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This paper presents the development and analysis of a silicon single-element p-i-n photodiode with
a p*-type guard ring that is isotopically identical to the substrate. The proposed structural solution facilitates
the fabrication process, ensures better parameter stability, and reduces the effect of surface inversion channels
on dark current and device sensitivity. The base material was high-resistivity (18 — 22 kQ cm), dislocation-free,
monocrystalline p-type silicon with a <111> orientation. The device manufacturing process followed diffusion—
planar technology, including consecutive formation of the p* guard ring and the n* light-sensitive region.
Preliminary modeling of diffusion processes confirmed the absence of cross-doping between regions, revealed
the dependence of dopant concentration profiles on depth, and also estimated the redistribution of dopant at
the interface between materials during thermal-oxidative annealing and its subsequent changes during the
diffusion stage. Measurements included both dark-current and photocurrent I-V characteristics, obtained at
various wavelengths, in addition to the spectral response. The investigated photodiode demonstrated peak
sensitivity around 950 — 970 nm with a quantum efficiency approaching 0.9, while at the YAG laser wavelength
the QE was reduced to about 0.4. Full depletion of the space-charge region across the substrate thickness was
observed at Upiss =— 100 V. At this voltage, the signal rise and fall times saturate at their minimum values
(zrise = 35 — 45 ns, 7an= 40 — 45 ns), with no additional reduction at higher biases. The results obtained
emphasize the strong potential of the developed photodiode for practical implementation in optoelectronic
devices. Its combination of high quantum efficiency, fast response time, and operational stability makes it
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suitable for laser detection, precision measurement, and telecommunication systems.
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1. INTRODUCTION

Widely used photodiodes (PDs) operating in
photovoltaic mode are represented as PDs with n*-p-p* -
structure or p-i-n PDs [1]. In PDs with p-i-n structure, the
i-region is located between two n-doped and p-doped
regions and has a resistivity 106 — 10% times greater than
the resistivity of the doped regions. In p-i-n photodiodes,
application of a sufficiently high reverse bias results in a
strong electric field that extends through the entire
intrinsic i region [2, 3]. Since this region can be designed
quite wide, this type of structure creates the basis for a
high-speed and highly sensitive PD. Silicon p-i-n
photodiodes and coordinate-sensitive matrices based on
them are widely used in various optoelectronic systems for
receiving pulsed or modulated laser radiation in the
spectral range of 1= 0.4—1.1 pm [4, 5].

The p-i-n PD design is realized using a high-resistance
base material (usually p-type silicon) to ensure expansion
of the space charge region over the entire i-region with a
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slight reverse bias [6]. A negative factor in the use of high-
resistance p-type silicon is the formation of leading n-type
inversion surface channels, which provoke a decrease in
breakdown voltage [7], an increase in dark currents [8], a
decrease in the insulation resistance of active multi-
element PD elements or an increase in their photocoupling
coefficient [9], as well as a decrease in sensitivity [10]. A
constructive method for minimizing the influence of
inversion layers on the PD parameters is the use of guard
rings (GRs) of the same conductivity type as the sensitive
elements (n*-GR) [11-13]. Sometimes guard rings are
implemented in combination with p+GR [14]. PDs with n*-
GR are usually used in samples with a high reverse bias
voltage [2, 9]. When manufacturing low-voltage PDs, the
formation of n*GR is impractical due to the need to
additionally control the GR dark current, which
significantly depends on the presence of inversion channels
on the periphery of the crystal; the need to control the
insulation resistance of the GR and sensitive elements
with ensuring its high value (of the order of MQ); the need

https://jnep.sumdu.edu.ua

®
© 2025 The Author(s). Journal of Nano- and Electronic Physics published by Sumy State University. This article is
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.

Cite this article as: D.O. Novikov et al., J. Nano- Electron. Phys. 17 No 5, 05018 (2025) https://doi.org/10.21272/jnep.17(5).05018


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
https://jnep.sumdu.edu.ua/
https://int.sumdu.edu.ua/en
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.21272/jnep.17(5).05018
https://doi.org/10.21272/jnep.17(5).05018
mailto:d.novikov-me26@lll.kpi.ua
mailto:mykola.kukurudzyak@gmail.com
https://orcid.org/0000-0001-5160-7214

D.O. Novikov, M.S. KUKURUDZIAK, A.O. VORONKO ET AL.

to produce an additional terminal in the PD case for
connecting the GR, etc. [9].

The fabrication of the photodiode with an isotype
guard ring matched to the substrate material is
recommended, which significantly simplifies the
manufacturing technology and control of the final
parameters of the devices. This paper will present the
design features and development of low-voltage single-
element silicon p-i-n photodiodes with p*~GR, and will
investigate their parameters, which will constitute the
objective of this work.

2. EXPERIMENTAL SECTION

The study was conducted on silicon single-element p-i-
n photodiodes with a responsive element (RE) area of
Are=28 mm? (Fig. 1), designed for detecting radiation
from an Nd-doped YAG laser. The starting material was
monocrystalline dislocation-free FZ-Si of p-type with
[111] orientation, a resistivity p~ 18 — 22 kQ-cm, and a
minority carrier lifetime 7= 1.9 ms. Fabrication was
carried out using diffusion-planar technology.

The technological process for fabricating photodiode
consisted of the following steps: oxidation of the Si
substrates using a dry-wet-dry oxidation sequence [15] at
temperatures of 1403 — 1453 K; boron diffusion to form a
guard ring isotype with the substrate material of p*type
(acceptor concentration Na= 108 — 10 ¢cm ~3); phosphorus
diffusion (drive-in diffusion) into the front side of the
substrate (Np~1021cm~3) at T=1303 - 1353 K to create
n*type photosensitive elements; phosphorus redistribution
in an oxygen atmosphere at 1403-1453 K to redistribute the
dopant (Np=102'cm~3), increase the depth of the n*p
junction, and grow a passivating SiO:z layer with thickness
optimized for minimum reflection of YAG laser radiation;
boron diffusion into the backside of the substrate at 1203 —
1253 K (Na=10Y-102cm~3) to passivate generation-
recombination centers in the photodiode crystal bulk and
form an ohmic p+layer; metallization and contact formation.

Fig. 1 — Image of the photodiode crystal
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2.1 Process Simulation in Technology Computer-
Aided Design Environment

According to the proposed process flow, the structure
illustrated in Fig. 2 was designed. Numerical simulations
were subsequently performed to analyze the dopant
distribution affected by segregation at the Si/SiOz interface
during oxidation, together with the corresponding diffusion
profiles, in order to evaluate and prevent cross-doping
effects. The computational study was conducted using the
Sentaurus simulation environment.

Fig. 2 — Three-dimensional view of the simulated photodiode
with a quarter cross-section illustrating the doping
concentration gradients and structural elements: 1 — back-side
metallization, 2 — boron-doped p*-region, 3 — Si <111>
substrate, 4 — p*-guard ring region, 5 — space-charge region, 6
— front-side metallization, 7 — phosphorus-doped n*-active
region, 8 — protective oxide of the guard ring, 9 — protective
oxide, 10 — antireflection oxide layer of the active region.

Analysis of the doping profiles of the front-side nt*-
active region and p*-GR (Fig. 3) allows the evaluation of
doping concentration variations as a function of depth.
The diffusion depth or phosphorus is about X = 5.4 um,
while for boron it is approximately X = 5.8 um.
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Fig. 3 — Simulated doping concentration profiles of phosphorus
and boron during diffusion
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p-type impurities, including boron, gallium, and
indium, tend to deplete from silicon, whereas n-type
impurities, such as phosphorus, antimony, and arsenic,
accumulate during thermal processing. The segregation
coefficient of Boron decreases as the temperature rises and
is greater for substrates with <111> orientation compared
to those with <100> orientation. Boundary conditions were
estimated by using the three-phase segregation model.
During the simulation of oxide growth, the surface
concentration of boron in the base region is seen to
decrease (Fig. 4). As the segregation coefficient of boron is
< 1[16], boron atoms penetrate into the oxide, reducing the
concentration at the surface. Consequently, this reduction
can cause a reversal of surface conductivity polarity and
initiate the formation of inversion layers.
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Fig. 4 — Simulated change in surface concentration of boron
during oxide layer growth

The p*type guard ring effectively suppresses the
influence of surface inversion channels on the electrical
characteristics of the photodiode, particularly the dark
current, as the space-charge region of the photosensitive
element under reverse bias is confined by the guard ring
along the crystal surface.

2.2 Measurement Techniques

The I-V characteristics of the samples were obtained
using an Arduino-based hardware-software complex,
comprising an Agilent 34410A digital multimeter and a
Siglent SPD3303X programmable power supply. Operation
of the system was managed by a personal computer with
software designed by the authors in the LabView
environment. The current monochromatic pulse responsivity
(Spuise) was monitored at bias voltage Upius ranging from — 2
to — 100 V with a pulse duration z =500 ns.

3. RESULTS AND DISCUSSION

From the dark current I-V characteristics of the
investigated photodetectors (Fig. 5, inset), it can be seen
that the dark current (Is) increases with increasing reverse
bias voltage as a result of the expansion of the space-
charge region into the crystal bulk. As is well known, the
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dark current of a photodetector is determined by its bulk
generation component and, accordingly, by the width of the
space-charge region [18]:

Ic(l; = eﬁmARE @)
27

where ni is own concentration of charge carriers in the
substrate; e is the charge of the electron; W; is space charge
region (SCR) width.
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Fig. 5 — -V characteristics of the photodetectors under illumination
at different wavelengths (inset: dark I~V characteristics)

The IV characteristics of the photodetectors under
illumination at different wavelengths were also obtained
(Fig. 5), along with their corresponding spectral response
(Fig. 6). It was found that the investigated sample exhibits peak
sensitivity at wavelengths of 950 —970 nm, with a quantum
efficiency (QE) of approximately 0.9 in this range. At the YAG
laser wavelength, the QE reaches about 0.4 (Fig. 6).
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Fig. 6 — Spectral sensitivity characteristic of the photodiode and
its quantum efficiency

The short-wavelength minimum of the spectral
response is determined by the depth of the p—n junction,
which is 4 — 5 um; accordingly, radiation with 4 <400 nm is
absorbed by the doped layer [19]. The position of the short-
wavelength edge of the spectral response can be adjusted by
varying the depth of the phosphorus dopant. The long-
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wavelength minimum of the spectral response is determined
by the sensitivity of the bulk material, while the response
close to 1000 nm depends on the crystal thickness together
with the reflective properties of its back surface [20].

The dependence of Spuise on the bias voltage Upias was
obtained (Fig. 7). It was found that at a bias voltage
Upias =— 90V, the photosensitivity reaches saturation,
which indicates that the depletion region extends across
the entire thickness of the substrate at this voltage.

In order to evaluate the photodetectors, their
detectivity (D*) was quantified using formula (2), and the
dependence D* (Usias) was obtained (Fig. 7 inset).

* A
D = dyRIESpulse (2)

From the dependence of D* (Upiss) it can be seen that
within the voltage range of 0 — 20 V, there is a significant
increase in detectivity due to a substantial rise in
photosensitivity accompanied by a minimal change in
dark current. As the voltage increases further, the dark
current grows while the photosensitivity saturates,
resulting in a decrease in detectivity. For | Upiss| >80V,
the detectivity changes minimally because both the dark
current and photosensitivity have reached saturation.
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Fig. 7 — Dependence of photodetector sensitivity on bias voltage

The output pulse characteristics of the photodetectors
with a pulse duration of 500 ns were also measured. It was
found that at the saturation voltage (Fig. 8a), i.e., when the
space-charge region extends across the entire crystal
thickness (Ubias~— 100V), the rise and fall times of the
signal reach their minimum values and do not decrease
further with increasing bias voltage (zise=35—45 ns,
71 = 40 — 45 ns). This behavior is due to the fact that in p—i—
n photodetectors, the speed of response is dominated by
carrier drift in the strong electric field; therefore, the highest
speed is achieved when the space-charge region spans the
full crystal thickness. At lower bias voltages, in addition to
the drift component, a diffusion component appears because
charge carriers are collected over a distance equal to the
sum of the space-charge width and the diffusion length of
minority carriers (W; + L) from the p-n junction. The
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presence of the diffusion component in carrier transport to
the p—n junction leads to a decrease in the detector speed
(Ubias == 80V), zrise = 90 — 100 ns, zun = 170 — 180 ns).

T T T T T
0.0 ’,qu—-J 0.0
0.1

0.1F

S putser ATW

03

1 i 1 ] 1

0 250 500 750 1000 1250 1500

Trise T, ns Tpant
a
T T T T T
0.0 0.0
0.1
0.1 q
g
N;;
%)
03 1
) 0.9
0.4 § 110
1 1 i 1 1 1
0 250 500 750 1000 1250 1500
Tyise T, ns Thatt
b

Fig. 8 — Pulse output characteristics of PD at (a) |U| =100V
and (b) |U| =80V

The electrons drift time tqr across the i-region of width
Wi under an electric field E can be expressed as:

Loy =—t=—1 3

Here, v, = u,E represents the electron drift velocity in

an electric field E, and 4 denotes the electron mobility. The
ratio of the drift time across the i-region to the diffusion
time through the p—n photodiode base t4ir can be written as:

tdr _ VVL/ﬂnE — I/Vizlﬂnljbias _ 2(0

tyy WZI2D,  W?/2D, U,

bias ( 4)

As D,/u,=kT/q=¢, with k as the Boltzmann

constant and T as the temperature.

It should be noted that the photodiode sensitivity
reaches its maximum in two cases: when the space-
charge region extends across the entire crystal thickness
(5), or when the sum of the minority carrier diffusion
length and the space-charge region width equals the
crystal thickness (6).
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X=L+W ®)

X=W, ©)

Accordingly, by determining the thickness of the high-
resistivity region of the photodetector crystal, the width
of the SCR can be calculated using (6). Considering that
the combined thickness of the phosphorus- and boron-
doped layers is approximately 10 um, and the total
crystal thickness is 500 um, the thickness of the high-
resistivity i-region is 490 um. Consequently, at a bias
voltage of 100V (saturation), the space-charge region
extends to a thickness of 490 um.

By knowing the thickness Wi of the high-resistivity
region of the photodiode, the acceptor concentration Na in
the i-region can be calculated using formula (7):

1

m _ [2880 (¢C - UbiaS)]Z (7)
eN,

Here, ¢ and o denote the dielectric constants of silicon
and vacuum, respectively, and ¢ is the contact potential.
Knowing the acceptor concentration and assuming full
ionization of impurities at room temperature (p = Na), the
silicon resistivity can be calculated from the standard
expression for p-type semiconductor conductivity:

o-=i=eNA,up 8
o)

According to the applied methodology, it was found that
the specific resistivity of the base material of the finished
crystal reaches approximately p=20.5-21.5kQ cm,
indicating minimal degradation of the silicon’s electrophysical
properties after processing. Maintaining a high specific
resistivity of the crystal’s i-region (and, correspondingly, a low
doping concentration, Na) allows fabrication of samples with
minimal junction capacitance (Fig. 7), since the capacitance is
inversely proportional to Na as:

1
2
gggelN ]

Crp =App| — 24—
RE e (2(¢c - Ubias)
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4. CONCLUSIONS

A single-element silicon p-i-n photodiode incorporating
a pttype guard ring isotopically consistent with the
substrate material has been developed and fabricated. This
design, comparable to structures with a n*type guard ring,
demonstrates stable electrical characteristics by
minimizing the influence of surface inversion channels.
Utilization of high-resistivity silicon with a long minority-
carrier lifetime ensures that dark current remains low
while photosensitivity remains high. The high sensitivity
is also attributed to the extension of the space-charge layer
through the substrate at low voltages, thereby improving
photogenerated carrier collection efficiency. Maximum
spectral sensitivity was reached at 950—970nm
(QE ~ 0.9), while at the YAG laser wavelength the QE was
about 0.4, confirming the photodiode’s suitability for
infrared detection. The results highlight the potential of
the developed photodiode for future use in advanced
optoelectronic applications, including laser detection
systems, measurement instruments, and high-speed
communication devices.
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p-i-n oroaion i3 3axucHUM Kiabuem p+t

J1.0. Hogikogs!, M.C. Kykypynssak2, A.O. Boporbsko!, M.C. Comonkmnii2, B.C. AuToHmok!

1 Hauyionaneruli mexniunuil yHisepcumem Yrpainu "Kuiscvrkuli nonimexnivunuil incmumym imeni Ieopsa Cikopcvroz2o”,
03056 Kuis, Yrpaina
2 Yephiseupkull HauioHanbHul yHigepcumem imeri IOpis @eovrosuua, 58012 Yeprisui, Yrpaina

B mawmiit poboTi mpeacTaBaeHo po3poOKy Ta aHAJII3 OJHOEJIEMEHTHOTO KPEeMHIEBOTO p-i-1 (POTOMIONA 3 OXOPOHHUM
KUIBIIEM p*-THUILy, 130TOITHO MOMIOHMM [0 IMIKJIATKA. 3alpollOHOBAHE KOHCTPYKTHBHE PIIIEHHS CIIPOIIYE IIPOIIEC
BHUTOTOBJICHHSI, 3a0e3Ieuye Kpalily cTadiIbHICTD ITapaMeTpiB 1 3MEHIIye BILJIUB MOBEPXHEBUX IHBEPCIMHUX KAHAJIB HA
TEMHOBUM CTPyM Ta YyTJIMBICTb HpWiIany. Buximamm marepiasioMm OyB MOHOKPHCTAJIYHHIM KpeMHIM p-tuiy 3
opierTarrieo <111>, Bucokoro mtomoro oropy (18 — 22 kQ cm), Ges gucsorartii. TeXHOJIOrsT BUTOTOBJIEHHS TIPUIIAILY
IpyHTYBaJacsa Ha OuysiifHO-IIAaHAPHOMY IIPOLleci ¥ BRJIIOYAJIA ITOC/II0BHE (POPMYBAHHS OXOPOHHOTO p* KiJbIA Ta
cBiTI0uyTIIMBOL 1t obsacti. [lomepente MomemoBanHsa Mudy3IMHUX IIPOIECIB MIATBEPANIIO BiICY THICTE IIEPEXPECHOT0
JIETYBAHHSA MK 00JIACTSIMU, BUSABUJIO 3AJIEYKHICTD IIPOILTIB KOHIIEHTPAITIl JOMIIIOK Bl TJIMOMHHY, a TAKOMK JTO3BOJIJIO
OLIHUTH TI€PEPOSTIOILII JOMIIITKA Ha MesKl PO3ILLY MaTepiaJIiB i 4ac TePMIYHOTO OKMCHEHHS Ta MOro MOTAJIBII 3MIHK
Ha cramil nudysii. ExcriepruMeHTaIbHI JOCTIMKeHH BRIoYa M BuMipoBanda BAX temuoBoro crpymy Ta dpotocTpymy
Opy pI3HUX JOBYKMHAX XBUJIb, 4 TAKOK BH3HAYEHHSI CIEKTPAJIbHOI dyrsmBocri. JociimxyBamuii  doromiorn
MPOIEMOHCTPYBAB INKOBY YyTJIMBiCTh y miamasori 950 — 970 um i3 kBanTOBOI0 edertuBHicTIO (QE), sHauenHs sroi
HabmmKraeTses 10 0.9, Tomi ax Ha goBxuHI XxButi YAG-masepa suavenns QE amenmmiocsa mpubmmaao 1o 0.4. ITosre
301THEeHHs 00JIACTI IPOCTOPOBOTO 3apsily IO BCi TOBIIMHI MIKJIAAKH crocTepirayocsa mpu Upies =— 100 B. 3a el
HAIPYIY YaCHU HAPOCTAHHS Ta CHA/y CUTHAJY HACUIYBAJIMCA HA MIHIMAIBHUX 3HAYEHHSX (Trse = 35 — 45 He, zan =40 —
45 He) 0e3 MMOIAJIBIIOT0 3MEHIIeHHS HPY OUIBIINX HANpyrax aMmimeHHsx. OTpuMmani maHl MATBEPIyKYIOTh BHCOKHI

moreHIriaa OTOMIONA I BIPOBAKEHHS B ONTOEJEKTPOHHUX CHCTeMaxX. I[loeTHAHHS BHCOKOI

KBaHTOBOL

e(heKTUBHOCTI, MAJIOl TPUBAJIOCT] BIATYKY Ta CTAOLIBHOCTI MAPaMeTPiB POOUTD HOr0 IIEPCIIEKTUBHUM JIJIS 3ACTOCYBAHHS
y cdepi JIa3epHOro JeTeKTyBAHHS, BUCOKOTOYHOIO BUMIPIOBAHHS Ta TEJIEKOMYHIKAITIl.

Knwouosi cnosa: Kpemniesuit doromion, p-i-n mion, Jlerysanus, Temuosuit ctpym, CrexTpaibHa 4yTIABICTD,

JleTexkTyBaHHS 1H(QPAYEPBOHOIO BUIPOMIHIOBAHHS.
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