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ABSTRACT The main parameters of the p-i-n photodiodes (PD) are responsivity, dark current and capacity of responsive
elements (RE). To ensure the maximum values of the specified parameters, it is necessary to use defect-free silicon with the
maximum values of resistivity and life time of minor charge carriers. These characteristics of the starting material degrade
during high-temperature thermal operations. Therefore, it is worth using a technology that allows you to avoid the
degradation of silicon characteristics. This can be implemented by reducing the temperature of diffusion and oxidation
operations, as well as by reducing the number of actual thermal operations. The samples were made according to two
versions of the technology: diffusion-planar using two-stage diffusion of phosphorus from planar sources, and
mesotechnology using one-stage diffusion of phosphorus using liquid PCl; diffusant. After manufacturing, the PD
parameters were compared. The use of mesotechnology with one-stage diffusion of phosphorus made it possible to reduce
the number of thermal operations by two times compared to serial technology. The experimental samples had a pulse
responsivity at a wavelength of 1.064 um of 0.47-0.50 A/W, and the serial ones had a responsivity of 0.45-0.48 A/W. The
difference in responsivity is caused by the difference in the life time of minor charge carriers, since in the case of the
proposed technology, the degree of degradation of the life time of minor charge carriers during the manufacturing process
is smaller. After selective etching, it was seen that when using a liquid diffusant, the density of dislocations on the crystal
surface is much higher than when using planar sources of phosphorus. Due to the higher density of dislocations, the
experimental samples had higher dark currents, but when using a low bias voltage, the difference in dark currents is
insignificant. The RE capacity of the experimental samples was slightly lower than that of the serial ones. This can be

explained by the difference in the resistivity of the i-region of the final crystals.
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I. INTRODUCTION

ith the development of optoelectronics and
thotoelectronics, the requirements for their

element base are increasing. In particular, the
development and production of detectors of near-IR
radiation, which will have high photosensitivity with
minimal noise levels, is becoming more and more
relevant. Silicon p-i-n photodiodes (PD) are widely used
representatives of photodetectors of IR radiation.
Sensitive crystals of PD with a p-i-n structure are two thin
low-ohmic n'- and p'-regions, between which there is a
sufficiently long high resistance i-layer depleted of free
carriers. If no external voltage is applied to such a
structure, the field in the i-layer is small and generated in
it charge carriers will move as a result of diffusion. With
the reverse bias of the p-i-n structure, all the voltage will
drop in the high-resistance region and the generated
carriers under the action of a strong electric field will fly
through the i-layer without having time to rebind [1].

The main parameters of the described PDs are
resposivity (S), dark current (/, or dark current density -
J,) and capacity of responsive elements (RE) (Cyz). Note
that each of the specified parameters depends on the life
of minor charge carriers (1) and resistivity (p) of the
silicon used. In particular, the responsevity and dark
current of the detector depends on the structural

perfection and purity of the high-resistance i-region [2].
Accordingly, to ensure the maximum values of the
specified parameters, it is necessary to use defect-free
silicon with the maximum values of T and p. Note that
these parameters of the starting material degrade during
high-temperature thermal operations due to the diffusion
of uncontrolled metal impurities into the substrate volume
and the formation of defects caused by various
technological factors [3, 4]. Minimizing the degradation
of the electrophysical characteristics of silicon is an
urgent scientific and technical task, for the
implementation of which various methods of
heterogenization are used. They make it possible to create
a near-surface region free of structural defects and
contaminating metal impurities in the silicon wafer, in
which active and passive elements of the detector regions
are formed [5, 6]. Gettering itself is a process of
dissolving unwanted impurities followed by their
diffusion and precipitation in specially created zones of
substrates - getters, where they do not have a harmful
effect on the operation of the device or can be removed
(by etching, cutting, etc.).

It is worth noting that the process of heterogenization
often requires the introduction of additional operations
into the technological route, which complicates the design
or topology of the product, as well as the cost. Therefore,

p-ISSN 2786-8443, e-ISSN 2786-8451, 01002(5) | Yuriy Fedkovych Chernivtsi National University | www.chnu.edu.ua



SISIOT Journal | journals.chnu.edu.ua/index.php/sisiot

it is worth using a technology that allows you to avoid the
degradation of silicon characteristics. This can be
implemented by reducing the temperature of diffusion and
oxidation operations, as well as by reducing the number
of actual thermal operations. This can be implemented
using mesa technology [7, 8], as well as diffusion from
liquid diffusants in contrast to classical planar technology
[2, 6]. Accordingly, the goal of this work is the
development and manufacture of silicon p-i-n PDs with a
reduced number of thermal operations, compared to
classical technology, which will minimize the degradation
of the electro-physical characteristics of silicon and
improve the parameters of the PDs.

Il. EXPERIMENTAL

The research was carried out on silicon four-element
p-i-n PDs with a guard ring (GR). The samples were
produced according to two versions of the technology:
diffusion-planar technology using two-stage diffusion of
phosphorus from planar sources (Fig. 1) (commercial
photodiodes - PD-C), and mesotechnology using one-
stage diffusion of phosphorus using liquid diffusant PCI;
(experimental photodiodes - PD-E). After manufacturing,
the PDs parameters were compared. Single-crystal p-type
silicon with [111] orientation, resistivity p=16-20 kQ and
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FIG. 1. Planar sources of phosphorus.
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The PD-C technological route consisted of a complex
of four thermal operations and three photolithographies:
semiconductor substrates were oxidized (Fig. 2-al);
photolithography was carried out to create windows for
phosphorus  diffusion;  diffusion of phosphorus
(predeposition) to the front side to create n'-type REs and
GR (Fig. 2-a2); drive-in of phosphorus to redistribute the
alloying impurity and increase the depth of the n'-p-
transition (Fig. 2-a3); diffusion of boron to the reverse
side of the substrate to create a p'-type ohmic contact
(Fig. 2-a4); photolithography for creating contact
windows; sputtering of Cr-Au on the front and back sides.
The PD-C crystal can be seen in Fig. 3-a.

The PD-E technological route consisted of a complex
of two thermal operations and three photolithographies:
one-stage diffusion of phosphorus in an oxidizing
medium was carried out according to the regimes given in
[9], during which an 7 "-layer was formed on both sides of
the substrate covered with a SiO, film (Fig. 2-bl); further,
after chemical dynamic polishing (CDP) of the reverse
side of substrate, boron diffusion in the same side to
create a p'-type ohmic contact (Fig. 2-b2);
photolithography for the formation of windows for
etching the mesoprofile and actual etching of the
mesostructure by the CDP method (Fig. 2-b3). Note that
the film formed on the surface of the silicon substrate
during the diffusion of phosphorus is a mixture of SiO,
and phosorosilicate glass with a thickness of 0.27-0.33
microns, so it was etched, and the anti-reflective oxide
was applied by cathode magnetron sputtering (Fig. 2-b4).
The creation of contacts to the REs and GR was carried
out by the same method as in the PD-C. The PD-E crystal
is shown in Fig. 3-b.

The surface concentration of phosphorus in both
versions of the technology reached N;=3.8-10"°-4.1-10%
em? (Ry#2.7 Ohm/o), boron — N;=4.3-10%°-4.35-10%° cm™
(R=18 Ohm /o).

To study the defective structure of the surface of the
finished crystals, selective etching was carried out in
Sirtle's etchant [10].
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FIG. 2. Schematic section of a PD crystals of two variants of technology at various stages of production: a) diffusion-planar

technology (PD-C); b) mesotechnology (PD-E).
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FIG. 3. Image of photodiode crystals: a) PD-C; b) PD-E

I1l. RESEARCH RESULTS AND DISCUSSION
A. Responsivity of the photodiodes. To evaluate the
responsivity in the near-IR range of wavelengths, the
spectral characteristics of the responsivity of experimental
and commercial PDs were obtained (Fig. 4).
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FIG. 4. Spectral characteristics of the responsivity of PD-C and
PD-E.

As can be seen from fig. 4 PD-E have higher
responsivity than PD-C in the entire range of investigated
wavelength. At a wavelength of A=1.064 um, U,;,=120 V
and pulse duration 500 ns, the PD-C had an impulse
responsivity of Sy, =0.45-0.48 A/W, and the PD-E had
Spuise=0.47-0.5 A/W. And responsivity on the modulated
signal at Up,,=2 V for PD-C was 5,=0.35-0.38 A/W, and
for PD-E - §,=0.36-0.4 A/W. The difference in
responsivity can be explained by the difference in the life
time of minor charge carriers, since responsivity is
directly proportional to T (Eq. (1)) [9]. Although the PDs
were made of the same silicon, but in the case of PD-E,
the degree of degradation of T during the manufacturing
process is smaller due to the reduction in the number of
thermal operations

S=eﬂa(rn,un+rp,up), (1)

where e is the electron charge; B is the quantum yield; a is
the absorption coefficient; t,, T, — life time of electrons
and holes, respectively; w,, [, - mobility of electrons and
holes, respectively.

Note that in the case of PD-E, two operations with a
temperature of 1423 K, during which the diffusion of
uncontrolled impurities is the most, are excluded from the
technological route.
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B. Surface of the samples. After selective etching of
photodiode crystals, dislocation lines and grids of
different densities were found on their surface. For
comparison, selective etching of samples made by planar
technology using diffusion of phosphorus from PCl; was
also carried out [9]. From Fig. 5a, it can be seen that the
density of dislocations during diffusion from the liquid-
phase diffusant after the oxidation operation is the highest
(Ni=6-10"-8-10" cm™). This can be explained by the fact
that Buring diffusion from a liquid diffusant, a significant
amount of the impurity is placed in the interstices of the
crystal lattice and is not electrically active, unlike
diffusion from planar sources of phosphorus.
Accordingly, these impurities introduce significant
mechanical stresses due to the difference in the diameters
of phosphorus and silicon atoms, which leads to the
formation of dislocations.

In Fig. 5b shows the surface of PD-E after selective
etching. It can be seen from the figure that the density of
dislocations in this case is lower than in the previous one
(Nsi=2-10°-4-10° cm?), although the diffusant
concentration was the same. The decrease in the density
of dislocations is caused by the exclusion of oxidation
operations from the PD-E technological route, since
during thermal oxidation point defects are formed on the
surface of the substrates, which are clusters of Si atoms
formed as a result of oxygen diffusion. Accumulations of
these point defects are places of generation of dislocations
during the diffusion of phosphorus [11]. Accordingly, the
number of dislocations can be reduced by reducing the
density of oxidation defects.

PD-C had the Ilowest density of dislocations

(Nis=2:10°-4-10° cm™) (Fig. 5c¢).

FIG. 5. Surface of PD crystals after selective etching: a) crystal
with diffusion from the liquid-phase diffusant after the
oxidation; b) PD-E; c¢) PD-C.

C. Durk currents of the photodiodes. When measuring
dark currents, it was seen that PD-E had slightly higher
values of dark current than PD-C. The increase in the dark
current of PD-E is caused by the increased number of
dislocations compared to serial samples, which contribute
to the growth of the surface and volume generation
components of the dark current [2]. At Uy, =120 V PD-C
had J~80 nA/cm?, and PD-E - J,~250 nA/cm®. But note
that at U;,=2 V PD-C had J,=15-25 nA/em’, and PD-E -
J~25-30 nA/em’. Accordingly, at low bias voltages, the
difference in dark currents is insignificant, so the
proposed PDs should be used at low bias voltages.

D. Capacity of responsive elements. The capacity of the
responsive elements of the studied photodiodes differed
slightly (Fig. 6).
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FIG. 6. Dependence of capacity of responsive elements of
photodiodes on the bias voltage.

At Uyios=120 V Crg =10 pF in PD-E, and Cyg =12 pF
in PD-C. This can be explained by the difference in the
resistivity of the i-region of the final crystals. After all,
the capacity is inversely proportional to the resistivity
(Eq. (2)) [12], and in PD-E the degree of its degradation is
much lower due to the decrease in the number of dungeon
operations, in particular high-temperature ones

C, =20 @)
P '(% _Ubius)
where Agy; is effective area of RE; @ is contact potential
difference.

IV. CONCLUSION

Silicon p-i-n photodiodes with a reduced number of
thermal operations were manufactured and investigated.
The samples were made by mesotechnology and using
PCl; liquid diffusant and one-stage phosphorus diffusion.
This made it possible to avoid high-temperature thermal
oxidation operations, and to reduce the number of thermal
operations by two times compared to photodiodes
manufactured by classical planar technology. As a result
of the decrease in the rate of degradation of the life time
of minor charge carriers and resistivity of silicon, the
experimental samples had a higher responsivity and a
lower capacity than the serial products. However, the
proposed samples had slightly higher dark currents due to
the increased number of dislocations, but when they are
used at low bias voltages, the difference in dark currents
is minimal. The described photodiodes are manufactured
according to a much shorter technological route, which
reduces their cost.
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TexHonoria KpemHieBux p-i-n potoaioAais 3i 3MeHLIEHOO
KiNbKICTIO TepMiYHUX onepauii

Mwukona KyKypy.qaaul’z’*

1Kad)ep,pa e/1eKTPOHiKM i eHepreTuku, HHIPTKH, YepHiBeubkuii HalioHanbHWIA yHiBepcuTeT imeHi KOpis deakoBuya, YepHisui, YKpaiHa
lex(eHepHO-BMpOGHMLIMﬁ komnnekc 1, AT «LleHTpanbHe KOHCTPYKTOpCbKe 61opo PUTm», YepHisui, YkpaiHa

*ABTOp-KOpecnoHaeHT (EnekTpoHHa agpeca: mykola.kukurudzyak@gmail.com)

AHOTALLIA OcHoBHVMMM MapameTpamu p-i-n dotogjoais (PL) € YyTAMBICTb, TEMHOBUIA CTPYM Ta EMHICTb HOTOYYTNIUBUX
enemeHtie (PYE). Ona 3abe3neyeHH MaKCMMaNbHUX 3HaAYeHb BKa3aHMX MapameTpiB MOTPIBHO BMKOPUCTOBYBATU
6e34ePEKTHUI KPEMHIN i3 MaKCMMaNbHUMKM 3HAYEHHAMW NMUTOMOFO ONOPY Ta Yacy UTTA HEOCHOBHUX HOCIIB 3apagy. daHi
XapPaKTEPUCTUKM BUXIAHOTO MaTepiany AerpaaytoTb Mifg Yac NpoBeAeHHA BUCOKOTEMNEPATYPHMX TEPMIYHUX onepaLiin. Tomy
BapTO 3aCTOCOBYBATU TEXHOJIONiO, AKAa A03BONAE YHWUKATM Jerpafalii XapakKTepUCTMK KpemHito. Le moXKHa BTiantu
3HUMKEHHAM TemnepaTypu Audy3iiHUX Ta OKUC/IOBANbHUX OMepaLlii, @ TaKOX 3HUMKEHHAM KiZIbKOCTi BJacHE TEPMIYHUX
onepauii. 3pasknM BWUIOTOB/A/AMCL 3a ABOMA BapiaHTaMW TexHoAMOrii: 33 AUdY3iliHO-NNAHAPHOM i3 BUKOPUCTAHHAM
ABoCTaginHoi andysii docdopy 3 nAaHAPHUX OyKepen, Ta 32 Me30TEXHOJOrI0 i3 BUKOPUCTAHHAM ogHOCTagiHOT andysii
docdopy 3 BUKOpUCTaHHAM pigkoro andysaHTy PCls. Micna BurotoBneHHA napametpu ®L, nopiBHIOBaAUCL. BUKOPUCTAHHA
Me30TeXHOOrii 3 ogHOCTaajiiHo andysito pochopy A03BOAMNO CKOPOTUTU KiNbKICTb TEPMIYHMX OnepalLiit B ABiYi BIAHOCHO
cepinHoi TexHooril. EKcnepvmeHTanbHi 3pas3ky BONOAINM iMNYAbCHOMO YYTAMBICTIO Ha A0BMMUHI xBuai 1,064 mkm 0,47-0,50
A/BT, a cepiitHi 0,45-0,48 A/BT. BiAMiHHICTb YYT/IMBOCTI CMPUYMHEHA BiAMIHHICTIO Yacy WUTTA HEOCHOBHUX HOCITB 3apaay
,OCKiZIbKM B BMMNAAKy 3anpOMOHOBAHOI TEXHOAOrI, Mipa Aerpafauii 4acy XWTTA HEOCHOBHMX HOCIIB 3apAagy B MpoLeci
BMTOTOB/IEHHA MeHLWa. Mlicna ceNeKTUBHOrO TpaBieHHA, NMobayeHo, WO MPU BUMKOPUCTaHHI pigkoro aAndysaHTy ryctuHa
OMCNOKALIM Ha MOBEPXHi KPMCTaNiB 3Ha4YHO B6iNblLa, HiXK MPU BUKOPUCTaHHI Ni1aHapHUX gxkepen docdopy. BHacniaoK BuLwoi
TYCTUHW AUCIOKAL,iA eKCnepumeHTanbHi 3pa3ky BOMIOAIIN BULLMMM TEMHOBUMM CTPYMaMM, afie MPU BUKOPUCTAHHI HU3bKOT
HanpyrM 3MmileHHA pPi3HMLA B TEMHOBUX CTPymMax HecyTTeBa. EmHicTb PYE ekcnepumeHTanbHUX 3pasKiB byna geuio
HW}KYOLIO, HiXK CepiliHMX. Lle MOXHa NOACHUTU Pi3HULEI MUTOMOTO ONopy i-061acTi KiHLEBUX KpUCTaniB.

KNKOYOBI C/IOBA KpemHii, poTogioa, MMTOMUIA Onip, YYyTANBICTb, ME3OCTPYKTYpa.
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