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ABSTRACT: Despite recent rapid advances in improving quantum dot light-emitting
diodes, many fundamental aspects of the device operating mechanism remain
unresolved. Through transient electroluminescence and time-resolved photolumines-
cence measurements, the effects of offset voltage on charging and charge transport are
examined. First, capacitive charging occurs with a time constant of ∼500 ns, followed
by electron transport through quantum dots with a mobility of ∼10−5 cm2 V−1 s−1.
Hole injection then initiates an electroluminescence rise that is independent of offset
voltage. The photoluminescence lifetime is also unaffected by the offset voltage,
indicating no injection of charges into the quantum dots or on their surfaces prior to
the voltage pulse. A slower equilibration to steady-state electroluminescence is dependent on the offset voltage, indicative of another
charging process. Elemental mapping shows that ZnO deposition from solution can lead to the diffusion of charged species into the
quantum dot layer, which may cause the slower process.
KEYWORDS: quantum dot LED, colloidal semiconductor nanocrystals, transient electroluminescence, offset voltage

Colloidal quantum dots (QDs) are candidates for
transformative advances in many areas, including photo-

voltaics,1 bioimaging,2 optoelectronics,3 flexible electronics,4,5

and high-brightness displays.6,7 Many desirable properties such
as tunable emission wavelength8,9 with high efficiency,10,11

brightness,12 and color purity13 make QDs ideal as luminescent
down-converters and electrically driven light sources. Despite
these advantages and the experimental demonstration of QD
light-emitting diodes (QD-LEDs) nearly 3 decades ago,14,15

many challenges, such as efficiency droop, short device
lifetimes, and device-to-device variation, remain. Key phenom-
ena that contribute to these challenges include thermal-16 and
electric-field-dependent17,18 quenching, Auger recombina-
tion,19−23 and organic hole transport layer (HTL) degrada-
tion.24−28

Transient electroluminescence (TrEL), which has been
studied and utilized extensively in organic LEDs,29−32 is well-
suited to address some of these critical issues within real
working QD-LEDs. For CdSe-based QD-LEDs, in addition to
measuring how fast these devices can turn on and off,7 TrEL
has been used to investigate energy transfer,33 doping electron
transport layers (ETL),34 and charge trapping by surface
ligands.35 The effects of different HTLs36 and insulating
layers37 in CuInS2/ZnS QD-LEDs and excess holes in InP
QD-LEDs have also been examined via TrEL.38,39 Yet, many
fundamental aspects of device operation such as time constants
for charge accumulation at the QD/charge transport layer
(CTL) interface and electron mobility in core/shell QD solids
remain unexamined.
Here, the transient response of CdSe/ZnSe/ZnS core/shell

QD-LEDs is explored through TrEL measurements. The

dependence of the EL onset delay on the offset and driving
voltages is analyzed by a simple RC circuit and electron drift
model to provide capacitive charging time constant and
electron mobility. Offset-voltage-dependent slow equilibration
during the driving voltage pulse is also observed. The potential
origin of the slow equilibration is discussed with respect to Zn-
and O-containing species diffusing into the QD emitting layer
(EML) during solution spin-casting of the ZnO ETL.
The QD-LEDs examined in this work consist of a

prepatterned ITO substrate, a PEDOT:PSS hole injection
layer, a TFB HTL, a CdSe/ZnSe/ZnS core/shell/shell QD
EML, a ZnO ETL, and an Al cathode. All layers above the ITO
substrate are spin-cast from solution, with the exception of the
Al electrodes, which are deposited by thermal evaporation. The
details of the QD synthesis and device fabrication procedure
are available in the Supporting Information. Characterization
including TEM, UV−vis absorption, photoluminescence (PL)
spectra of the QDs used, and a device cross-sectional TEM
image are available in Figures S1 and S2. The expected band
alignment of the QD-LED and the device schematic are shown
in the insets of Figures 1a and 1b, respectively. Typical static
EL spectra at different driving voltages are shown in Figure 1a.
The devices examined here have a peak external quantum

Received: September 13, 2022
Revised: November 29, 2022
Published: December 2, 2022

Letterpubs.acs.org/NanoLett

© 2022 American Chemical Society
9500

https://doi.org/10.1021/acs.nanolett.2c03564
Nano Lett. 2022, 22, 9500−9506

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 IL

LI
N

O
IS

 U
R

B
A

N
A

-C
H

A
M

PA
IG

N
 o

n 
Ju

ly
 1

2,
 2

02
3 

at
 1

6:
04

:4
6 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Logan+P.+Keating"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyunho+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Steven+P.+Rogers"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Conan+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Moonsub+Shim"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.2c03564&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03564/suppl_file/nl2c03564_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03564/suppl_file/nl2c03564_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/22/23?ref=pdf
https://pubs.acs.org/toc/nalefd/22/23?ref=pdf
https://pubs.acs.org/toc/nalefd/22/23?ref=pdf
https://pubs.acs.org/toc/nalefd/22/23?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf


efficiency (EQE) of ∼7−9% at low operating voltages with
>1000 cd m−2 luminance at peak EQE (Figures S3 and S4).
The maximum luminance is >10000 cd m−2 at higher driving
voltages.
TrEL measurements are performed by applying a square

voltage pulse at a 2.94 kHz repetition rate while synchronously
measuring the light emitted from the LED. The voltage pulse
(blue), with its maximum referred to here as the driving
voltage (VD), and the resulting EL signal (black) are shown in
Figure 1b. The measurement setup is schematically shown in
Figure S5, and the experimental details are described in the
Supporting Information. After the voltage pulse is applied,
there is a delay in the onset of the EL signal because carrier
injection and transport must occur prior to exciton formation
and radiative recombination. This delay time (td) is indicated
in Figure 1b along with the rise time (tr) and the fall time (tf).
The delay time is typically defined as the x-intercept of the
“linear” region of the TrEL rise sigmoid.29,40 Because the
“linear” region of the sigmoid is not rigorously defined, we
have automated a similar procedure to reduce human error
(Figure S6).
Figure 1c shows the EL rise region for different VD, where

both td and tr decrease with increasing VD. Rigorous modeling
of TrEL requires consideration of many complicating factors
and progress is being made by modifying the Langevin model
employed in OLEDs,29,41 but many of the necessary
parameters are not known and simulations become difficult
with increasing number of QD layers.42,43 For a simple and
intuitive understanding of VD dependence of td, we consider
the following. Assuming a linear potential drop across the
device, td can be estimated from the drift velocity equation (v ⃗ =
μE⃗):44−47

t
d
Vd

2

D
=

· (1)

where d is the distance carriers traverse and μ is the carrier
mobility.
In general, eq 1 is complicated by the multiple layers that

carriers must traverse and the need to consider different
mobilities for electrons and the holes. However, we can make
some simplifying assumptions. First, given that the electron
mobility (μe) in ZnO ETL48 and the hole mobility (μh) in TFB
HTL49 should be orders of magnitude higher than those in QD
EML,50,51 we assume that the limiting factor in td is the charge
transport through the thickness of the QD layer or d ≈ dQD.
We also assume that the majority of the potential drop is across
the QD EML. Furthermore, the lower barrier for electron
injection (Figure 1a) than hole injection and, more
importantly, μe being much higher than μh for CdSe
QDs50,51 allow the approximation μ ≈ μe. With these
simplifications, the inverse delay time (td−1) scales linearly
with VD.
Figure 1d shows td−1 plotted as a function of VD, where the

expected linear relationship is obtained. Using the nominal QD
EML thickness of 40 nm, μe ≈ 1.3 × 10−5 cm2 V−1 s−1 is
obtained as a fitting parameter. The nonzero x-intercept of
1.17 V may be accounted for by considering the “built-in”
voltage (Vbi) of the device. Vbi may be expected to be the
difference in work functions of TFB52 and ZnO53,54 (∼1 eV).
However, the doping states of TFB and ZnO are not known
exactly, and work functions can vary significantly with different
surface adsorption.
Applying a DC offset voltage (Voffset) prior to the driving

voltage pulse should cancel out Vbi and provide additional

Figure 1. (a) Static electroluminescence spectra at different driving voltages and the device band diagram (inset). (b) Temporal profile of a driving
voltage pulse (blue line, shown for VD = 3.2 V) and the corresponding EL response (black line) for TrEL measurements for a QD-LED. The inset is
the schematic of the device structure under a voltage pulse. After the start of the voltage pulse, there is a short delay to the onset of EL which then
rises to a steady state intensity. The EL fall is seen when the bias is removed at 100 μs. The delay time (td), rise time (tr), and fall time (tf) are
illustrated in the plot. (c) TrEL rise region for a device, with the increasing driving voltage leading to shorter delay to onset of EL and a more rapid
rise. (d) Inverse delay time plotted as a function of increasing driving voltage. The expected linear relationship is obtained as shown by the linear
regression analysis with an adjusted R2 value of 0.997.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c03564
Nano Lett. 2022, 22, 9500−9506

9501

https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03564/suppl_file/nl2c03564_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03564/suppl_file/nl2c03564_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03564/suppl_file/nl2c03564_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c03564/suppl_file/nl2c03564_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c03564?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c03564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


insight. Examples of the measured voltage pulse profile with
and without offset are shown in Figure 2a. The rise region of
TrEL corresponding to voltage pulses with Voffset ranging from
0 to 1.5 V is shown in Figure 2b. The offset voltage
dependence was measured from 0 to 1.5 V where the upper
limit of 1.5 V was chosen to stay below the turn-on voltage.
Figure 2c shows td−1 extracted from these plots as a function of
Voffset. While Voffset simply canceling out Vbi should lead to
linear behavior, near-exponential dependence on Voffset is
observed.
To explain this behavior, we consider a simple RC circuit

model, where the QD EML is the dielectric of the capacitor
and the CTLs give rise to the series resistance. Then, the time
dependence of the voltage drop across the capacitor is given by

V t V( ) (1 e )t
D

/= (2)

where τ is the RC time constant. As the voltage ramps to VD,
electrons will begin to be injected into the QD EML at some
critical voltage, which we will refer to as Vinj. Then, tinj, the time
to reach Vinj, is given by rearranging eq 2 and substituting in tinj
and Vinj for t and V, respectively:

t
V

V V
lninj

D

D inj

i
k
jjjjjj

y
{
zzzzzz=

(3)

The effect of the offset in the voltage pulse profile is to reduce
tinj because we are starting from some fixed Voffset rather than 0
V. This reduction in time to tinj can be defined in the same
manner as tinj was in eq 3. Because td is the sum of the
capacitive charging time plus the time for the electrons to
transport across the QD EML, we add the capacitive charging
time to eq 1, leading to

t
d
V

V V
V V

lnd

2

D

D offset

D inj

i
k
jjjjjj

y
{
zzzzzz= +

(4)

which provides both the VD and Voffset dependence of td.
The dotted lines in Figure 2c are the result of global fitting

using eq 4. The same data plotted versus VD are shown in
Figure S7. This remarkable agreement with the simple RC
circuit model further validates our simplification that the
transport through QD EML dominated by electrons is the
limiting factor in the delay time for the onset of EL. It also
indicates that charge accumulation at the interface between
CTLs and the QD EML occurs with an RC time constant of
∼500 ns. The injection of electrons into the QD EML initiates

at Vinj = 1.52 V, which is slightly smaller than the driving
voltage at which observable EL occurs. The obtained electron
mobility of 1.7 × 10−5 cm2 V−1 s−1 is well within the range
reported for CdSe QDs.50,51,55 While the QDs studied here are
core/shell QDs whereas most mobilities are reported for core-
only QDs, the similar mobility value may suggest that the
insulating organic ligand rather than the inorganic shell is the
limiting factor. In fact, higher electron mobility has been
reported in CdSe QDs with different ligand treatment.51,56,57

While td is strongly dependent on Voffset due to capacitive
charging, we note that tr is independent of Voffset (Figure 2b).
This behavior is clearly seen when the EL rise region data are
collapsed together by setting td to be the same (Figure S8).
Because tr is associated with the spread of the emission zone
after the injection of holes, which occurs after the initial
capacitive charging and electron transport across the QD EML,
this behavior can be expected. In the EL fall region, tf is
affected by Voffset and exhibits a biexponential behavior (Figure
S9), presumably due to exciton recombination and charge
extraction to CTLs, both of which, especially the latter, are
expected to be Voffset dependent. Conversely, the EL rise
exhibits single-exponential behavior (Figure S10a). The single-
exponential decay fit and the corresponding time constant vs
VD are shown in Figure S10b. Previous reports in both
OLED29 and QD-LED58 literature have indicated that the rise
region can be fitted to a biexponential function, where the fast
component is typically assigned to the majority carrier and the
slow component to the minority carrier. We initially performed
a biexponential fit, but examination of the time constants and
amplitudes suggested it was overfitting the data.
Although the single-exponential fit exhibits excellent agree-

ment, there is a complication that arises from a slow
equilibration process after the maximum EL intensity is
reached. In most devices we have examined, the slow
equilibration leads to a small decrease (<7%) in EL from the
maximum intensity near the rise region to just before the
driving voltage is turned off (Figure 1b). In extreme cases,
there is an apparent overshoot in the EL near the rise region.
Figure 3 shows an example where the overshoot is significant
at negative Voffset but disappears at positive Voffset slightly below
the LED turn-on voltage. In all cases we have examined, there
is a slow equilibration in EL, which is accompanied by the
corresponding slow decrease in the current density, during the
duration of the driving voltage pulse (a more typical example
given in Figure S11). While the magnitude of the slow decrease
in EL and current varies, it systematically becomes more

Figure 2. (a) Example of a waveform with a 1.5 V offset voltage and a 3.2 V driving voltage (red line) compared to one without the offset at the
same driving voltage (black line). (b) Rise region of the TrEL trace for VD = 3.2 V and varying offset voltage. (c) Plot of the inverse delay time as a
function of the offset voltage for various driving voltages. The results of performing a global fit using eq 4 (dotted lines) show excellent agreement
with the experimental data with adjusted R2 across the data set of 0.987. The fitting parameters are μ = 1.7 × 10−5 cm2 V−1 s−1, τ = 4.7 × 10−5 s, and
Vinj = 1.52 V.
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noticeable with more negative Voffset, suggesting a possible
charging process.
We then consider where the charging might occur. There

have been reports of EL overshoot during TrEL measurements.
Notably, a varying EL spike upon voltage pulse turnoff has
been reported with amine-capped QDs,59 and a varying degree
of overshoot near the EL rise region has been observed with
different ETL materials.34,43 The EL spike near the fall region
has been attributed to charge trapping on the surface of the
QDs by amine ligands. These charges on the QD surface
accumulate during the driving voltage pulse and are released
upon removal of the voltage, leading to additional carriers for
radiative recombination. Varying the post-turnoff offset bias
has indicated that forward bias causes buildup of these charges
while negative offset bias after the initial driving voltage pulse
helps to release them. A similar EL overshoot upon voltage
turnoff has been reported previously in OLEDs.60−62 However,
our observed behavior is the opposite. That is, if our observed
overshoot were due to similar surface trapped charges, the
overshoot being near the rise rather than the fall region would
suggest that the negative offset voltage would enhance the
buildup, and the forward driving voltage would cause the
release of these charges. Furthermore, based on bias-dependent
time-resolved PL (TRPL) discussed later, surface charging is
unlikely occurring during the offset voltage.
In the case of ETL composition affecting EL overshoot near

the rise region, Kim et al. have attributed this effect to the
buildup of electrons at the ETL/QD EML interface.34 On the
other hand, Yu et al. reported a larger EL overshoot with TiO2

compared to ZnO as ETL.43 They attributed the larger
overshoot to less efficient electron injection with TiO2 which
can lead to larger hole population in the QD film, allowing
Auger recombination via positive trions to be more feasible
and therefore more nonradiative overall. If the application of
negative offset voltage introduces holes into the QD film and
causes the overshoot, an initial reduction in EL can be
expected. However, the initial TrEL intensity is higher when
there is a smaller or more negative offset in our case.
Furthermore, the introduction of holes (or electrons) is
expected to lead to shorter PL lifetime due to fast Auger
recombination. Figure 4a,b shows the results of TRPL
measurements on a QD-LED under bias. In the voltage
range examined, which is the same as our TrEL offset voltage
range, there is no measurable EL, and the PL lifetime remains
constant. A change in PL lifetime with applied bias has been
observed when there are pre-existing electrons (e.g., due to
electron transfer from ETL) and the applied bias changes that
population19 or when the incident laser excitation for TRPL
causes photocurrent.7 The lack of PL lifetime change within
the ±1.5 V bias range indicates that charge carriers are not
injected with the application of the offset voltage (Figure 4b).
Charges trapped at the surface of QDs would also affect the

PL lifetime because they will affect nonradiative recombination
pathways. Decreasing PL efficiency has been observed in
CdSe/CdS core/shell QD-LEDs when increasing forward bias
causes the reduction of surface Cd carboxylates at ∼1 V and
higher.63 In our QD-LEDs the PL lifetime remains
independent of bias (Figure 4b). Hence, if offset voltage
induced charging is occurring, it must be occurring elsewhere
in the QD-LED. The plausible locations of charge accumu-
lation during the DC offset voltage that causes EL overshoot
are the CTL/EML interface or within the QD matrix. To this
end, we have performed cross-sectional STEM imaging and
EDX elemental mapping of pseudodevices to consider the
effect of spin-casting ZnO ETL from solution (Figure 5). The
top set of images (Figures 5a−d) correspond to the control
case where QDs were spin-cast onto predeposited ZnO. The
bottom images (Figures 5e−h) correspond to our conventional
device structure where ZnO was spin-cast on top of QDs. Note
that we have used CdSe QDs without an inorganic shell
because the ZnSe/ZnS shell would lead to Zn signal that may
not be distinguishable from that of ZnO. STEM-EDX maps of
the QDs-on-top case exhibit a clear distinction between where
Zn and the majority of O are present and where Cd is present.
However, in our device-equivalent case, there is significant
penetration of Zn signal into the QD region. The interface
between the CdSe QD region and the ZnO region cannot be

Figure 3. Normalized TrEL traces for Voffset = {−1.5, 0, +1.5 V}
showing the full equilibrium region. There is a decay over time from a
maximum value for the negative offset voltage, while the positive
voltage is relatively flat. Note that VD pulse here is longer (200 μs),
and the Voffset range has been expanded to negative voltages which
appear to amplify the overshoot.

Figure 4. (a) Time-resolved photoluminescence of QD-LED under −1.5, 0, and 1.5 V bias where there is no contribution from EL. The inset
shows early time region. (b) Average PL lifetime as a function of applied voltage. No significant change in the average PL lifetime is observed.
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discerned through the O map. That is, when ZnO is spin-cast
from solution onto a film of QDs, Zn- and O-containing
species can contaminate the QD layer. These species may
originate from dissociation of surface Zn and O from ZnO
nanoparticles or leftover byproducts of the reaction to
synthesize ZnO. We note that the intermixing of ZnO
nanoparticles with QDs is not likely given that such an
intermixing will likely lead to high local intensities of the Zn
signal in the QD layer and the Cd signal in the ZnO layer
rather than the uniformly spreading intensity seen in Figure 5g.
Furthermore, the bright-field TEM image of a device (Figure
S2) shows a distinct interface between ZnO and QDs with no
obvious signs of intermixing. Nevertheless, we cannot
completely rule out the possibility of very small ZnO particles
penetrating the QD layer.
The Zn/O species that diffuse into the QD layer can

contribute to the charging process that leads to the overshoot
observed in TrEL. The slow equilibration after the overshoot
may also be explained by the slow diffusion of such species
within the QD matrix under bias. Device-to-device variations
in the degree of overshoot may be related to the concentration
of these species which is likely to vary due to several factors,
including the degree of completion of the ZnO reaction, the
age of the ZnO solution, and precipitation/purification. While
further studies are needed to characterize what processes such
species might undergo with external potential (e.g., electro-
chemical oxidation/reduction vs charge diffusion) and how
that process contributes to varying TrEL response of QD-
LEDs, the presence of Zn/O species diffusing from ZnO spin-
coating solution into the QD EML can have important
consequences in both the device operation and degradation
mechanisms. These species likely contribute to the varying
overshoot and slow equilibration of EL. They may also
facilitate device degradation by promoting oxidation of
organics, either the HTL or ligands on QDs. Inverted device
structures can mitigate these effects but HTL often needs to be
vacuum deposited.64 Inserting a thin PMMA layer between
QDs and ZnO is another potential approach but leads to an
insulating layer that degrades electrical characteristics.65

In summary, we have examined the effects of an offset
voltage on the TrEL characteristics of CdSe/ZnSe/ZnS QD-
LEDs. The time constant for capacitive charging, the electron
mobility in the QD film, and VD and Voffset dependence of td
have been obtained through a simple consideration of an RC
circuit with electron drift through QDs. Slow equilibration to
steady-state EL that varies with Voffset has been observed and
may be associated with either a charging or charge diffusion
process within the QD-LED. The lack of change in PL lifetime
under offset bias indicates charged species are unlikely to be
carriers in QDs or surface trapped charges. Zn and O species in
QD film observed through STEM-EDX may be diffusing in
from ZnO spin-casting solution, and these charged species may
contribute to the slow equilibration in TrEL and to device-to-
device variations. These insights can help to better understand
QD-LED operation and device failure mechanisms and to
improve the performance of cost-effective, solution-processed
devices.
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