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ABSTRACT The quantum-dot light-emitting diodes
(QLEDs) that emit near-infrared (NIR) light may be im-
portant optoelectronic synaptic devices for the realization of
artificial neural networks with complete optoelectronic in-
tegration. To improve the performance of NIR QLEDs, we
take advantage of their low-energy light emission to explore
the use of poly(3-hexylthiophene) (P3HT) as the hole trans-
port layer (HTL). P3HT has one of the highest hole mobilities
among organic semiconductors and essentially does not ab-
sorb NIR light. The usage of P3HT as the HTL indeed sig-
nificantly mitigates the imbalance of carrier injection in NIR
QLEDs. With the additional incorporation of an interlayer of
poly  [9,9-bis(3’-(N,N-dimethylamino)propyl)-2,7-flourene]-
alt-2,7-(9,9-dioctylfluorene)], P3HT obviously improves the
performance of NIR QLEDs. As electroluminescent synaptic
devices, these NIR QLEDs exhibit important synaptic func-
tionalities such as short- and long-term plasticity, and may be
employed for image recognition.

Keywords: quantum-dot light-emitting diodes, near-infrared,
synaptic devices, poly(3-hexylthiophene)

INTRODUCTION

Neuromorphic computing has drawn increasing attention
because it is more energy-efficient and intelligent than
conventional von Neumann computing, which faces im-
minent physical limits and explosively increased energy
consumption [1-3]. To develop neuromorphic comput-
ing, artificial neural networks based on high-performance
synaptic devices must be produced [2,4-12]. Recent re-
search in neuroscience on optogenetics has indicated that
the functionality of neuromorphic computing may be
significantly enhanced by incorporating light into an ar-
tificial neural network [13-17]. Hence, optoelectronic

synaptic devices have significant potential. Considerable
effort has been expended to fabricate optoelectronic sy-
naptic devices that are stimulated optically and produce
an electrical output [18-22]. Furthermore, the devices
that are electrically stimulated and produce an optical
output have recently been demonstrated [23]. Combining
these features would enable bidirectional conversion be-
tween optical and electrical signals, facilitating the reali-
zation of neuromorphic optoelectronics [24], which holds
considerable promise for high-performance computing
because of the combination of the brain-like low-energy
processing capacity with the speed and bandwidth of the
photonic devices [24].

Near-infrared (NIR) light is a good choice with respect
to the optical output of an optoelectronic synaptic device
because the loss of NIR light is usually low during
transmission through many technologically important
materials [25,26]. Hence, high-performance quantum-dot
light-emitting diodes (QLEDs) that emit NIR light are
worth investigating as optoelectronic synaptic devices.
However, NIR QLEDs have serious issues, such as the
carrier injection imbalance, which should be tackled
[27,28]. The carrier injection imbalance mainly occurs
because the hole mobility of the routinely used organic
hole-transport layer (HTL) for a QLED is much lower
than the electron mobility of the popular electron-trans-
port layer of zinc oxide (ZnO) nanocrystals (~1.8 x
10° ecm’ V' 's™') [29-31]. For example, an HTL of poly
(N,N'-bis(3-methylphenyl)-N,N’-diphenylbenzidine), also
known as poly-TPD, has a hole mobility of only ~1.0 x
10 em® v's ' [29]. Poly(3-hexylthiophene) (P3HT) is
one of the most extensively used organic semiconductors.
It has a high hole mobility of ~1.0x 10 cm’V 's '
[32,33], which is quite comparable to the electron mo-
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bility of an electron-transport layer of ZnO nanocrystals.
In addition, P3HT is very suitable for the HTL of NIR
QLEDs because it does not absorb NIR light. For NIR
QLEDs, P3HT should significantly mitigate the carrier
injection imbalance without deteriorating the light ex-
traction. Therefore, it would be interesting to harness the
remarkable electronic and optical properties of P3HT for
NIR QLEDs.

In this work, we investigate the incorporation of a
P3HT HTL into NIR QLEDs based on silicon (Si)
quantum dots (QDs), which have efficient luminescence
and robust photostability [34]. The thickness of the P3HT
HTL is first optimized. An interlayer of poly[9,9-bis(3'-
(N,N-dimethylamino)propyl)-2,7-flourene]-alt-2,7-(9,9-
dioctylfluorene)] (PEN) [35] is then added between the
P3HT and the Si QDs to further enhance the device
performance, which is better than that of NIR QLEDs
with a traditional poly-TPD HTL. We finally demonstrate
the use of NIR QLEDs with a P3HT HTL as optoelec-
tronic synaptic devices. Important synaptic functionalities
such as short-term plasticity [22,36] and long-term plas-
ticity (LTP) [17,37] are realized. Simple image recogni-
tion could be carried out with these optoelectronic
synaptic devices.

EXPERIMENTAL SECTION

Materials and devices

Freestanding Si QDs were synthesized in a nonthermal
plasma system [38,39]. Their surfaces were subsequently
hydrosilylated with 1-heptylene. We then dispersed the
hydrosilylated Si QDs in toluene to obtain a solution of
Si QDs with a concentration of 15 mgmL . A layer of
poly(3,4-ethylenedioxythiophene)/polystyrene sulfonate
(PEDOT:PSS), which had a thickness of ~20 nm, was
produced by spin-coating a PEDOT:PSS solution onto
clean indium tin oxide (ITO)/glass substrates at 4000 rpm
for 60 s. Then the substrates were baked on a hotplate at
130°C for 20 min. A P3HT solution was obtained by
dispersing P3HT in chlorobenzene. It had a concentra-
tion of 10-25 mg mL ', allowing us to study the effect of
the thickness of the resulting P3HT layer on device per-
formance. After being stirred overnight, the P3HT solu-
tion was spin-coated onto the PEDOT:PSS. Solvent
annealing and thermal annealing were carried out im-
mediately after the spin-coating [40]. Solutions with
2mgmL "' of PEN, 10mgmL ' of poly-TPD, and
25 mg mL ' of ZnO were obtained by dispersing them in
methanol, chlorobenzene, and ethanol, respectively.
Then, the PEN, Si QD, poly-TPD, and ZnO solutions
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[35,41] were spin-coated consecutively at 2000 rpm for
50 s to form an ~5-nm-thick PFN layer, a 30-nm-thick Si-
QD layer, a 20-nm-thick poly-TPD layer, and a 50-nm-
thick ZnO layer, respectively. After each spin-coating, the
samples were baked at 110°C for 20 min. Note that the
thicknesses of the PEDOT:PSS, poly-TPD, PEN, Si-QD
and ZnO layers were chosen based on previous high-
performance device structures [29,35,41]. Finally, a 150-
nm-thick layer of Ag was deposited by thermal eva-
poration. The area of each device was 4 mm’.

Characterization

The Si QDs were characterized with a 100 kV transmis-
sion electron microscope (TEM; JEM-2100F, JEOL). A
photoluminescence ~ (PL)  characterization  system
(FLS920, Edinburgh Instruments) was used to measure
the light emitted from the Si QDs and NIR QLEDs. An
atomic force microscope (Multimode-8, Bruker Dimen-
sion Edge) was employed to study the morphology of the
thin-film layers. A Keithley 2400 source meter was used
to obtain the J-V curves of the LEDs. A Newport 1931-C
power meter coupled with a Newport 818-UV photo-
detector was employed to measure the optical power of
the LEDs [23]. The functionality of the synaptic devices
was characterized using a homemade system, mainly
comprising a pulse generator (DG4202 Rigol) and an
oscilloscope (Wavesurfer 3024, Teledyne) [23].

Simulation

An image of an eagle was used for the simulation of
image recognition. The image was divided into 1960
squares. As more squares were recognized, the definition
of the image increased. Hence, the image looked clearer.
It was assumed that the maximum optical power evoked
by 30 electrical spikes (Ps,) corresponded to all squares
being recognized. The number of recognized squares was
obtained by considering the ratio of the maximum optical
power evoked by i (i = 2, 5, 10, 20, 30) electrical spikes
(P;) to that evoked by 30 electrical spikes (Ps), i.e., P;/Ps,.
As more electrical spikes were used, P;/P5, became larger,
leading to a clearer image.

RESULTS AND DISCUSSION

Fig. 1a shows a low-resolution TEM image of Si QDs that
can emit NIR light. The crystallinity of the Si QDs is
evidenced by the selected-area electron diffraction image
(the inset of Fig. 1a) and the single-QD high-resolution
TEM image (Fig. 1b). A statistical analysis shows that the
mean size of the Si QDs is ~4.2 nm (Fig. 1c). Fig. 1d
displays the PL spectra of the Si QDs. There is a peak at
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Figure 1 Characterization of Si QDs. (a) Low-resolution TEM image of Si QDs. The inset shows an electron diffraction photograph of the selected
area. (b) High-resolution TEM image of a Si QD. (c) Size distribution with a log-normal fit for Si QDs. The mean size of the Si QDs is ~4.2 nm. (d)
UV-visible optical absorption spectrum of P3HT and PL spectrum of Si QDs.

~850 nm. It is clear that this NIR light emitted from the Si
QDs is outside the spectral region (wavelengths from
~400 to 650 nm) for the absorption of P3HT (Fig. 1d).
Hence, P3HT will not affect the NIR light emitted by Si
QDs due to the absorption in NIR QLEDs based on Si
QDs. This is verified by further examining the ultraviolet
(UV)-visible absorption and PL spectra of the hybrid
structure of P3HT and Si QDs (Fig. S1).

By using P3HT as the HTL, we fabricated NIR QLEDs
based on Si QDs with a layered structure of glass/ITO/
PEDOT:PSS/P3HT/Si-QDs/ZnO/Ag, as schematically
shown in Fig. 2a. The ITO layer on the glass substrate and
the Ag layer are the anode and cathode, respectively. The
PEDOT:PSS layer is used to facilitate the injection of
holes [41]. The ZnO layer acts as the electron-transport
layer, which has been adopted in most high-performance
QLEDs [29]. Fig. 2b shows the flat-band energy-level
diagram of a NIR QLED based on Si QDs. The conduc-
tion band minimum (CBM) and valence band maximum
(VBM) of Si QDs are located at —4.0 and —5.4 €V, re-
spectively [42]. The small-step cascade alignment from
the work function of ITO to the highest occupied mole-
cular orbital (HOMO) of PEDOT, the HOMO of P3HT
and the VBM of Si QDs ensures that holes are effectively
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injected into the Si-QD layer [43-45]. Similarly, the
small-step cascade alignment from the work function of
Ag to the CBM of ZnO [46], and the CBM of Si QDs
facilitates the injection of electrons into the Si-QD layer.
Holes and electrons injected into the Si-QD layer may
radiatively recombine, giving rise to electroluminescence
(EL).

In the current work, the effect of the thickness of P3HT
layer on the device performance is evaluated. The thick-
ness of the P3HT layer is controlled by the concentration
of the P3HT solution during spin coating (Fig. S2). As
shown in Fig. S3, as the concentration of the P3HT so-
lution varies from 10 to 25 mg mL ', the thickness of the
P3HT layer changes from ~50 to ~160 nm. Current
density (J) versus voltage (V) curves for NIR QLEDs
based on Si QDs with different P3HT concentrations are
shown in Fig. 2c. An increase of the P3HT concentration
leads to a decrease of the current density, since the
electrical resistance is larger for a thicker P3HT layer.
Fig. 2d shows the EL of a NIR QLED fabricated with a
P3HT concentration of 15 mgmL ' at different driving
voltages. Although the EL intensity increases as the
driving voltage increases, the EL peak remains at
~850 nm. Since the peak of the PL for Si QDs is also at

October 2019 | Vol.62 No. 10



SCIENCE CHINA Materials

ARTICLES

a b
—4.0eV 41eVv
-47eV
- ; ITO —9.1eV
¢ e et g0, e PEDOT: -5.2 eV
AL PSS -5.4eV
PEDOT:PSS
ITO
-75eV
c _ 10 1 d
§ ——10mg mL"
1S 1 —t— 15 L
: 10°1 —-—2omg ij -
é 100] ——25mg mL \@.’
2, 2
g 10 1 é
E 1072] £
3 m
= 3
3 10 1
10* T =T T r——— .
1 2 3 4 5678910 600 800 1000 1200
Voltage (V) Wavelength (nm)
e f g
3.01 ——10mgmL™" R —=—Electron-only device
= ——15mgmL" ‘e 10°{ ——10mgmL"
R 254 ——20mgmL" o ——15mgmL"
21 > ——25mgmL" < —~—20mgmL™"
9 2 204 £ 10° —~—25mgmL™
< 2 2 3
L — o =1
S = 15 g
w14 . = 104 °
——10 mg mL 2 - =107y
——15mg mL"’ 3 o
=20 mg mL"' a 051 5
——25mg mL™' 3
044 . . 0.0 . ——r—r—| 10° .
0 10 20 30 2 3 5 6 7 8910 0.1 1

Current density (mA cm™)

Voltage (V)

Voltage (V)

Figure 2 (a) Schematic diagram and (b) flat-band energy-level diagram of a NIR QLED based on Si QDs. (c) J-V curves for the NIR QLEDs based on
Si QDs with different P3HT concentrations. (d) EL spectra of a NIR QLED with a P3HT concentration of 15 mg mL " at different driving voltages. (e)
EQE versus current density and (f) power efficiency versus voltage for the NIR QLEDs based on Si QDs with different P3HT concentrations. (g) J-V
curves for an electron-only device and hole-only devices with different P3HT concentrations.

~850 nm, the light emitted by these NIR QLEDs indeed
originates from the Si QDs. Fig. 2e shows the external
quantum efficiency (EQE) of NIR QLEDs based on Si
QDs. The maximum EQE increases as the P3HT con-
centration increases from 10 to 15 mg mL ', while it de-
creases with a further increase of the P3HT concentration
from 15 to 25 mgmL . The highest EQE of 2.6% was
obtained with a P3HT concentration of 15 mg mL . In
addition, a peak power efficiency of 2.8% was also ob-
tained for NIR QLEDs with a P3HT concentration of
15mgmL ' (Fig. 2f). When the P3HT concentration is
low, the resulting thin P3HT layer may not be able to
block the leakage of electrons injected into the Si-QD
layer effectively. However, if the P3HT layer is too thick
and has a very large resistance, then the injection of holes
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toward the Si-QD layer will be seriously weakened, which
is demonstrated by the J-V curves for hole-only devices
fabricated with different P3HT concentrations, as shown
in Fig. 2g. A QLED for a P3HT concentration of
10 mg mL ™' shows the smallest roll-off. This may be be-
cause it has the weakest imbalance between electron in-
jection and hole injection in the current work [27], as
shown in Fig. 2g.

To improve the performance of NIR QLEDs based on
Si QDs fabricated with the optimum P3HT concentration
of 15mgmL ' (ie, giving an optimum P3HT layer
thickness of ~80 nm), we added an interlayer of PFN
between the P3HT layer and Si-QD layer to mitigate the
electron leakage from the Si-QD layer toward the anode.
The resulting device structure is schematically illustrated
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in Fig. 3a. From the corresponding flat-band energy-level
diagram of the device (Fig. 3b), we can see that the
LUMO of PEN is higher than that of P3HT (2.8 eV
versus —3.2eV) [35]. A higher LUMO is better for
blocking electron leakage from the Si-QD layer. Here,
PEN was selected because it has already been effectively
employed for the interfacial modification of optoelec-
tronic devices [47]. Methanol, which is the solvent for
PEN, is orthogonal with chlorobenzene, the solvent for
P3HT, which hardly complicates device fabrication. In
addition, the optical absorption of the P3HT layer hardly
changes after the PFN layer is introduced (Fig. S4). Fig. S5
shows the morphologies of P3HT layers with and without
a PFN interlayer. Both are of high quality with a rough-

ness of only ~0.7 nm.

Fig. 3c compares the J-V curve of a device with PFN
interlayer and that of a device only with P3HT. The ad-
dition of the PFN interlayer decreases the current density
of the device. This is reasonable because the PFN inter-
layer introduces additional resistance for hole transport,
as demonstrated by the decrease of the hole current when
a PFN interlayer is used in a hole-only device (Fig. 3d). By
fitting the J-V results for electron-only and hole-only
devices with the model of space charge limited transport
(Fig. S6), the electron mobility of ZnO layer and the hole
mobility of P3HT layer were calculated to be 1.5 x 10 °
and 1.1 x 10 > cm® V' S, respectively. Note that the hole
transport (imbalance of carrier injection) of the device
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Figure 3 (a) Schematic diagram and (b) flat-band energy-level diagram
NIR QLEDs based on Si QDs with P3HT, P3HT/PFEN and the traditional

of a NIR QLED based on Si QDs with a PFN interlayer. (c) J-V curves for
HTL of poly-TPD. (d) J-V curves for an electron-only device and hole-only

devices with P3HT, P3BHT/PEN and poly-TPD. (e) EQE versus current density and (f) power efficiency versus voltage for NIR QLEDs based on Si QDs
with P3HT, P3HT/PFN and poly-TPD. (g) PL decay curves of Si QDs with P3HT, P3HT/PEN and poly-TPD. (h) Stability of QLEDs with P3HT,

P3HT/PFN and poly-TPD working at a driving voltage of ~5 V.
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with the PFN interlayer is better (less serious) than that of =~ TPD, a HTL of P3HT, and the P3HT/PFN combination
a device with the traditional HTL of poly-TPD, despite the = without encapsulation are ~5.0, 7.5, and 10.5 h, respec-
increase in the device resistance due to the PFN interlayer  tively. The value of ~10.5 h is higher than those of our
(Fig. 3d). Hence, the current density of the device with the ~ previous electroluminescent synaptic devices [23] and
added PFN interlayer is still larger than that of a device = comparable to those described in the literature [50]. The
with a traditional HTL of poly-TPD (Fig. 3b). change in the stability is basically consistent with that for
Fig. 3e shows that the addition of the PEN interlayer  the power efficiency in the present work. It is expected
improves the maximum EQE of QLEDs with a P3HT  that our QLEDs will be more stable after being en-
HTL from 2.6% to 3.4%, which is higher than that of capsulated [27].
QLEDs with the traditional HTL of poly-TPD (2.4%). In Electroluminescent synaptic devices with an electrical
addition, compared with QLEDs with a HTL of poly-TPD  input and an optical output need to be fabricated in the
or P3HT, the QLED with a P3HT HTL and a PFN in-  optoelectronic integration of artificial neural systems. It
terlayer has a higher power efficiency of up to 4.4%  has recently been demonstrated that QLEDs based on Si
(Fig. 3f). We compared the PL lifetimes of Si QDs in  QDs can be used as electroluminescent synaptic devices
P3HT/Si-QDs, P3HT/PEN/Si-QDs, and poly-TPD/Si-  with a low energy consumption [23]. Since a higher
QDs, as shown in Fig. 3g. The addition of the PFN in-  power efficiency helps reduce energy consumption [51], it
terlayer increases the PL lifetime from 21 to 33 us, in-  is worth exploring the use of QLEDs with a P3HT HTL
dicating that the P3HT weakens exciton quenching and a PEN interlayer as electroluminescent synaptic de-
[48,49]. This explains the PFN-interlayer-induced in-  vices. Fig. 4a shows that an electroluminescent synaptic
crease of the maximum EQE together with the electron-  device can emit NIR light when it is stimulated by an
blocking effect of the PEN interlayer. Note that the PL  electrical spike. The decay time of the EL (i.e., the time for
lifetime of Si QDs in poly-TPD/Si-QDs is the longest the optical power to decrease from 90% to 10% of its
(79 ps), implying the least amount of exciton quenching.  original value) is ~10 ms, which is in the range of 1-
However, the large carrier injection imbalance plays the ~ 10* ms that is typical for the decay time of a signal in a
dominant role in QLEDs with the traditional HTL of  biological synapse [52,53]. When stimulated by two suc-
poly-TPD. Hence, the maximum EQE of the QLED with  cessive electrical spikes, the electroluminescent synaptic
the traditional HTL of poly-TPD is lower than that of a  device exhibits clear paired-pulse facilitation (PPF)
QLED with a P3HT HTL and PFN interlayer (Fig. 3e).  [9,53-56], which is the evidence for short-time plasticity
Fig. 3h shows the stability of the QLEDs with different  [57-65], as shown in Fig. 4b. We calculated the PPF index
structures at a driving voltage of ~5 V. The half-lifetimes  using the ratio of the optical power evoked by the second
(tso) for the QLEDs with the traditional HTL of poly- electrical spike (P,) to that evoked by the first electrical
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Figure 4 (a) Decay of the EL from a synaptic device stimulated by a 4 V electrical spike with a duration of 1 ms. The electrical spike and the
corresponding optical power of the EL are shown in the inset. (b) Optical power of a synaptic device induced by two successive electrical spikes. (c)
Dependence of the PPF index on At for 4 V electrical spikes. (d) Optical power of a synaptic device stimulated by from two to thirty times of 4 V
electrical spikes. Image recognition depictions for a synaptic device stimulated by 2, 5, 10, and 20 successive electrical spikes are shown in (e-h).
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spike (P,). Fig. 4c shows the variation of the PPF index as
a function of the interval (At) for electrical spikes with a
duration of 1 ms. The PPF index decreases as At in-
creases. The dependence of the PPF index on At is fitted
using the following double-exponential equation [53]:

PPF index=C,- em[f—f +C,- exp[*é—;[},

where C, and C, are the initial facilitation magnitudes. T,
and 7, are the characteristic relaxation times for rapid
decay and slow decay, respectively. We found that 7, and
7, are 11 and 47 ms, respectively.

To mimic the synaptic function of LTP [66-73], we
stimulated an electroluminescent synaptic device with
multiple successive electrical spikes. Fig. 4d shows the
optical power of the device stimulated by from 2 to 30
spikes. It is clear that, as the number of electrical spikes
increased from 2 to 20, the optical power of the synaptic
device increased. However, when the number of electrical
spikes exceeded 20, the optical power of the device hardly
changed. This means that the output of the electro-
luminescent synaptic device tends to be saturated after
being stimulated by a large number of electrical spikes,
consistent with the synaptic behavior of a biological
neural system [64,72]. Note that the LTP delays of tens of
milliseconds for our electroluminescent synaptic devices
are shorter than the LTP decays of electrically stimulated
synaptic devices [54]. However, they are comparable to
the LTP decays of optically stimulated synaptic devices
[65].

We finally demonstrate that the LTP of the electro-
luminescent synaptic device may be employed for simple
image recognition, as shown in Fig. 4e-h. Since the
number of squares recognized in the eagle image is as-
sociated with the ratio of the maximum optical power
evoked by i (i = 2, 5, 10, 20, 30) electrical spikes (P;) to
that evoked by 30 electrical spikes (Ps), i.e., P/ Ps, we see
a clearer image as the number of electrical spikes in-
creases.

CONCLUSIONS

The high hole mobility of P3HT and its negligible ab-
sorption in the NIR region have enabled the incorpora-
tion of P3HT into NIR QLEDs as the HTL. A P3HT HTL
significantly mitigates the carrier injection imbalance in
NIR QLEDs. An interlayer of PFN can be added between
the P3HT and QDs to further improve the performance
of the NIR QLEDs. With this improved performance,
these NIR QLEDs can be used as optoelectronic synaptic
devices. They have important synaptic functionality, such
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as short- and long-term plasticity.
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