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neuromorphic computing, also called 
brain-inspired computing, consumes low 
energy because the building block has 
the ability to simultaneously memorize 
and process the data.[2] Currently, artificial 
neural networks show strength in com-
plicated computational machine learning 
tasks such as image recognition,[3] audio 
recognition,[4] protein structure revealing, 
and material discovery.[5] These machine 
learning tasks rely on a large volume of 
data and high-speed data analysis. There-
fore, compared to the traditional von 
Neumann architecture, brain-inspired 
computing architecture that mimics the 
basic elements of the biological brain—
neurons and synapses—are emerging 
as a computing solution for complicated 
machine learning tasks. Among the com-
ponent devices for the realization of neu-
romorphic computing, optoelectronic 
devices, which can act as building blocks 
of optoelectronic neuromorphic com-
puters, need novel materials to make cir-
cuit-level and nanoscale level devices.

Carbon nanotubes (CNTs) are com-
monly used in electronic devices because 

of their excellent mechanical and electrical properties.[6] Unlike 
2D graphene materials that are used in devices as single or 
multilayer films, 1D CNTs have better potential for use in cir-
cuit-level and nanoscale device applications. As a an electrical 
material with high carrier mobility, CNTs are used to build 
field-effect transistors and computers.[7] Despite the excel-
lent electrical properties of CNTs (including multiwall CNTs 
(MWCNTs)), their response to light is weak and are not suitable 

Brain-inspired (neuromorphic) computing that offers lower energy consump-
tion and parallelism (simultaneous processing and memorizing) compared to 
von Neumann computing provides excellent opportunities in many computa-
tional tasks ranging from image recognition to speech processing. To accom-
plish neuromorphic computing, highly efficient optoelectronic synapses, 
which can be the building blocks of optoelectronic neuromorphic computers, 
are necessary. Currently, carbon nanotubes (CNTs), an attractive candidate 
to develop circuit-level photonic synapses, provide weak light responses. 
The inferior photoresponse of CNTs increases the energy consumption of 
neuromorphic optoelectronic devices. Herein, a method to grow organic–
inorganic halide perovskite quantum dots (PQDs) directly on multiwall 
CNTs (MWCNTs) to increase the photosensitivity of optoelectronic synapses 
is demonstrated. The new hybrid material synchronizes the high photore-
sponse of PQDs and the excellent electrical properties of MWCNTs to provide 
photonic memory under very low light intensity (125 µW cm−2). However, 
neat MWCNTs do not show any detectable light response at the tested light 
intensity, as high as 25 mW cm−2. Since the PQDs are grown directly on and 
in the MWCNTs, the hybrid PQD-MWCNT provides a new direction for the 
future MWCNT-based optoelectronic devices for neuromorphic computing 
with a potential to break the von Neumann bottleneck.
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1. Introduction

The traditional computing system, which is based on von Neu-
mann architecture, has demonstrated its power in solving prob-
lems related to well-formulated mathematical calculations. Due 
to the physical separation of the calculation (processing) unit 
and the data storage (memory) unit, the architecture has an 
energy efficiency limit for high-speed data processing.[1] Instead, 
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for many optoelectronic applications on their own. Recently, 
Agnus et  al. used MWCNTs to realize photonic memory, but 
the light intensity used was as high as 40 W cm−2.[8] This infe-
rior light response motivates researchers to develop various 
approaches to improve the photoresponse.[9] Unlike the cur-
rent bilayer approach of depositing a light sensitive material 
like quantum dots (QDs) on top of a CNT layer,[9c,d] if QDs are 
grown on individual CNTs, it can lead to the development of 
a single CNT level optoelectronic device. A recently published 
paper reports the preparation of perovskite quantum dots 
(PQDs) on SWCNTs by just mixing PQDs with SWCNTs.[10] 
Since PQDs and CNTs are just mixed together, i.e., PQDs 
are not grown on SWCNTs, they observed only a three times 
enhancement of the light response for a drop casted film pre-
pared without following any washing procedure.

Organic–inorganic halide PQDs are attractive candidates for 
optoelectronic devices because they are good photocarrier gen-
erators, have high light absorption, good bandgap tunability, 
and easy fabrication. PQDs are used in advancing technologies 
such as solar cells,[11] photodetectors,[12] and memory devices.[13] 
Recent reports show that photonic memory is possible in PQD 
systems, such as graphene-PQD[14] and inorganic CsPbBr3 
PQD film.[15] However, in most of these cases, an external gate 
voltage is required to manipulate the photonic memory effect.

Here, we propose a novel method that combines the pho-
toresponse of PQDs and electrical properties of MWCNTs, by 
growing PQDs directly on and from MWCNTs, without the 
need for an external gate voltage. Compared to other CNT 
devices that require very high light intensity to achieve a pho-
toresponse,[8] the hybrid PQD-MWCNT based device requires 
only low light intensity to achieve a significant increase in light 
response and photonic memory. We use single and multiple 
light pulses to stimulate the PQD-MWCNT device to demon-
strate its potential for optoelectronic brain-inspired computing 
applications. As a result of the unique PQD-MWCNT struc-
tural architecture, this work represents a significant step for-
ward toward achieving nanoscale and single MWCNT optoelec-
tronic neuromorphic devices that could one-day function as the 
channel for a two-terminal nanodevice.

2. Results and Discussion

In this work, we use the heterogeneous nucleation approach[14] 
to grow PQDs on MWCNTs. MWCNTs with a diameter of about 
20  nm is presumed to be more compatible for growing PQDs 
with a size of 3–7  nm,[16] in comparison with single-wall CNTs 
(SWCNTs) of about 3  nm diameter. The details of the material 
fabrication are provided in the Experimental Section. Briefly, a 
MAPbBr3 (methylammonium lead tribromide) PQD precursor 
solution (17.3  mg MABr  +  73  mg PbBr2  +  5  mL N,N-Dimethyl-
formamide (DMF)  +  300  µL butylamine  +  500  µL oleic acid) is 
mixed vigorously with MWCNTs in toluene solution to generate 
numerous fine droplets.[17] The PQD precursor droplets then col-
lide with the MWCNT surface, initiating heterogeneous nuclea-
tion and subsequent growth of PQDs from the MWCNT lattice 
(Figure 1a). The PQDs can overcome the activation free energy for 
stable nucleation and crystal growth because of the high Gibbs free 
surface energy of the MWCNTs surface, particularly at defect sites.

The PQD-MWCNT hybrid material was initially character-
ized by transmission electron microscopy (TEM) (Figure  1b,c). 
Figure  1b shows the PQDs randomly grown on MWCNTs and 
Figure  1c is the zoom image which shows PQDs grown along 
MWCNTs. Figure S1a in the Supporting Information is a TEM 
image of the hybrid material, which clearly shows the crystal 
structure of the PQDs. The lattice spacing of PQDs on MWCNTs 
is about 0.26  nm. Considering the heterogeneous nucleation 
method, the PQD size variation may be due to different Gibbs 
surface free energy of various sites on MWCNTs.[18] Absorption 
and photoluminescence (PL) experiments further confirm that 
the PQDs have different sizes (Figures 1d,e). Some small PQDs 
may have grown inside the channel of MWCNTs (Figure S1b, 
Supporting Information). We assume that these PQDs are grown 
inside the MWCNT channel because the edges of MWCNT and 
the PQD were almost at the same focal plane as we tuned the 
focus of the electron beam of TEM. However, there are currently 
no methods to confirm the growth of PQDs within the channel.

The presence of PQDs on MWCNTs can also be understood 
from the optical absorption and PL characteristics. Figure  1d 
shows the absorption spectra of the MWCNT film on glass 
and PQD-MWCNT film on the glass (solution absorption 
spectra with similar findings for both materials in toluene are 
in Figure S2, Supporting Information). The baseline correction 
of the absorption spectra is done with bare glass substrates. In 
the absorption spectrum of PQD-MWCNT on glass, two peaks 
at 437 and 453  nm could be seen, which are the absorption 
peaks of PQDs grown on MWCNTs. These absorption peaks 
are likely due to the different sizes of the PQDs[19] grown from 
MWCNTs. The PL spectra, at 405  nm excitation, of the same 
PQD-MWCNT sample yields mainly two PL peaks, 475 and 
530  nm that correlate to bandgaps of 2.4 and 2.6  eV, respec-
tively (Figure 1e). The smaller peaks between 475 and 530 nm 
should correspond to different PQD sizes grown on MWCNTs.

Raman spectroscopy was carried out on films of PQD, 
MWCNT, and PQD-MWCNT on silicon substrates using 
514 nm excitation wavelength (Figure 2a). The Raman peak at 
around 520 cm−1 is from the signal due to the silicon substrate 
in all the samples. The peaks at 1347 and 1576 cm−1 of MWCNT 
matches well with the published data from the vendor.[20] The 
Raman peaks of MAPbBr3 PQDs at 970, 1438, and 1465  cm−1 
are very close to the reported values.[21] It can be seen that the 
Raman spectrum of our PQD-MWCNT is overlapped and dif-
ferent from those of the individual MWCNTs and PQDs. When 
QDs size vary, the Raman peak position could shift due to the 
quantum effect and surface effect.[22] Also, unlike bulk material, 
the Raman spectrum of QDs could be broadened due to phonon 
confinement effect.[23] Overall, the broad Raman spectrum 
of PQD-MWCNT may stem from the complicated vibrational 
modes and phonon confinement that results from the different 
sizes of QDs and the attachment of PQDs to MWCNTs.

The X-Ray diffraction (XRD) patterns of MWCNT, PQD, and 
PQD-MWCNT materials are shown in Figure 2b. The character-
istic peak of MWCNT appeared at 2θ of 26.00° corresponding to 
(002) crystal planes. The formation of orthorhombic MAPbBr3 
QDs is confirmed by the presence of the characteristic diffraction 
peaks at 2θ of 15.1°, 25.9°, 27.2°, 30.16°, and 31.5° corresponding 
to (101), (131), (040), and (212) crystal planes, respectively.[24] The 
peak seen at 17.9° can be attributed to the presence of excess 
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PbBr2 from the precursor solution.[25] The XRD pattern of PQD-
MWCNT clearly exhibits the characteristic peaks of MAPbBr3 
QDs confirming the growth of the QDs on CNT and the high 
intensity of QD peaks confirm the crystalline nature of the com-
posite formed. The MWCNT peak lies in the noise level of the 
high intense QD peaks. A comparison of XRD for CNT and QDs 
on CNT is given in Figure S3 in the Supporting Information.

After the formation of the PQD-MWCNT hybrid material, we 
tested its photonic memory by fabricating two-terminal opto-
electronic synapses without gate terminals. Our device has only 
two gold electrodes as terminals, which is different from other 
optoelectronic synapses with an add-on gate.[8,15] We fabricated 
our device on SiO2/Si, which just functions as a substrate. The 
device consists of Au terminals that are separated by a PQD-
MWCNT film (Figure 2c). In all the experiments with light, the 
entire device area is illuminated.

The light responses of our PQD-MWCNT device and neat 
MWCNT device under different wavelengths are shown in 
Figure 2d. The devices are illuminated for 6 s under a bias voltage 
of 0.5  V between two electrodes. The same applied voltage is 
used for all the experiments unless otherwise mentioned. For 

comparison, the data baseline is shifted to match for the PQD-
MWCNT and MWCNT devices. To compare light response at 
different wavelengths, all curves for the PQD-MWCNT devices 
are normalized with its incident light intensity at different wave-
lengths. There was no light response for the device with only 
MWCNTs (at a light intensity of 25 mW cm−2, which is the max-
imum output from our light source; 405  nm). In contrast, our 
hybrid PQD-MWCNT material shows significantly high photore-
sponse with orders of magnitude lower intensity than 40 W cm−2 
at 457 nm light required to get a reasonable response as reported 
previously for neat CNTs.[8] Because the PQDs are known excellent 
photocarrier generators,[14] the significant improvement in pho-
toresponse for the PQD-MWCNT system is attributed to the pres-
ence of PQDs grown on MWCNTs. It could be seen that 405 nm 
gives the maximum light response. The device shows almost no 
light response at 650  nm. Among the three wavelengths used 
(405, 532, and 650 nm), 405 nm shows the highest light response 
as well as the best photonic memory effect. The I–V curves of our 
PQD-MWCNT device under dark and 405 nm light are shown in 
Figure S4 in the Supporting Information. The I–V curves indicate 
that our device has an ohmic behavior without hysteresis.

Figure 1.  a) Schematic showing the formation of hybrid PQD-MWCNT. b,c) TEM images of PQD-MWCNT. d) Absorption spectra of MWCNT and 
PQD-MWCNT film on glass. e) PL spectra of MWCNT and PQD-MWCNT films on glass.
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In biology, synapses are the functional links between the 
two neurons. When the presynaptic neuron gets excited by 
an environmental signal, it releases different amounts of neu-
rotransmitters into the synaptic gap based on the different 
intensity of excitations. In general, once in the synaptic gap, 
the neurotransmitters diffuse to the postsynaptic neuron. The 
postsynaptic current value (in comparison to the presynaptic 
current) is an indicator of the synapse connection strength. 
For our bioinspired optoelectronic synapse, light and electrical 
stimuli are a synapse analog to control the pseudo postsynaptic 
current. We examined the retention properties of our PQD-
MWCNT device under different light intensities: 0.6, 0.3, 0.25, 
and 0.125  mW  cm−2, with 405  nm wavelength of pulsed light 
(single pulse with 5  s duration) (Figure 3a). Unlike other fig-
ures in Figure 3, in Figure 3a,c, ΔI (change in current) which 
is the current induced from light, is used to show a better com-
parison among different data sets. Under light stimuli of dif-
ferent intensities, the photonic memory strength is different 
(i.e., postsynaptic current strength in a biological system). It is 
analogous to biological synapse where different presynaptic sig-
nals can influence the synapse connection strength.

Another aspect that is analogous to the biological synapse is 
that the device transfers from short-term memory to long-term 
memory after light is turned off. In biology, short-term memory 
is a temporal memory that has a synapse connection strength 
that rapidly diminishes and thus has a small synaptic weight. 
In contrast, long-term memory has a temporal memory syn-
apse connection strength that diminishes much more slowly. 

In our optoelectronic experiments, as shown in Figure  3a, 
immediately following the light stimulus (single pulse with 5 s 
duration), the current of our device increases rapidly when the 
light is on and then decreases rapidly after the light is off over 
tens of seconds, resembling short-term memory. After several 
seconds of rapid signal decay, the current stabilizes, decreasing 
at a much slower rate, suggesting our device transits from 
short-term memory to long-term memory.

To further investigate the short-term memory effects of our 
PQD-MWCNT optoelectronic synapse, we evaluated the pair 
pulse facilitation (PPF) property of our device (Figure  3b). The 
PPF index is described by the ratio between the postsynaptic 
currents of the second light pulse and the first light pulse. In 
Figure 3b, we applied two identical 5 s light pulses to the device 
(0.125  mW  cm−2 with 405  nm light). After the first 5  s pulse 
stimulus, the second 5 s pulse comes after 10 s and enhances 
the short-term memory and synaptic connection strength. The 
inset of Figure 3b is obtained with exponential fitting by varying 
the interval of the two pulses and calculating the PPF index. 
PPF index increases when the interval is short, which is due to 
the undiminished short-term photonic memory from photo-
generated carriers from the first light pulse.[15] The second light 
stimulus provides more photogenerated carriers that results in an 
increased device conductance. The PPF experiment results dem-
onstrate that memory could be enhanced when repetitive training 
is performed, which is similar to how the brain memorizes new 
things. Therefore, when the device is trained with multiple light 
pulses, the learning effect in the device can be enhanced.

Figure 2.  a) Raman spectra of PQD-MWCNT, PQD, and MWCNT films on silicon. Excitation of 514 nm laser source. b) XRD spectra of PQD-MWCNT, 
PQD, and MWCNT films on silicon. c) The device schematic of photonic synapse device. d) Normalized photoresponse of PQD-MWCNT photonic 
synapse devices under different excitation wavelengths.
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In the biological brain, learning is achieved by adjusting 
the synaptic connection strength, which needs transition from 
short-term plasticity (STP) to long-term plasticity (LTP). Analo-
gous to biological systems, the transition from STP to LTP could 
be achieved by applying pulse trains of stimulus that persis-
tently increases the connection strength (i.e., synaptic weight). 
To evaluate the learning capabilities of our device, we applied 
pulse trains with 0.125 mW cm−2 intensity and increasing pulse 
durations at 405 nm light. The photonic memory transits from 
short-term memory to long-term memory after some time, 
similar to photoresponse in Figure 3a. For longer duration light 
pulses, it is easier for the device to saturate than with the same 
number of shorter pulses. The sooner the device saturates with 
light pulses, the more the device exhibits nonlinear behavior. 
For neuromorphic computing, nonlinearity is an important 
parameter that can affect the accuracy of pattern recognition 
tasks.[26] Ideally, linear synaptic weight increase with pulse 
stimulus is preferred. However, due to photoresponse satura-
tion, the synaptic weight could not increase linearly. For the 
same number of pulses, the nonlinearity of 1  s pulse duration 
is smaller than that of 5  s pulse duration. Also, when longer 
pulses are used to stimulate the device, the number of states 
the device could achieve will be smaller due to the saturation of 
the photoresponse. Since we can regard the number of states 
of the device as the number of bits the device could have, a 
smaller number of states is not preferred for a single device to 
memorize complicated knowledge. We also applied more pulses 
with shorter pulse durations (Figures S5 and S6, Supporting 
Information). Figure S5 in the Supporting Information shows 

2 and 5 s pulse duration with 25 pulses, in which the nonlinear 
weight change could be clearly seen compared to Figure 3c. LTP 
observation were also recorded over longer periods with over 
800  s photonic memory to exemplify further trends in LTP of 
the devices (Figure S8, Supporting Information). It is better 
to mention that the photoresponse time could be affected by 
light wavelength, light intensity and light pulse width, which is 
similar to other photodetector devices. Since the dynamic range 
(on/off) ratio is important for synapses in neuromorphic com-
puters, a dark current deduction unit might be preferred after 
our device in practical applications to realize a large dynamic 
range. The energy consumption per synaptic event of optically 
stimulated synaptic device is calculated using the relation[27]

d dE S P t= × × 	 (1)

where S is the area of the device, P is the input light intensity, 
and dt is the pulse duration of a single light pulse. For our 
device, the energy needed for potentiation is 6.09 nJ for a pulse 
duration of 0.39 s. A table comparing the energy consumption 
of our devices with other optoelectronic synapses is given in 
Table S1 in the Supporting Information.

In real biological systems, the learning process needs not only 
synaptic connection strength-enhancing but also strength-weak-
ening. As stated previously, the neurotransmitters released by 
the presynaptic neuron diffuse to the postsynaptic neuron. The 
postsynaptic neuron can be either excited or inhibited due to 
different neurotransmitters and receptors. Therefore, our opto-
electronic synapse should also be able to mimic both biological 

Figure 3.  a) Photoresponses of the PQD-MWCNT photonic synapse devices at different intensities of 405 nm light. b) PPF index measurement. The 
inset figure is PPF index with respect to time interval between two pulses. c) Photonic memory of the device after different duration of 11 light pulses. 
d) Light potentiation and electrical depression to change the synaptic weight of the device.
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potentiation (synaptic weight increases; enhancing) and depres-
sion (synaptic weight decreases; weakening). In our device, light 
pulses are used to potentiate the device to achieve excitatory 
postsynaptic current, and electrical pulses are used to depress 
the device to achieve inhibitory postsynaptic current.[28] The 
depression process is realized by electrical pulses applied to the 
two gold electrodes. The potentiated current is from the trapped 
charges in the defects, ligands and the interface between PQDs 
and MWCNTs. Once large negative bias pulses are applied, 
these trapping sites will release charges from their positions and 
the depression process will happen. In Figure 3d, potentiation is 
realized by applying 405 nm light pulse trains (0.125 mW cm−2 
intensity) with each light pulse duration of 0.375  s and pulse 
period of 0.75 s, and the depression is realized by applying −1 V 
electrical pulses with each pulse width of 0.1 s and pulse period 
of 1  s. After the electrical pulse depression, the strengthened 
synaptic connection could be weakened. By increasing the elec-
trical pulse width, the synaptic weight can be weakened faster 
(Figure 3d and Figure S7, Supporting Information). In a second 
experiment, 35 light pulses are applied for potentiation, but with 
0.1 s pulse width, 120 electrical pulses are required to depress the 
device to the initial current level while only 80 electrical pulses 
with 0.5 s pulse width is needed to do the same. This result sug-
gests the feasibility of neuromorphic computing to train the 
neural network by varying widths of pulses to adjust the speed 
of the learning process. The potentiation and depression ability 
is what allows the device to be considered as a potential synapse 
for optoelectronic neuromorphic computing.

The photonic memory of our device may be explained by the 
trapped photocarriers in the PQD-MWCNT device. There are 
three general regions where charge trapping may take place: 
defects in the PQDs and MWCNTs, ligands attached to PQDs, 
and traps at the interface between the PQDs and the MWCNT. 
The short-term memory is due to the electrons in shallow traps, 
while the long-term memory is likely due to those in deeper 
traps. In our previous work[14] where PQDs are grown on gra-
phene, the optoelectronic synapses did not show any memory 
effect without gate voltage (i.e., gate voltage is required to 
observe memory effects). In the present work, PQD-MWCNT 
shows clear photonic memory without any gate voltage. There 
are two overarching reasons why the PQD-MWCNT hybrid 
material exhibits photonic memory in the absence of gate 
voltage. First, MWCNTs have more defects[29] compared to gra-
phene, so the charges trapped in the MWCNT defects[30] are 
more compared to graphene. Second, the charges trapped at 
the interface between PQDs and the MWCNT may provide a 
good photonic memory effect. The interface charge blocking 
results from the band bending due to the difference in the work 
functions of the materials. To investigate the influence of work 
function, we performed Kelvin probe force microscopy (KPFM) 
to determine the work functions and surface potential of our 
MWCNT, PQD, and PQD-MWCNT samples (Figure 4a–c) (the 
first row: atomic force microscopy (AFM) images; the second 
row: corresponding KPFM images; the third row: calculated 
work functions). The surface topography of the materials were 
recorded in ambient conditions by AFM. KPFM measure-
ments were performed using a two-pass method. During the 
first pass, the cantilever was mechanically driven at its resonant 
frequency to determine the topography of the sample. During 

the second-pass, the cantilever was lifted by a fixed distance 
(20  nm) to minimize the effect of short-range van der Waals 
forces and maximize the effect of long-range forces. The tip's 
work function (Φtip) is initially measured by scanning a mate-
rial of known work function: a freshly exfoliated surface of 
highly oriented pyrolytic graphite (HOPG; ΦHOPG  =  4.6  eV). 
Scanning the HOPG's surface provides the contact poten-
tial difference (VCPD) between the tip and the HOPG. Using 
the relation, ΦHOPG  =  Φtip  −  eVCPD, where e is the electronic 
charge, Φtip is 4.73 eV. The samples (PQD, MWCNT and PQD-
MWCNT) mounted on a metallic disc were then scanned in 
an area of 1  µm  ×  1  µm at a scan rate of 1  Hz. Each sample 
was scanned at three different positions to confirm the work 
function value of the sample (Φsample). The scanning provides 
the VCPD recorded between the tip and the sample. Using the 
relation, Φsample  =  Φtip  −  eVCPD,[31] Φsample is measured. The 
work function of MWCNT is ≈4.75  eV and that of PQDs is 
≈4.50 eV (Figure 4a,b). Figure 4c further demonstrates that our 
PQD-MWCNT is a hybrid material that shows a work function 
between PQDs and MWCNTs.

Due to the difference in the work functions between the 
MWCNT and PQDs, the Fermi energy levels need to be aligned 
at the growth interface (Figure 4d). The band of two materials 
bends generating an internal electrical potential. The internal 
electrical potential makes the light-induced holes move to the 
MWCNT side, while the electrons are trapped in the PQDs. 
The light-induced holes contribute to the increased current of 
the device. Since the photogenerated electrons are blocked at 
the interface and cannot move into the MWCNT to recombine 
with the photogenerated holes, the photonic memory develops. 
Based on this result, it can be predicted that the larger the 
band bending at the interface, the better the ability of the inter-
face to trap photocarriers. Unlike neat graphene with a work 
function around 4.56  eV,[14] the Fermi energy level difference 
between MWCNT and PQD is much more than that between 
graphene and PQDs, and more photogenerated electrons could 
be trapped at the interface. This phenomenon further supports 
why PQD-graphene does not show any photonic memory under 
zero gate voltage;[14] meaning that the Fermi energy level differ-
ence of the two materials is important for better memory effect. 
The larger the Fermi energy level difference is, the longer the 
photonic memory of the device might be.

To demonstrate that our device could act as a synaptic 
building block in optoelectronic neuromorphic computers, 
pattern recognition is simulated by using our device as syn-
apses between input and output neurons (Figure  5b). Here, 
from modified National Institute of Standards and Technology 
dataset (a well-known handwritten dataset in machine learning 
(ML)), we chose 2000 figures as the training set and 500 figures 
different from the training set as the test set. For our pattern 
recognition application, the fitted conductance curve of the 
device is shown in Figure S9 in the Supporting Information 
after baseline correction. The fitting parameters are shown in 
Table S2 in the Supporting Information. The fitting represents 
how our devices change synaptic weight during the training 
process in the simulation. In our simulation, a spiking neural 
network is constructed to perform unsupervised machine 
learning tasks similar to our previous work.[14] The details of 
the simulation are discussed in the Supporting Information. 
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The advantage of unsupervised machine learning compared 
to supervised machine learning is that the labeling process is 
not needed before training and the labeling could be done with 
a limited number of labeled data after training. Although the 
recognition rate in unsupervised machine learning is harder to 
achieve as high as supervised machine learning, the advantage 
of not requiring pretraining labels makes it adaptable for signif-
icant volumes of unknown natural data. After 40-epoch(round) 
training, the synaptic weights of our 50 output neurons 
(Figure  5c) indicate that our synapses catch some features of 
the training data. The accuracy is 52% with the test set. Due to 
the limitations of our measurement setup, the simulated accu-
racy is limited to 52%. It is mainly due to the limited number of 
pulses, as shown in Figure S9 in the Supporting Information, 
since the number of states of the device is directly related to 
the volume of knowledge the device is capable of remembering. 
Nonlinearity could also affect accuracy, as discussed earlier. 
However, large nonlinearity will result and decrease the accu-
racy if the number of pulses is increased to obtain more states. 

Therefore, for practical applications, to achieve higher accuracy 
for pattern recognition tasks, shorter pulses are preferred to 
reach an increase in the number of states while avoiding large 
nonlinearity of the synaptic weight change.

3. Conclusion

In summary, we have successfully combined the advantages of 
MAPbBr3 PQDs and MWCNTs to make a new PQD-MWCNT 
hybrid material that was used to make a two-terminal device 
for neuromorphic computing. The PQD-MWCNT device shows 
excellent photoresponse compared to the previous research 
on CNT optoelectronic synapses.[8] The device shows a good 
light-induced memory effect from the interface charge trap-
ping as revealed from the energy levels measured using KPFM 
analysis. The photonic memory mimics the strengthening of 
synaptic weight, in a way that is similarly observed in the bio-
logical brain. By varying intensities, pulse number, and pulse 

Figure 4.  a–c) KPFM measurement of work function of PQD, MWCNT, and PQD-MWCNT films (the first row: AFM images (1 µm × 1 µm); the second row: 
corresponding KPFM images (1 µm × 1 µm); the third row: calculated work functions). d) The interface trapping mechanism of our PQD-MWCNT material.
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width, synaptic properties that emulate the biological brain 
were studied. These results are highly relevant for emerging 
neuromorphic computing applications. We also demonstrate 
the erasing of the memory (memory depression) by applying 
electrical pulses, which is also important in the neuromorphic 
learning process. Moreover, using the weight change properties 
of our optoelectronic synapses, pattern recognition simulation 
is performed to demonstrate that our device can act as building 
blocks in neuromorphic computers. Since our PQDs are grown 
on the wall of single MWCNT and each MWCNT after PQD 
growth acts as a single device to absorb light and transport elec-
trons, our new hybrid material has great potential as a building 
block for future nanoscale or single MWCNT-based optoelec-
tronic neuromorphic computing and sensing devices.

4. Experimental Section
PQD-MWCNT Hybrid Material Synthesis: First, 2  mg MWCNT 

(MWCNTs (>95%, outside diameter: 10–20  nm) from US Research 
Nanomaterials, Inc) was put in 6  mL  Toluene and sonicated with a 
probe sonicator under 25% power for 1 min. Then 200  µL MAPbBr3 
precursor (17.3  mg MABr  +  73  mg PbBr2  +  5  mL DMF  +  300  µL 
butylamine + 500 µL oleic acid) was dropped into the MWCNT solution 
and the new MWCNT solution was sonicated for 5 min to initiate 
PQD growth. After sonication, it was waited for 30 min for the growth 
to be complete. After growth was complete, the washing process was 
repeated three times to purify the MWCNTs with PQDs from nongrown/
solution grown PQDs. The washing process involved centrifugation of 
the solution at 3000  rpm for 10  min followed by separation of PQD-
MWCNTs from PQD solution and redispersing it in toluene for the next 

washing. After purification, the solution was sonicated for 5 min to make 
MWCNTs well dispersed in the toluene for film making.

Device Fabrication: Films of PQD-MWCNTs and MWCNTs were 
formed using spin coating to test their photoresponse in a device. To 
make the film more uniform, a very thin film of polyvinyl alcohol (PVA) 
(10% water solution) was spin-coated with 3000 rpm spin speed before 
coating PQD-MWCNT. The microscope image of the PQD-MWCNT 
film is shown in Figure S10 in the Supporting Information. Thermal 
evaporation was used to deposit gold electrodes of the devices. The 
channel length between two gold electrodes is 50 µm and the width is 
250 µm.

Material and Device Characterization: Absorbance spectra and PL 
spectra of both solution and films were measured by Agilent Cary UV–vis 
300 and Horriba Nanolog FL3-11, separately. 405 nm excitation was used 
to obtain PL spectra. Renishaw RM 1000B Micro-Raman Spectrometer 
was used to measure Raman with 514 nm excitation source. XRD data 
were obtained by PANalytical Empyrean #2 with 1.8  KW Copper X-ray 
Tube. KPFM measurement was performed using NanoIR2 from Bruker 
with PR-EX-KPFM cantilevers and Platinum/Iridium coated tips.

The device measurement was performed by Keithley 2636B 
equipment by using Labview.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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