current is divided by
the nominal LED area of 3mm × 3mm. It shows a gradual
increase at the turn-on voltage followed by a steep increase with
increasing applied voltages. The turn-on voltage is defined at
an irradiance of 0.1μW cm−2, where the electroluminescence
can be detected without any error. The irradiance is shown
in b) and shows an increase with voltages and flattens out at
higher voltages. The resulting EQE defined as EQE =

Nphotons

Nelectrons

is plotted over voltage in c). After a steep increase, it reaches a
maximum with 0.73% at around 2.9V and decreases to about
half the maximum value. In d), we measured the capacitance at
1 kHz and observed an NC, which had an unclear origin to us. In
the following sections, we will discuss and explain the physical
mechanisms behind the NC in our sample.

A. Negative Capacitance in SiQD-LEDs

In the capacitance measurement shown in Fig. 1 d) we see a
small gradual increase of C up to a maximum point at around
2V. Above 2V the capacitance decreases rapidly in magnitude
and even reaches negative values from 2.8V on. The highest
magnitude of the NC is reached at ca. 3.4V from where the
magnitude becomes gradually smaller. The negative values of
capacitance in Fig. 1 d) are however not predicted by the pn-
junction theory, so there must be a different mechanism leading
to the rapid disappearance of injected carriers. [11], [31] At
the LED turn-on, the gradual increase is stopped and reverses
until a steep decrease in capacity becomes visible. Finally, this
ends in NC at the maximum EQE. The relationship between
light emission, capacitance, and NC leads us to believe that e-h
injection and recombination play a significant role in the NC
appearance [25], [31], [32].

The physical concept of the demarcation energy can lead
to NC. In this concept, electrons/holes in (deep) traps have a
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Fig. 1. a) J − V characteristic of the hexyl functionalized SiQD-LED for
positive bias. b) Irradiance of the SiQD-LED in log scale. The turn-on is defined
at 0.1μW cm−2, which is indicated by the red dashed line in all plots. The
microscope image shows the LED at an applied voltage of +3V. c) EQE
calculated from a) and b) shown in a log scale. d) Capacitance characteristic
at 1 kHz at room temperature. The grey dashed line is indicating 0nF.

finite probability of being thermally re-emitted into the con-
duction/valence band. The characteristic time scale τtrap of this
thermal emission or release from a trap energy level Etrap to the
conduction band is given by [33]

τtrap = γ−1exp

(
ΔE

kBT

)
(1)

where ΔE is the energy difference of the trap energy level
to the conduction/valence band (|ΔE| = |EC,V − Etrap|), γ the
attempt-to-escape frequency with γ = NC,Vvthσn,p, where NC,V

is the conduction/valence band effective density of states, vth

the thermal velocity, and σn,p the electron/hole capture cross
section [34]–[37].

When an AC signal is applied in capacitance measurements,
the AC frequency determines which trap levels can be probed.
Thus, there is maximal frequency at which the defect states
are still able to respond to the voltage modulation. The trap
states need to fulfill the condition ωAC = τ−1

trap with the angular
frequency of the AC signal ωAC = 2πfAC, while fAC is the
measurement frequency [34], [37]. From this condition, an
energy level known as demarcation [34], [36], [38]–[41] can

Fig. 2. Schematic representation of the band diagram to understand the demar-
cation energy effect. If the demarcation energy is large enough to cross the Fermi
level, as shown here, trap states can be charged and discharged. The grey shaded
area represents the energy area where trap states can be charged and discharged.
The trapping and detrapping of charges results in a capacitance variation and
can cause NC.

be determined by rearranging Eq. (1):

Eω = ΔE = kBT ln

(
γ

ωAC

)
(2)

This energy is also called cut-off [41], [42] or thermal activa-
tion energy [43], [44] but for the rest of this work, Eω will be
referred to as demarcation energy. A schematic representation
of the demarcation energy is given in Fig. 2. It illustrates the
band diagram with conduction and valence band, the fermi level
Efermi, and Eω in red. Trapped charges whose energy levels lie
above the red energy level and below the Fermi level will be
able to contribute to the capacitance signal [13], [34], [36], [38],
[42], [45]. This condition practically translates to the thermal
emission rate en,p = 1/τtrap being larger than the frequency of
the AC signal, i.e. en,p > ωAC [42], [46]. Traps energetically
below Eω will be “frozen” with respect to the AC signal since
their capture and emission rates are lower than the modulating
frequency [41], [47], [48]. The Fermi level that controls the
state occupancy determines the upper energy limit, which traps
contribute. States far above the Fermi level are empty and
therefore cannot charge or discharge with the AC modulation,
whereas charges in deep traps are also not probed since they are
fully occupied. [49] So, only trapped charges that lie between
the demarcation level and the Fermi level in the shaded area
in Fig. 2 can produce an additional capacitance signal [38],
[50]. As the Fermi level position moves with the AC modulation
as an effect of barrier height modulation, traps can charge and
discharge, resulting in a capacitance variation [22]. Furthermore,
the same combination of (ω, T ) might probe different energies
for different traps [42].

The effect of NC in Fig. 1(d)) can be explained under the
assumption of the demarcation energy. At low forward bias,
holes and electrons are slowly injected in the device and start
to accumulate at the interfacial layers, i.e. at the hole blocking
layer (HBL) and electron blocking layer (EBL) respectively,
as shown in the energy diagram in Fig. 3. The HOMO and
LUMO levels are either from literature or directly from the man-
ufacturer. [51]–[53] The EBL Poly-TPD with its deep HOMO
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Fig. 3. Proposed energy diagram of the SiQD-LED with the path illustrated
for electrons (blue) and holes (red) after injection from the electrodes. They
accumulate at the interface between the EML (SiQDs) and the HBL (ZnO)
and EBL (Poly-TPD), respectively. Electrons and holes recombine under the
emission of a photon. The numbers at each layer give the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies.

Fig. 4. Logarithmic representation of J − V characteristics of SiQD-Hex
LEDs. The colored lines are a linear fit to the measurement data. The hexyl
sample shows two distinct regimes I and II which are highlighted in red and
green background color, respectively. Ohmic transport in region I and space
charge limited current with traps in region II.

and the high hole mobility of μh = 2.1× 10−3 cm2 V−1 s−1

to 10−4 cm2 V−1 s−1 is ideal for hole transport, while the low
LUMO energy can efficiently block electrons. [52], [54], [55] On
the other side of the EML, the HBL ZnO exhibits a high electron
mobility (∼ 2× 10−3 cm2 V−1 s−1) for electron transport and
efficient hole blocking [56], [57]. Trapped carriers are also being
re-emitted to the conduction band, contributing to the free charge
distribution, thus increasing capacitance. As the turn-on voltage
(red line in Fig. 1) of the device is reached, carriers recombine ra-
diatively in the emissive layer (EML), including charges emitted
from trap levels that are consumed irreversibly [27], [58]. At the
end of one modulation cycle, the equilibrium defect population
is disturbed as equilibrium lags behind the voltage, resulting in
negative capacitance. A compensatory current is then induced to
re-establish the equilibrium and the NC magnitude is decreasing
again. So the responsible mechanism for NC is trap-mediated
recombination [18], [20], [59], [60], where the charge carrier
consumption rate is faster than the replenishment rate of the
charge carriers [13], [18], [19], [25], [29], [31], [61].

Fig. 5. C − V characteristics of the SiQD-Hex LED probed at different
AC signal frequencies from 200Hz to 1MHz. The phenomenon of negative
capacitance is observed at the onset of recombination at around 2V. As the
frequency increases, the positive peak decreases. At the same time, the negative
capacitance magnitude decreases, and the curve shifts to higher voltages.

B. Evidence of Trap States in the SiQD-LEDs

SiQDs are known to have high trap densities as they are
not fully crystalline. Around a Si core, SiQDs exhibit a non-
crystalline surface shell which is more prone to defects hence
trap states [62]. We performed a reverse sweep of the voltage
consecutive to the forward sweep (Fig. 1 a)) and a shift of the zero
crossing is observed. This hysteretic behavior can be attributed
to the presence of slowly responding traps in the system and is
shown in SI Figure 1 [63], [64]. To further investigate, we ana-
lyze the J − V measurement in a log-log scale in Fig. 4 because
we expect space charge limited current transport (SCLC) as
seen previously by Pfähler et al. [65] for SiQDs which confirms
the presence of traps. Two linear regimes are identified in the
measurement of the SiQD-Hex sample. At low voltages (red
region), the graph can be described with ohmic behavior since
J rises almost linearly with voltage. The slight deviation of the
slope from unity is attributed to the shape of the density-of-states
(DOS) distribution [66]. The green highlighted second regime
can be characterized by a power law dependence (J ∝ V m,
m > 2), which is attributed to the presence of exponentially
distributed trap energy states [67]–[70]. This current transport
is called trap-assisted space charge limited current, where the
injected charge is larger than the intrinsic charge and traps
affect the charge transport. The large exponent of m = 8 is
similar ranges to Pfähler et al. [65] who measured SiQDs in
nanogap electrodes and presented a detailed investigation of the
charge transport in SiQDs. We considered their similar fitting
results to our J − V curve as confirmation for trap states in
the SiQD-LEDs. Previously reported mobility values for SiQDs
capped with allylbenzene are 6.5× 10−6 cm2 V−1 s−1 [71].

C. C-V Measurement Results

As we presented before, the demarcation energy equation
is dependent on the frequency and temperature. Therefore, we
investigate the capacitance of the hexyl functionalized LEDs for
bias voltages of −4V to 4V for a range of frequencies (200Hz
- 1MHz) followed by the same measurements at different tem-
peratures (−40 ◦C to 60 ◦C) to validate the theory.
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Fig. 6. (a) C − V characteristics of the SiQD-Hex LED probed at different temperatures and fixed AC signal frequency of 1 kHz. (b) Zoom-in to the positive
peak reduction of the capacitance. (c) Zoom-in to the NC, which becomes also smaller in magnitude with increasing temperature. The gray line indicates 0nF. The
phenomenon of accumulation and negative capacitance is reduced at higher temperatures. This can be attributed to increased carrier thermal escape with higher
temperatures.

Fig. 7. (a) J − V characteristic of hexyl LED for all temperatures. The legend applies to all other plots in this figure. (b) Irradiance and (c) EQE dependence.
For low temperatures, the irradiance is lower but the EQE is increased.

Fig. 8. (a) C − V curve of the dodecyl sample at 20 ◦C for frequencies from 200Hz up to 1MHz. The phenomenon of negative capacitance is observed at the
onset of recombination. As the frequency increases, the positive and negative capacitance decrease, and the curve shifts to higher voltages. (b)C − V characteristics
of the SiQD-Dodec sample probed at different temperatures at a frequency of 1 kHz. The positive capacitance peak increases as the temperature increases, while
the magnitude of the negative capacitance decreases. The curve is also shifted to lower voltages with higher temperatures.

1) CV Frequency Sweep: In Fig. 5 we measured the capaci-
tance in the range of −4V to 4V for frequencies from 200Hz
up to 1MHz to investigate the frequency influence on the NC.
The capacitance remains almost constant in reverse bias and
low bias, until the turn-on voltage of around 2V. Above the
turn-on voltage, the capacitance decreases rapidly and becomes
negative until a negative maximum at 3V is reached, after which
the capacitance becomes more positive. From a basic electrical
perspective, NC can be described as an inductance-like behavior.

However, NC cannot be treated as a classical inductance [25].
If that were the case, NC would increase with frequency and
a magnetic field would also be observed [14], [28]. However,
we did not observe an NC increase with frequency in our
sample. Varying the frequency of the modulation voltage allows
probing the device at different demarcation energies [39]. As the
frequency increases in Fig. 5, the demarcation energy decreases,
and the slowly responding traps are consequently frozen out be-
cause they cannot follow the increasing AC signal. The amount
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Fig. 9. Double logarithmic plot of theJ − V curve for the dodecene LED. The
colored lines are a linear fit to the measurement data. Three regions represents
different charge transport mechanisms that are highlighted with color. Region
I in red, represents the ohmic behavior, region II in green the SCLC regime,
and region III in blue shows the trap-free SCLC transport. The inset shows a
microscope image of the dodecene LED at an applied bias of 3V.

of thermally re-emitted charge carriers is reduced, thus less
accumulation is observed, which corresponds to a decrease in the
positive capacitance peak [43], [72]. Accordingly, less released
carriers from trap states are consumed during recombination, a
smaller compensatory current is required and NC reduces in
magnitude at around 3V. At high frequencies, trapping and
detrapping occur rapidly, so a stationary accumulation of charges
becomes difficult [28] and the re-establishment of equilibrium
after recombination takes less time [58].

By increasing the frequency, we observe a shift of the curve
towards higher voltages, which can also be explained via the
demarcation energy. As the frequency is increased, Eω is re-
duced and only shallow states can contribute to the capacitance
signal. To compensate for the loss in the free carrier density
due to freezing of deeper trap states, we need to increase the
applied bias to reach the same free carrier density or capacitance
value.

2) Temperature Sweep: The demarcation energy is depen-
dent on both, frequency and temperature, as shown in Equation 2.
Therefore, we have also varied the temperature to further test the
demarcation energy theory. We performed the same capacitance
measurements as before in a climatic chamber with temperatures
ranging from −40 ◦C to 60 ◦C in 20 ◦C steps.

The results for the C − V measurements of the SiQD-Hex
sample at a probing frequency of 1 kHz are presented in Fig. 6.
Three effects can be identified with the temperature change from
−40 ◦C to 60 ◦C as the temperature is increased: i) the positive
maximum peak of the capacitance is decreasing ii) the magnitude
of the NC is decreasing and iii) the C − V curve shifts to lower
voltages. As the temperature increases, Eω in Eq. (2) increases
as well and in our case, that means that deeper states contribute to
the capacitance. With more free charge carriers in the system, the
recombination is enhanced at a fixed rate, reducing the positive
peak in Fig. 6 b) and the capacitance reaches negative values at
lower voltages. The increasing temperature should also have a
higher negative capacitance response, however, in our sample
in Fig. 6 c), we see the opposite trend. This phenomenon can
be explained if we consider other temperature-driven effects

such as Poole-Frenkel emission. We assume that field-assisted
escape processes of free charge carriers out of the quantum
dots dominate over trap-mediated recombination. Therefore, the
amount of charge carriers available for radiative recombination
is reduced at higher voltages. As a result of increasing charge
carrier escape, e-h recombination is reduced which leads to a
decrease in the NC signal [25], [43].

3) Effect of Temperature on the SiQD-LED Performance: In
the following, we present in Fig. 7 the temperature effect on the
performance metrics of the SiQD-LEDs. We are doing this to
check whether the behavior is consistent with the demarcation
energy theory. For the J − V characteristics in Fig. 7 a), we
observe higher current densities with increasing temperatures
because the thermal escape follows the Poole-Frenkel emis-
sion at high temperatures and high fields. [73] As a result,
the irradiance is increased in b) because elevated temperatures
enhance the charge carrier population while the recombination
is faster in the SiQDs. [74] In Fig. 7 c), the EQE decreases
with temperature. Since at higher temperatures (and high fields),
the voltage modulated escape of charge carriers in the SiQDs
is enhanced, it results in a ratio change of the Nelectrons and
Nphotons hence EQE decreases. As the thermal escape from
the SiQDs is enhanced, radiative recombination becomes less
efficient, so EQE declines. The curves in Fig. 7 a–c) shift towards
lower voltages with increasing temperature, which coincides
with the voltage shift of the C − V curve for 1 kHz in the
same direction as in SI Figure 2. This temperature behavior
further supports our assumption that the NC is caused by charge
injection and recombination effects. The temperature effect on
the EL spectrum is plotted in SI Figure 3. It reveals that the EL
spectrum is shifting with an increasing temperature towards a
lower wavelength by 8 nm. Those findings match the previously
reported temperature behavior, where the PL also blue shifts with
decreasing temperature [74].

D. Dodecene Functionalization

To extend the assumption of a trap-assisted capacitance
change via the demarcation energy, we prepared a SiQD-LED
with a dodecene functionalization on the SiQDs. In our previous
publication, [30] we showed that the organic ligand impacts the
LED performance, thus, we wanted to see if it affects the de-
marcation energy in the capacitance measurements. The C − V
behavior in Fig. 8 a) reveals similar effects as the SiQD-Hex
sample in the same frequency range. The curve shifts to higher
voltages with increasing frequency, and the positive and negative
capacitance reduces in magnitude. Both effects are in agreement
with our presented theory.

The temperature-dependent capacitance curve at 1 kHz is
displayed in Fig. 8b). By increasing the temperature, the NC
peak shows the same trend as the hexyl functionalized SiQD-
LED, it decreases and is also shifted to lower voltages. The
trend of the positive capacitance, however, is reversed compared
to the hexyl SiQD-LED. This discrepancy can be explained
by comparing the properties of the two functionalizations.
SiQD-LEDs with dodecyl chains show improved charge carrier
localization due to a wider potential barrier, so the charge carrier
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Fig. 10. Electrical characteristics of the SiQD-Dodec sample probed at different temperatures. The legend in (a) applies to all graphs in this figure. As the
temperature increases, so does the current density in (a) and irradiance in (b) at a given voltage. At a crossover voltage of ≈2.6V, the irradiance behavior reverses
and decreases with increasing temperature. The same effect was also observed for the EQE in (c).

tunneling probability is reduced [30]. Since charges are more
localized, increased temperature leads to more participation
of trap states that increased charge accumulation due to an
bigger demarcation energy [28], [75]. In contrast to the hexyl
sample, the accumulated charge carriers can not recombine right
away because an opposite charge because the potential barrier
is missing. The bigger barrier prevents charges from reaching
or leaving the SiQDs, thus increasing the positive capacitance
with temperature. Besides, the capacitance peak occurs at lower
applied voltages, where the field-assisted escape effect is smaller
compared to the hexyl SiQD-LED.

Comparable to the Hex-sample, we investigated the J − V
log-log plot for the dodecene sample, shown in Fig. 9. The curve
shows three regions instead of the two regions for the Hex-LED.
The red ohmic region and the trap-assisted region with m = 7.7
are similar to the hexyl sample. Afterwards, the curve’s fitting
exponent decreases towards m = 2.1 in the blue region. The
exponent m = 2.1 indicates the beginning of trap-free SCLC
following the Mott-Gurney law [65]. The gradual transition
between the SCLC with traps and the trap-free region is an
indication of an energetic distribution of trap energies [76]. The
dodecene sample has a current density one order of magnitude
higher than the Hex sample due to increased pinholes, depicted
in the inset in Fig. 9. Thus the trap states are filled up faster, and
the trap free SCLC regime is reached.

The electrical behavior of the SiQD-Dodec LED in Fig. 10
shows a current density increase with temperature, accordingly
to the SiQD-Hex LED. A more pronounced effect is seen in
the irradiance and EQE. At 2.6V the temperature dependence
reverses and lower temperatures result in higher irradiance.
2.6V is also the voltage at which the gradual current transport
transitions from SCLC with traps to pure SCLC occurs. This
crossover indicates that even more charges are injected into
the active area (Fig. 10 b). Afterwards, the device efficiency
decreases and can be attributed to increased non-radiative re-
combination [28].

E. Comparison of the Hexyl and Dodecene Capacitance
Curves

In Fig. 11 a) the capacitance characteristics of both SiQD-Hex
and SiQD-Dodec LEDs are plotted after normalizing them to

Fig. 11. (a) Normalized capacitance of the SiQD-Hex and SiQD-Dodec LED.
In the case of dodecyl, more accumulation and larger magnitude of negative
capacitance is observed at a lower voltage. (b) First derivative of the normalized
capacitance.

their capacitance value at −4V. We observe that the onset of the
NC is at different bias values due to the different current driven
through both LEDs. The magnitude of the positive and negative
capacitance peaks in the SiQD-Dodec LED is larger compared
to the Hex-LED. The dodecene SiQDs confines charges more
efficiently impeding the transport of carriers to the next SiQD,
so positive capacitance builds up more [28]. This increased
accumulation combined with longer recombination lifetimes
leads to a larger NC [26]. In Fig. 11 b), dC/dV is plotted on the
same voltage scale. The bigger negative peak of the dodecene
sample suggests a faster capacitance decay, thus a higher charge
carrier consumption.

IV. CONCLUSION

The effect of negative capacitance was presented for the
first time in SiQD-LEDs with hexyl and dodecyl functionalized
SiQDs. By analyzing the J − V and C − V measurements for
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temperature ranges of−40 ◦C to 60 ◦C, the negative capacitance
effect was fit into the existing demarcation energy formalism.
When an increasing bias is applied to the LED and the turn-on
voltage is reached, the consumption of carriers due to recom-
bination is faster than carrier replenishment and a negative
capacitance appears. With an increase in modulation frequency,
deeper trapped charges cannot follow the AC signal and the
negative capacitance value decreases. The demarcation energy
is temperature-sensitive and for the SiQD-Hex sample, the ac-
cumulation of charge carriers was decreased with increasing
temperature, whereas for the dodecene sample, more accumula-
tion was observed. The different behavior for the accumulation
peak is attributed to the better localization properties of the
dodecyl functionalization. In both cases, the NC peak decreased
in magnitude with increasing temperature. Our findings strongly
indicate the demarcation energy as the physical mechanism for
the appearance of NC in SiQD-LEDs.

The results are most likely valid for a wide range of quantum
dot LEDs, as the organic ligand structure is present in many QD
devices. Nevertheless, more surface functionalizations can be
tested as they are easy to tailor to serve a specific purpose in
QLEDs.
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