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Silicon p-n photodiodes optimized for detecting a broad spectrum of photoluminescent radiation from AgInS. and CulnS. quantum
dots have been developed and fabricated. By adjusting fabrication parameters and carefully selecting the substrate material, the sensor’s
spectral sensitivity peak (0.34 A/W) aligns with the nanocrystal emission range (550-700 nm). To maximize resolution, we operated
the detector in zero-bias mode. This minimized dark current to approximately 6 pA, reduced thermal noise, and enabled high detection
sensitivity. It has been experimentally established that, with a load resistance of 10 kQ, the cutoff frequency of the photodiode is 1
MHz and is entirely limited by the RC time constant of the circuit. This frequency response is sufficient not only for steady-state
radiometry of colloids and films with a radiation power of 0.29-0.35 mW, but also for precise study of the microsecond kinetics of
quantum dot luminescence decay without risking photodegradation.
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A current trend in electronic sensor development is the use of various nanomaterials to miniaturize devices and
enhance sensor sensitivity. The wide range of electronic, optical, and mechanical properties across different classes of
nanomaterials opens up opportunities to develop sensors with unprecedented sensitivity, fast response, and reliability [1].
By principle of operation, most sensors developed today are electrical (resistive, capacitive, diode, electrochemical, or
transistor type), while optical sensors (luminescent) are much less developed [2]. Existing optical and luminescent sensors
use quantum dots (QDs), but are often based on toxic materials (Cd, Pb, etc.) [3,4], which limits their application in
environmentally sensitive environments (e.g., water, bioenvironment). Therefore, interest is growing in “environmentally
friendly” quantum dots—AgInS2 and CulnS2—that combine good optical/electronic properties with lower
ecotoxicological risk [5-7]. The band gap of AgInS, varies between 1.8 and 2.2 eV, depending on the stoichiometric ratio
of silver and indium during the synthesis of quantum dots. One of the key features of AgInS, is a broad emission band
with a Stokes shift, mainly in the red-yellow region (550750 nm). The band gap of CulnS, is approximately 1.45-1.55
eV. The main advantages of this material are high photosensitivity, good stability, and susceptibility to point-defect
formation, particularly copper vacancies (Vc.). Unlike linear defects, which usually degrade the spectroscopic and
electrical properties of semiconductor structures [8], these intrinsic point defects positively affect photoluminescence
(PL), significantly expanding the spectral range in which the material can operate. Using AgInS, and CulnS,
nanoparticles, easy-to-use photoluminescence-based sensors with high selectivity, detection range, and sensitivity can be
created [9].

The practical application of AgInS, and CulnS, nanoparticles in luminescent sensors is limited by detector
sensitivity and the intensity of light emitted by these quantum dots. The intensity of the radiation in turn depends on
several factors: intensity of the excitation diode; stability of the quantum dots; quantum yield of the nanoparticles;
efficiency of absorption of the excitation light; spectral sensitivity of the detector. Thus, for optimal sensor performance
based on these quantum dots, all these factors must be considered and balanced.

Our previously published experimental results [10] showed that the PL peak of AgInS2 nanocrystals (colloid)
exhibits an emission from 700 nm (1.8 eV) to 575 nm (2.2 eV) with a change in the molar ratio of In/Ag precursors from
3 to 20. The PL spectrum of the layer-by-layer assembled AgInS; thin films (Fig. 1) are slightly shifted towards higher
energy compared to the spectra of the original AgInS; solution and are in the range from 650 nm (1.9 eV) to 550 nm (2.3
eV). Despite the different shifts of the PL peak positions, the full width at half maximum (FWHM) of the PL spectra of
the films are approximately the same for the corresponding colloids: 0.32-0.41 eV.

Increasing the irradiation intensity cannot be infinite, as it can cause photodegradation of quantum dots under real
operating conditions. Therefore, the system design should be based on the detector's characteristics, which will determine
whether to select nanoparticles with higher intensity. Such AgInS, and CulnS; quantum dot colloids can emit power
around 0.29-0.35 mW that then require detection.
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Accordingly, developing quantum dot luminescence
detectors is essential for the effective operation of the proposed
systems. Undoubtedly, the use of photomultipliers [11] or
avalanche photodiodes (PD) [12] could be effective; however,
such detectors are expensive and complex to manufacture. One
of the main advantages of the proposed system, in addition to
its environmental friendliness, is the affordability and relative
simplicity of manufacturing its components. Silicon p-i-n [13]
and p-n [14] PDs can serve as an effective replacement for these
photodetectors, as they possess sufficient sensitivity in the
L visible wavelength range that needs to be detected (A =550 nm,

500 550 600 650 200 750 A =570 nm, A = 590 nm, A = 600 nm, A = 650 nm). It is worth

Wavelength, nm noting that p-i-n PDs are less suitable for the described purpose,

since they typically operate at high reverse bias and have high

Figure 1. Photoluminescnece spectra of AgInS2 QDs films; ~ sheet resistance and a long lifetime of minority carriers in the

A exc = 441.6 nm base, which, as is known, significantly shifts the peak of the

photodiode’s spectral sensitivity curve toward longer

wavelengths up to A = 1.02 um [13, 15]. Furthermore, in p-i-n photodiodes, there is a need for high-concentration doping of

the front region, which in turn absorbs a significant portion of the visible-range radiation; additionally, to mitigate surface

generation, p-i-n photodiodes should be fabricated with guard ring systems, which subsequently requires the measurement

and control of additional parameters [16]. These factors complicate the use of p-i-n photodiodes; therefore, it is proposed to

use silicon p-n photodiodes for detecting visible luminescent radiation from AgInS: and CulnS: quantum dots. Accordingly,

the aim of this work is to develop a silicon single-element p-n PD with enhanced detection sensitivity, which is planned to
be achieved through the zero-bias mode, and to evaluate its performance during quantum dot irradiation simulations.

PL intensity, a.u.

EXPERIMENTAL
The photodetectors were fabricated using n-type single-crystal dislocation-free FZ-Si with a [100] orientation and a
resistivity of p =~ 100-150 Q-cm. The fabricated detectors are shown in Fig. 2. The area of the responsive element (RE)
was Arr=0.64 mm? The fabrication was carried out using planar diffusion technology.

Figure. 2. Image of photosensitive PD-crystals on a substrate (a) and three-dimensional view of the PD-crystal with a quarter cross-
section illustrating (b): 1 — back-side Au-metallization, 2 — back-side Cr-sublayer, 3 — phosphorus-doped n*-region, 4 — n-Si
substrate, 5 — boron-doped p*-RE, 6 — front-side Cr-sublayer, 7 — front-side Au-metallization, 8 — antireflection oxide layer of
the RE; 9 — protective SiO2

The photodiode fabrication process consisted of the following steps: oxidation of Si substrates in a hydrochloric acid
vapor atmosphere at 7=1403-1453 K; boron diffusion to form p*-type photosensitive regions at 1273-1323 K, boron
drive-in in an oxidizing atmosphere to form an anti-reflective coating and redistribute the dopant at temperatures of
T=1403-1453 K, phosphorus diffusion toward the substrate at 7=1203-1253 K to passivate generation-recombination
centers within the photodiode crystal volume and form an ohmic n*-layer; Cr-Au metallization and contact formation.

Given that visible radiation is absorbed in the near-surface layers of silicon [17], to ensure minimal recombination
of photogenerated charge carriers in the n*-layer, its thickness was approximately x,+.,-1.5-2 pm. The anti-reflective
coating was designed to satisfy the minimum reflection condition (1)[18], according to which for a wavelength of A = 550
nm the oxide thickness is ds0;=96 nm, and for a wavelength of A=650 nm it is ds;0;=114 nm; accordingly, the SiO»
thickness was selected to be approximately dsi0,~100-110 nm.

p)
T ndsio2 (D

where n is the refractive index of SiO;.
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Additionally, the method of forming a passivation coating in an atmosphere of hydrochloric acid vapor was selected
for the manufacturing process, as this method minimizes the influence of uncontrolled impurities and contamination,
particularly Na* and K* ions, and surface recombination [19, 20], which is particularly relevant for the design of devices
without guard rings.

The dark current (I;) and /-V-characteristics of PDs were measured using a hardware-software complex
implemented on the basis of the Arduino platform, an Agilent 34410A digital multimeter and a Siglent SPD3303X
programmable power source, which were controlled by a personal computer using software created by the authors in the
LabView environment.

Monitoring of current monochromatic responsitivity (Sp) was carried out by method of comparing responsitivity of
the investigated PD with a reference photodiode. Measurements were performed when illuminating the PD with a
radiation flux of a power of not over P=2,5-1073 W; load resistance across the responsive element R= 10 kQ, at the reverse
bias voltages of V= 0-15 V and modulation frequency /=1 kGz. The spectral characteristic of PD responsivity (S(1)) at
different bias was obtained out using the KSVU-23 automated spectral complex.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION

From the dark /-V characteristics of the PD, it was established that its dark current increases with increasing reverse-
bias voltage. The diffusion [21] and surface generation [16] components of the dark current can be considered constant
and unchanging with increasing bias, while the volume generation component (/°;) increases due to the expansion of the
space charge region (SCR) with increasing voltage (2) [21], so in this case, it can be assumed that the current of the
fabricated photodiode is determined by the volume generation current. At 0 V, the dark current reaches 6 pF with a
depletion-layer width of W; =3—4 um (3) [22]. The dark current does not reach saturation within the voltage range studied
because, at these voltages, its SCR does not saturate (Fig. 3).

1§ = et Widge @)

where n; is own concentration of charge carriers in the substrate; e is the charge of the electron; 7 is life time of minor
charge carrier.
Uy )L
Wl — (28‘90 (dc Ubtas))E (3)

eNgy

where ¢ & are dielectric constants for silicon and vacuum, respectively; . is contact potential difference.

It should also be noted that the base material used and the photodiode’s operating mode allowed us to achieve the
peak of the PD's spectral response at A,=650-670 nm (Fig. 4). This indicates that this wavelength is characterized by the
most efficient collection of minority charge carriers in the silicon bulk, since according to the Beer—Lambert-Bouguer
law [23], the intensity of light decreases by a factor of 2.72 at a depth of about 3—4 pum (absorption coefficient
a=2.5-10>-3-10° cm™' [16]), and for light of this wavelength to be absorbed almost completely (by 95-99%), a silicon
thickness of about 10—15 pm is required. Accordingly, it can be assumed that the effective diffusion length of holes in the
PD base reaches about Lp=5-10 um, which ensures the effective collection of photogenerated carriers in a silicon layer
equal to W;+L, [24], since the quantum efficiency (QF) of the photodiode is determined by the probability of radiation
absorption in this thickness (4).

QE(A_) ~ 1 — e_a(’l)'(wi"'l‘n) (4)

We also obtained the dependencies of the photodiode’s current monochromatic sensitivities at the wavelengths under
study (Fig. 5).
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Figure 3. Dark /-V characteristic of the p-n PD Figure 4. Relative spectral characteristic of the PD at V=0 V
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Using these values, we determined the spectral characteristic of the quantum efficiency of the fabricated PD (Fig. 6)
from the relationship between quantum efficiency and spectral sensitivity (5) [25]. It should be noted that in p-n PDs, as
in the case under study, the photosensitivity is practically independent of voltage, since the effective collection region for
photogenerated carriers increases minimally with an increase in reverse bias voltage due to the minimal resistivity, and
the actual sensitivity of such PD is determined primarily by the diffusion length of the photogenerated charge carriers in
the doped front zone and the base region.

Note, that the p™-layer exhibits a gradual decrease in concentration as the depth of the p*-n-junction increases;
accordingly, the contribution of photogenerated charge carriers to the total sensitivity is significant. However, it should
be noted that a significant amount of radiation is absorbed in the doped front p*-region, so the PD's QF in the visible
range is less than 1 (Fig. 6).
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Figure 5. Dependence of the Si;(V) of PDs  Figure 6. Spectral characteristic of the PD's QE at V=0 V.

To evaluate the detection properties of the photodiodes, their specific detectivity (D*) (6)[26] was determined. The
fabricated photodiodes showed the highest detectivity at A = 650 nm, since sensitivity is highest at this wavelength (Fig. 7).
Furthermore, the detectivity decreases with increasing bias voltage due to the rise in dark current; however, at =0V, the
photodiodes exhibited a D* = 1.4-2 cm-Hz"> W-', which is a quite high value and can compete with analogues on the market.
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Figure 7. Dependence of the D* (V) of PDs Figure 8. The C-V characteristic of a p-n photodiode and its

amplitude-frequency response at 0 V (inset)

To evaluate the performance of the p-n photodiode, its C-V characteristics were investigated (Fig. 8). Based on the
measured barrier capacitance, which is Crg =14 pF at zero bias, the amplitude-frequency response of the sensor was
calculated, taking into account a load resistance of 10 kQ and a series base resistance of 150-200 Q-cm. It was found that
the cutoff frequency of the PD is IMHz (trc=150 ns) (Fig. 8 inset). Since the high value of the load resistance significantly
exceeds the internal resistance of the base, the overall response of the structure in photogeneration mode without an
external bias is entirely determined by the RC component of the circuit, while the contribution of the photon carrier transit
time through the depleted region remains negligible.
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The photodiodes produced can be used to measure a steady-state integral photocurrent. In addition to analyzing the
steady-state spectral-energy characteristics, a crucial step in the comprehensive testing of the developed photodetector is the
investigation of the photoluminescence decay kinetics of AgInS, and CulnS; quantum dots. Due to the dominant mechanism
of donor-acceptor recombination, the lifetime of charge carriers in such triple nanostructures is abnormally long and typically
lies in the microsecond range 100 ns — 1ps. Recording such relaxation processes in dynamic mode imposes stringent
requirements on the response speed of the measurement circuit. Since the established cutoff frequency of the photodiode 1
MHz corresponds to a time constant of 150 ns, the developed system is capable of accurately recording long-duration kinetic
decay curves, which opens up the prospect of its use in time-resolved photoluminescence spectroscopy.

Given that the PL spectra of the studied AgInS. nanocrystals cover a spectral range from 550 nm to 700 nm,
depending on the In/Ag molar ratio (Fig. 1), an assessment of the photodetector’s integral sensitivity for detecting this
type of radiation was performed. By convolving the emission spectra of the QDs with the experimental curve of the PD’s
relative spectral sensitivity at S, = 0.34 A/W at a maximum of A=650—-670 nm, it was established that the device’s integral
sensitivity is 0.32 A/W for long-wavelength samples and gradually decreases to 0.26 A/W for short-wavelength samples.
Since the output optical power of quantum dot luminescence is in the range of P=0.29-0. 35 mW, this level of integral
sensitivity ensures the generation of a reliable photocurrent of ~75-110 pA, allowing for reliable signal detection without
the risk of QDs photodegradation due to excessive excitation.

CONCLUSIONS
High-efficiency silicon p-n photodiodes have been developed with a spectral range optimized for detecting the
luminescence of AgInS: and CulnS: quantum dots (550-700 nm). The detector’s operation in zero-bias mode ensures a
low dark current (~ 6 pA) and high system detectivity (1.4-2 cm-Hz'"? W-'). With a response rate of 150 ns, the developed
module is a reliable tool both for stationary radiometry of QDs emissions with power in the range of 0.29-0.35 mW, as
well as for analyzing their microsecond decay kinetics.
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BUCOKOYYTJUBUI KPEMHIEBUI ®OTOMIO/ I3 HYJILOBUM 3MILIEHHSM /151 BUSIBJAEHHSI
BUIMTPOMIHIOBAHHS EKOJIOTTYHO BE3INEYHUX KBAHTOBUX TOYOK AgInS: TA CulnS: }

Mukoua C. Kykypyazsk!?, Bacuauna B. Konau!, Cepriii A. Boiitosuu®, ¥Opiii b. Xanaska!, Muxoua C. Conogkuii'
"Yepuiseyvruii nayionarvnuii ynicepcumem iveni IOpis @edvrosuua, 58002, m. Yepnisyi, eyn. Koyoobuncokozo, 2, Yrpaina
2AT «l{enmpanvie xoncmpykmopcuoke 610po Pummy, 58032, m. Yepnisyi, eyn. I'onoena, 244, Yipaina
3Isano-Ppanxiscoruii nayionanvhuii meduunuii ynicepcumem, 76018, m. leano-Ppankiscok, eyn. Ianuybka, 2, Yepaina
P03po06i1eHO Ta BUrOTOBIIEHO KPEMHi€BI p-n POTOAI01M, ONTUMI30BaHI ISl AETEKTYBaHHS LIMPOKOrO CIIEKTPa GOTOIFOMIHECLIEHTHOTO
BUIIPOMIHIOBaHHs KBaHTOBUX TOYOK AgInS: Ta CulnS:. 3aBasiki KOPUTyBaHHIO TEXHOJIOTTYHUX PEKHMIB BUTOTOBJICHHS CTPYKTYPH Ta
npenusiiiHoMy BHOOpY 0a30BOro MaTepially, MaKCUMyM CHEKTpaiabHOI dyTinmuBocTi ceHcopa (0.34 A/BT) MOBHICTIO Y3TOKEHO 3
miamazoHoMm emicii HaHokpuctamiB (550-700 am). [l 3a0e3medeHHS MaKCHMalbHOI PO3AUIBHOI 3AAaTHOCTI BH3HAYEHO POOOTY
JIETEeKTOpa B PEXXUMI HyJILOBOTO 3MillleHHs. 1le 103BoiMmI0 MiHIMI3yBaTé TEMHOBHH CTPYM 10 3HAYCHHS OJIM3BKO 6 IMA, 3MEHIINTH
TEIUIOBI IIyMHM ¥ JOCATTH BHCOKOi IETEKTUBHOCTI BHUMIPIOBAIBHOI cHUCTeMH. EKCIIepHMMEHTaIbHO BCTAHOBIICHO, IO 32 OIOPY
HaBaHTaxeHHs 10 kOMm rpaHuvHa yactota (oromiona craHoBUTH IMI'1 i MOBHICTIO JiMiTyeThesi RC-mocTiiiHOO Kona. Takwuii
YaCTOTHHUH BIATYK € IIIJIKOM JIOCTAaTHIM He JIMIIE JUIS CTAIl[iOHApHOI pagioMeTpil KOJIOI/IB i IITIBOK i3 MOTY>KHICTIO BUIIPOMiHIOBaHHS
0.29-0.35 MBT, a i 1151 TOYHOTO JOCHTIPKSHHS MIKPOCEKYHIHOI KIHeTHKHU 3aTyXaHHs JIIOMiHECLEeHI[iT KBAHTOBUX TOYOK 0€3 pHU3HKY

TXHBOT (poTOMETpaAaLlii.
Kurouosi cnoBa: xeanmosi mouxu, AgInSz; CulnSz; oemexmop, wymaugicms, ¢homoodioo



