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In the process of carrying out various studies, the problem of an uncontrolled increase in the dark cur-
rent level of guard-ring photodiodes is observed, being manifested both at a temperature 7= 293 K and
(largely) when testing devices at elevated temperature (7'= 358 K). As it is known, microelectronics tech-
nology always uses surface protection (passivation) of semiconductor devices and integrated circuits. In
this case, the best solution is a thermally grown SiOz layer. However, even a surface protected by a dielec-
tric layer does not always remain stable. The article presents the results of the development of a p-i-n pho-
todiode based on high-resistivity p-type silicon of increased responsivity and reduced dark current level of
the guard ring at a wavelength of 1064 nm. In the proposed design of the photodiode, the thickness of the
peripheral oxide of the crystal is decreased to reduce the influence of the dislocation component of the cur-
rent and charge states on the inverse characteristics. After phosphorus diffusion (driving-in), phosphorosil-
icate glass was removed, and additional photolithography was performed, during which the entire layer of
peripheral oxide was etched. In the second stage of phosphorus diffusion (distillation), the antireflection
oxide 190-220 nm thick was grown in photosensitive areas and at the periphery of the crystal. The photo-
sensitive areas, the guard ring, and the peripheral part of the crystal were separated by an oxide 650-
700 nm thick grown in the first thermal operation. The production of photodiodes was performed using the
same operating conditions as in commercial production, and their parameters were compared with devices
manufactured in a standard design. The analysis showed that the photodiodes of the proposed design are
characterized by lower and more stable dark currents than commercial devices not only at room tempera-

ture, but also at a temperature of 358 K.
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1. INTRODUCTION

With due regard for increasing market demand for
photodiodes (PDs) of increased current monochromatic
responsivity, Rhythm Optoelectronics Shareholding
Company deals with solving technical and technological
problems in the field. To provide maximum responsiv-
ity and minimum capacitance of PDs, p-type silicon of
resistivity p=16-20 kOhm/cm and minority carrier
lifetime 7= 1400-1800 ps is used.

In the course of the research, an uncontrolled in-
crease in the dark current of guard-ring (GR) PDs was
observed, which manifested itself both at a temperature
T=293 K and (to a large extent) during tests at elevat-
ed temperature T'= 358 K. In some cases, there was an
increase in the GR current (I;) more than 52 nA/mm?2. In
the production of low-voltage PDs and PDs not intended
to achieve high responsivity, the phenomenon is not
observed or manifested to a lesser extent. After all, it is
inexpedient to use such a high-resistivity material to
make devices of the kind. In this case, to ensure the
parameters of the devices, the optimal resistance of
silicon is 10-14 kOhm/cm. Evidently, the mentioned
phenomena can be explained by the fact that a lower
concentration of defects or impurity ions is required to
change the reversed characteristics of the required de-
vice made on the basis of high-resistivity silicon.

The mechanisms of such a growth of dark currents
in semiconductor devices are known, these are defects
created during the production of devices, influence of
the periphery of the crystal, moisture on the surface of
a semiconductor, charge states (fixed and mobile charg-
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es) in the oxide or at the silicon/silicon oxide (Si/SiOz2)
interface, in particular [1, 2].

The presence of defects is minimized by chemical
and dynamic polishing of both the front and back sides
of semiconductor wafers and adherence to the technolo-
gy that ensures the creation of a high-quality surface of
crystals. For instance, a multilayer film of moisture,
containing foreign impurities absorbed from etchants
and rinsing water, is deposited on the surface of a sem-
iconductor. A significant part of these impurities are
positive alkali metal ions. Under the action of a voltage
applied to the interface, the ions drift in the film of
moisture, thus creating an ion source current, the value
of which grows with increasing humidity [3]. The sur-
face leakage current is often the main component of the
reverse current through the p-n junction. This phenom-
enon is eliminated by treatment in baths with appro-
priate solutions of acids and alkalis, drying of crystals
or devices in the manufacturing process according to
the technology, and in some cases by wiping with dis-
tilled acetone.

As it is known, microelectronics technology always
uses protection (passivation) surfaces of semiconductor
devices and integrated circuits. The best solution in
this case is a thermally grown SiO2 layer. However,
even a surface protected by a dielectric layer does not
always remain stable [4]. The fact is that in a dielectric,
especially in the region of its interface with a semicon-
ductor, there can be inclusions of impurities and their
complexes with various structural defects, which usual-
ly have an electric charge. Under the influence of elec-
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tric fields, which always exist in the operating device, it
is possible to slowly move these impurities and defect-
impurity complexes both deep into the dielectric and to
the interface with the semiconductor (or drift to the
responsive elements (REs) in the case of localization of
these impurities at the periphery of the crystal) [5]. The
result is known: a change in the degree and nature of
filling the interface and electric fields with electronic
states in this area, the drift of the surface potential and
related characteristics, the occurrence of local leaks and
dielectric breakdown, leading to increased dark currents.

Given the above phenomena, a very important task
is to develop a PD of greater stability, without signifi-
cant loss of responsivity (Sr;, Spuise>0.45 A/W) [6] in
commercial production. It is a question of stability of
the GR dark current value for a long time, which will
not increase both at room temperature and when tested
at elevated temperatures.

The purpose of the work was to create and study the
design of a four-element segmental PD with decreased
peripheral crystal oxide thickness to reduce the influence
of the dislocation component of current and charge states
on its dark currents of the sensitive areas and GR.

2. PHOTODIODE DESIGN

It is known that an increase in the dark current is
mainly due to the dislocation mechanism and the pres-
ence of inversion layers near the semiconductor/dielect-
ric interface, which occur due to the presence of a fixed
charge in the dielectric. The dark current generation
component of p-i-n PDs can be reduced by coupling
dislocations on surfaces that generate them and pre-
venting the movement of current carriers generated on
the peripheral part of the substrate and in inversion
layers outside the output region of the p-n junction on
the surface of the semiconductor crystal.

This can be realized by creating areas of restriction
of loss channels of the same conductivity type as the
substrate. These areas isolate the peripheral part of the
substrate from the exit point of the p-n junction to its
surface. Creation of such areas of restriction requires
the introduction of one more photolithography and two
thermal operations, that is, diffusion of boron into the
front part of the wafer and distillation of boron, which
simultaneously grows SiO2 oxide to passivate the sur-
face, which significantly increases the cost of devices.
In addition, the introduction of additional thermal
operations will lead to degradation of the lifetime of
minority carriers, and, accordingly, to a decrease in
responsivity, which is unacceptable in this case.

We have proposed a much cheaper solution to this
problem, implemented in the following design of the PD
crystal shown in Fig. 1. In the proposed design of the
PD crystal, it was decided to reduce the thickness of the
peripheral oxide 2 (outside the GR from the side of the
crystal edge) and partially in the interval between the
RE and the GR. This oxide is formed by the method of
dry oxidation of silicon. After all, according to the
standard diffusion-planar technology, during the first
thermal operation of oxidation, a layer of masking ox-
ide 3 of about 650-700 nm in thickness is grown.
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Fig. 1 — Cross-section of the proposed PD crystal: 1 — silicon
substrate (p-type wafer), 2 — silicon dioxide film 190+220 nm
thick, 3 — silicon dioxide film 650700 nm thick, 4 — n*-type GR,
5 — n*-type RE, 6 — p*-type region obtained by boron diffusion,
7 — chromium sublayer, 8 — gold metallization
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Fig. 2 - PD crystals: 1 — commercial, 2 — proposed

It is known that due to the difference in the coeffi-
cients of thermal expansion of Si and SiO2 on a silicon
wafer in the presence of a thick oxide layer, a mechani-
cally stressed layer is formed. And at high tempera-
tures, there is relaxation of mechanical stresses, which
leads to the generation of structural defects and, as a
consequence, an increase in the generation component
of dark currents. In particular, the first thermal oxida-
tion of a total duration of about 180 min is carried out
according to the "dry-wet-dry" principle, which increas-
es the probability of introducing alkali metal ions in
wet oxidation.

Fig. 2 shows the visual difference between commer-
cial 1 and proposed 2 PD crystals, where the difference
in the thicknesses of the peripheral oxide of the two
devices is clearly visible, as well as the same thickness
of the peripheral oxide and the illuminated PD in the
proposed crystal.

The given design of the device is realized only when
using two-stage phosphorus diffusion. Therefore, after
phosphorus diffusion (driving-in), phosphorosilicate glass
in a solution of HF:H20 =1:10 was removed and addi-
tional photolithography was performed, during which
the entire peripheral oxide layer was etched. In the
second stage of phosphorus diffusion (distillation), the
antireflection oxide d = 190-220 nm thick was grown in
sensitive areas and at the periphery of the crystal. The
sensitive areas, the GR, and the peripheral part of the
crystal were separated by an oxide d = 650-700 nm thick
grown in the first thermal operation (oxidation) [7]. Re-
ducing the thickness of this passivation coating resulted
in a decrease in the resistance of the interconnection
and, as a consequence, in breakdown at low voltages.
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The thickness of the antireflection coating was cho-
sen to provide the maximum transmittance of yttrium-
aluminum garnet laser radiation, at the wavelength of
which the investigated PDs operate (4 = 1064 nm). The
optimal oxide thickness can be found from the formula
that determines the condition of the minimum reflec-
tion of optical radiation of the operating wavelength [8]:

Aopl4 = nd,

where nd is the optical thickness of an antireflection
film with thickness d and refractive index n.

For SiO2 n = 1.42, then for the given value of Ao we
obtain d = 187 nm.

3. RESULTS AND DISCUSSION

The production of PDs was performed under the
same operating conditions as in commercial production,
and their parameters were compared with devices
manufactured in a standard design (Table 1). It should
be noted that both series of PDs are suitable for opera-
tion according to the specifications for these products.

As seen from the data in Table 1, there is a slight
decrease in the coupling resistance Ry at room tem-
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perature for commercial products, which can give rise
to uncontrolled growth of I, breakdown or deterioration
of photoelectric coupling between REs. This is due to
the above mechanisms, which are manifested in this
case even at T'=293 K. When testing commercial PDs
at T=358 K, there was a significant increase in the
dark currents of GR at a rate of 20 pA/min, which indi-
cated temperature drift of current carriers generated at
defects and dislocations of the peripheral part of the
substrate and in inversion layers outside the output
region of the p-n junction on the crystal surface. Such
phenomena were not observed in the experimental
samples. New devices have much lower values of dark
currents Iq and Ir, since they do not have a thick oxide,
which is the main generator of mechanical stresses
(and, accordingly, structural defects) in the wafer and
the source of charge states. The thickness of the antire-
flection peripheral oxide on the front side of the wafer
grown by distillation of phosphorus is less than usual
for masking coatings. As known, mechanical stresses
that occur at the Si/SiO2 interface are proportional to
the oxide thickness, and the use of a SiOz layer of less
than 300 nm thickness makes it possible to avoid the
generation of structural defects (dislocations).

Table 1 — Parameters of experimental (PD-E) and commercial (PD-C) PDs

Parameter Parameter value

PD-E PD-C
Dark current of the RE, Iz, A/mm?2 0.0023-0.0031 0.0052-0.0104
Dark current of the GR, I, pA/mm? 0.41-0.3 0.243-0.74
The total coupling resistance between all REs and the GR at 920-15 5.2
Rl = 104 Ohm, ZRrev, Ohm
Dark current of the RE at T'= 358 K, 143585 uA/mm? 0.234-0.322 0.65-0.1
Dark current of the GR at 7= 358 K, I35 K yA/mm? 12.23-14.24 16.84-26.341
Pulse monochromatic responsivity at Aop = 1.064 um, pulse duration
Tpulse = 500 ns, operating voltage Usp = 120 V, Spuise, AIW 0.46-0.48 0.46-0.48
Monochromatic responsivity at modulated radiant flux of fmos = 20 kHz
at fop = 1.06 um and Uy, = 31V, Sy, A/W 0.45-0.47 0.45-0.47
Capacitance of the RE, Crg, pF 11.9-12.2 12-13

Note. Parameters were monitored in accordance with GOST 1772-88 under the condition of observing dark current measurements
for 1 min to detect uncontrolled growth and instability of I levels. Cases of continued rise or fall of PD parameters at the end of

the specified time are indicated by arrows.

4. CONCLUSIONS

PDs with reduced values of dark currents of the GR
and sensitive areas have been created. Experimental
verification confirmed the initial assumptions, and it
was possible to minimize the influence of generation
components on the inverse characteristics of the devic-
es by reducing the thickness of the peripheral oxide.
PDs of the proposed design are characterized by lower
and more stable, in comparison with commercial devic-
es, dark currents both at room temperature and at a
temperature of 358 K. The proposed design largely
reduces the dislocation component of dark currents.
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p-i-n doromion Ha nmoe:kuHi xBuJi 1064 HM i3 HU3BKUM piBHEM BILIUBY mepudepii
HA TEMHOBIi cTpyMu

M.C. Kykypynssk
HKE «Pummp», eyn. Tonosna, 244, 58032 Yepnisui, Yipaina

B mportieci mpoBeieHHA JOCTIPKREHD IIOMIYEHO TPO0JIeMy HEKOHTPOJIFOBAHOTO 3POCTAHHS PIBHSA TEMHOBO-
T0 CTPYMY OXOPOHHOTO KiJbIlA (DOTOMIO/IB, 110 IIPOSIBJISAIIOCH AK 3a Temmeparypu 1'= 293 K, Tak 1 (3HauHOO
MipoI0) IIpM BUIPOOYBAHHI mpuiamiB 3a migsuiieHol temmeparypu (7= 358 K). ¥V crarri npezacrasieHo pe-
3yJBTaTH PO3POOKH p-i-n ¢oTomiona HA OCHOBI BUCOKOOMHOI'O KPEMHII pP-TUILY IIPOBITHOCTI 3 MiABHIIEHOIO
YyTJIMBICTIO TA IIOHUKEHUM PIBHEM TEMHOBOI'O CTPYMY OXOPOHHOIO KLJIBIA HA MOBKHHI XBma 1064 HMm. Y
IIPOIIOHOBAHIN KOHCTPYKII PoTOII01a 3MEHIIIEHO TOBIIUHY IIePUMEPIHHOI0 OKCHULY KPUCTALY s 3HHUKEH-
HsI BIUIUBY JUCJIOKAIIIMHOI CKJIAJOBOI CTPYMy Ta 3apsiIOBUX CTAHIB Ha 3BOPOTHI xapakrepucturu. J{is pea-
sisarii po3po0JieHoI KOHCTPYKINI IPUIagy BUKOPHUCTOBYETHCS ABOXcTanmiHa nudysis docdopy. Ilicas mu-
dysii (3aronkm) docdopa 3HIMaIOCST (pocdhopocHIIKATHE CKJIIO 1 ITPOBOJAMIIACS JOAATKOBA (hoTosnTorpadis,
IiJ yac siKoi CTPaBJIIOBABCS BeCh 1Iap nepudepiitHoro okcuay ta yactuau oxuciy mizk OK ra ®YE. Ha npy-
Tiif cramgil qudyaii docdopa (Po3roHITl) BEPOILYBaBCsS IIPOCBITIIO0YME okcug ToBiuHOL 190-220 HM Ha do-
TOYYTJIMBUX IIOIIAAKAX 1 Ha mepudepil kpucrairy. OoTodyTINBI IJIOMIAIKY, OXOPOHHE KiJblle Ta mepude-
piifHa YacTHHA KPUCTAJIY BiAMEKOBYBAJNCH OKCHIOM TOBIIHHOI 650-700 HM, BUPOIIEHUM HAa IIEPIIii oIre-
paiii. BurorosiieHHs ¢oTOI101iB BUKOHYBAJIOCSA 3 BUKOPUCTAHHAM TAKUX PEKUMIB TEXHOJIOTIYHHX IIPOILe-
CiB, AK 1 y cepiiiHOMy BHUPOOHHUIITBI, a IXHI ImapaMeTpy IIOPIBHIOBAJIUCEH 13 MPUJIAJAaMU, BUTOTOBJICHUMH B
CTAHAAPTHIN KOHCTPYKIII. AHAIII3 II0KAa3aB, 10 (POTOMIONN 3aIIPOIOHOBAHOI KOHCTPYKIII XapaKTe pU3yIOThCs
HIDKYUMA Ta CTAOLIBHININMIY, HisK cepiiii mpuiaaau, remHoBumu crpymamu OK ta ®YE, npuuomy He Tiib-
KM 3a KIMHATHOI TeMIIepaTypH, aje i 3a Temieparypu 358 K.

Knrouori cnosa: ®oroxion, Kpemniit, Temuoruit crpym, Oxoporre kinbie, Qotouyriasuii eremenrt, [lepu-
epis, Uyrnusicts.
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