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Abstract

Introduction. The interest in improving pin-structures continues to attract research attention in the field of de-
veloping such electronic devices as non-volatile memory, static voltage protection systems, pin-diodes with ad-
justable characteristics, etc. However, the issue of controlling the characteristics of pin-structures by applying a
discrete metallization layer on the surface of the j-region remains to be understudied.

Aim. To study the effect of a discrete metallization layer on the i-region surface on the static and dynamic character-
istics of the respective pin-structure, the level of defect compensation and the efficiency control of the pin-
photodetector.

Materials and methods. The pin-structure under study comprised a p'-boron-doped region; an n'-
phosphorus-doped region; an i-phosphorus-doped region; a semi-insulating substrate; a metallized substrate; a
polysilicon control gate; and a silicon oxide dielectric layer. A two-dimensional numerical analysis of the potential dis-
tribution, as well as the concentration of free charge carriers and currents, was performed in the Synopsys Sentaurus
TCAD environment.

Results. A two-dimensional analysis of discretely metallized pin-structures was performed. The stresses applied
to the gates of the j-region, which compensated for the influence of defects formed by electron irradiation,
were determined. Four pin-photodetector structures were simulated, in which the control gates were realized in
the form of a metal-insulator-semiconductor (MIS) structure. The possibility of increasing the sensitivity of pin-
photodetectors by applying specifically selected potentials to the gates was demonstrated.

Conclusion. Effects of a discretely metallized i-region of the pin-structure was studied. A method for correcting
the characteristics of the irradiated pin-diode to the initial characteristics was proposed, which permits the use
of such diodes in areas with a high radiation level. The design of a high-sensitivity photodetector is proposed,
the control gates of which are located on the surface of the i-region. The low-doped i-region is split into two re-
gions (p- and n-type conductivity).
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AHHOTauuMA
BeefieHMe. B HacTosiLLee BpeMs MHTepec K COBEPLLEHCTBOBAHWNIO pin-CTPYKTYP MPOAO/IKAET OCTaBaTbCs B LieHTpe
BHVMaHMA Pa3paboTUMKOB 3/1eKTPOHHBIX YCTPONCTB. K yCTporcTBaM, B KOTOPbIX MCMOMB3YHOTCA Takne CTPYKTYpb,
MOXHO OTHECTW 3HeProHe3aBNCLMYIO NaMsATh, YCTPOMCTBO 3aLUMTLl OT CTaTUYECKOro HamnpsiXXeHWs, pin-A4nojel ¢ pe-
ryIMpyemMbIMA XapakTepuctnkamu 1 ap. OAHaKo BOMPOCY YMPaBieHWst XapakKTepucTKammn pin-CTpykTyp nocpea-
CTBOM MCMO/b30BaHWS ANCKPETHON MeTanIn3aLmm Ha NoBepXHOCTY i-061acTy yeNeHo HeAoCTaTOuHOe BHUMAaHNe.
Lienb pa6oThbl. ViccnesosaHne BANSHUA ANCKPETHON MeTanamsaumm NoBepxHOCTH -061acTh Ha cTaTuYeckme v
ANHaMMYeckre xapakTepucTUKN pin-CTPYKTYpPbl, KOMMeHcaumo AedpekTos, ynpaeneHne 3¢pPekTUBHOCTLIO pin-
doTogeTekTOpa.
MaTtepuanel n metoabl. Vccnegyemas pin-CTpykTypa COCTOUT U3 p+-061acTu, NermpoBaHHON 60poM; n+-
obnactu, nermpoBaHHoOM ¢ochopom; i-o06aacTu, nermpoBaHHOM GocPopom; NOAYN30AMPYIOLLEA NOANOXKKM; Me-
TanIM3auMn NOAM0XKY; YNPaBAAIOLLEro 3aTBOPa M3 MOANKPEMHUS; C10A AN3NEKTPUKa U3 OKCUAA KPeMHUS.
JBYMEepHbIVi YNCIEeHHbIV aHann3 pacnpejeneHns noTeHumana, KOHLEeHTpaumm cBoboAHbIX HoCUTeNeln 3apsaja
1 TOKOB BbIMOJIHANCA B cpege Synopsys Sentaurus TCAD.
PesynbTatbl. BbinonHeH JABYMEpHbLI aHanM3 JUCKPETHO MEeTaNM3NPOBAaHHbLIX pin-CTpyKTyp. OnpejeneHbl
Hanps>XeHWs, nojaBaemble Ha 3aTBOPbI -061aCTW, KOMMNEHCUpYLoLLMe BAnsHWE fedeKToB, 06pa3oBaHHbIX 3/1eK-
TPOHHBIM 06/1yyeHVeM. poBeAeHO MOAENMPOBaHMe YeTbipex CTPYKTYP pin-poTofeTekTopa, B KOTOPbLIX yrnpaB-
NStoLLMe 3aTBOPbI BbIMOSHEHbI B BUje CTPYKTYPb! MeTan1-AN3NeKTPUK-NOoAYNPOBOAHUK. MNoKa3aHa BOSMOXHOCTb
yBeMYeHVs YyBCTBUTENBHOCTY pin-poTofeTekTopa Nojayeri COOTBETCTBYOLLMX MOTEHLMaN0B Ha 3aTBOPbI.
3akntouyeHune. VccnefoBaHO BAUSHUE JUCKPETHOW MeTanamsaumm -obnact pin-CTpykTypbl. MNpeanioxeH Mme-
TOZ KOPPEeKLMM XapakTepuUCTUK 0by4eHHOro pin-Anoaa A0 NCXOAHbBIX XapaKTepUCTUK. TeM CaMbIM MOSBAAETCS
BO3MOXHOCTb UCMO/b30BaHUA TakKnX ANOAOB B 31eKTPOHMKE C BbICOKMMM TPe6OBaHNAMM K paboTe B 30HaXx C
MOBbILLEHHOV pajvaumnein. MpejnoxeHa KOHCTPYKUMS (OTOAeTeKTOpa MOBLbILLUEHHOM YYBCTBUTENbHOCTU C
ynpaBAsoLWMMK 3aTBOPaMU Ha MOBEPXHOCTU j-061acTn U € pasjeneHmnemM CTPYKTYpPbl HU3KONErMpoBaHHOWN i-
06nacTn Ha ABe 061acTh p- 1 N-TUMOB NPOBOAVMOCTU.

KnioueBble cnoBa: pin-Anog ynpasnsemebli, pin-Anoa nporpammupyemelii, MAMN-3atBopsbl i-o61actu, Synopsys
Sentaurus TCAD
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Introduction. Pin-diodes with control gates lo-
cated on the surface of the i-region are increasingly
attracting research attention due to their expanded
functionality and the ease of integrating with other
devices. A number of studies have reported the de-
velopment of pin-diodes with a discrete metallization
layer on the surface of the i-region. Thus, changing
the switching time of controlled pin-structures was
considered in [1]. Additionally, gate-controlled pin-
diodes are applicable for the antistatic protection of
integrated circuits [2]. Thus, a non-volatile memory
device was developed on the basis of a pin-structure
in [3]. The integration of controlled pin-structures in-
to non-volatile memory was considered in [4, 5]. Re-
cently, the use of 3D shutters in pin-structures has
become widespread [6].

Some articles investigated the effect of radiation
on instruments and devices. For example, in [7], the
degradation of silicon n*—n—p*-structures as a result

of exposure to high-energy (1015...1016 cm_z)
electron/proton irradiation was studied. The study [8]
aimed to investigate the effect of electron irradiation
on the current-voltage curve (CVC) and low-
frequency noise (current and 1/f) of 4H-SiC
pin-diodes.

In [9], the CVC and Schottky barrier of a p-type
diode were studied depending on the dose of electron
irradiation. During irradiation, the crystal structure
and electrical properties of semiconductors may vary.
In some situations, these parameters are varied inten-
tionally to accurately adjust the speed and capacity of
devices. In [10-12], the effect of high-energy particle
irradiation on the dynamic characteristics of diodes
was investigated. It is known that radiation may cause
undesirable changes in diode characteristics [13]. A
number of studies [14-16] were devoted to the effect
of metal electrodes located on the surface of
the i-region on the properties of respective pin-diodes.

This article is devoted to simulating silicon pin-
diodes with a discretely metallized surface. The influ-
ence of defects, which are associated with electron ir-
radiation of pin-diodes, on the CVC and opening time
of such diodes was studied. The static and dynamic
characteristics of pin-diodes were corrected by apply-
ing specifically selected potentials to the pin-structure
gates. The voltages applied to the gates to compensate
for the impact of defects were determined.

In addition, the article investigates the influence
of metal electrodes located on the surface
of the i-region to sensitivity of photodetectors based

on pin-structures. Four different designs of pin-
photodetectors were studied, the floating gates in
which were realized in the form of a metal-insulator-
semiconductor (MIS) structure. The effect of the gate
geometry and applied potentials on the sensitivity of
the photodetector was elucidated. In addition, the ef-
fect of splitting the low-doped i-region into two low-
doped regions of p- and n-type conductivity on the
sensitivity of the pin-photodetector was investigated.
Simulations were performed in the Synopsys Sentau-
rus TCAD environment.

Simulation of pin-diodes. The Synopsys Sentau-
rus TCAD software can be used to describe the traps
resulting from irradiation, which create additional
energy levels in the band gap, as well as to consider
the capture and storage of space charge in the traps.
In order to study the effect of electron irradiation on
the CVC and opening time of pin-structures, a com-
pletely irradiated structure was used. These structures
are characterized by a uniform distribution of traps,
which have parameters corresponding to those of
electron irradiation [17]. For preliminary analysis
and modeling, the structure presented in Fig. 1 was
selected. During simulations, the geometric dimen-
sions of the control electrodes and their potentials
were selected such that the most effective impact on
the CVC and switching time could be achieved.

Fig. 2 shows the CVC for the initial and electron-
ically irradiated pin-structures across the range from
0to 1.7 V. In the developed structure with a discrete-
ly metallized surface, the contribution of traps to the
CVC is compensated by applying voltage to the
gates. Positive voltages act similarly to traps, leading
to a decrease in the angle of the CVC inclination.
Under negative voltages, the opposite situation is ob-
served, thus allowing the impact of defects on the
CVC to be compensated. Voltages of different signs
applied to the gates produce the best result in terms
of correcting the CVC of pin-structures. Thus, when
applying a negative voltage to the gate Gl

Ug1 =-5.2V and a positive voltage to the gate G3

Ugz =5.2V, a maximum increase in the slope of

the CVC was achieved. An almost linear dependence
was reveled between the gate compensating stresses
and defect concentrations.

Defects in the pin-structure change the rate of the
current rise. As a result, a correction of the switching
characteristics is required in order to return the open-
ing time to that of a defect-free pin-diode. As shown
in [18], the switching characteristics are controlled
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Fig. 1. Structure of the pin-diode under study: S — source; G1-G3 — gates; D — drain; 1 — p* -region doped with boron with

a concentration of 1-10%° cm™3; 2 - n*-region doped with phosphorus with a concentration of 1-10%° em™3; 3- n-region doped

with phosphorus with a concentration of 1101

cm‘3; 4 — semi-insulating substrate; 5 — metallization of the substrate;

6 — polysilicon control gate with a thickness of 4 nm; 7 — layer of silicon dioxide dielectric with a thickness of 1.8 nm
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Fig. 2. Compensation of the pin-diode current-voltage
characteristics (CVC) with additional gates. Red line — the
initial diode CVC; black line — diode CVC after irradiation;

blue line — diode CVC after irradiation and gate
compensation (Ugy =-5.2V; Ugy, =0; Ugz3=5.2V)

by the gates on the surface of pin-structures. Fig. 1
shows G1-G3 gates, which provide correction of the
switching characteristics given in Fig. 3. The side
gates (G1 and G3) provide adjustment of the current
and opening time, thus allowing control of the CVC
slope and switching characteristics. The introduction
of the middle G2 gate into the model allows the
opening time to be customized. When a positive bias
was applied to G2, the opening time decreased (Fig. 3,
4, Ugp =06 V) , While a negative bias led to an in-

crease in the opening time (Fig. 3, 3, Ug, =—0.8 V)

. The simultaneous use of three gates makes it possible
to adjust the switching characteristics of the pin-diode
quite accurately, as can be seen when comparing de-
pendencies 1, 2, and 3 in Fig. 3. The correction results
are displayed by dependence 5.

Thus, the conducted simulations confirmed the
possibility of correcting the characteristics of pin-
structures exposed to electron radiation by applying
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Fig. 3. Switching pin-diode characteristics: 1 — original
(without defects); 2 — irradiated diode; 3 — irradiated diode
with increasing opening time due to voltage

at the compensating gate (Ug, =— 0.8 V); 4 —irradiated
diode with decreasing opening time due to voltage
at the compensating gate (Ug, =0.6 V); 5 — irradiated diode

with compensating voltage at the compensation gates
(Ug1=-52V; Ugy=-06V; Ugz=52V)

three MIS gates to the diode surface and specifically
selected potentials. Adjustable characteristics include
the CVC and those of the opening of a pin-structure.
The proposed method is suitable for correcting the
deviation of the operating characteristics of an irradi-
ated diode to its factory characteristics, thus allowing
such diodes to be used in electronics meeting strict
requirements for work in high-radiation areas. In ad-
dition, the proposed method ensures a longer service
life of electronic devices.

Another research aim was to study the effect of
metal electrodes (gates) located on the surface of the
i-region on the sensitivity of pin-photodetectors.
Four designs of pin-photodetectors were studied, in
which the control gates were realized in the form of a
MIS structure.

The Characteristics of the pin-Structure with a Discrete Metallic Surface i-Region
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Fig. 4. Topology of the original pin-photodetector: S — source; D — drain; 1 — p* -area doped with boron with
a concentration of 1-102° cm™3; 2 —n*-area doped with phosphorus with a concentration of 1-10%° cm™;

3 —i—n-area doped with phosphorus with a concentration of 1-10% em™3; hv— optical irradiation
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Fig. 5. Structure of the pin-photodetector with one-side paired control gates: S — source; G1, G2 — control gates; D — drain;

1 - p* -region with boron with a concentration of 1-10% cm~3; 2- n"-region doped with phosphorus with a concentration
of 1.10% cm™3; 3- i—n-region doped with phosphorus with a concentration of 1-10"° ecm™3; hv - optical irradiation.
Gate thickness is 4 nm, gates dielectric thickness is 1.8 nm

S 12V Gl Y D

) ] |m| i 4V

3
4

S Y S N

Fig. 6. Structure of the pin-photodetector with two-layer i-region and one-side paired control gates: S — source; G1, G2 —

ov

control gates; D — drain; 1 — p* -region doped with boron with a concentration of 1-109 ecm™3: 2- n*-region doped with
phosphorus with a concentration of 1-10%° cm™3: 3 — i—p-region doped with boron with a concentration of 1-10*° cm™3; 4 — i-n-

region doped with phosphorus with a concentration of 1-10% cm™3; hv— optical irradiation.
Gate thickness is 4 nm, gates dielectric thickness is 1.8 nm
G1
-12V D
ov S : . +4V

1 | | 4

3

R S

Fig. 7. Structure of the pin-photodetector with two-layer i-region and the and full-covering top and bottom control gates: S —

source; G1, G2 — control gates; D — drain; 1 — p* - region doped with boron with a concentration of 1.10% cm’3;

2 —n"- region doped with phosphorus with a concentration of 1-10%° cm~3; 3 — i-p- region doped with boron with a concentration

of 1-10% cm=3; 4 —i-n- region doped with phosphorus with a concentration of 1-10'® cm=3; hv — optical irradiation.
Gate dielectric thickness is 1.8 nm, gates thickness is 4 nm

The scheme of the initial pin-photodetector is  the gates affect the sensitivity of the pin-

shown in Fig. 4. The effect of the gates located on  photodetector rather significantly.
the surface of the i-region was studied using a photo- The next stage of the research was to elucidate the
detector, the structure of which is shown in Fig. 5.  effect of splitting the low-doped i-region into two re-
The simulation results show that both the gate length  gions — i—p and i—n types — on the sensitivity of the pin-
in the direction of carrier drift and the potentials at  photodetector. Such a design is assumed to contribute to
a more efficient separation of electron and hole flows,

XapaKTepUuCTHKHU PiN-CTPYKTYPhI € AUCKPETHO METAJIM3MPOBAHHOI MOBEPXHOCTHIO i-00,1aCTH 45
The Characteristics of the pin-Structure with a Discrete Metallic Surface i-Region



N3Bectns By3oB Poccun. Pagnodmrexrponnka. 2020. T. 23, Ne 1. C. 41-51
Journal of the Russian Universities. Radioelectronics. 2020, vol. 23, no. 1, pp. 41-51

thereby reducing the recombination process. The stud-
ied structures are presented in Fig. 6 and 7.

Simulation of a pin-photodetector. In the pro-
cess of modeling, the spectral characteristics of pin-
photodetectors and the distribution of charge carriers
in the i-region were studied, taking into account the
Shockley—Read—-Hall recombination for the four
structures shown in Figs. 4—7. The parameters of the
studied structures are detailed in the figure captions.
In the structure shown in Fig. 5, the i-region is
formed by doping with phosphorus (i-n). For the
separation of charges, a potential of +12 V is applied
to both gates. For the separation of charges in the
structure in Fig. 6, where the i-region is doped with
boron (i—p), a potential of —12 V is applied to both
gates. For the separation of charges in the structure in
Fig. 7, a potential of —12 V is applied to the gate G1
located on the i—p-region, while the potential +12 V

lq, NA
50
40
30
20
10

0 | | |
0.2 0.4 0.6 08 A, um

Fig. 8. Spectral characteristics for pin-photodetector structures:

1 —initial (see fig. 4); 2 — with one-side paired gates and one-layer

i-region (see fig. 5); 3 — with one-side paired gates and two-layer

i-region (see fig. 6); 4 — with full-covering gates and two-layer
i-region (see fig. 7)

S-R-H Recombination (cm3/s)

1.000e+13 2.943e+14 8.639e+15 2.536e+17 7.444e+18 2.185e+20  6.415e+21

a
S-R-H Recombination (cm®3/s)

1.000e+13  2.943e+14  8.639e+15 2536et]17  7444e+18  2.185e+20  6.415e+21

is applied to the gate G2 located on the i—n-region.
\oltages at the gates and drain are selected such that
the greatest difference between the characteristics of
the modified devices and those of the original photo-
detector could be achieved (see Fig. 4).

In studying the spectral characteristics of pin-
photodetectors, a potential of +4 V was applied to the
drain. The spectral composition and intensity of opti-
cal radiation were assumed to be the same for all to-
pologies. The simulation results shown in Fig. 8
demonstrate that the spectral characteristics of both
photodetectors are close, however, the photocurrent
(sensitivity to optical radiation) is maximum in the
pin-photodetector with full-covering gates and two-
layer i-region (Fig. 7). A comparison of the charac-
teristics shows that using of gates leads to a greater
separation of electrons and holes in the i-region
(Fig. 8, curves 1 and 2). The splitting of the i-region
into two layers with different conductivity types, along
with extended gates on both sides of the structure
(Fig. 7), permits a higher photocurrent to be achieved
in comparison with the structure shown in Fig. 6.

The simulations performed in the Synopsys Sen-
taurus TCAD environment made it possible to study
the effect of the Shockley—Read—Hall recombination
on the distribution of charge carriers in the i-region
of pin-photodetectors. Fig. 9 shows the results ob-
tained for the four investigated structures. When the
i-region is divided into two low-doped parts, elec-
trons and holes pass through the semiconductors of
the i-n and i—-p-conductivity, respectively. In addi-
tion, their separation by the vertical field of full-
covering gates (structure according to Fig. 7) occurs

S-R-H Recombination (cm3/s)

2943e+14

1.000e+13 8.639e+15  2.536e+17 7.444e+18  2.185e+20 6.415e+21]

b
S-R-H Recombination (cm?3/s)

1.000e+13  2.943e+14 8.639e+15 2.536e+17 7.444e+18 2.185e+20 6.415e+21

Fig. 9. Shockley—Read—-Hall Recombination for the studied pin-photodetector structure: a — initial (see fig. 4);
b — with one-side paired gates and one-layer i-region (see fig. 5); ¢ — with one-side paired gates and two-layer i-region
(see fig. 6); d — with full-covering gates and two-layer i-region (see Fig. 7)
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more efficiently than when the gates are located on
one side (structure according to Fig. 6) (Fig. 9, ¢ and
d). As a result, for topologies with a split i-region,
the Shockley—Read—-Hall recombination manifests it-
self to a lesser degree: the more efficiently the carri-
ers are separated by the gate field, the less pro-
nounced the Shockley—Read—-Hall recombination be-
comes. Thus, the introduction of layers of different
conductivity types in the i-region of pin-
photodetectors in combination with full-covering
gates on both sides, allows the photocurrent to be in-
creased up to about 20%, compared to basic pin-
photodetectors.

Discussion. The article solves the problem of
controlling the characteristics of pin-structures using
gates on the surface of the i-layer. Such problems are
encountered in the development of non-volatile
memory, static voltage protection devices, pin-diodes

with adjustable characteristics, etc. The proposed
method for correcting the characteristics of an irradi-
ated pin-diode to its original characteristics opens up
the possibility of using such diodes in electronics
meeting strict requirements for work in high-
radiation areas.

A 2D calculation of the distribution of the con-
centration of free charge carriers and potential in the
pin-structure of a photodetector was carried out. A
structure for a high-sensitivity photodetector featur-
ing control gates on the surface of the i-region and
the separation of the low-doped i-region structure in-
to two regions with p- and n-types of conductivity
was proposed. The conducted research confirmed
that a discrete metallization of the surface of the i-
region has a positive effect on the main characteris-
tics of devices based on pin-structures.
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