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Abstract: Impedance spectroscopy has been increasingly employed in quantum dot light-emitting diodes (QLEDs) to investi-
gate the charge dynamics and device physics. In this review, we introduce the mathematical basics of impedance spec-
troscopy that applied to QLEDs. In particular, we focus on the Nyquist plot, Mott—Schottky analysis, capacitance-frequency and
capacitance-voltage characteristics, and the dC/dV measurement of the QLEDs. These impedance measurements can provide crit-
ical information on electrical parameters such as equivalent circuit models, characteristic time constants, charge injection and
recombination points, and trap distribution of the QLEDs. However, this paper will also discuss the disadvantages and limita-
tions of these measurements. Fundamentally, this review provides a deeper understanding of the device physics of QLEDs
through the application of impedance spectroscopy, offering valuable insights into the analysis of performance loss and degra-

dation mechanisms of QLEDs.
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1. Introduction

Quantum dot light-emitting diodes (QLEDs) have
emerged as a strong competitor for the next-generation flat
panel display technology due to its tunable emission wave-
length, narrow emission linewidth, high performance, and
low-cost fabrication process!'-'71, Since its first emergence in
199401, the QLED has undergone significant improvements in
both device efficiency and operation lifetime. One of the
most critical factors in the performance improvement is the
implementation of a hybrid structurel”l, which comprises an
inorganic electron transport layer (ETL) and an organic hole
transport layer (HTL). Specially, ZnO nanoparticles are widely
utilized as an ETL to facilitate efficient electron injection,
thereby reducing the turn-on voltage and enhancing the per-
formance of QLEDs[2-5 71, Up to now, the maximum external
quantum efficiency (EQE) of state-of-the-art red, green, and
blue QLEDs has reached 30.9%, 28.7%, and 21.9%, respec-
tively® 3. The operational lifetime Tys (@1000 cd/m?2) of red,
green, and blue QLEDs is 7668, 7200, and 227 h, respectively.
These latest advances have accelerated the commercializa-
tion of QLEDs[* 16,171,

Despite the considerable advancements in the perfor-
mance of QLEDs, several fundamental aspects of QLED device
physics have not yet been clarified, such as charge
dynamics!'8-20], degradation mechanisml'3: 21-231 and shelf
aging effect24-281, A comprehensive understanding of the elec-
trical and optical properties of materials, interfaces, and
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devices is necessary to elucidate these complex phenomena.
While steady-state current density—voltage (J-V) characteris-
tics are often employed to investigate the charge behavior in
QLEDUI% 191 in this review, we propose utilizing impedance
spectroscopy as a complementary technique to analyze the
charge transport and recombination process of QLEDs, which
can provide a deeper understanding of the device physics.

Impedance spectroscopy is a practical technique that can
be utilized to in situ probe the electrical response of materi-
als, heterojunctions, and devices to an alternating voltagel?9.,
This technique has been widely used in the field of organic
light-emitting diode (OLED)B9-32, photovoltaics[2® 33-3¢], and
has recently been applied to QLED devices. During an
impedance measurement, the alternating current response of
the sample to time-dependent applied voltage is recorded as
a function of working voltage, frequency, temperature, and
other experimental parameters. To ensure the linearity of the
sample response, the amplitude of the input alternating volt-
age must be kept small enough so as not to significantly
impact the working voltage of the QLED[29). Thus, the perturba-
tion of working voltage is required but the working voltage
cannot be totally changed.

Numerous impedance and capacitance spectroscopies of
the QLED are produced during an impedance measurement
to analyze specific device physics. Among them, the Nyquist
plot, capacitance—voltage (C-V), and capacitance—frequency
(C—f) characteristics of QLEDs are commonly employed. The
Nyquist plot shows the real and imaginary part of the fre-
quency-dependent impedance, which is useful to build up an
equivalent circuit model for QLEDs at the selected working
voltage. The electrical parameters of resistance and capaci-
tance in the equivalent circuit model can be utilized to esti-
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mate the current density and charging time constant?9, The
C—f characteristics can be utilized to analyze the charge accu-
mulation and recombination of QLED since charge accumula-
tion dominates the device capacitance at high frequency,
while charge recombination dominates the capacitance at
low frequency32. The C—f characteristic also provides a use-
ful method for calculating the distribution of trap density if
the additional capacitance (compared to geometrical capaci-
tance) is contributed by the carrier trapping®’l. Beside the
impedance measurement at the individual working voltage,
the C-V characteristic can trace the J-V characteristic at the
same voltage range, showing the charge amount change
induced by the perturbation of the applied voltage. The char-
acteristic voltage at the C-V curve reflects charge accumula-
tion and the depletion point of the QLED™2%, which provide
supplementary physical information to the J-V characteristic.
Combining these techniques, a more comprehensive insight
into the device physics of QLEDs can be elucidated.

In this review, we summarize recent advancements in the
application of impedance spectroscopy to QLEDs, including
the mathematical basis of impedance spectroscopy, data an-
alysis, and the limitations and disadvantages of each mea-
surement. We focus on the most commonly employed
impedance measurement techniques (such as the Nyquist
plot, C—fand C-V characteristics) to analyze the charge dynam-
ics of QLEDs, which can help to better understand the device
physics at the material, interface, and device levels.

2. Basic measurement principle of impedance
spectroscopy

During an impedance spectroscopy measurement, a
small sinusoidal alternating signal is loaded on a direct work-

ing voltage, which is applied to the QLED device. Therefore,
the total applied voltage can be expressed as

V(t) = Vye + Vgesin (2nft) (1)

where V. is the working voltage, t is time, V,. and f is the
amplitude and frequency of a small signal, respectively. The
electrical response of the QLEDs is measured as the sinu-
soidal alternating current, which is given by

I(t) = lpysin(2mft + @), (2)

where [y is amplitude of alternating current, ¢ is the phase

shift between V(t) and I(t). Impedance Z is the ratio of the

. vy .
applied voltage and current response 75, in the complex

plane, can be expressed as

Z=Re(Z)+i-Im(2), (3)

where Re(2) and Im(2) is the real and imaginary part of the
impedance, the modulus of impedance Z is given by

17| = JRE? (2) + Im2 (2). (4)

Therefore, Re(2) and Im(2) can be expressed as

Re (Z2) = |Z| cose,
Im(2) = |Z| sine. (5)

In an ideal circuit, each element possesses distinct cur-
rent—voltage (I-V) characteristics that reflect its specific func-
tion. The I-V characteristic of a resistor R is given by Ohm's
law as | = V/R, where R represents the resistance to the work-
ing voltage. On the other hand, the /-V characteristic of a
capacitor Cis | = C-dV/dt, where C describes the resistance to
the alternating signal2% 301, Therefore, in addition to steady-
state |-V characteristics, impedance spectroscopy provides
insight into the in situ electrical response to an alternating volt-
age, which can help to analyze the charge dynamics of the
QLED that differs from the J-V characteristic.

During a QLED impedance measurement, a series of char-
acteristic curves are produced, and each curve can be used to
analyze specific device physics of the QLED. This study primar-
ily focuses on the C—V and C—f characteristics, as well as the
Nyquist plot, which is depicted in Fig. 1. The C-V characteris-
tic can trace each working point of a J-V characteristic, and it
reflects the charge dynamics of a working QLED. Meanwhile,
the C—f characteristic and Nyquist plot provide the equiva-
lent circuit model and trap distribution at a selected working
voltage. Furthermore, the dC/dV measurement and
Mott—Schottky analysis are employed to extract the built-in
voltage and characteristic voltage for the QLED.

3. Nyquist plot

The Nyquist plot is a valuable tool for characterizing the
impedance of a QLED at a selected working voltagel38 391,
This plot connects the imaginary part and the real part of the
impedance and is illustrated in Fig. 2. The left point of the
Nyquist plot corresponds to the impedance at high fre-
quency, while the right point corresponds to the impedance
at low frequency. An equivalent circuit model of the QLED
can be built up by the feature of the Nyquist plot38 39, Usu-
ally, the circuit model comprises a series resistance, a capaci-
tor and its parallel resistancel*9-43l, The charging time con-
stant, as well as the transport and recombination resistance
can be extracted from the electrical parameters of R,, R;, and
C. Hence, the equivalent circuit model is a useful tool for ana-
lyzing the charge transport and recombination process in a
QLED device, and for studying its operation and degradation
mechanisms. At high frequency, the impedance of the device
is solely determined by R,, while at low frequency, it is com-
posed of a series connection of R, and R. At intermediate fre-
quencies, the impedance is determined by the capacitance
and resistance of the device.

To accurately construct an equivalent circuit model of a
QLED, each functional layer should be carefully considered
into the circuit model. Xiao et al. proposed an equivalent cir-
cuit model that includes the circuit elements of R;, Ry, Rqp, Rs,
G, and Copt¥, Here, Ry, Ry, Rop, and Rs are the resistances of
the TFB, PEDOT: PSS, QD, and ZnO nanoparticle layers, respec-
tively. C; is the junction capacitance at the QD-TFB interface,
while Cqp is the capacitance of the QD layer. The junction
capacitance at the QD-ZnO interface is not included in the pro-
posed circuit because there is little electron accumulation at
this interface. However, a large number of holes accumulate
at the QD-TFB interface due to the large hole injection bar-
rier, resulting in the formation of a junction capacitance C;.
The electrical parameters of each circuit element and the car-
rier lifetime were further calculated in their study. As shown

X W Qu et al.: Impedance spectroscopy for quantum dot light-emitting diodes
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Fig. 1. (Color online) (a) J-V characteristic, (b) C—V characteristic, which reflects (c) the charge dynamics in QLED, (d) Nyquist plot at the selected
working voltage, (e) an equivalent circuit model can be built up according to the Nyquist plot, (f) C—f characteristic at the selected working volt-
age, (g) the trap distribution can be calculated if the capacitance rise is induced by carrier trapping.
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Fig. 2. (Color online) Nyquist plot and its equivalent circuit model of a
blue QLED.

in Fig. 3(a), for an inverted QLED device, the equivalent cir-
cuit can be modeled with a series-connected resistance of
ZnO, QD, and CBP (Rer., Raps Resp), and its parallel capaci-
tance (Cgry, Cap, Cepp)*®. The geometrical capacitance was cal-
culated to be 1.23 nF based on the dielectric constants of
Zn0, QD, and CBP, which was close to the experimentally mea-
sured value of 1.38 nF, indicating that the charge injection at
the contact is negligible.

The above conventional circuit models are based on the
device structure, while other equivalent circuit models are
developed by considering the function of each circuit ele-
ment. As shown in Fig. 3(b), for example, the equivalent cir-
cuit of a QLED device can be modelled with a series resis-
tance (R, contact resistance), transport resistance (R,) and its
parallel transport capacitance (Cy), recombination resistance
(Riec) and its parallel recombination capacitance (C,o)*6 47,

where R,, R, and R, can evaluate the charge injection effi-
ciency, the charge transport capability, and recombination
probability of a working device, respectively. For example,
when TFB is mixed with CBP, the recombination resistance
(Ried) is reduced from 4080 to 1221 Q, indicating an improved
hole-electron recombination probability resulting from the
HTL modification. Moreover, the charge injection can be stud-
ied by measuring the series resistance (R;) at different tempera-
tures. A decrease in temperature from 300 to 120 K resulted
in a decrease in Ry from 85.6 to 33.7 Q, suggesting an
improved charge injection at lower temperaturel8l, There-
fore, an equivalent circuit model can provide valuable
insights into the electrical and optical properties of charge
transport layers, which can help in the design and optimiza-
tion of QLED devices.

The impedance of a QLED device cannot always be accu-
rately represented by a simple RC circuit model due to the
non-ideal electrical processes that occur at the device 9541,
To account for this, the constant phase element (CPE) is often
used to replace the capacitance in the circuit model. The
impedance of CPE is defined as2”!

1
ZcPE = —-

Qi) ©)

where n is a dispersion parameter that determines the physi-
cal meaning of Q. If n =1, then Q=C; if n =0, then Q = 1/R; if
0 < n < 1, then Q represents a non-ideal dielectric element,
where the more n deviates from 1, the further Q deviates
from a pure capacitor. Therefore, CPE is also widely employed
in an equivalent circuit model. For the above equivalent cir-
cuit model consisting of the transport capacitance C,, and the
recombination capacitance G, as shown in Fig. 4(a), CPE is
employed to replace the G, and C[#°-54, and the resistance

X W Qu et al.: Impedance spectroscopy for quantum dot light-emitting diodes
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Fig. 3. (Color online) Equivalent circuit model of QLEDs based on (a) device structure, (b) the function of each circuit element. Modified with per-
mission from (a) Ref. [45] Copyright 2022 Springer Nature, (b) Ref. [47] Copyright 2022 American Chemical Society.
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Fig. 4. (Color online) (a) Equivalent circuit model of QLED based on CPE circuit element, (b) Nyquist plot of QLED with two semicircles and its equiv-
alent circuit model. Modified with permission from (a) Ref. [54] Copyright 2020 American Chemical Society, (b) Ref. [55] Copyright 2022 Springer

Nature.

of R, and R, in the circuit reflect the charge transport capabil-
ity and charge recombination probability of QLED, which is
suitable for imperfect physical process.

A Nyquist plot with two semicircles characterizes a
device with two relaxation processes, i.e., two charging time
constants. As shown in Fig. 4(b), such a device's impedance
can be fitted with two CPEs, one dominating at low fre-
quency and the other at high frequency®sl. By fitting the
data, the Q and n parameters can be extracted from the low
and high-frequency regimes, and the effective and total capaci-
tance can be calculated. Furthermore, the high-frequency
part of the Nyquist plot is often attributed to the physical pro-
cess in the hole-injection layer by comparing the electrical
parameters of a QLED and a hole-only device.

Multiple equivalent circuit models can be built up based
on different understandings of device physics and
impedance responses. However, limitations exist in the applica-
tion of Nyquist plots. For instance, there is not a unique equiva-
lent circuit model for a given Nyquist plot, because the com-
plex RC circuit can be simplified to a single RC circuit using
Thevenin theorem. As a result, it is challenging to identify the
individual relaxation processes for each RC element. Addition-
ally, researchers may introduce many parameters to improve
data fitting accuracy, but this can make it difficult to inter-

pret the individual physical meaning of each circuit element.
Therefore, the equivalent circuit model extracted from a
Nyquist plot should be easily understood and interpretable.

4, C-fcharacteristic

The capacitance of a QLED is a complex function of fre-
quency, as it is influenced by various charge dynamics, such
as charge injection, recombination, and trapping, each charac-
terized by a distinct time constantl2 20, 32, 41, 48, 56-601 Ag g
result, the capacitance of a QLED exhibits frequency-depen-
dent variations, which can be attributed to the underlying
charge behavior. In general, the accumulation of carriers will
contribute to an increase in the device capacitance, while car-
rier recombination leads to a decrease in capacitance. There-
fore, the capacitance of a QLED can be expressed as a sum of
several components(® 611, which includes the geometrical
capacitance, the charge accumulation capacitance associ-
ated with the accumulation of injected carriers, and the
charge recombination capacitance linked to the depletion of
injected carriers via recombination. Hence, the total capaci-
tance of a QLED can be written as:

Maee Dotrec

C(w) = Cg+Cacc—Crec = Gg+ , (7)

1+ ((“Tacc)2 T+ ((‘UTrec)2
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Fig. 5. (Color online) Capacitance—frequency characteristics of (a) blue QLED at 1.7 V and 2.3 V, (b) purple QLED within the voltage range from 0
to 10 V. Modified with permission from (a) Ref. [41] Copyright 2022 AIP Publishing, (b) Ref. [60] Copyright 2019 AIP Publishing.
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Fig. 6. (Color online) Capacitance—frequency characteristic of the
QLED. Modified with permission from Ref. [60] Copyright 2019 AIP Pub-
lishing.

where (4 is the geometrical capacitance, C,. is the capaci-
tance rise induced by the charge accumulation, C.. is the
capacitance drop caused by charge recombination, and T,
and 1, are the characteristic time constant for charge accumu-
lation and recombination, respectively. a, and a, is the dimen-
sionless constant for 7, and 1., respectively. By fitting the
C—w characteristics using the above equation, it is possible to
extract the carrier accumulation and recombination time con-
stants.

In this case, the C—f characteristics of QLEDs exhibit a
strong dependence on the applied voltage. In brief, at a low
bias before a QLED emits, the device capacitance is con-
tributed by its geometrical capacitance Cg. While at high volt-
age after the device turns on, the charge accumulation and
recombination have a significant contribution to the total
capacitance. Furthermore, the characteristic time constants
(Tacc and T1,¢) vary with bias, thus determining the unique C—f
characteristic of the QLED at the selected working voltage. As
shown in Fig. 5(a), the capacitance of the blue QLED at low fre-

quency at 2.3 V rises sharply compared to that at 1.7 V, which
is owing to the charge injection. Moreover, in Fig. 5(b),
researchers have compared the C—f characteristics of the pur-
ple QLED within the voltage range of 0 to 10 V. The capaci-
tance of QLEDs before 3 V always remains positive. However,
the capacitance of the purple QLED at the bias higher than
3 V becomes negative after the threshold frequency (f corre-
sponded to C=0 nF), indicating the charge recombination pro-
cess dominates the device capacitance. On the other hand,
the threshold frequency, peak capacitance and the shape of
the C—f curve varies with different working voltages. There-
fore, C—f characteristics of QLEDs is highly dependent on the
working bias, necessitating a comprehensive investigation
and discussion of their relationship.

Blauth et al. have reported a distinct capacitance—fre-
quency (C—f) characteristic of QLEDs compared to OLEDs[60],
Unlike OLEDs, QLEDs exhibit a decreasing capacitance from
their geometrical capacitance at high frequency to a nega-
tive value at low frequency, which eventually returns to a posi-
tive value at very low frequency. This behavior is attributed
to the complex interplay between charge injection, trapping,
and recombination processes with distinct characteristic time
constants, as governed by the device structure and materials.
As shown in Fig. 6, at high frequency, the device capacitance
of QLED behaves similarly to its geometrical capacitance, as
no significant charge injection or trapping occurs. As the fre-
quency decreases, charges start to inject into the device and
accumulate in traps, leading to a rise in capacitance. At even
lower frequencies, the charge recombination and light out-cou-
pling processes occur, depleting the carriers and resulting in
a drop in capacitance. However, as the frequency approaches
very low values, the charges become more fixed and occupy
the trap states, causing the device capacitance to rise again
and return to a positive value. This distinct C—f behavior of
QLEDs is determined by the characteristic time constants for
charge accumulation, recombination, and trapping, which are
different from those of OLEDs. The interplay between these
processes, together with the device structure and materials,
results in the observed capacitance—frequency characteris-
tics of QLEDs.

In addition, the C—f characteristics can also be used to cal-
culate the trap distribution if the additional capacitance is
solely contributed by carrier trapping(©? 63, This technique is
commonly referred to as defect spectroscopy. As depicted in

X W Qu et al.: Impedance spectroscopy for quantum dot light-emitting diodes
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Fig. 7. Energy level of a p—i—n heterojunction. Modified with permis-
sion from Ref. [37] Copyright 1992 AIP Publishing.

Fig. 7, for a heterojunction, the carrier trapping time con-
stant can be expressed as[?9 62,631

-1 AE
r=vew4F). ®)
where y is the attempt to escape frequency, AE is the energy
difference between the trap state and the band edge, k is the
Boltzmann constant, and T is the temperature. Thus, the trap
state E(w) at a selected w can be determined. Specifically, y rep-
resents the maximum angular frequency that the carrier occu-
pied trap state in the voltage modulation. Then, E(w) in Fig. 6
is given by(2962,63]

E(w) = k(). 9)

Thus, only when w < y can the carrier occupy the trap
state and cause the capacitance rise. The smaller the w, the
deeper the occupied trap state. Consequently, a shallow trap
state can be occupied at a higher frequency, whereas a deep
trap state requires a low frequency.

Moreover, the density of states is proportional to the
derivative of the device capacitance with respect to angular
frequency, which can be expressed as[29 62 631

Vbi dC w
N(E(w)) = “qWdw kT’ (10)
where V,; is the built-in voltage, g is the elementary charge,
and W is the depletion width. Hence, the trap distribution
can be determined by the C—f characteristic of the QLED.

In a red QLED, the trap state distribution changes as tem-
perature varies. Typically, as the temperature rises, the trap
state becomes higher, but the density of the state becomes
smaller. Furthermore, researchers have observed the broaden-
ing of the DOS distribution with a higher temperature. There-
fore, a temperature-dependent trap distribution is studied by
the C—f characteristics of the red QLED™ 8. When QD was modi-
fied by a PMMA mixture, the density of the trap state was effec-
tively reduced by 1% PMMA content, as per the C—f characteris-
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Fig. 8. (Color online) Capacitance—frequency characteristics of OPV
with two-step capacitance rise. Modified with permission from Ref.
[64] Copyright 2016 American Physical Society.

tic of the QLED®7!, In a blue QLED, the trap state close to the
conduction band minimum is reported to assist the electron
injection. In addition to calculating the captured electron den-
sity by traps, the trap distribution is estimated by the C—f char-
acteristics of the pristine and electrically aged devicel*". Fur-
thermore, the trap density of the QLED can be monitored by
the C—f characteristics during the QLED operation process.
Researchers compared the trap density of ink-jet printed
QLED with different ligands!'2. As a result, the trap forma-
tion was significantly suppressed by a bifunctional ligand
Zn(OA),, which showed a better trap passivation effect.

However, to estimate the trap distribution by the C—f char-
acteristic of the device, the capacitance rise should be solely
attributed to carrier trapping. For instance, Xu et al. observed
the capacitance rise of OPV in a C—f characteristicl64. As
shown in Fig. 8, at low frequency, the capacitance rise came
from the real defect contribution, while the capacitance at
high frequency was attributed to the carrier freeze-out in the
flat-band region, which cause the device capacitance transi-
tion from geometrical capacitance to junction capacitance.
Thus, it is necessary to confirm the source of the additional
capacitance; otherwise, it may lead to the misapplication of
defect spectroscopy.

5. C-V characteristic

The Nyquist plot and C—f characteristics are commonly
used to determine the electrical properties of QLEDs, includ-
ing the relaxation time constant and the electronic structure
of materials and heterojunctions. However, these methods
only provide information about the electrical behavior of a
QLED device at a specific working voltage. Here, we intro-
duce the C-V characteristic of a QLED, which can track the
working point in a J-V characteristic curve, allowing for analy-
sis of charge dynamics across a wide range of voltages. The
capacitance of a QLED can be defined as the change in the
amount of charge induced by a voltage perturbation, which
can be expressed as(3?!

_ dQ _ de + ancc - erec

C_W_ dvg,

(11)

The total charge amount Q is composed of Q, the
charge amount associated with the electrode charging pro-
cess; Q, the accumulated charge amount induced by

X W Qu et al.: Impedance spectroscopy for quantum dot light-emitting diodes
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Fig. 9. (Color online) Capacitance—voltage characteristic of a blue
QLED.

charge injection; and Q,, the consumed charge amount
caused by charge recombination.

Fig. 9 displays the C-V characteristic of a blue QLED. At
low applied voltages, the capacitance is dominated by the elec-
trode charging process, and no charge is injected into the
device. Therefore, the capacitance is determined by the geo-
metrical capacitance, which can be calculated as[29 30.32.34]

E0EA

Gy g

(12)
where g, is the vacuum permittivity, , is the relative permittiv-
ity of the QLED, A is the active area, and d is the thickness of
the QLED. As the applied voltage increases to V;,, the capaci-
tance begins to rise, indicating electron injection and accumu-
lation in the QD emission layer. When the voltage reaches V,
(the voltage at peak capacitance), holes start to inject into
the QD layer, and electron-hole recombination dominates the
C-V characteristics. This process depletes the accumulated car-
riers and causes a sharp drop in the device capacitancel65-85],
Therefore, the characteristic voltages (Vi, and V) represent
the electron and hole injection points, which can be used to
compare the charge injection capability of the charge trans-
port layer.

Modifying the functional layer can sensitively affect the
characteristic voltages Vi, and V,, reflecting changes in the
charge injection point and capability. As shown in Fig. 10(a),
when the hole injection layer NiO film is treated with the UV-
ozone, V,, remains the same as in the pristine device, while
V, is smaller, indicating that the UV-ozone treatment did not
affect electron injection but significantly facilitated hole
injection’l. When the ZnO layer was treated with CF,
plasma, the electron injection capability was weakened, as
shown in Fig. 10(b), the characteristic voltages Vi, and V|, of
the CF,-treated device were both larger than those of the pris-
tine device™l. These results support the charge injection
points exhibited in the C—V characteristic well.

However, it has been noted in some studies that the char-
acteristic voltage Vi, is close to the turn-on voltage of
QLEDR0 86l indicating that capacitance rise and charge recom-
bination occur simultaneously. In such cases, V;, may also rep-
resent the charge recombination point in the C—V characteris-
tic, indicating that both electrons and holes are injected into
the device simultaneously. Therefore, further investigation is
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needed to fully understand the physical meaning of C—V char-
acteristics.

On the other hand, some researchers have observed two
steps in the capacitance rise before the peak capacitance,
with the first rise indicating majority carrier injection, and the
second indicating minority carrier injection(20. 531, As shown in
Fig. 11(@), for an inverted QLED structured as ITO/ZnO/
QD/TAPC/WO3/Ag, the device capacitance first rose at 1.5V,
indicating electron injection. The second rise point of the
device capacitance was around 3.5V, reflecting the hole injec-
tion point. As the applied bias increased further, the device
capacitance exhibited a steeper rise due to both electron and
hole injection3. In our previous study, we found that the QD
layer was negatively charged at the initial stage, promoting
hole injection and rejecting electron injection. As a result, in
a normal QLED with the TPBi ETL, the hole injection starts at
low applied bias while electron injection starts at higher work-
ing voltage (Fig. 11(b)), resulting in two capacitance rise pro-
cesses in the C-V characteristicl20. However, when the ETL is
replaced by ZnO nanoparticles, the charge in the QD layer is
transferred to the ZnO ETL, making the QD layer neutral. In
this case, the voltage at capacitance rise is close to the turn-
on voltage, indicating that both electrons and holes are
injected at the same time. Therefore, the shape of the C-V
curve is distinct for different charge injection cases.

Moreover, the capacitance rise and drop rates reflect the
charge injection and recombination efficiency[*> 871, A faster
drop rate typically indicates a more effective charge recombi-
nation process, which can help analyze the charge recombina-
tion rate. As shown in Fig. 12 (a), when an ultrathin MoOs inter-
layer is added between PEDOT: PSS and PVK, the hole injec-
tion capability is enhanced, resulting in more balanced
charge injection in perovskite QLED. Consequently, the
reduced characteristic voltage V;, and faster capacitance drop
are exhibited in the C-V characteristic of the MoOs-modified
devicel®7),

The peak capacitance observed in a C—V characteristic pro-
vides information about the amount of accumulated charge
in a QLED[21.22,83,88] As such, it is a useful technique for investi-
gating the degradation mechanism of QLEDs. As shown in
Fig. 12(b), when the luminance of the blue QLED has
degraded to 50% of its initial value, the peak capacitance
becomes equal to the geometrical capacitance of the ZnO
nanoparticle layer. This indicates that the HTL has reached
the flat-band condition, leaving the applied voltage concen-
trated across the ETL. Consequently, the electrons accumu-
late in the ZnO layer, leading to the degradation of the
QLEDR. In addition, C—V characteristics are also sensitive to
the presence of traps in the device, making them suitable for
confirming trap formation during QLED operation. For exam-
ple, a comparison of the C-V characteristics of red QLEDs
based on a ZnSe or ZnS shell reveals a decreased peak capaci-
tance in the ZnS shelled QLED, implying the trap formation
of the ZnS shell QLED during the lifetime measurement('",

Therefore, C—V characteristics can be used to extract physi-
cal information about the charge injection, accumulation,
and recombination in a QLED over a wide voltage range, facili-
tating the analysis of QLED performance loss and degrada-
tion mechanisms. However, for effective C—V analysis, the
selected frequency must ensure that the charge injection and
accumulation occur within the measurement frequency

X W Qu et al.: Impedance spectroscopy for quantum dot light-emitting diodes
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range. Therefore, the frequency cannot be too high, or else
the charge will not respond to the alternating signal(2% 8, Fur-
thermore, if a QLED exhibits serious charge leakage, it is diffi-
cult to observe the capacitance rise in a C—V characteristic, in
this case, the charge injection point is hard to extract(l,

6. dC/dV measurement

A technique, known as the dC/dV measurement, has
been developed to supplement the information obtained
from the C-V curve in a QLEDI8% %0, Fig. 13 presents both the
C-V and its first-derivative dC/dV-V characteristics of a red
QLED in a single figure.

1) Region 1, as shown in Fig. 13, represents a state
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where dC/dV = 0, indicating that the device's capacitance
remains constant. In this case, there is no charge injection
into the QLED, and the capacitance is contributed only by its
geometrical capacitance.

2) Region II is characterized by a positive slope of
dC/dV, indicating a rise in capacitance due to charge injec-
tion. Additionally, in this voltage range, the device is lighted,
indicating simultaneous charge recombination. However, the
charge amount induced by charge injection exceeds the
charge recombination, and charge accumulation dominates.

3) In region I, dC/dV still has a positive slope, but the
slope decreases, indicating an increase in charge recombina-
tion that consumes carriers.

4) Region IV is marked by a negative slope of dC/dV,
implying that charge injection is dominating in this voltage
range. The capacitance is decreasing from its peak value, indi-
cating a high carrier consumption. Particularly, the characteris-
tic voltage Vyy corresponds to the minimum value of dC/dV,
which is close to the voltage at the maximum EQE, suggest-
ing that the best charge balance is achieved in this voltage
range.

5) Finally, in region V, the slope of dC/dV becomes
increasingly negative as the applied voltage increases, indicat-
ing that the charge recombination rate tends towards satura-
tion while the charge injection rate remains unaffected.

The use of a dC/dV measurement in impedance spec-
troscopy provides additional information on the charge dynam-
ics of a QLED, which supplements the information obtained
from the C-V characteristics. The slope change of the dC/dV
curve reflects the change in charge injection and recombina-
tion rate, and the voltage at which the minimum dC/dV value
occurs provides insight into the maximum EQE point. The
dC/dV measurement is also applicable to silicon-based
QLEDs®, where the negative peak value of dC/dV indicates a
fast capacitance decay rate. Therefore, a dC/dV measure-
ment is a crucial tool for investigating the charge dynamics
of QLEDs.

7. Mott—Schottky analysis

Mott-Schottky analysis is a well-known method for deter-
mining the doping density and built-in voltage of optoelec-
tronic devicesl: 91-951, This method describes the depen-
dence of the 1/C2 on applied voltage, which is given by®"]

1 2
— = (V- V).
I QEAZNA(bI )

(13)

Here, C represents the capacitance of the device, g is the
elementary charge, € is the dielectric constant, A is the active
area, N, is the total doping density, and V,; is the built-in volt-
age. the built-in voltage and doping density can be deter-
mined according to the slope and intercept of the curve. The
Mott—Schottky equation is built up based on the depletion of
the space charge region in a PN junction, so the depletion
approximation must be satisfied in a device.

Fig. 14 illustrates the 1/C2-V characteristics of an elec-
tron-only device (EOD) and hole-only device (HOD) based on
ZnSeTe QDsl9l. Ligand exchange was employed to improve
the electron and hole injection in the devices. The built-in volt-
age of the HOD decreased from 8.1 to 2.4 V with solution lig-
and exchange and to 1.1 V with film ligand exchange. Simi-
larly, the built-in voltage of the EOD decreased from 2.0 to
0.9 V with the two-step ligand exchange. The results demon-
strate that the two-step ligand exchange process improves
both electron and hole injection, enabling efficient and sta-
ble blue QLEDs.

Moreover, the built-in voltage of the EOD and HOD can
be used to analyze the majority carrier in QLED devices. For
the CdSe-based blue QLED, the dominant carrier is not clear.
Using Mott-Schottky analysis, the built-in voltage of the EOD
was found to be smaller than that of the HOD, indicating that
the blue QLED is an electron-dominated devicel®. This result
provides a guide for improving the performance of blue
QLEDs by optimizing the charge injection process. The
Mott-Schottky analysis is thus a useful tool forimpedance anal-
ysis of single-carrier devices.

The applications and limitations of these impedance mea-
surements are summarized in Table 1, which provides supple-
mentary data analysis for a J-V characteristic of the QLED.
Overall, impedance spectroscopy is a powerful tool that
enables the characterization of various aspects of QLEDs, pro-
viding a better understanding of their behavior and perfor-
mance. Usually, to analyze the charge dynamics of the QLED,
these impedance spectroscopy characteristics are recom-
mended to be combined to provide a full insight into the
device physics. For example, traps play an important role in
charge injection and the charge recombination process, an
additional capacitance induced by traps may affect the shape
of the Nyquist plot, and the capacitance in the equivalent cir-
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Table 1. The applications and limitations of the impedance measurement.

Application

Limitation

Nyquist plot

Charging time constant, equivalent circuit model.

Many equivalent circuit models correspond to one
Nyquist plot, so the physical meaning of each circuit
element should be clear.

C—f characteristic

The characteristic time constant for charge
accumulation and recombination; trap distribution.

The capacitance rise is only contributed to the carrier
trapping for the defect spectroscopy.

C-V characteristic
recombination rate.

Charge injection point, charge injection and

The frequency is required to satisfy the charge
response to the alternating signal.

dC/dV-V characteristic

The characteristic voltage at maximum EQE,

Supplementary information to C-V characteristics

Mott—Schottky analysis
(1/C?-V characteristic)

Doping density, built-in voltage

Depletion approximation must be satisfied in a device.

cuit model may consist of both geometrical capacitance and
additional capacitance, the charge injection point and charge
recombination rate are also affected by defects in the C-V
characteristic. Additionally, the trap distribution can be calcu-
lated from the C—f characteristic. When an interlayer is intro-
duced in a QLED, an RC circuit of the interlayer may be
added to the pristine equivalent circuit model, and the electri-
cal parameters of the circuit element can be extracted to ana-
lyze the effect of the interlayer. Similarly, the charge injec-
tion point in a C—V characteristic reflects the charge injection
capability of the interlayer. Furthermore, optical spectra such
as photoluminescence and absorption also provide physical
information on carrier behavior upon optical excitation. There-
fore, a combination of J—V characteristics, impedance spec-
troscopy, and optical spectra analysis provides a comprehen-
sive characterization method for analyzing the optical and elec-
trical properties of the material, interface, and the entire
QLED device.

8. Conclusion

In this review, we have examined the utility of
impedance spectroscopy in the context of QLEDs. We have
covered the fundamental mathematical principles underly-
ing impedance spectroscopy, the methodology for analyzing
impedance data, examples of impedance spectroscopy in
QLEDs, and the limitations of this technique. In general, the
Nyquist plot provides a powerful means of constructing an
equivalent circuit model for QLEDs, while the C—f characteris-
tic can be used to extract key parameters such as the character-
istic time constant and trap distribution. These impedance
measurements provide valuable insights into the physical
behavior of QLEDs for a given working voltage. Additionally,
the C—V characteristic of a QLED can be used to track the work-
ing voltage of the J-V characteristic, providing a more compre-
hensive understanding of the charge dynamics in QLEDs. Over-
all, this review presents a useful toolbox of impedance spec-
troscopy techniques for researchers interested in studying
the device physics of QLEDs and related fields.
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