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1. Introduction
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The interfacial energetics of metal-semiconductor junctions critically determine the carrier transport
behavior and overall performance of Schottky-based optoelectronic devices. In this work, unmodified
carbon quantum dots (CQDs) and phosphorus-doped carbon quantum dots (P-CQDs) were synthesized
and comprehensively characterized through transmission electron microscopy (TEM), photolumi-
nescence (PL) spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, UV-Vis spectroscopy (UV-
Vis), and scanning electron microscopy coupled with energy-dispersive X-ray spectroscopy (SEM—-EDS).
The engineered quantum dots were subsequently integrated into n-Si heterojunction architectures to
investigate the influence of heteroatom-induced band structure modulation on broadband self-powered
photodetection. Under zero-bias operation, the P-CQD/n-Si photodetector demonstrated markedly
enhanced optoelectronic performance compared to the undoped CQD/n-Si device. The photocurrent
increased from 222 x 107> A (CQD/n-Si) to 9.66 x 107> A (P-CQD/n-Si) under 100 mW cm™2
illumination. The maximum responsivity reached 0.386 A W1, while specific detectivity achieved 6.99 x
10% Jones, accompanied by a low noise-equivalent power of 1.46 x 1072 W Hz Y2, Broadband
spectral sensitivity spanning 351-1600 nm was achieved, with pronounced enhancement in the visible—
NIR region. Notably, the external quantum efficiency (EQE) was significantly enhanced from ~3.34% in
the undoped device to ~22.88% after phosphorus doping, corresponding to an approximately sevenfold
improvement in photon-to-charge conversion efficiency. Overall, phosphorus doping provides an
effective strategy for tailoring interfacial barrier properties and quantum dot electronic structure,
enabling high-responsivity, low-noise, and high-efficiency self-powered photodetectors suitable for
next-generation wide-band optoelectronic applications.

pinning, thermionic emission, and the impact of local defect
distributions. As a result, these variables influence the device’s

The fundamental operating principles and performance para-
meters of modern electronic and optoelectronic devices are
determined by the potential barrier profiles formed at metal-
semiconductor interfaces and their significant effects on carrier
transport mechanisms.’ Schottky contact energy barriers
are shaped by interface dipole rearrangements, Fermi level
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electrical properties.>* Schottky diodes are strategically signifi-
cant not only in classical electronic circuits but also in broad-
band photodetection, high-speed optical switching, integrated
photonic platforms, and sensor technologies due to their low
forward-bias threshold voltage, fast switching capability, and
stable operating performance at high frequencies.**° In parti-
cular, in broad-spectrum photodetector applications extend-
ing to the UV-vis-NIR regions, diode architectures optimized
through interface engineering offer significant advantages in
terms of optimizing photon absorption processes, exciton
separation, and carrier collection efficiency.'™* Integrating
functional nanostructures into the active layer is one of the
most effective ways to improve the performance of diodes and
photodetectors, as the existing literature has shown. Charge carrier
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dynamics can be modulated and interface energy levels can be
realigned through this integration.">'® In this context, carbon
quantum dots (CQDs) have become an extremely attractive
material class for next-generation optoelectronic systems due
to their pronounced quantum confinement effect, high surface-
to-volume ratio, chemical stability, low toxicity, and rich surface
functionalization possibilities."”~>* However, the electronic band
structures of pure CQDs are unable to fully achieve the targeted
optoelectronic efficiency in most cases due to surface-induced
trap states, insufficient passivation, high defect levels, and
limited absorption intensity.>*>® Therefore, heteroatom doping
can be regarded a strategic approach that enables the atomic-
level redesign of fundamental optoelectronic properties, includ-
ing modulation of the bandgap, redistribution of electron den-
sity, dipole formation at the surface level, and minimization of
defect energy, in quantum dots.>’ > The integration of hetero-
atoms, such as nitrogen, sulphur, phosphorus and boron, into
the carbon skeleton can be achieved by rearranging the charge
density distribution. This process enables the modulation of the
band gap, extends the carrier lifetime by passivating surface
defects, and significantly increases light absorption capacity
across broad spectral regions.***' Phosphorus doping is a signi-
ficant dopant type in optoelectronic devices. This consideration
is primarily due to the high electron donor capacity inherent in
the dopant, and to its capacity to contribute to the passivation of
surface defects by means of C-O-P and C-P bonding configura-
tions. Furthermore, phosphorus doping is able to enhance the
broad-band absorption regime.**

Despite the extensive research that has been conducted on
the use of heteroatom doping as a method for adjusting the
optoelectronic characteristics of CQDs, the underlying mecha-
nisms that govern the interaction of these structures with device
interfaces and their impact on optoelectronic device perfor-
mance remain to be fully elucidated. While it has been reported
that phosphorus doping affects the electronic structure of
CQDs, the clear correlation between phosphorus-induced sur-
face state modulation, defect passivation behavior, and charge
carrier dynamics at the interface has not yet been clearly
established. In this context, the present study adopts a novel
approach by exploring a comprehensive structure-property—
performance relationship that extends beyond traditional dop-
ing methods. Phosphorus-doped CQDs have been utilized as a
functional interface regulator to organize energy level align-
ment and suppress interface-induced trap-assisted recombina-
tion. This dual effect enables more efficient charge extraction
within the device and reduced non-radiative losses. Moreover,
while earlier studies have predominantly concentrated on
enhancements at the material level, this study demonstrates
a performance enhancement at the device level supported
by mechanistic insights and highlights the critical role of
phosphor-induced electronic modulation in the optimization
of interfacial processes. These findings have two principal
implications. Firstly, they result in an increase in the efficiency
of the device. Secondly, they provide a deeper understanding of
how CQDs designed through heteroatom engineering can be
rationally developed for advanced optoelectronic applications.
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In the present study, unmodified carbon quantum dots (CQD)
and phosphorus-doped carbon quantum dots (P-CQD) have been
synthesized. A range of characterization techniques were then
employed to examine the optical, structural and electronic proper-
ties of the synthesized nanomaterials in detail. UV-vis spectro-
scopy and photoluminescence measurements were utilized to
evaluate band transitions, defect-induced emission processes,
and the quantum confinement effect. The application of TEM
provided high-resolution information on the size, morphology,
and crystallinity of the synthesized particles. SEM coupled with
EDX was used to examine the surface morphology, elemental
composition, and confirm the presence of dopants. FTIR
analysis was employed to identify surface functional groups
and heteroatom bonding. Additionally, UV-vis spectroscopy was
used to investigate the optical properties and determine the
bandgap of the quantum dots. The results obtained demon-
strate that P-doped CQD not only enhance optical performance
through strong photon absorption properties across broad
spectral regions but also improve carrier transport and injec-
tion efficiency by enhancing energy level alignment at metal-
semiconductor interfaces. In this context, the study provides
original and significant contributions towards the feasibility of
utilizing heteroatom-engineered carbon-based quantum dots
as high-performance functional components in next-generation
photodetectors, Schottky diodes, and wide-band optoelectronic
device architectures.

2. Experimental details

2.1. Reagents

Citric acid (>99%, Sigma-Aldrich) and orthophosphoric acid
(85%, Merck) were used as precursors without further purification.
Ultrapure water (18.2 MQ cm) was employed throughout the
experiments. Dimethylformamide (DMF, analytical grade) was
used as a solvent for optical characterization.

2.2. Synthesis of CQDs and P-CQD

The synthesis of unmodified carbon quantum dots (CQD) was
carried out using a hydrothermal method. For this purpose,
1.5 g of citric acid (99% purity; Sigma-Aldrich) was homoge-
nized in 100 mL of distilled water at room temperature for
20 minutes using a magnetic stirrer. The resulting solution
was transferred to a Teflon-lined stainless-steel autoclave and
subjected to hydrothermal treatment at 180 °C for 18 hours.
Following the conclusion of the reaction time, a dark brown
solution was obtained, which is an indication of CQD for-
mation. The product was isolated from the solvent phase by
means of centrifugation at 6000 rpm for a period of 30 minutes,
after which it was washed with ultrapure water. The washing
process was repeated on three occasions, with each step being
followed by centrifugation. The solid product obtained was
dried in an oven at 80 °C for 24 hours and stored in a
refrigerator with the objective of conducting further studies
in relation to its characterization and application.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The synthesis of phosphorus-doped carbon quantum dots
(P-CQDs) was carried out using the solvothermal method.
In the initial step of the procedure, 1.5 g of citric acid (99%
pure, obtained from Sigma-Aldrich) was combined with 5 mL of
concentrated H;PO, solution (also 99% pure, obtained from
Sigma-Aldrich) and 100 mL of N,N-dimethylformamide (DMF).
The mixture was then stirred at room temperature for a period
of 20 minutes, until a homogeneous solution was achieved. The
prepared solution was transferred to a Teflon-lined stainless-
steel autoclave and subjected to solvothermal treatment at
180 °C for 24 hours. Following the conclusion of the reaction,
a dark brown solution was obtained, which is indicative of
P-CQD formation. The product was isolated from the solvent
through a process of centrifugation at 6000 rpm for a duration
of 30 minutes, after which it was thoroughly washed with
ultrapure water. The washing process was repeated on three
occasions. The product was subjected to a drying process in an
oven at a temperature of 80 °C for a duration of 24 hours. After
this, it was stored within a refrigerator, with the objective of
conducting further studies in relation to its characterizations
and application.

2.3. Device fabrication

Initially, an aluminum (Al) ohmic back contact with a thickness
of 120 nm was deposited onto the rear surface of the n-type
silicon (n-Si) substrate using the physical vapor deposition
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(PVD) technique. Following deposition, the samples were ther-
mally annealed at 400 °C for 5 minutes to improve metal-
semiconductor contact quality and ensure stable Ohmic beha-
vior. Subsequently, CQD and P-CQD solutions were prepared at
a concentration of 7.5 mg mL " in distilled water. The prepared
solutions were spin-coated onto the polished front surface of
the n-Si substrates at 1500 rpm for 40 seconds to form uniform
thin films. After deposition, the films were heated at 60 °C to
remove residual solvent and promote film stabilization. Finally,
a 120 nm thick silver (Ag) layer was deposited onto the active
layer via PVD to form the top Schottky contact, completing the
device structure. This process resulted in CQD/n-Si and P-CQD/
n-Si heterojunction-based photodetector structures. After the
deposition of the active layer, the electrical contacts of the
devices were defined and formed by means of the PVD method,
whereupon the devices were made ready for testing to facilitate
advanced electrical and optoelectronic characterizations. The
production stages of CQD/n-Si and P-CQD/n-Si-based photo-
detector devices are shown schematically in Fig. 1a. The energy
band diagrams of the CQD/n-Si and P-CQD/n-Si heterojunction
devices, shown in Fig. 1b and c, illustrate the charge transport
mechanisms and interfacial energetics governing device per-
formance. In both structures, the CQDs form a junction with n-type
silicon, creating a built-in potential that facilitates efficient charge
separation. The optical bandgaps used in the band diagram were
obtained from our experimental UV-vis measurements, yielding

Ag

-

Fig. 1
devices.

© 2026 The Author(s). Published by the Royal Society of Chemistry

(a) Schematic illustration of the CQD/n-Si and P-CQD/n-Si photodetector devices. Band diagrams of the (b) CQD/n-Si and (c) P-CQD/n-Si
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values of 3.01 eV for CQDs and 2.98 eV for P-CQDs. The slight
reduction in bandgap upon phosphorus doping indicates a
modification of the electronic structure. Assuming a similar
conduction band position, this reduction results in a slight
upward shift of the valence band maximum, which can enhance
hole transport across the interface. Furthermore, the alignment
of energy levels between the quantum dots and n-Si promotes
efficient electron transfer from the CQDs to the silicon substrate,
while holes are transported in the opposite direction. The
improved device performance observed in the P-CQD/n-Si device
can therefore be attributed to subtle changes in band alignment
and reduced interfacial barriers, facilitating more efficient
charge separation and transport.
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3. Results and discussion

3.1. Structural, morphological, and optical characterization

The FTIR spectra shown in Fig. 2a indicate the surface func-
tional groups of CQD synthesized using citric acid and P-CQD
obtained by phosphoric acid doping. The broad absorption
band observed in the CQD spectrum in the range of 3000-
3600 cm ™' corresponds to hydroxyl (~-OH) stretching vibrations,
while the band at 2980 cm™' corresponds to aliphatic C-H
stretching vibrations. Along with this, the bands observed at
1654 cm™ ' and 1549 cm™ ' are attributed to C=0 and C=C
stretching vibrations, respectively. The bands at 1387 cm™*
and 1060 cm ' originate from the asymmetric and sym-
metric stretching vibrations of the C-O-C and C-O groups,

~
&
-’

Intensity (a.u.)

4000 3500 3000 2500

2000 1000 500

Wavenumber (cm™)
b —350 nm 360 nm
( ) ——370nm 380 nm (c) —l

——390 nm ——— 400 nm
~———410 nm 420 nm

-~ 430 nm 440 nm o

= 450 nm 460 nm =

3 ———470 nm 480 nm 3

Z ——490 nm 500 nm z

‘n ——510 nm 520 nm ‘>

s 540 nm g

~— -

= =

400 500 600 700

Wavelength (nm)

(d)

L

Fig. 2 (a) FTIR spectra of CQD and P-CQD. PL spectra of (b) undoped-CQD
of (d) undoped CQDs and (e) phosphorus-doped CQDs (P-CQDs).
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and (c) P-CQD obtained at a variety of excitation wavelengths. TEM images
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respectively. The weak band observed around 650 cm™ " is
associated with aromatic C-H out-of-plane bending vibra-
tion.*** The presence of these functional groups confirms
that the surface of CQD synthesized using citric acid is rich in
oxygen-containing functional groups. In the FTIR spectrum of
P-CQDs, the -OH bands at 3000-3600 cm ™ * and the C-H band
at 2980 cm™ " are preserved, while additional bands observed at
956, 1076, and 1168 cm ™' can be attributed to the stretching
vibrations of P-O-C, P-O, and P=—O functional groups,
respectively.®>3® The presence of these phosphorus-related
functional groups indicates that CQDs have been successfully
doped with phosphorus.

The photoluminescence (PL) spectra of pure CQD samples
exhibit a distinct emission behavior that is dependent on the
excitation wavelength across the 350-550 nm excitation range,
as shown in Fig. 2b. The observation of increasingly intense
and relatively narrow emission bands at lower excitation wave-
lengths indicates the prevalence of radiative recombination
originating from core states. Conversely, as the excitation
wavelength increases, the red shift of the emission maximum
and the broadening of the bandwidth reveal the increased
contribution of surface states and defect-mediated transi-
tions.>”*® This is consistent with the heterogeneous electronic
structure of CQDs, arising from their size distribution and
surface functional groups. In contrast, P-CQDs exhibit a dis-
tinct PL behavior, characterized by increased emission intensity
and a more stable emission profile against varying excitation
energies, as shown in Fig. 2c. The suppression of spectral
broadening and the decrease in excitation wavelength-
dependent peak shift indicate that phosphorus doping modi-
fies the surface electronic structure, creating a passivation
effect and rearranging localized energy levels. Furthermore,
the more pronounced Stokes shift observed in phosphorus-
doped CQDs supports the formation of new emissive states due
to doping. Consequently, phosphorus doping enhances the
photophysical stability of the system by regulating the emission
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balance between core and surface states and conferring tunable
optical properties.®® The TEM image displayed in Fig. 2d illus-
trates that non-doped carbon quantum dots (CQDs) possess
nanoscopic dimensions and a well-defined morphology. The
diameters of the non-doped CQDs depicted are estimated to be
in the order of a few nanometers, based on a rough estimation
using a 50 nm scale bar, and are mostly in the range of
~4-7 nm. This size range is consistent with the values com-
monly reported in the literature for carbon quantum dots,*’
suggesting that the synthesized nanostructures are within the
size regime where the quantum confinement effect is effective.
As demonstrated in Fig. 2e, the morphological characteristics
and size distributions of phosphorus-doped carbon quantum
dots (P-CQDs) were examined using transmission electron
microscopy (TEM). The application of transmission electron
microscopy (TEM) has revealed that P-CQDs possess a well-
dispersed, nano-sized structure that is largely free from agglom-
eration. An evaluation employing a 50 nm scale bar yielded an
average diameter of approximately 3-7 nm for individual CQD
particles. The TEM findings obtained in this study confirm that
phosphorus doping preserves the morphology of carbon quan-
tum dots and creates a homogeneous nanostructure.*"*
SEM-EDX analysis was conducted to confirm the morpho-
logical integrity of the P-CQDs and to ascertain the success of
the phosphorus doping process. As illustrated in Fig. 3a, the
SEM image indicates that the sample exhibits a homogeneous
surface morphology at the micrometers scale, with no discern-
ible agglomeration or phase separation. As demonstrated in
Fig. 3b, the EDX spectrum unequivocally indicates the presence
of carbon, oxygen, and phosphorus elements within the carbon
matrix. The elemental mapping results presented in Fig. 3c-f
demonstrate that these elements are distributed uniformly
throughout the analysis area. In particular, the homogeneous
distribution of phosphorus within the carbon matrix, without
localization, indicates that the P-doping is effectively integrated
into the structure. The findings indicate that P-CQDs possess a

Fig. 3 P-CQDs (a) Representative SEM image, (b) EDX model, (c) EDX colour mapping and (d)—-(f) EDX mapping images.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) UV-vis spectrum and (b) band gap plots of the synthesized quantum dots.

surface chemistry that has been enriched, and that they
demonstrate considerable potential in terms of electronic
structure modification and defect passivation.®!

Fig. 4a and b present the UV-vis absorption spectra and
corresponding optical bandgap plots of the synthesized quan-
tum dots, respectively. As shown in Fig. 4a, the CQDs exhibit an
absorption peak at 330 nm, whereas the P-CQDs show a blue-
shifted peak at 291 nm. Additionally, the P-CQDs demonstrate
enhanced absorbance in the visible region. The optical band-
gaps were determined from Tauc plots, as illustrated in Fig. 4b.
The CQDs exhibit a bandgap of 3.01 eV, while the P-CQDs show
a slightly reduced bandgap of 2.98 eV. It is worth noting that
the bandgap of CQDs reported in the literature varies signifi-
cantly depending on synthesis methods and particle size, with
values ranging from 3.73 eV*! to 2.50 eV.*” This marginal
decrease in bandgap suggests a modification of the electronic
structure upon phosphorus doping.

3.2. Electrical properties

When exposed to light, charge carriers generated through pho-
tonic excitation (electrons and holes) arise from both intrinsic
and impurity-related absorption mechanisms. These photoex-
cited carriers alter the conductivity of the semiconductor. Upon
application of an external bias, the carriers drift toward the
respective electrodes, where they are collected, producing a
measurable photocurrent in the output circuit.*® Current-
voltage (I-V) measurements were performed at room tempera-
ture under varying light intensities. CQD-based photodetectors
exhibited a noticeable increase in reverse current under reverse
bias conditions. The observed rise in leakage current in the
reverse polarity region (Fig. 5a and b) confirms that the
fabricated photodetector efficiently supports photogeneration
processes and demonstrates high sensitivity to incident light.**
Furthermore, an enhancement in reverse bias current was
observed under illumination intensities of 20 mW c¢m 2 and
100 mW cm 2, although this increase was limited in magnitude.

A direct comparison in dark and illuminated conditions
(100 mW cm™?) is presented in Fig. 5c and d, respectively.
Under dark conditions, the phosphorous-doped CQD-based
photodetectors exhibited a significantly higher forward bias

Mater. Adv.

current compared to undoped CQDs/n-Si devices. Upon illumi-
nation, both reverse and forward currents in the heteroatom-
doped CQDs/n-Si devices increased substantially relative to the
undoped CQDs/n-Si device. This behavior highlights the role of
phosphorous doping in enhancing photocarrier generation and
transport efficiency, ultimately improving the optoelectronic
performance of the photodetector.

The diode’s ideality factor, barrier height, and series resis-
tance were evaluated using thermionic emission theory, com-
plemented by Cheung’s and Norde’s analytical approaches. The
ideality factor (n) serves as a fitting parameter that adjusts the
theoretical I-V relationship to align with the slope observed in
experimental log(/)-V data. While an ideal diode has n = 1,
practical Schottky barrier diodes often exhibit higher values
due to factors such as bias-induced barrier height modifica-
tion.”> The barrier height (®5) represents the energy difference
between the metal’s Fermi level and the conduction or valence
band edge of the semiconductor, depending on the dominant
carrier type.*® Series resistance (Ry), which becomes more
prominent at high forward bias, is another important para-
meter affecting device performance.”” The calculated para-
meters are given Table 1.

Using the thermionic emission method, ideality factor and
barrier height values for fabricated devices were determined
under dark conditions. While ideality factor values were found
as 3.24 and 3.55 for CQD/n-Si and P-CQD/n-Si devices, barrier
heights values were as 0.670 and 0.593 eV, respectively. Devia-
tions of n from unity can be attributed to R;, non-uniform
interface formation, and barrier inhomogeneity.***

The rectifying ratio (RR), a key indicator of photodetector
electrical performance, was calculated at £3 V for all device. RR
plots of CQD/n-Si and P-CQD/n-Si devices are given in Fig. 6a
and d, respectively. The CQD/n-Si device exhibited RR values of
2.60, 12.66, 14.32, 16.17, 16.92, and 18.59 at illumination
intensities of 0, 20, 40, 60, 80, and 100 mW cm 2, respectively.
The P-CQD/n-Si device exhibited RR values of 4.99, 1.17, 0.70,
0.49, 0.37, and 0.29 at illumination intensities of 0, 20, 40, 60,
80, and 100 mW cm >, respectively. The reduced RR in the dark
is due to the limited forward current, while illumination
enhances forward current, improving rectification behavior.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Ln/-V plots of (a) CQD/n-Si and (b) P-CQD/n-Si. Comparison of Ln/-V plots of device under (c) dark and (d) 100 mW cm~2 condition.

Table 1 Electrical parameters

Saturation n @y, (I-V) &y, Cheung &y, Norde R, Cheung R Cheung R, Norde
Device current (Ip) n (I-V) Cheung (ev) (eV) (eV) (kQ (H(1)) (k@ (dIn(D))) (kQ)
CQD/n-Si 1.27 x 1077 3.24 3.09 0.670 0.692 0.709 6.865 7.324 19.549
P-CQD/n-Si 2.55 x 107 3.55 3.52 0.593 0.600 0.639 1.300 1.490 1.270

Among all devices, only the undoped CQD/n-Si shows improved
rectification ratio with illumination, while doped devices
suffer reduced performance due to increased reverse leakage
under light.

Electrical parameters were further extracted using the
Cheung method. dV/dInI-I and H(I)-I plots of CQD/n-Si and
P-CQD/n-Si devices are given in Fig. 6b and e, respectively.
While ideality factor values were 3.09 and 3.52 for CQD/n-Si
and P-CQD/n-Si devices, the barrier height values were 0.692
and 0.600 eV, respectively. Series resistance values from
Cheung analysis were 6.865 and 7.324 kQ for CQD/n-Si and
1.300 and 1.490 kQ for P-CQD/n-Si. The Cheung analysis
shows that CQD/n-Si has the highest series resistance
(6.865-7.324 kQ), while P-CQD/n-Si has the lowest (1.300-
1.490 kQ); overall, doping significantly reduces series resis-
tance compared to the undoped device. The Norde method
was also applied for cross-validation (Fig. 6¢ and f). Barrier
height values were 0.709 and 0.639 eV for CQD/n-Si and

© 2026 The Author(s). Published by the Royal Society of Chemistry

P-CQD/n-Si devices, respectively, while series resistances were
19.549 and 1.270 kQ.

3.3. Optoelectronic properties

The photocurrent response of a photodevice that varies with
time can be assessed by conducting current-time (/-t) measure-
ments under intermittent light exposure, using either an
applied bias or in a self-powered configuration. This research
evaluated the photocurrent response under self-powered con-
ditions with different solar light intensities. Fig. 7a and c
present the I-t properties of CQD/n-Si and P-CQD/n-Si devices,
respectively. Both devices show a quick and instant rise in
photocurrent when exposed to light, reflecting swift photo-
response characteristics. The photocurrent also increases
gradually as light intensity rises, confirming the devices’
responsiveness to varying light power densities. Fig. 7b and d
further illustrate the rise and fall times under 100 mW cm >
illumination, which are essential for assessing the response

Mater. Adv.
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speed of photodetectors. The rise time refers to the duration its peak value when illuminated, while the fall time represents
required for the photocurrent to increase from 10% to 90% of the time for it to decrease from 90% to 10% once the light
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Fig. 6 (a) RR, (b) Cheung, and (c) Norde plots of CQD/n-Si. (d) RR, (e) Cheung, and (f) Norde plots of P-CQD/n-Si.
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source is turned off. These temporal response characteristics—
rise and fall times—are key indicators of a device’s sensitivity
and suitability for rapid photodetection applications.

The transient photoresponse measurements under varying
illumination intensities (20-100 mW cm™?) exhibit clear and
repeatable on-off switching behavior, indicating stable and
reversible photodetection characteristics. In all cases, the
photocurrent increases stepwise with higher light intensity,
with P-CQD/n-Si producing the highest absolute photocurrent,
followed by the undoped CQD/n-Si device. The rise and fall
times differ slightly between these devices: CQD/n-Si exhibits a
rise time of 1.344 s and a fall time of 1.119 s, while P-CQD/n-Si
shows a short rise time of 0.791 s and a fall time of 1.398 s,
indicating a rapid photoresponse and efficient carrier
dynamics. Overall, the results demonstrate that phosphorus
doping enhances photocurrent generation and maintains fast
response behavior, making the P-CQD/n-Si structure a promis-
ing candidate for high-speed and high-sensitivity photodetec-
tion applications.

The main factors that influence the effectiveness of a photo-
detector are photocurrent (I,), photosensitivity (K), responsivity
(R), noise equivalent power (NEP), and specific detectivity (D*).

These traits are derived using the subsequent formulas:**>*
I, = hight — lgark (1)
Iy
= 2
Laark ( )
1
R=-1 3
P (3)
v2e Iy,
NEP = V=& ldark (4)
R
A
D = VA (5)
NEP

In this context, P signifies the power density of the incident
light, while A denotes the effective area of the photodetector.
Responsivity (R) measures the efficiency with which the device
transforms optical input into electrical output. Photosensitivity
(K) represents the ratio of photocurrent to dark current, demon-
strating the device’s sensitivity to light. NEP denotes the least
optical power detectable above the noise threshold, acting as an
essential standard for photodetector sensitivity. Specific detec-
tivity (D*) quantifies a device’s capability to identify faint
optical signals, and it is standardized to the area and band-
width of the detector. As shown in Fig. 8a-f and outlined in
Table 2, we determined and graphed these performance
metrics for each light intensity level to assess the general
photodetection capabilities of the devices. Fig. 8a illustrates
the photocurrent plots under various light intensities. The
photocurrent increases with illumination intensity for all
devices, though the magnitude varies between them. The
CQD/n-Si device shows a steady rise from 1.27 x 107> A at
20 mW cm 2 to 2.22 x 10> A at 100 mW cm 2. In contrast, the
P-CQD/n-Si device exhibits substantially higher photocurrents,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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starting at 6.07 x 10> A and reaching 9.66 x 10> A, indicating
enhanced photocarrier generation efficiency and effective light
absorption.

Fig. 8b presents the photosensitivity plots under different
illumination intensities. The CQD/n-Si device starts at a photo-
sensitivity of 6.85 and increases consistently to 11.96 with
higher illumination, reflecting a gradual improvement in photo-
response. The P-CQD/n-Si device, however, records a much higher
initial sensitivity of 60.70 and maintains strong performance,
reaching 96.60 at the highest illumination level.

Fig. 8c shows the responsivity behavior as a function of
illumination intensity. Responsivity decreases for both devices
with increasing illumination, a typical outcome of saturation
effects at high light intensities. The CQD/n-Si device decreases
from 0.081 A W' to 0.028 A W', while P-CQD/n-Si demon-
strates significantly higher values, dropping from 0.386 A W™ "
to 0.123 A W' as illumination increases. This result confirms
the superior light-to-current conversion efficiency of the
P-CQD/n-Si structure, especially at lower intensities.

Fig. 8d illustrates the noise equivalent power (NEP) variation
with illumination. NEP values rise with increasing light inten-
sity for both devices, reflecting higher noise levels under
stronger illumination. The CQD/n-Si device shows a pronounced
NEP increase from 9.51 x 102 to 2.72 x 10~ ** W Hz~ %, while
the P-CQD/n-Si device maintains the lowest NEP overall, ranging
from 1.46 x 102 to 4.60 x 10 > W Hz ' confirming its
superior low-noise and high-detection capability.

Fig. 8e depicts the detectivity behavior at different illumina-
tion intensities. Detectivity decreases for all samples with
increasing light intensity, consistent with the rise in noise
and dark current under strong illumination. The CQD/n-Si
device shows a decline from 1.47 x 10'° Jones to 5.12 x
10° Jones, while the P-CQD/n-Si device exhibits the highest
detectivity, decreasing from 6.99 x 10" to 2.22 x 10" Jones.
These results demonstrate that phosphorus doping signifi-
cantly enhances sensitivity, responsivity, and detectivity, mak-
ing the P-CQD/n-Si device a promising candidate for high-
performance, low-noise photodetection applications.

The electrical performance of the device is not only limited
by the Schottky barrier height but is also directly related to the
defect density at the interface and the carrier recombination
dynamics. The deviation of the ideality factor observed in the
conventional I-V characteristics from 1 (3.24 for CQD/n-Si, 3.55
for P-CQD/n-Si) indicates that the transport mechanism shifts
from pure thermionic emission to trap-assisted recombination
and space charge-limited current (SCLC) regimes.

In unmodified CQD layers, the dense deep-level traps cre-
ated by the functional groups on the surface cause carriers to be
trapped at the interface and increase non-radiative recombina-
tion losses. Phosphorus doping passivates these surface states
via C-P and C-O-P bond configurations. Doping dynamically
lowers the electron injection barrier by bringing the Fermi
level closer to the conduction band (strengthening the n-type
character). This is the key factor explaining the increase in I,p.
The use of P-CQD can be attributed to minimizing the voltage-
dependent interface state density value by causing the

Mater. Adv.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ma00351f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 29 April 2026. Downloaded on 5/21/2026 12:28:50 PM.

(cc)

View Article Online

Materials Advances

Paper
120 b
-4 | ——CQDM-Si a ——CQD/n-Si
DAy pcQDn-si @ P 100{ ~¥— P-CQD/M-Si L
T v
8x1075 s g 804 /r'
b 4 v
o ”
< -5 V// =
$ 6x107° v 60 - v
=
_n.
4x1075 40
. 20
2x1075 —
/ p—""1 ]
0-
0 : : : : : : : : ‘ .
20 40 60 80 100 20 40 60 80 100
P (mW/cm?) P (mW/cm?)
S 3x107"
0.40 (c) Gl o —#—CQDSi )
—¥— P-CQD/-Si i
- —w— P-CQD/n-Si /
0.30 & ax107' /
0.25 'N
§ = /
< 0204 : é /
ul R -11 |
& 05 v, & 1x10
0.10- z
o v—Y
00s] e S
ol
0.00 -
20 40 60 80 100 20 40 60 80 100
P (mW/cm?) P (mW/cm?)
8x10|||
o] e ——CQD/n-Si
7x10' () ¥ P-CQD/n-Si
6x10l"-
’QSXIO‘"-
=
S 4x10" -
=
E 3x10" & G
2x101 B
1x10" 4 P N
0+
20 40 60 80 100
P (mW/cm?)
Fig. 8 (a) photocurrent, (b) photosensitivity, (c) responsivity, (d) NEP, and (e) detectivity plots of the devices.

Table 2 Photodetector parameters under various solar light intensities

Device Power (mW cm ™ ?) Photocurrent (A) Photosensitivity - Responsivity (A W) Detectivity (Jones) NEP (WHz *?)
CQD/n-Si 20 1.27 x 107° 6.85 0.081 1.47 x 10™° 9.51 x 102
40 1.65 x 10°° 8.89 0.053 9.52 x 10° 1.47 x 1071
60 1.90 x 10°° 10.24 0.040 7.31 x 10° 1.91 x 10~
80 2.06 x 107° 11.10 0.033 5.94 x 10° 2.35 x 107!
100 2.22 x 107° 11.96 0.028 5.12 x 10° 2.72 x 107
P-CQD/n-Si 20 6.07 x 107° 60.70 0.386 6.99 x 10* 1.46 x 107 *?
40 7.47 x 107° 74.70 0.238 4.30 x 10*° 2.38 x 1072
60 8.40 x 107° 84.00 0.178 3.22 x 10" 3.17 x 1072
80 8.96 x 107° 89.60 0.143 2.58 x 10* 3.97 x 1072
100 9.66 x 107° 96.60 0.123 2.22 x 10* 4.60 x 102
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formation of a more homogeneous dipole layer at the interface.
This passivation effect suppresses the dark current, especially
in low-voltage regions, and increases the specific detectivity
(D*) of the photodetector to the level of 10'° Jones. Phosphorus
doping creates an electric dipole moment in the CQD layer.
This vacuum level shift facilitates the movement of photo-
generated holes from n-Si towards the anode, while ensuring that
electrons are collected before reaching recombination centers.

The enhancement in performance cannot be ascribed exclu-
sively to the straightforward doping effect of CQDs; instead,
it originates from the modulation of the electronic structure
engendered by phosphorus doping and the consequent
enhancement in interfacial properties. In particular, the pro-
cess of phosphorus doping has been shown to create surface
states that enhance charge transport efficiency. Concurrently,
this process also results in the passivation of defect sites at the
interface. This dual effect plays a critical role in suppressing
trap-assisted recombination pathways and extending carrier
lifetime. Furthermore, the significant increase observed in
optoelectronic parameters such as photocurrent, responsivity
and detectivity indicates that P-CQDs both reduce non-radiative
recombination losses in the device and facilitate more efficient
collection of charge carriers. The present findings demonstrate
unequivocally that phosphorus-doped CQDs act not only as
structural regulators but also as active electronic regulators
within the device architecture. In this context, the present study
goes beyond the scope of heteroatom doping approaches to
reveal the mechanistic relationship between doping and elec-
tronic structure modification, as well as its impact on macro-
scopic device performance. This approach facilitates the more
rational design of interface materials for high-performance
optoelectronic systems. The results obtained demonstrate that
the process of phosphorus doping not only enhances optical
absorption but also improves both photon carrier generation
and interfacial charge transport in a synergistic manner.

Fig. 9a-c presents the wavelength-dependent photocurrent
responses of the Ag/n-Si/Al, Ag/CQD/n-Si/Al, and Ag/P-CQD/
n-Si/Al photodetectors, respectively, measured under zero-bias
conditions. The devices were illuminated using a series of
narrowband visible hard-coated band-pass filters (Thorlabs
GmbH, Germany) with an average full width at half maximum
(FWHM) of 10 nm. These filters span a wide spectral range
from the ultraviolet (UV) to the visible and near-infrared (NIR)
regions (351-1600 nm). This experimental setup allowed for a
thorough assessment of the spectral response behavior of all
three photodetectors. All devices exhibited broadband spectral
sensitivity, with measurable photocurrent responses across
the entire tested range. However, the Ag/P-CQD/n-Si/Al device
(Fig. 9c) produced the highest photocurrent values under
identical illumination conditions, followed by the Ag/CQD/n-
Si/Al device (Fig. 9b), while the Ag/n-Si/Al device (Fig. 9a)
showed the lowest response. The enhancement observed in
the P-CQD/n-Si device is especially pronounced in the visible to
NIR regions, suggesting improved light absorption and charge
carrier separation due to surface passivation and optimized
quantum dot properties.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The photocurrent trends for all devices generally peak
within the visible range (around 600-900 nm), followed by a
gradual decline toward longer wavelengths. A more pro-
nounced decrease in photocurrent is observed beyond approxi-
mately 1100 nm, which can be attributed to reduced photon
energy approaching and falling below the silicon bandgap,
leading to less efficient electron-hole pair generation and
increased recombination losses. The Ag/n-Si/Al device exhibits
a comparatively weaker response throughout the spectrum,
whereas the Ag/CQD/n-Si/Al device shows moderate improve-
ment, and the Ag/P-CQD/n-Si/Al device demonstrates the stron-
gest and most stable response. The extended near-infrared
(NIR) response observed in our device, particularly under
zero-bias operation, can be further understood in light of recent
studies on silicon-based photodetectors employing plasmonic
effects. In conventional Si photodetectors, the spectral response is
fundamentally limited by the Si bandgap (~1.12 eV), restricting
detection to wavelengths below ~1100 nm. However, Zhang et al.
demonstrate that localized surface plasmon resonance (LSPR) in
metal nanostructures integrated with silicon can significantly
extend the spectral response into the sub-bandgap NIR region.”?
In such systems, incident NIR photons excite collective oscilla-
tions of electrons in metallic nanostructures, leading to strong
near-field enhancement and the generation of energetic (‘“hot”)
electrons. These hot carriers can overcome the Schottky barrier at
the metal-semiconductor interface and be injected into the
silicon, producing a measurable photocurrent even for sub-
bandgap photons.>® All measurements were conducted under
self-powered conditions (0 V applied bias), confirming the
intrinsic photovoltaic behavior of these junctions. This zero-
bias operation highlights their potential for low-power, broad-
band photodetector applications.

In current CQD/n-Si and P-CQD/n-Si devices, the self-
powering process originates from the intrinsic electric field
established at the metal-semiconductor interface upon Schottky
contact formation. According to modern Schottky barrier con-
cepts, the barrier height (®3) is not only determined by the metal
work function difference but is also greatly influenced by interface
dipole formation and Fermi level stabilization effects resulting
from interface coupling and charge redistribution. This leads
to a stable energy barrier at the junction even in the absence of
external bias. When an Ag top contact is placed on a CQD or
P-CQD modified n-Si surface, charge transfer occurs across
the interface, leading to the formation of an interface dipole
layer. This dipole alters the local electrostatic potential and
defines the effective Schottky barrier height. In parallel, the
alignment of Fermi levels between the metal and the semi-
conductor creates a built-in potential, causing band bending
in the n-Si region. This built-in potential establishes a deple-
tion region near the interface where mobile charge carriers are
exhausted and a strong internal electric field is established.
Under illumination, electron-hole pairs formed by photo-
generation in or near this depletion region are efficiently
separated by this internal electric field.

Furthermore, we can say that phosphor doping in CQDs
enhances this mechanism with two key effects. The first is ray
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Fig. 9 /-t plots of (a) Ag/n-Si/Al, (b) Ag/CQD/n-Si/Al, and (c) Ag/P-CQD/n-Si/Al devices measured under various wavelengths.

dipole modulation, which slightly adjusts the effective barrier
height and improves band alignment. The second is defect
passivation, which reduces trap-assisted recombination at
the interface. As a result, the P-CQD/n-Si device exhibits more
efficient carrier separation and collection under zero-bias

Mater. Adv.

conditions, leading to significantly increased photocurrent
and sensing capability compared to the undoped device.
Table 3 summarizes the spectral performance of the Ag/n-Si/
Al, Ag/CQD/n-Si/Al, and Ag/P-CQD/n-Si/Al photodetectors across a
wavelength range of 351-1600 nm under self-powered operation
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Table 3 Main photodetector parameters under 351-1600 nm and zero bias
Ag/n-Si/Al Ag/CQD/n-Si/Al Ag/P-CQD/n-Si/Al

A (nm) R(mAW ) D* (Jones) EQE (%) R(mAW ) D* (Jones) EQE (%) R(mAW ) D* (Jones) EQE (%)
351 2.17 6.19 x 10° 0.801 7.57 1.16 x 10° 2.797 59.06 6.06 x 10° 21.836
400 4.46 1.28 x 10° 1.447 4.51 6.88 x 10° 1.463 66.06 6.78 x 10° 21.435
450 6.82 1.95 x 10° 1.966 5.02 7.66 x 10° 1.447 67.97 6.98 x 10° 19.604
500 5.80 1.66 x 10° 1.505 5.34 8.15 x 10° 1.385 67.34 6.91 x 10° 17.478
550 6.56 1.88 x 10° 1.548 5.91 9.02 x 10® 1.394 66.70 6.85 x 10° 15.739
600 7.96 2.28 x 10° 1.722 6.29 9.61 x 10° 1.361 66.06 6.78 x 10° 14.290
650 8.15 2.33 x 10° 1.628 5.59 8.54 x 10° 1.116 62.88 6.46 x 10° 12.555
700 7.13 2.04 x 10° 1.323 3.93 6.01 x 10° 0.730 60.33 6.19 x 10° 11.186
750 8.79 2.51 x 10° 1.521 6.53 9.97 x 10° 1.129 78.16 8.03 x 10° 13.526
800 7.45 2.13 x 10° 1.209 6.29 9.61 x 10° 1.021 77.53 7.96 x 10° 12.577
850 9.55 2.73 x 10° 1.459 7.44 1.14 x 10° 1.136 92.18 9.46 x 10° 14.074
900 10.83 3.10 x 10° 1.561 9.48 1.45 x 10° 1.367 110.65 1.14 x 10*° 15.956
1000 14.65 4.19 x 10° 1.901 23.93 3.66 x 10° 3.106 176.25 1.81 x 10*° 22.875
1100 6.56 1.88 x 10° 0.774 28.33 4.33 x 10° 3.343 160.33 1.65 x 10 18.917
1200 1.59 4.55 x 10° 0.172 6.93 1.06 x 10° 0.749 53.32 5.47 x 10" 5.767
1300 1.70 4.74 x 108 0.170 4.64 7.08 x 10° 0.463 48.86 5.02 x 10° 4.878
1400 1.72 4.37 x 108 0.159 2.60 3.97 x 10® 0.241 50.14 5.15 x 10° 4.648
1500 1.66 4.01 x 108 0.143 4.89 7.47 x 10° 0.423 46.13 4.74 x 10° 3.991
1550 1.59 3.83 x 10° 0.133 2.72 4.16 x 10° 0.228 47.97 4.93 x 10° 4.017
1600 1.45 3.64 x 10° 0.118 4.76 7.27 x 10® 0.386 47.98 4.93 x 10° 3.892

(0 V bias). The data were derived from measured photocurrents
using narrow band-pass filters and used to calculate key photo-
detection metrics. The photocurrent increases significantly with
wavelength-dependent illumination intensity for all devices. The
Ag/P-CQD/n-Si/Al photodetector produces the highest photocur-
rent values, reaching 2.77 x 10~> A at 1000 nm, which is an order
of magnitude larger than the undoped Ag/CQD/n-Si/Al device,
peaking at 4.45 x 10 °® A at 1100 nm. In comparison, the Ag/n-Si/
Al device exhibits much lower photocurrent, with a maximum of
2.3 x 107% A at 1000 nm, confirming that phosphorus doping
greatly enhances light absorption and carrier generation
efficiency.

The photosensitivity (K) of the devices also varies with
wavelength. The Ag/CQD/n-Si/Al photodetector achieves a max-
imum value of 4.23 at 1100 nm, while the Ag/P-CQD/n-Si/Al
device maintains higher and more stable sensitivity across the
measured range, with K values between approximately 3.1 and
11.88. In contrast, the Ag/n-Si/Al device shows lower sensitivity,
increasing from 1.13 at 351 nm to 7.67 at 1000 nm, followed by
a decrease at longer wavelengths. This demonstrates that Ag/P-
CQD/n-Si/Al not only generates a higher absolute photocurrent but
also retains stronger relative light-to-dark current performance.

In terms of responsivity (R), Ag/P-CQD/n-Si/Al again outper-
forms the undoped device, achieving values as high as 0.176 AW "
at 1000 nm under zero bias, while Ag/CQD/n-Si/Al reaches a
maximum of approximately 0.028 A W '. The Ag/n-Si/Al
device shows significantly lower responsivity, with a peak value of
0.0146 AW ' at 1000 nm, confirming the superior light-to-current
conversion efficiency of the phosphorus-doped device.

The noise-equivalent power (NEP) results show that lower
NEP values correspond to higher sensitivity. Ag/P-CQD/n-Si/Al
exhibits the lowest NEP values, with a minimum of 4.90 x
102 W Hz %, while Ag/CQD/n-Si/Al shows higher values around
2.05 x 10~** W Hz™ 2. In contrast, the Ag/n-Si/Al device presents
higher NEP values, with a minimum of 2.11 x 10~ ** W Hz *? at

© 2026 The Author(s). Published by the Royal Society of Chemistry

1000 nm and increasing further in the infrared region, emphasiz-
ing the superior noise performance of the phosphorus-doped
device.

Detectivity (D*) follows a similar trend. Ag/P-CQD/n-Si/Al
achieves the highest detectivity, reaching 1.81 x 10'° Jones at
1000 nm, compared to 4.33 x 10° Jones for Ag/CQD/n-Si/Al at
1100 nm. The Ag/n-Si/Al device shows lower detectivity, with a
maximum of 4.19 x 10° Jones at 1000 nm, indicating compara-
tively weaker noise-limited performance.

Finally, the external quantum efficiency (EQE) of the Ag/P-
CQD/n-Si/Al device shows a remarkable enhancement, exceed-
ing 20% in several spectral regions with a peak of approxi-
mately 22.88%. In contrast, Ag/CQD/n-Si/Al reaches a
maximum EQE of about 3.34%, while the Ag/n-Si/Al device
exhibits much lower efficiency, with a maximum of ~1.90% at
1000 nm. This demonstrates that phosphorus incorporation
significantly improves photon-to-charge conversion, resulting
in stronger light-harvesting and more efficient charge transport.

Overall, the P-CQD/n-Si photodetector exhibits superior
broadband sensitivity, higher responsivity, enhanced detectiv-
ity, and markedly improved quantum efficiency compared to
both the undoped CQD/n-Si and the Ag/n-Si/Al devices. These
findings confirm that phosphorus doping not only strengthens
light absorption but also facilitates more efficient carrier
separation and collection, making Ag/P-CQD/n-Si/Al a highly
promising material for next-generation self-powered photo-
detectors operating across the UV-NIR spectral range.

Table 4 presents a comparative analysis of responsivity,
detectivity, and self-powered operation of various QD-based
photodetectors reported in the literature alongside the present
work. It can be observed that several previously reported
devices exhibit high responsivity and detectivity; however,
many of them operate under an applied bias, such as CQD-
based devices showing R = 125 AW ' and D* = 4.73 x 10" Jones
at —0.4 V,* and CQDs/ZnO structures with D* = 8.33 x 10*? Jones
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Table 4 Comparison of photodetectors reported in the literature and the
present work

Applied

Interlayer J(nm) R(AW™') D*(Jones)  Bias (V) Ref.
CQD 1550 125 473 x 10 —0.4 54
CQDs/ZnO 365  — 8.33 x 10" -2 55
CQDs/ZnO 365 — 3.27 x 10° 0 56
CQD/Si 352 0.2846 1.55 x 10" 0 58

580 0.6452 3.53 x 10"

850 0.3891 2.12 x 10"
Zn0:CQDs 525 — 2.46 x 10 0 57
ZnO QDs-P3HT 360  0.00304 8.76 x 107 0 59
P-CQD 351 0.05906 6.06 x 10° 0 This

550  0.06670 6.85 x 10° study

1000 0.17625 1.81 x 10*°

at —2 V.>® In contrast, self-powered devices operating at 0 V
typically demonstrate lower performance metrics, as seen in
CQDs/ZnO (D* = 3.27 x 10° Jones)’® and ZnO:CQDs systems
(D* = 2.46 x 10" Jones).”” Notably, dual-sized CQD/Si devices
have shown relatively high detectivity up to 3.53 x 10" Jones at
0V, highlighting the advantage of silicon-based heterojunctions.
In comparison, the P-CQD-based device in this study demon-
strates responsivity values ranging from 0.059 to 0.176 AW ' and
detectivity up to 1.81 x 10" Jones under self-powered conditions.
Although the performance is lower than biased devices, it is
competitive among self-powered photodetectors, confirming the
effectiveness of phosphorus doping in enhancing charge separa-
tion and interfacial charge transfer without the need for external
bias. These results indicate that the present device offers a promis-
ing balance between performance and energy-efficient operation.
Although FTIR and EDX analyses confirm the successful
incorporation and homogeneous distribution of phosphorus

View Article Online
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within the CQD matrix, a precise quantitative determination of the
absolute doping concentration was not performed in this study.
This limitation is attributable to the inherent challenges associated
with accurately quantifying low-level heteroatom incorporation in
carbon-based nanostructures using conventional characterization
techniques. However, it is well established in the literature that even
relatively low concentrations of heteroatom dopants can induce
significant modifications in the electronic structure of CQDs,
leading to the formation of localized states, interfacial dipoles,
and charge redistribution effects. These changes have a significant
impact on the dynamics of carrier transport and recombination at
the device interface. In the present work, the observed enhance-
ment in photocurrent, responsivity, and detectivity for P-CQD/n-Si
devices suggests that the achieved doping level lies within an
effective regime that optimizes interfacial charge transfer without
introducing excessive defect-mediated recombination centers. A
systematic study involving controlled variation of phosphorus
concentration would be highly valuable in establishing a quanti-
tative relationship between dopant level and device performance.

3.4. Stability and repeatability analysis

Stability and repeatability measurements were conducted at the
wavelength corresponding to the highest responsivity. The
devices were stored at room temperature. Current-transient
measurements of CQD/n-Si devices taken on day 0 and after
20 days are shown in Fig. 10a and b, respectively, while the
corresponding rise/fall time plot is presented in Fig. 10c. On the
first day of measurement, CQDs/n-Si devices exhibited notably
higher photocurrent values, with I, increasing from 4.47 X
10 ® A for 1 cycle to 4.93 x 10 ® A after 50 cycles. Correspondingly,
the responsivity improved from 0.02846 AW ™" t0 0.03139 AW
while photosensitivity also increased slightly from 4.246 to 4.683.

7x10 3
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e C) : o CQD/n-Si
5x107°+ I |
24x10*6~
= —6 | B = Just [abricated]
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Fig. 10 /-t plots of CQD/n-Si at (a) first days and (b) after 20 days. (c) Rise/fall time plots.
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Fig. 11

Detectivity values were high, measured at 4.35 x 10° and 4.79 x
10° Jones for 1 and 50 cycles, respectively, indicating stable and
slightly enhanced performance with repeated cycling. After 20 days
of aging, the device performance decreased noticeably. The photo-
current dropped to 2.72 x 10~ ° A for 1 cycle and further to 2.42 x
10°° A after 50 cycles. Similarly, responsivity declined from
0.01732 A W' to 0.01541 A W, and photosensitivity fell from
6.800 to 6.050. Detectivity also decreased from 4.29 x 10° to 3.82 x
10° Jones. Moreover, EQE values decreased from 3.343 to 2.044%
after 20 days. Rise time and fall time for as-fabricated device were as
0.182 and 0.391 s, respectively. After 20 days, the rise time and fall
time increased to 0.188 and 0.614 s, respectively.

Current-transient measurements of P-CQD/n-Si devices
taken on day 0 and after 20 days are shown in Fig. 11a and b,
respectively, while the corresponding rise/fall time plot is
presented in Fig. 11c. P-CQD/n-Si devices outperformed all
other groups, with fresh samples exhibiting exceptionally high
Ion (~2.3 x 107° A), responsivities >0.14 AW, and detectiv-
ities exceeding 1.48 x 10'° Jones. Even after 20 days, they
maintained strong performance, with responsivity still above
0.115 A W' and detectivity close to 1.0 x 10" Jones, high-
lighting remarkable stability and superior optoelectronic prop-
erties. The EQE decreased from 22.875 to 15.211% after 20
days. Rise time and fall time for as-fabricated device were as
0.460 and 0.475 s, respectively. After 20 days, the rise time and
fall time decreased to 0.181 and 0.360 s, respectively.

4. Conclusion

This study systematically elucidates the impact of phosphorus
heteroatom doping on the structural, optical, electrical, and

© 2026 The Author(s). Published by the Royal Society of Chemistry

-t plots of P-CQD/n-Si at (a) first days and (b) after 20 days. (c) Rise/fall time plots.

optoelectronic properties of carbon quantum dot-based
Schottky photodetectors. Phosphorus incorporation into the
carbon framework resulted in surface defect passivation, redis-
tribution of charge density, and formation of new energy states
that enhanced photon absorption and stabilized radiative
recombination pathways. Structural analyses confirmed homo-
geneous nanostructures with preserved morphology after dop-
ing, while spectroscopic results demonstrated improved
emission stability and broadened absorption characteristics.
Electrical characterization revealed that P-CQD/n-Si heterojunc-
tions exhibit reduced Schottky barrier height and markedly
lower series resistance compared to undoped CQD devices,
indicating improved metal-semiconductor interface alignment
and enhanced carrier transport. Although rectification ratio
behavior varied under illumination due to increased reverse
leakage currents, the overall photodetection performance was
substantially enhanced in doped devices. It is important to note
that the enhancement in device performance observed cannot
be attributed solely to a compositional modification. Rather, it
originates from phosphorus-induced modulation of the elec-
tronic structure and interfacial energetics. Phosphorus doping
introduces localized surface states that facilitate efficient
charge transfer while simultaneously passivating defect sites.
This process suppresses trap-assisted recombination pathways
and extends carrier lifetime. This dual functionality establishes
a direct link between doping-induced electronic structure engi-
neering and macroscopic device performance. Optoelectronic
investigations under self-powered conditions demonstrated
that phosphorus doping significantly improves photocurrent
generation, photosensitivity, responsivity, detectivity, and exter-
nal quantum efficiency across a wide spectral range (UV-NIR).
The P-CQD/n-Si device consistently outperformed the undoped
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structure, achieving high detectivity on the order of 10'° Jones
and EQE values exceeding 20%, particularly in the near-
infrared region. Furthermore, long-term stability measure-
ments confirmed that phosphorus-doped devices maintain
strong operational reliability over time. The enhancements
observed in the photodetection parameters further substantiate
the efficacy of phosphorus doping in augmenting both charge
separation efficiency and interfacial charge extraction, while
concomitantly mitigating non-radiative recombination losses.
Overall, phosphorus-doped carbon quantum dots provide an
effective platform for interface engineering in Schottky-based
optoelectronic systems. The synergistic enhancement of
interfacial energetics, carrier transport, and broadband light
harvesting demonstrates their strong potential for integration
into next-generation self-powered photodetectors, high-speed
optical switches, and advanced wide-band optoelectronic
devices. This work represents an advancement beyond conven-
tional heteroatom doping strategies by providing mechanistic
evidence that links dopant-induced electronic structure mod-
ification with macroscopic device performance. This, in turn,
offers a more rational framework for the design of high-
performance optoelectronic materials. Subsequent research
may concentrate on the correlation between dopant concen-
tration and interfacial energetics, with a view to further opti-
mising device performance.
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