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Whether the electroluminescence turn-on of quantum-dot light-emitting diodes (QLEDs) is determined
by electrons or holes has long been controversial. Given that the charge-carrier trapping or/and capturing
processes affect the current measured through an organic semiconductor film, then the long-lived trap
information can be extracted by measuring the current through the film with a periodic stepwise-increasing
voltage. We develop easy-to-operate technology to detect the long-lifetime traps in the organic small-
molecule materials and demonstrate that the turn-on behavior of the QLEDs is determined by the hole
injection. Moreover, it is verified that the long-lived hole traps are also responsible for the luminance
overshoot behavior for the device driven by a constant current. We believe this characterization technology
can provide a significant platform to deeply understand the properties of both materials and photoelectronic
devices.
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I. INTRODUCTION

Quantum-dot light-emitting diodes (QLEDs) have
attracted considerable attention due to their unique pho-
toelectronic properties [1–4]. The performance of QLEDs
has made many advances in recent years, with external
quantum efficiency reaching over 20% [5,6]. However, the
working mechanisms of QLEDs are yet to be understood,
such as electroluminescence (EL) turn-on behavior [7,8],
the positive aging effect [9,10], the origin of degradation
[11,12], etc. Multidisciplinary efforts are needed to reveal
the underlying physical mechanisms. The defects in the
functional layers constructing the devices play crucial roles
in the EL processes of QLEDs. However, there are few
reports on this problem.

Defects widely exist in semiconductor materials, and
their study deserves great effort due to the various sig-
nificant influences on the properties of semiconductors
and photoelectronic devices [13–16]. In some cases, the
defects play a positive role in the photoelectronic prop-
erties of semiconductor materials. For instance, charge
carriers are mainly transported through the defect states in
ZnO and SnO2 nanocrystal solids by Mott variable-range
hopping processes [17,18]. Defect states can also become
luminescent centers in AgInS2 and CuInS2 quantum dots
(QDs) [19,20]. However, in most cases, defects deterio-
rate the properties of semiconductor films [13,14,21]. The
carrier-trapping effect induced by defects decreases the
free-carrier concentration, reducing the carrier mobility

*jiwy@jlu.edu.cn

[21–24]. Meanwhile, these defect states could also result
in exciton quenching, thus reducing the efficiency of pho-
toelectronic devices [14,25,26]. Therefore, it is urgent to
gain information about defects and uncover their influence
on EL devices.

Various techniques have been proposed so far to detect
defects. Space-charge-limited current (SCLC) can esti-
mate the density of traps (NT) using trap-filled limit volt-
ages from the current-density–voltage (J -V) curve, which
requires unipolar injection, Ohmic contact, and a priori
assumptions on the energetic profile of traps [27–31].
The capacitance-frequency (C-f ) properties obtained by
impedance spectroscopy are also commonly used to char-
acterize trap density and energy distributions [32–34],
which, however, are disturbed by the accumulated charge
carriers at interfaces within the devices. Deep-level tran-
sient spectroscopy offers a high sensitivity, by which the
information of the defects (NT, the activation energy Ea,
the capture cross section σ T) can be obtained by transient
signals (such as voltage, capacitance, current, and charge)
at different temperatures [35–37]. However, these methods
focus only on the defect information itself, and the influ-
ence of defects on the EL devices cannot be obtained in
situ.

In this work, we develop an easy-to-operate and low-
cost technology to characterize the long-lived traps in the
organic semiconductor films, which is achieved through
recording the current by a periodic stepwise-increasing
voltage (CPSIV). This method is based on the phys-
ical mechanism by which the charge-carrier trapping
and/or capturing processes can induce localized electric
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field and scattering effects, hence reducing the conduc-
tion current through the films [21–23,38]. Thus, the defect
information can be extracted from the current differ-
ence between the first and second sweeps using current
measurements. The hole-trapping properties of 4,4′,4′′-
tris(N-carbazolyl)-triphenylamine (TCTA) and 2,2′-bis(4-
(carbazol-9-yl)phenyl)biphenyl (BCBP), commonly used
hole-transport materials in both QLEDs and organic LEDs,
are measured to validate this CPSIV technology. More-
over, we demonstrate that the luminance overshoot dur-
ing the initial period during operation lifetime measure-
ments also originates from these deep long-lived defects.
Then, the hole-injection voltage is extracted by performing
CPSIV measurements, which is demonstrated to determine
the EL turn-on of the QLEDs.

II. METHOD AND EXPERIMENT

As shown in Fig. 1, the defect traps in semiconductors
could be simply classified by trap energy (ET) [13]. The
shallow traps represent the states whose energy levels are
near the valence (or the highest occupied molecular orbital,
HOMO) or conduction band (or the lowest unoccupied
molecular orbital, LUMO). On the one hand, the multiple
trapping and releasing processes of these shallow traps sig-
nificantly decrease the carrier transport by the conduction
or valence band [13,21–23]. On the other hand, in ZnO
and SnO2 nanocrystal polycrystalline films, the charge
carriers are transported through the shallow traps with a

FIG. 1. Schematic trap distribution in semiconductors: shal-
low traps (black) and deep traps (red) in the band gap. Arrows
represent different transport mechanisms: band transport (brown
dashed line), multiple trap and release processes (brown solid
line), and hopping transport between localized states (blue).

hopping mechanism by fast trapping and detrapping pro-
cesses [17,18]. In contrast, although the deep traps located
in the middle of the forbidden bands can also decrease
the charge transport (like the shallow traps) by localized
electric field and scattering effects, the long trapping and
detrapping lifetimes will lead to different electrical changes
for the films and devices during sequential sweeps. In other
words, the electrical properties will exhibit great depen-
dence on the driving history of the devices. Therefore, it
is necessary to uncover the properties of deep long-lived
traps in semiconductor films under electrical driving condi-
tions. Our method is specially designed for in situ analysis
of long-lifetime defect states.

The experimental setup and the equivalent circuit of
QLEDs are depicted in Fig. 2(a). From the electrical point
of view, the QLED can be modeled by a parallel equiva-
lent circuit consisting of a resistance (Rd) and a capacitance
(Cd), forming the RC element describing all the functional
layers (detailed discussion is given in the Supplemental
Material [39]). The Rs is a series resistor, induced by
the electrodes, contacts, and wires. A periodic stepwise-
increasing voltage [Fig. 2(b)] is used as the driving source
to measure the current across R0 (device), which shows
time-dependent features. The stepwise voltage is described
by parameters of amplitude (�U), duration (�t) of each
step, and period (T) and total amplitude (U0) of the driving
voltage,

U(t) =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

�U, 0 < t < �t
2�U, �t < t < 2�t

...
...

−�U, T − 2�t < t < T − �t
0, T − �t < t < T

�U, T < t < T + �t
...
...

. (1)

As shown in Fig. 2(c), the transient current response
itr(t) of the equivalent circuit under the nth voltage step
(tn < t < tn+�t, where tn is the starting time of the nth
step) can be written as

itr(t) = U(t)
[(R0 + Rs) − Re]

(R0 + Rs)
2

+ �U
Re

(R0 + Rs)
2 exp

(

− t − tn
ReCd

)

, (2)

with

Re = (R0 + Rs)Rd

(R0 + Rs) + Rd
, (3)

where Cd and Rd are the equivalent capacitance and resis-
tance of the device. In Eq. (2), the first term represents
the device’s steady-state current (conduction current) iSS(t)
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(a) (c)

(b)

FIG. 2. (a) Measurement setup for the CPSIV. The red lines represent the equivalent circuit of the device. (b) Stepwise voltage (red
line) and triangle wave (black line) driving modes. (c) Current response (blue solid and dashed lines) of TCTA-based QLED driven
under nth voltage step (red) of two continuous periods. It involves RC (yellow ellipse) and steady-state (orange ellipse) components.

and the second term describes the RC transient current
response (displacement current) iRC(t) under the nth volt-
age step. The declining voltage step (from 0.25T to 0.5T)
is used to perform the reverse sweep. The negative voltage
step during 0.5T to T is applied to the device to release or
extract the charges in shallow traps.

For the films or devices, where trapping and detrapping
processes occur on timescales of hundreds of microsec-
onds or even seconds, the current I 1st (including iRC and
iSS) during the first sweep will be much greater than
that obtained during the second sweep, I 2nd, as shown
in Fig. 2(c). In principle, when t – tn = 5ReCd, iRC(5ReCd)
drops to 0.67% of its maximum value, according to Eq. (2),
and the itr (5ReCd) is close to the steady-state current
iSS. Nevertheless, a reliable steady-state current can only
be obtained for �t over 10ReCd during the first sweep,
as observed in Fig. 2(c). This is because the itr dur-
ing the first sweep contains the trap-capturing current,
which is not involved during the second sweep due to
the long detrapping lifetimes of the traps. The scattering
effect and localized electric field induced by these trapped
carriers during the first sweep further reduce the steady-
state current iSS during the second sweep [21–23,38]. As
shown in the Supplemental Material Fig. S2 [39], the
current difference between the first and second sweeps
dramatically decreases with increasing �t, which further

confirms the trap effect on hole transport. Therefore, the
current difference of itr at t0= 5ReCd between the first and
second sweeps can be used to evaluate the charge-trap
information.

Compared with the typical triangle voltage used in dis-
placement current measurements [38,40], our proposed
CPSIV technology is more suitable to detect the deep
traps with long trapping and detrapping lifetimes, such as
TCTA and BCBP, whose trapping processes are as long
as 45 s and 20 s, respectively (shown in the following
text). Moreover, a conduction current iSS must be avoided
or suppressed in the displacement current measurements
to evaluate the trapping processes [38]. In contrast, the
conduction current iSS has little effect on the CPSIV mea-
surements, which makes it possible to assess the influence
of defects on a working light-emitting diode by in situ
measurements.

The model devices investigated in this work include a
hole-only device (HOD) of indium tin oxide (ITO)/[TCTA
(∼150 nm) or BCBP (∼150 nm)]/MoO3(∼8 nm)/Al
(∼100 nm), electron-only device (EOD) of ITO/ZnO
(∼40 nm)/QDs(∼10 nm)/Al, and the QLEDs of ITO/ZnO/

QDs/[TCTA(60 nm) or BCBP(60 nm)]/MoO3/Al. The
Ohmic contact device with 4,4′-bis(9-carbazolyl)-2,2′-
biphenyl (CBP) as interlayer [41] consisting of ITO/poly
(3,4-ethylenedioxythiophene) polystyrene sulfonate
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FIG. 3. Capacitance-voltage-resistance curves of different
devices.

(PEDOT:PSS) (∼40 nm)/TCTA(∼150 nm)/CBP(∼5 nm)/
MoO3/Al is also fabricated to examine the interface effect.
The device pixel is 4 mm2. Detailed information including
the materials, energy levels (Supplemental Material Fig.
S3 [39]), device fabrication, and instruments used in this
work are described in the Supplemental Material [39]. The
energy levels are taken from Refs. [42–44].

The parameters for the periodic stepwise-increasing
voltage used in the measurements are fixed as follows:

TABLE I. Parameters for the calculation of t0.

Cd (nf)
Rd

(k�)
R0

(k�)
Re

(k�)
t0 = 5Re
Cd (ms)

TCTA HOD 0.99 791 100 88.8 0.45
EOD 1.84 0.092 1 0.084 0.0008
Ohmic device 0.86 2772 100 96.5 0.40
TCTA device 1.80 5492 100 98.2 0.90
BCBP device 1.83 14 718 100 99.3 0.90

the voltage step amplitude �U = 0.05 V, the total ampli-
tude U = 5.0 V, and the divider resistor R0 = 100 k�. For
the EOD, in order to obtain sufficient time and current
resolution, the parameters �U = 0.05 V, U = 10.0 V, and
R0 = 1 k� are used. The t0 of these devices are calculated
by the Cd-V-Rd curves (Fig. 3) and summarized in Table I.
Considering the reliability of the experimental results, the
voltage step duration of �t = 2 ms (�t = 2 μs for the EOD)
is used.

III. RESULTS AND DISCUSSION

Figure 4(a) shows the time-resolved current response of
the QLED with TCTA as the hole-transport layer (HTL)
under stepwise-increasing voltage. Obviously, the transient
current itr during the first sweep is larger than that of the

(a) (b)

(c) (d)

FIG. 4. (a) Time-resolved current of QLED with TCTA under the voltage step. The current of the first and second sweeps and the
current difference of these two sweeps in (b) QLED with TCTA, (c) HOD with TCTA, and (d) EOD with QDs.
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second sweep, as discussed in Fig. 2(c). The current at t0
and the current difference �I are shown in Fig. 4(b) as a
function of driving voltage. A peak for the current differ-
ence is clearly observed, which should be related to the
carrier dynamics of the defect states in the semiconductors
and will be discussed in the following. In order to iden-
tify the origin of traps in devices, single-carrier devices are
fabricated and the current and current difference properties
are shown in Figs. 4(c) and 4(d). From the current response
of the HOD [consisting of TCTA, Fig. 4(c)] and EOD
[Fig. 4(d) and Supplemental Material Fig. S4 [39] ], we can
find that a similar current difference can only be observed
in the HOD. Therefore, we conclude that the traps originate
from TCTA, rather than from ZnO or QDs.

Meanwhile, �I curves of the TCTA HOD with differ-
ent time intervals (between two sequential measurement
events) are shown in Fig. 5(a). The �I increases monoton-
ically with the time interval increasing from 3 to 50 s, then
it reaches saturation (identical to that obtained for a fresh
device) when a larger interval (>60 s) is used, which is
also observed in the TCTA QLED shown in Supplemen-
tal Material Fig. S5 [39]. These results demonstrate that
the trapping and detrapping processes can recover to the
initial states. In other words, the reversible trapping pro-
cesses are indeed caused by the defects. To further verify
this conclusion, the current curves of the TCTA HOD are
measured consecutively with an interval of around 300 s,

as shown in Fig. 5(b). The identical current between dif-
ferent measurements indicates that the current difference is
indeed induced by a reversible process, rather than material
aging caused by water and oxygen, which is often seen as
an irreversible phenomenon [12]. Then the transient elec-
troluminescence response (TrEL) of QLEDs with TCTA
as the HTL is measured to exclude the effect of hole accu-
mulation on the current difference. As observed from the
falling edges shown in Fig. 5(c), the EL intensity drops to
zero within 1 μs, which means that the lifetime of the holes
accumulated in QDs or in the HTL is less than 1 μs. In
the CPSIV measurement, an inverted biasing process with
half period much larger than 1 μs is applied to the devices,
which ensures that all the accumulated carriers at the inter-
faces can be depleted before the second sweep. As a result,
in the CPSIV measurement, the influence of accumulated
carriers on the current difference is eliminated. By insert-
ing a CBP interlayer (5 nm) between TCTA and MoO3
layers, the injection barrier (0.4 eV) between TCTA and
MoO3 is eliminated and an Ohmic contact is achieved [41],
which causes the current to increase by around 2 orders
of magnitude, as shown in Supplemental Material Fig. S6
[39]. However, as shown in Fig. 5(d), the current differ-
ence is also observed in such an Ohmic contact device, thus
excluding the influence of the injection barrier on the cur-
rent difference. The Joule heating effect in devices during
electrical measurements is also evaluated. No discernible

(a) (b) (c)

(d) (e) (f)

FIG. 5. (a) The current difference of HOD with different time intervals (between two consecutive measurements) from 3 to 256 s.
(b) The current curves of TCTA QLEDs measured with around 300 s interval. (c) Falling edges of the TrEL response of TCTA QLED
with different offset voltages. (d) The current of the first and second sweeps and the current difference of these two sweeps in the Ohmic
contact device with 5-nm CBP as interlayer. The infrared photograph of HOD (e) before and (f) during measurements.
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temperature increase is observed during the measurement
period (2–3 s) as seen from the infrared photographs of
the HOD shown in Figs. 5(e) and 5(f), which excludes the
influence of Joule heating effects.

These results provide unambiguous evidence that the
charge-carrier trapping and/or capturing processes by the
deep traps of TCTA dominate the current difference �I,
which is also confirmed by the trap-filling SCLC curve as
shown in the inset of Supplemental Material Fig. S6 [39].
We suspect that the traps in the TCTA films are induced by
the electrostatic interaction of water molecules introduced
during the fabrication process [45], rather than the water
clusters [46,47]. It is noteworthy that, from Fig. 4(d), the
traps in the ZnO and QD layers have no effect on the �I,
although defects are reported to widely exist in both ZnO
and QDs [17,48]. This should be due to the shallow and
short-lifetime nature of these defect traps in ZnO and QDs.
In contrast, the long-lifetime properties of these deep traps
can be reflected by adjusting the time intervals between
two sequential measurements, as shown in Fig. 5(a). A
short time interval only allows a few of these trapped holes
to be released, which leads to a very small �I. For the
measurements with large time interval, the measured �I
values are identical to each other since these trapped holes
are completely released. For the origin of the peak in the
�I curves (Figs. 4 and 5), we think that is caused by the
trapping process in the first sweep. The current through
the organic films increases with the increase of the driv-
ing voltage, which accelerates the charge capturing for the
traps, and then reduces the current in the first sweep. As
a result, the current difference between the first and the
second sweep begins to decrease at a certain driving volt-
age. Thus, a peak for the current difference is observed, as
shown in Fig. 4(b).

Another implication from these results is that the inflec-
tion point of the �I curve means hole injection, from
which we can then obtain a key parameter for the EL
devices, the hole injection voltage, Vh–inj. It is well known
that the limitation of the turn-on voltage for EL in QLEDs
remains an open question. That is, which one determines
the EL turn-on of the devices, electron injection or hole
injection? According to the previous analysis, the factors
limiting the EL turn-on could be distinguished through
our proposed measurements. As shown in Fig. 6(a) for the
TCTA-based QLED, the �I curve possesses the same volt-
age inflection point as the L-V curve, which implies that
the hole injection determines the EL turn-on in QLEDs.
This is further confirmed by measuring the �I-V and L-
V properties of a BCBP-based QLED and the results are
shown in Fig. 6(b). The EL turn-on voltage for the QLED
is indeed identical to that of Vh–inj for the �I. Therefore,
we conclude unambiguously that the hole injection means
an EL turn-on in the QLEDs, consistent with the recent
study Ref. [49]. These results validate the characteriza-
tion method proposed in this work in characterizing the

(a)

(b)

FIG. 6. Current-difference–voltage–luminance curve of
QLED with (a) TCTA and (b) BCBP as the hole-injection layers.

working mechanism of QLEDs. We believe there are no
technical or fundamental barriers to applying this charac-
terization technology to other LEDs, such as organic LEDs
or perovskite LEDs.

Additionally, the influence of deep traps in the HTLs
on the device performance is investigated by measuring
the photoelectronic properties and operational lifetime of
QLEDs based on TCTA and BCBP. In comparison with
the TCTA device, the BCBP-based QLED shows smaller
leakage current before EL turn-on, which should be due
to the stronger electron-blocking ability of BCBP (as dis-
cussed in Supplemental Material [39]), which confines the
charges to the QD emissive layer, reducing the nonradia-
tive recombination process in the device and thus improv-
ing the device efficiency [44]. Meanwhile, the BCBP-
based QLED also renders higher current density at higher
driving voltages, as observed from Fig. 7(a), which is
caused by the lower hole-injection barrier between BCBP
and QDs. The lower HOMO energy level of BCBP com-
pared with TCTA (Supplemental Material Fig. S3 [39])
ensures sufficient hole injection into the QDs, leading to
the higher device efficiency. As a result, the maximum cur-
rent efficiency (19.9 cd A−1) of the BCBP device is larger
than that of the TCTA device (17.4 cd A−1), as shown in
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(a)

(c)

(b)

(d)

FIG. 7. The characteristics of QLEDs with 60-nm BCBP and 60-nm TCTA. (a) Current density–voltage–luminance. (b) Current
efficiency–current density. (c) The luminance-time curve under 5 mA cm−2. (d) The transient current–time curves of HODs with 150-
nm BCBP and 150-nm TCTA under continuous pulse voltage (high voltage 10 V lasts for 60 s, low voltage 0 V lasts 10 ms). The
insets show the corresponding current differences of these two devices between the two driving voltage pulses.

Fig. 7(b). Figure 7(c) shows the operational lifetime prop-
erties of both TCTA and BCBP devices driven under 5 mA
cm−2. It can be seen that both of these devices exhibit
a luminance overshoot at the initial stage. The duration
for this overshoot is around 41 and 26 s for TCTA- and
BCBP-based devices, respectively. Considering the simi-
lar device structure of these two QLEDs, we deduce that
the different luminance overshoots should originate from
different defect traps in TCTA and BCBP. Then, the cur-
rent responses of the HOD with BCBP or TCTA driven
by two continuous voltage pulses are measured and the
results are shown in Fig. 7(d). We can find that there is
a slow current drop during the first voltage pulse for both
TCTA and BCBP devices, which is not observed during
the second voltage pulse. These are identical to the discus-
sion depicted in Fig. 2(c), which is attributed to the deep
trapping effect. However, the drop time is very different for
these two devices; it is longer for the TCTA-based HOD.
The current differences between the two driving voltage
pulses are plotted in the insets in Fig. 7(d), and it is clear
that the drop time (i.e., trap-filling process) in the TCTA
and BCBP layer is around 45 and 20 s, respectively, which
is consistent with the time of luminance overshoot of these

two QLEDs. Therefore, we can give a conclusion that the
luminance overshoot during the lifetime measurement is
induced by the deep hole traps in HTLs.

IV. CONCLUSION

In summary, we propose a low-cost characterization
method referred to as CPSIV, which is a facile and reli-
able technology to characterize the long-lived traps in hole
transport layers. With the commonly used hole-transport
material TCTA as the model HTL, the validity of this char-
acterization technology is confirmed. The detrapping time
is on the order of seconds. This in situ measurement is used
to explore the working mechanisms of QLEDs. Through
CPSIV measurements, it is clarified that the EL turn-on in
the QLEDs is determined by the hole injection rather than
electron injection. We believe that there are no obstacles
to extending our proposed CPSIV technology to the prob-
ing of long-lived traps in other semiconductor materials,
such as polymers and metal halide perovskites, as well as
photoelectronic devices consisting of these materials. It is
notable that this CPSIV cannot work in a device consisting
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of trap-free films, which will lead to the current difference
of approximately 0 between different sweeps.
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