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Covalent organic frameworks (COFs) are a new family of novel 2D materials which are highly sought after
for integration into future sensors and other devices for their highly porous structures and large surface
areas. However, low-temperature large-area growth of these semiconductive materials with a clean
surface for direct device applications is still a challenging task. To provide an on-chip photonic device,
a COF366-Quantum dot (COF366-QDs) thin-film-based device fabricated by in situ chemical vapor
deposition (CVD) is presented. The high-resolution transmission electron microscopy (HRTEM) displays
the formation of the periodic, crystalline and porous framework of the COF layer with mono-dispersed
QDs of average particle size of ~2.5-3 nm. The fabricated COF366-QD layer acts as a photoactive layer
in the photonic device with an Au-COFQD-Au structure where a conduction path is formed between
the metal electrodes through a network of COF layer with embedded QDs. The device shows
photoactive response under 514 nm visible light with a very low dark current of 4.36 x 107 A with
a minimum light detection capability of 160 nW and a responsivity of ~3.42 A W™, The photonic device
was highly stable for successive switching cycles with very low attenuation. To our knowledge, this is the
first report of a Quantum dot embedded COF366 thin-film by chemical vapor deposition. The proposed
interfacing of COF366-QD thin-films on silicon substrate using in situ low-temperature CVD technique
can be highly valuable for the development of transfer-free, clean, and low-cost preparation of
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industrial-scale organic electronics, optoelectronic device applications, and

technologies for a wide range of future applications.
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Introduction

Two-dimensional (2D) materials have revolutionized the semi-
conductor industry with their extraordinary electronic and
optoelectronic properties in the last decade. This has opened
new horizons for the exploration and innovation of new 2D
materials. Covalent organic frameworks (COF) are novel smart
materials with well-defined and adjustable porosity," large
surface area, intrinsic crystalline framework, high thermal
stabilities,” conductive®/semiconductive properties, and ease of
modifying the chemical structure, which has attracted intense
attention in various applications ranging from gas adsorption/
separation,*® energy storage,*” advanced sensing,*** semi-
conductive device,"*™® biological applications, photo-
catalysis®?** etc. These materials have m-electronic blocks
covalently bonded and arranged in periodic planar networks
stacked in layered 2 or 3-dimensional (2D or 3D) network
structures with atomic precision. The highly crystalline nature

19-22

“Centre for Research in Nanotechnology & Science (CRNTS), Indian Institute of
Technology (IIT Bombay), India. E-mail: nihacroy@gmail.com

*Department of Physics, Indian Institute of Technology (IIT Bombay), India. E-mail: t.
kundu@iithb.ac.in

© 2023 The Author(s). Published by the Royal Society of Chemistry

and m-stacking monomers of COF provide the passage for
charge transport and thus the ability to tailor electronic trans-
port in the stacked COF layers makes it capable of its unique
electronic and optoelectronic properties for various
applications.”®” In recent years, remarkable efforts have been
presented towards the deposition of well oriented and thickness
semiconductive COF thin-films on flexible substrates and
architectures for direct device applications.?**

Traditionally, solvothermal synthesis or adaptive
methods have been used for the growth of semiconducting COF
films for various device applications ranging from photonic
sensors,*** photovoltaic devices,* and electronic devices.***?
The major hindrance in device fabrication is their non-
solubility in the majority of the solvents, long reaction time,
and most of the device applications would need COF as a thin-
film and not as microcrystalline powder. The COF-based device
fabrication would need control of their thickness, orientation,
location, uniformity, and large-area growth on suitable
substrates with a clean surface. However, the traditional tech-
niques provide poorly controlled nucleation and aggregation
and are quite difficult for integrating these COF-thin films with
commercial microfabrication processes. Further, the porphyrin-
based COF synthesis solution leads to chemical contamination
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making it difficult for microfabrication processing, and elec-
trode fabrication and thus embedding them in various CMOS/
MEMS,*** optical,**® sensor devices.*”** Chemical Vapor
Deposition (CVD) is a remarkable technology in the field of
nanofabrication for uniform thin films with precise control of
thickness and morphology.

In this respect, CVD technique is exemplary for transferring
the intrinsic semiconducting properties of COF on large area
wafer-scale preparation of direct devices. Lately, several
attempts have been made to deposit COF thin-films using
vapor-induced deposition,*® flow-cell configuration, and chem-
ical vapor deposition.***> Remarkably, as a new development,
Liu et al..recently reported a vapor-induced process for large-
scale synthesis of 2D-COF films on several substrates.*
Another group reported COF-TpPal membranes fabrication by
CVD method and used the membranes for dye separation.*
COF-366 is one of the pioneering and promising porphyrin
based-COF with very high charge carrier mobility reported by
Yaghi and co-workers and later several research groups pre-
sented applications of COF-366.7*® However, chemically stable,
crystalline, and large area-growth of porphyrin-containing COF-
366 using chemical vapor deposition technique has not been
explored much and therefore a modest attempt has been made
here. Here, we present our tactically controlled fabrication of
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COF by imine condensation of 5,10,15,20-tetrakis(4-
aminophenyl)porphyrin (TAPP) with 1,4-benzenedicarbox-
aldehyde (BDA) by chemical vapor deposition (CVD) to fabricate
COF366-QD based photoactive device. A taxonomic study of the
structural and morphological characteristics of the COF366-QD
layer has been carried out. A methodical study of the opto-
electrical characteristics of the devices under dark & various
illumination conditions is presented evaluating the vital figure-
of-merit. The CVD deposited films not only provide a large
photoactive area but also provide the capping of ligands in QDs
inside the covalent framework. The photodetection capability of
the device lies in the visible region with the scope of expanding
to other spectrums. This device can be easily merged as an on-
chip sensor and can be well utilized for high-incident power
applications as a photonic sensor/optoelectronic device.

Experimental section
Chemical vapor deposition (CVD) of COF366-QDs thin film

5,10,15,20-Tetrakis(4-aminophenyl)porphyrin (TAPP) and 1,4-
benzenedicarboxaldehyde (BDA) chemicals were procured from
Merck and TCI. Fig. 1a and b presents the schematic of the CVD
set up, growth process and chemical structure of COF366-QD
thin-film. The COF-CVD process starts with the sealing of
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Fig. 1 Schematic diagram of the (a) CVD setup, (b) the growth process and the structure of COF366-QD thin-film (c—e) Atomic Force
Microscopy images of COF-QD thin-films deposited at different growth times (c) 1 h, (d) 7 h and (e) 24 h.
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weighed amount of TAPP and BDA (starting material precur-
sors) in 10 ml of THF filled in two separate bubblers, while the
device is placed on top of a pedestal which is at the center of the
furnace (Fig. 1a). Next, the temperature of the chamber is raised
slowly and maintained at 150 °C during the deposition. The
deposition is carried out in a vacuum for 24 h and N, gas is
purged before and after deposition for 10 s to eliminate the non-
reacted species from the sample surface. The two bubblers are
opened for 5 min to let the gaseous precursors of TAPP and BDA
enter the chamber and react in the presence of N, carrier gas.
The deposition takes place by pressure gradient directly on the
Si and SiO,-Au/Si device substrate. After the deposition, the
furnace temperature is ramped back to room temperature and
deposited samples are allowed to cool down for 8-12 h Fig. 1c-e
shows the change in the surface topology of the CVD deposited
COF366-QD thin-films at different growth times (S1, 1 h; S2, 7 h;
and S3, 24 h respectively) using atomic force microscopy (AFM).

Device fabrication & characterization

The COF366-QD device was fabricated to test its viability for
future applications. The device fabrication started on an RCA
cleaned p-type Si wafer, deposited with 500 nm SiO, acting as an
insulator layer and nucleation center for the growth of COF-QD
thin films. Then, metal Cr/Au (10/120 nm) was deposited and
patterned as interdigitated electrodes with distance of 5 pm.
The COF-366-QD thin-film was then deposited on this patterned
device as explained in the above section by chemical vapor
deposition (CVD) under controlled and optimized conditions
using S3 (24 h) CVD conditions. The CVD-grown thin film of the
COF366-QD layer act as a photoactive layer in the horizontal Au-
COF366QD-Au device structure. The chemical structure of the
COF366-QD thin films was evaluated using FTIR (Bruker Vortex
80), XRD (Rigaku Smartlab 9kW) and XPS (Kratos Analytical,
AXIS Supra). The surface topology and thickness of the COF366-
QD film were analyzed using AFM Atomic force microscopy
(AFM) [Bruker Multimode Nanoscope IV system] while TEM &
HRTEM imaging of the films was performed using JEOL 2100F
system. The electrical measurements were done using Keithley
2410 source meter using the SUSS MicroTec probe station with
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Meanwhile, the optoelectrical measurements of the fabricated
COF366-QDs based device were done using an in-house exper-
imental set-up utilized with a 514 nm wavelength visible light
source.

Results and discussion

Structure and morphology characterization

Fig. 2a shows the experimental PXRD pattern of the CVD
fabricated COF366 film compared with simulated COF-366 thin-
film which are in good agreement with each other. The PXRD
shows three distinct reflection peaks at 26 = 3.7°, 6.7° and 16.7°
which can be attributed to (100), (200) and (001) facets respec-
tively, and matches well with previous reports.***** These well-
defined diffraction peaks clearly indicate that COF thin film has
an ordered and crystalline framework. Fig. 2b shows the
comparative FTIR spectra of the BDA coated, TAPP coated and
COF366-QD thin film deposited on silicon substrate respec-
tively. As shown, the typical peaks at 1258 cm ™" and 1590 cm ™"
have been observed can be ascribed to the characteristic C=N
stretching, while it was also noted that the presence of the
amino group of TAPP (3200-3500 cm ') was significantly
reduced in the COF366-QD film, indicating the development of
the imine group and the creation of monomer linkages into the
COF layer.”>** The slight shift of C=N (1590 cm ™) stretching
frequency can be ascribed to strong covalent interactions
between the COF and the QDs and thus indicate that QDs are
effectually attached to the COF surface.®* Fig. 2¢ shows the UV-
vis diffuse reflectance spectra of COF-366-QDs thin-film. As seen
in the figure, the thin-film shows the characteristic absorbance
peaks are observed at 470 nm [Soret (S) band] and 575 nm [Q
band].”® The slight redshift of the absorption edges observed
may be due to the presence of QD's in the COF thinfilm. To
further understand the structural information of the COF366-
QDs film, it was examined by high-resolution X-ray photoelec-
tron spectra (XPS). Interestingly, we observed an emergent peak
at 398.6 eV (N 1s) which can be assigned to C=N strongly
suggesting the formation of imine bonding in the COF layer
(Fig. 3a). Another peak with higher binding energy and a minor
peak at around 397.7 eV and 400.3 eV was observed representing
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(a) The experimental PXRD pattern of chemical vapor deposited COF366 thin-film compared with simulated COF366 thin-film (b) FTIR

spectra of the BDA (Black), TAPP (Red), and COF366 thin-film (Blue) (c) UV-vis diffuse reflectance spectra of COF-366-QDs thin-film.
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Fig. 3 (a) Shows the XPS scan spectra of N 1s and (b) shows C 1s of
COF366 thin-film.

the deposited COF thin film while the peak observed at 284.7 eV
and 285.8 eV indicates the C=C and C-N bond in C 1s spectrum
of COF-QDs film respectively (Fig. 3b).>**®

The surface topology analysis of the thin-film (S3) was
studied by atomic force microscopy as shown in Fig. 4a-c and
the average thickness of the COF366-QD thin film was found to
be ~112 nm (Fig. 4a). The thin film was observed to be homo-
geneously distributed on the Si surface and has uniform size
distribution ranging from 0.5 nm to 2.2 nm (Fig. 4b) and the
lateral size of the QDs is ~2.5-3 nm (Fig. 4c). Next, the nano-
morphology of the film was characterized by TEM and high-
resolution transmission electron microscopy (HRTEM). The
TEM images [Fig. 4c—f] clearly show the formation of the peri-
odic, crystalline framework of the COF layer with mono-
dispersed dark spots marked in white circles. The marked dark
spots Fig. 4e display very good contrast change with the
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background COF layer, there can be seen spherical dark spots of
several sizes, and the crystal structure of the dots exhibits sharp
boundary with no aggregation, indicating the presence of
quantum dots (QDs) embedded in the COF layer. The high-
resolution TEM (HRTEM) (Fig. 4f) shows the porous frame-
work of the COF layer while the entire surface of the layer is
covered by uniformly distributed embedded QDs with good
dispersity. The COF thin-film shows the self-organized distri-
bution of QDs with the absence of agglomerates. In the same
lines of AFM, the average size of QDs were evaluated from
HRTEM to be about ~2.5-3 nm in diameter with a distinct
lattice structure of 0.23 nm (inset Fig. 4f) confirming COF366-
QD film to be the highly crystalline with uniformly distributed
QDs embedded within the COF film.**% Further, the COF366-
QD thin-film was studied using energy dispersive spectroscopy
(EDS) mapping images to explore the elemental distribution.
Fig. 4e-g exhibits the existence of C, O, and N, elements
consistently dispersed in the COF366-QD layer, verifying that
the COF366-QD layer was successfully grown on the Si substrate
by the CVD process.

The viability of the device as a photoactive device under
visible light was tested for future applications (Fig. 5a). Here,
Fig. 5b-d shows the typical current-voltage characteristics
under dark and various illumination conditions of the fabri-
cated device at room temperature. Fig. 5b inset shows the
optical image of the fabricated device. A symmetric profile of
current-voltage has been observed between forward and reverse
bias conditions in the Au-COFQD-Au structure anticipated due
to similar electrode work function. For zero bias condition, an
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(a—c) AFM images and (d—f) Transmission electron micrograph of the in situ CVD deposited COF366-QDs thin-film; inset (e): the particle

size distribution histograms with Gaussian fitting where the marked black dots indicate the Quantum dots embedded in the COF layer; inset (f)
HRTEM image of the COFQDs and (g—i) EDS elemental mapping of the COFQD thin-film.
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(a) Schematic representation of the fabricated device (b) semi-logarithmic current—voltage characteristics of COF366-QD device in the

dark and upon irradiation with different power levels of 514 nm light; inset (b): shows the optical image of the fabricated device. (c and d) Linear
current—voltage characteristics of the device where the forward bias Region is enlarged showing knee voltage in Region 1 to 3 and; inset (d):
shows the double-logarithmic plot fitted for the forward bias current—voltage curve for Region 1 to 3 under 0.56 pW power.

incredibly low dark current of 4.36 x 10~ " A was observed for
the fabricated device. This considerable low dark current may
be related to the Schottky barrier created by QDs at the interface
due to which charge carriers are not able to overcome the
barrier under dark and room temperature conditions. The
photocurrent measurements of the device were obtained using
a 514 nm laser with varying power levels. Under low illumina-
tion power (>0.48 uW), the open-circuit voltage (V,.) doesn't
change much but as the illumination power increases to 0.56
uW, the V,. changes to +0.5 V indicating that the external
applied voltage compensates for the built-in potential in the
COF366-QD device. This observation is important since it shows
that the embedded QDs in the COF layer play an effective role to
harvest the visible-light energy and also act as an electron
reservoir. Meanwhile, as the device was irradiated but no bias
voltage applied, a small change in current is observed but as the
illumination power increases to 0.56 uW, it is observed that the
current increases to two orders of magnitude. However, as the
bias voltage is applied in both forward and reverse bias, around
1.5 orders of magnitude of the current increase is observed for
both bias regions, as the illumination power increases from
0.16 pW to 0.56 uW. Fig. 5d displays the enlarged section of the
forward bias Region where the knee voltage in Region 1(0.5 to 1
V), Region 2 (1 V to 2 V), and Region 3 (2 V and above) condition
was found to be 0.52 V, 1 V and 1.9 V respectively. Further, the

© 2023 The Author(s). Published by the Royal Society of Chemistry

double logarithmic I-V curve (forward bias) region (1,2 and 3)
was fitted for 0.56 uW illumination as shown in the inset of
Fig. 5d and the slopes were found to be ~6.27, 3.30, and 1.55
respectively. This inferences that as the external voltage is
applied and change in photon flux from Region 1 to Region 3,
more photogenerated charge carriers are created, increasing the
overall conductance which implies the onset of a new charge
carrier mechanism and is apparently visible from the knee
voltage change from one Region to another. For low voltage
Regions (Region 1 and 2), slope ~ 6.27 indicates that the current
observes the trap-controlled space charge limited conduction
(SCLC) with the formation of a conduction path between the
electrodes through a network of embedded QDs in the COF
layer.

To attain further insight into the opto-electrical character-
istics of the device, the power dependence of the photocurrent
of the device with a 514 nm light source in reverse bias is shown
in Fig. 6a. There is a steady increment in the photocurrent
(Fig. 6a) while raising the incident light power up to 0.56 pW
with no saturation. Meanwhile, it is also noteworthy that under
—1Vand —3 V applied voltages, the current magnitude increase
is much less compared to when higher voltages —7 Vand —10V
are applied. It further confirms that when high voltages are
applied, charge carriers from deep trap levels are pulled giving
rise to higher magnitude of currents. As known, the

RSC Adv, 2023, 13, 3669-3676 | 3673
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Fig. 6 Photoresponse performance of the COF366-QD device (a) upon irradiation with different power of 514 nm visible light and bias voltages
in reverse bias Region, (b) at —10 V (c) on/off switching of photocurrent at the bias voltage of 2 V. and 5 V.

photocurrent of the device is directly related to the photon flux
on the device, providing critical information about the device
performance such as responsivity. Here, Fig. 6b shows the
power dependence of the photocurrent of the device at —10 V,
and the value of responsivity is determined from the slope of
Fig. 6b which is found to be 3.42 A W™'. To evaluate the
responsive characteristics of the fabricated device, we further
performed on-off switching experiments. The photocurrent
response of the device was recorded under periodically chopped
visible light at room temperature (Fig. 6¢). The device showed
a fast switch “ON” and “OFF” response to light irradiation with
a significant increase in current as the biasing increased from
2V (1.3 x 107 %A) to 5V (2.9 x 107 °A) respectively. The switching
response was very stable with very little variation as shown in
Fig. 6¢c. The photogenerated charge carrier dynamics of the
COF-366-QD device will be explored in the future scope of the
paper. Thus, this device can be well utilized for high-incident
power applications as a photonic sensor. Based on the above
observations, the possible mechanisms in our COF366-QD thin-
film based device can be illustrated by a simple schematic
diagram Fig. 7a and b. The photocurrent generation mecha-
nism of the COF366-QD photoactive layer can be expected as
follows: (i) photocurrent generation at the COF/metal interface,
(ii) light-induced charge carriers in the COF layer and QDs (iii)
photocurrent generation due to traps in COF and trapped
electrons in QDs. As the COF366-QD thin-film absorbs the
incident visible photons, they create electron-hole pairs near
the COF/Metal interface giving the instant photocurrent due to
a smaller diffusion pathway between the adjacent metal elec-
trodes. Further, the COF and QDs (away from the interface) also
absorb incident photons and charge carriers of the highest
occupied molecular orbital (HOMO) of COF were excited to the
lowest unoccupied molecular orbital (LUMO) and similarly,
photogenerated charge carriers are produced in the QDs also.
Under the effect of the internal electric field, charge transfer
between COF surface and QDs happens and the - stacking
facilitates the charge transfer through a conduction path
formation by a network of embedded QDs between the elec-
trodes. These charge carriers drift towards the metal electrodes
leading to the photocurrent as depicted by the observed
photocurrent under various power levels at zero bias. However,
there may be several defects present on the COF as well as QDs

3674 | RSC Adv, 2023, 13, 3669-3676

surface. The QDs are dispersed in the COF-366 layer in random
order thus there is an energy barrier difference between COF
LUMO and QD conduction band which assists the trapping of
electrons in QDs. On absorption of visible photons, the elec-
trons trapped in the COF, as well as QDs lower trap states, can
be excited to higher trap states. These trapped electrons can
move towards the metal electrode absorbing the visible photons
under the built-in potential but the majority of them need
externally applied bias voltage to move from the COFQD layer to
the metal electrode. Previously, Yaghi and co-workers presented
the linear I-V profile of a 2 pm width Au gap with a pure COF-
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Fig. 7 Schematic illustration of the proposed Au/COF366QD/Au
device under (a) zero bias and (b) bias condition.
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366 layer.>® The pure COF-366 layer shows linear current-
voltage behavior and doesn't
characteristics.

Thus, it can be clearly inference that for our COF-366 with
QDs based device, a clear rise in the current at the knee voltage
observed in Regions 1, 2, and 3 proposes that as the bias voltage
increases more and more trapped electrons from shallow and
deep trap levels in the QDs are pulled by the bias voltage
enhancing the overall current. However, as the applied voltage
further increases (5 to 10 V), the trapped electrons are already
being pulled from QDs and QDs trap states are probably empty,
and thus saturation of the photocurrent is observed for higher
voltages in forward as well as reverse bias Regions as seen in
Fig. 5b. Thus, it can be understood that the QDs play a domi-
nant role in the enhancement of the photocurrent of the
COF366-QD layer in knee voltage regions due to the contribu-
tion of the added trapped electrons from QDs adding to the
total current®-*%¢

show any knee voltage

Conclusion

We have demonstrated a chemical vapor deposited COF366-
QDs thin film device capable of responding to visible light
illumination. FTIR and XPS studies show the formation of
imine bonding in the thin-film. Our structural studies of the
deposited film shows good crystalline porous framework of the
COF layer along with mono-dispersed QDs with average size of
about ~2.5-3 nm in diameter. The photoactivity of this device
was investigated under 514 nm visible light illumination and
found to exhibit a good photocurrent 1.54 x 10~° A with 0.08
UW minimum power. The device shows good on/off switching
response stability. The proposed in situ CVD deposited COF366-
QDs thin film provides an easy fabrication technique for large
area growth of this photoactive material for various device
applications. Our photoresponse studies suggest that the
fabricated device can be effortlessly used as a photonic sensor,
optoelectronic device and on-chip device applications.
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