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The paper investigates the photovoltaic properties of the silicon n*-p-p*-structures and photodiodes made on their basis. It was found
that boron diffusion to the reverse side of the substrate, in addition to creating an ohmic contact, generates generation-recombination
centers, which allows to reduce the dark current of photodiodes and increase their responsivity. It was also found that chemical dynamic
polishing of the back side of the substrates before boron diffusion allows to eliminate a significant number of defects and improve the
final parameters of the products. In samples without a p*-layer and samples not polished from the back side, a breakdown of the p-n
junction is observed on the back side, which is caused by the expansion of the space charge region to the entire thickness of the substrate
and the achievement of a defective back side of the crystal.
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In recent decades, semiconductor photodetectors with one or more p-n junctions have been widely used in
optoelectronics, radioelectronics, automation, telemechanics, and other areas of electronics. The interest in photodetectors
has especially increased due to the emergence and improvement of various types of coherent and incoherent radiation
sources [1, 2]. The development of injection semiconductor LEDs and new types of semiconductor photodetectors based
on one or more p-n junctions in miniature and micro-miniature designs has contributed to the rapid development of the
field of electronic engineering - optoelectronics, which combines two methods of transmitting and processing information
- optical and electrical.

Photodetectors, or photodiodes (PD) with a single p-n junction, are conventional semiconductor diodes with a
reverse-biased p-n junction and the ability to irradiate it with a light flux. This class of solid-state electronics devices
operates on the basis of the internal photoelectric effect: when radiation is absorbed in the p-n junction or in areas at a
distance of the diffusion length of charge carriers from it, nonequilibrium charge carriers are generated, which drift to the
p-n junction under the influence of an external electric field, crossing it to increase the photodiode reverse current - the
photocurrent [3].

Increased photosensitivity and high-speed performance, as well as a wider spectral and frequency range, are possible
with the use of n*-p-p* structures, which form the class of p-i-n PDs. In the p-i-n structure, the i-region is located between
two regions of the opposite type of conductivity and has a resistivity 10%-107 times higher than the doped n"- and p*-
regions. At sufficiently high reverse biases, a strong electric field, the space charge region (SCR), stretches across the
entire high-resistance i-region. The photogenerated holes and electrons are quickly separated by the SCR field. In this
type of photodetectors, the diffusion of charge carriers (as in p-n photodetectors) is replaced by their drift in the electric
field, which creates the basis for a fast, highly sensitive photodetectors [4, 5].

While active n'-regions are usually formed by the diffusion of impurities of elements of Group V
(P, As, Sb, Bi) [6,7], the variability of the formation of an ohmic p*-layer is much wider: it includes epitaxial growth of
a low-resistivity silicon layer [8], grinding or structuring [9], and diffusion of acceptor elements (atoms of Group III - B,
Al, Ga, In) [10,11]. Epitaxial growth of the silicon layer, grinding or structuring of the back side of the substrate can cause
a decrease in the reflection coefficient from the Au-mirror on the back side, which provides double passage of radiation
through the crystal thickness and an increase in the number of photogenerated charge carriers [12]. As for the acceptor
impurities, boron diffusion has become widely used [13-15]. Boron diffusion is also used as one of the methods of silicon
substrates doping in the process of manufacturing photovoltaic elements [16, 17]. Also, [18] reports on the fabrication of
a highly sensitive silicon p*-n-n* PD in the range of 2=200-1000 nm based on black silicon, where the active regions
were doped with boron. In [19], silicon PDs for use as low-energy electron detectors have been fabricated using pure-
boron technology to form the p*-anode region. In [20], the technology of a UV avalanche photodiode based on a silicon
p’-in structure with a nanoscale boron doping profile of the responsive regions is described.

It should be noted that the references mainly describe the cases of fabrication and study of detectors with boron-
doped photosensitive regions based on n-type Si, and there are very few studies of the effect of boron diffusion to the
back side of p-type substrates (as a gettering or ohmic layer) as an isotypic impurity, and, accordingly, the effect of this
operation on the parameters of photodetectors has not been studied sufficiently.
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We are also actively studying boron diffusion and its effect on the parameters of p-i-n PDs based on p-Si. In particular,
in [11], we studied the effect of the concentration of doped boron from solid-state planar sources on the efficiency of gettering
and the improvement of the dark current and photodiode responsivity. In [11] we investigated the effect of boron
concentration on the collection coefficient of nonequilibrium carriers by studying the optical properties of p*-layers of PDs
too. This article describes some of the effects of p-layer formation on the photovoltaic properties of n*-p-p*-structures and
PDs based on them, in particular, the effect of the surface treatment of the back side before diffusion on the final parameters
of photodetectors. The study of the photovoltaic properties of these structures is the aim of this work.

EXPERIMENTAL

The research was carried out on the example of silicon four-element p-i-n PDs with guard ring (GR) using single-
crystal dislocation-free p-type FZ-Si with orientation [111], resistivity at p=16-17 kQ-cm. The structures were prepared
using diffusion planar technology in a single process cycle under the same conditions. Three types of structures were
produced: n*-p-structures (PD,+,) (Fig. 1a), n"-p-p*-structures (without polishing the back side of the substrate,
PD’,+p+), and n'-p-p*-structures (with polishing the back side of the substrate, PD,,+,»+) (Fig. 1b). The samples of type
PD,+., were made according to the following technological route: silicon wafers were oxidized; windows in SiO, were
opened by photolithography for two-stage phosphorus diffusion [7] and formation of n'-layers (Rs=2.7-2.9 Q/m),
phosphorus-doped layers formed responsive elements (REs) and GR; the masking oxide was etched from the back side
of the structures; Cr-Au contacts to the front and back sides were formed by thermal evaporation in vacuum; and to form
the final p-i-n PDs, the crystals were separated by a diamond disk with an external cutting edge and encased. The PD’+_pp+
were fabricated according to the same route, but after phosphorus diffusion, boron was diffused to the back side of the
substrate from solid-state boron sources according to the methodology described in [11] (Rs=34-40 /o). PD,+.pp+ Was
manufactured according to the same route as PD’,+_,.+, but before boron diffusion, a chemical dynamic polishing (CDP)
operation was performed according to the procedure described in [21] The thickness of the PD,, and PD’,_,,+ crystals
was about 510-515 um, and that of PD,+_p.,+ was 495-500 um. The parameters and photovoltaic properties of the obtained
structures were compared.
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Figure. 1. Schematic cross-section of PD,+., (2) and PD’,+pp+ /PDyipp+ (b).

The [V-characteristics of PDs (dark current (I;), photocurrent (/,,)) 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 pulse responsitivity (Spuse) was carried out by method of comparing
responsitivity of the investigated PD with a reference photodiode certified by the respective metrological service of the
company. Measurements were performed when illuminating the PD with a radiation flux of a power of not over 1:103 W;
at the reverse bias voltages of | Upis | =2-270 V and pulse duration z; = 500 ns, A=1064 nm. Measurements of current
monochromatic (A=1064 nm) responsivity on modulated flow (S;;) were performed under illumination of the PD with a
modulated radiation flux of f,,,s = 20 kHz and a power of below 11073 W. Load resistance of the responsive element was
R; = 10 kQ and operating voltage | Ubias | = 1-15 V. The spectral characteristics of photodiode responsivity are also
obtained. The measurement was carried out using the KSVU-23 automated spectral complex.

After oxidation and each subsequent thermal operation, the high-frequency volt-farad (CV) characteristics of the
metal-oxide-semiconductor-structures (MOS) were measured at a frequency of 30 kHz and a probe diameter 1 mm, which
made it possible to predict the final parameters of the products.

The capacitance of REs (Cgg) was determined at a | Ubias | =2-120 V.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Study of the dark currents
When measuring the /V-characteristics of the obtained structures, we observed some differences in the values of the
14: the PD,,+, had the highest dark currents, and the PD,+.,.,+ had the lowest (Fig. 2a). The dark current of PD, .+ at
| Unias | =140-160 V reached saturation (Fig. 2b), which indicated the expansion of the SCR to the entire thickness of the
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crystal, since the volume generation component of the dark current is directly proportional to the width of the SCR [22].
Samples of PD’,:,,+ had a significant spread of dark currents along the RE: in three REs in the range of
Upiss | =180-200 V, the p-n junction breakdown was observed, and the dark current of RE; in the range of
Ubias | =190-200 V reached saturation (Fig. 2c). As for the PD,.,, their /V-characteristics in the range of
Ubias | =2-230 V acquired a linear character, and at | Ubias | =30-260 V, a breakdown of the p-n junction was observed
in all REs (Fig. 2d).
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The difference in the values of the dark currents indicates a different number of generation-recombination centers
(GRCs) in the volume of the PD crystals and a different degree of their gettering in the process of manufacturing
photodetectors. In the case of PD,+.,, the gettering operations were the predeposition and drive-in of phosphorus into the
front side of the PDs, but this gettering process is effective only in the crystal region adjacent to the n*-layer, and the back
side of the and the crystal volume close to it remained saturated with recombination centers, in particular, atoms of
uncontrolled impurities and crystallographic defects introduced or created during high-temperature thermal operations.
Accordingly, these GRCs make a significant contribution to the level of dark currents of the PDs, and at a high reverse
bias voltage (and, accordingly, a high electric field intensity) and when the SCR reaches to the back side of the crystal
with defects, the latter provoke an avalanche breakdown [23-25]. It is also known that the breakdown voltage near the
surface is lower than in the crystal volume, which also explains the avalanche breakdown when the space charge region
of the back side of the crystal is reached [26].

A similar situation applies to the PD’,.,,+, although the backside boron gettering operation is present in the
manufacturing route of these PDs, but still, boron gettering is not so effective as to completely eliminate the GRC of the
crystal region near the backside of the crystal. Therefore, for the same reasons as in the previous case, breakdown of the
p-n junction is possible, and a decrease in the breakdown voltage is possible due to the achievement of the SCR of the
defective backside of PDs at a lower bias voltage.

It should be noted that this thermal operation of boron diffusion is also an annealing for more efficient gettering by
the n*-layer of the front side of the substrate, which allows diffusion of the deepest uncontrolled impurities to the getter
zone. An increase in the annealing time improves the efficiency of GRC elimination. It is worth noting that in [11] we
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described a method of effective additional doping of the back side of the substrate by simultaneous diffusion of
phosphorus into the front and back sides of the crystal, followed by etching the back n*-layer before boron diffusion.

The minimum spread and value of I, were observed in the PD’,+_,,+. This was achieved by etching by CDP method
the silicon layer of the back side of the substrate saturated with GRC.

It should be noted that the dark currents of the GR (/gr) also had different values and did not reach saturation (Fig. 2
inserts). The Igr depend on the density of surface states and the presence of inversion layers at the interface of Si-SiO, at
the periphery of the crystal, since with increasing voltage the SCR of GR shift expands not only into the crystal thickness
but also towards the periphery.

The samples of PD’,+..»+ and PD,+.,.»+ had slightly higher values of the /g, which indicates a higher density of surface
states than in PD,,+,. This is also confirmed by the measurement of the insulation resistance between the GR and the REs
R.on, since this parameter characterizes the presence of conductive inversion channels at the interface of Si-SiO, between
the active elements: PD,spp+ -Reon=1.4 MQ, PD'yipps -Reon==6.2 MQ, PD,+, -R.0»==8.7 MQ. The increase in the
conductivity of inversion channels in the case of PD’,+_,+ and PD,.,,+ is caused by the presence of a larger number of
thermal operations, unlike PD,+.,, since during the initial thermal operations, atoms of uncontrolled impurities (it can be
phosphorus too) diffuse into the surface of silicon oxide, which, during further heat treatments, diffuse to the oxide-silicon
interface, and with a significant total duration of heat treatments, can cause a deterioration in the insulation resistance
between the active elements and an increase in gz [27]. The presence of inversion layers can also be assessed by
measuring the CV-characteristics of MOS structures (Fig. 3), where the curves of PD’,+..»+ and PD,+.p.»+, which have a
longer total duration of thermal operations, can invert.
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Figure 3. CV-characteristics of MOS structures: 1- n*-p-structure
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B) Study of the responsivity and photocurrent of PDs
When studying the pulse current monochromatic responsivity, it was seen that the photosensitivity of PD,pp+
reaches saturation at approximately the same bias voltage as its dark current (Fig. 4, Fig. 5a). This is due to the same
reason - the achievement of the maximum width of the SCR, at which further growth of the charge carrier collection
coefficient, and, accordingly, responsivity, is impossible (1) [28]. As for the PD’,+.,.,+, the responsivity of all REs reached
saturation around the | Upis | = 180-200 V, as well as the dark current of RE, which did not show breakdown. It should
be noted that all REs of PD’,+_,,+ behaved typically during the responsivity measurement, although some REs showed
breakdown at the /V-characteristic. The saturation of the samples at different reverse bias voltages indicates the expansion
of the SCR to the entire thickness of the crystal at different bias voltages, and, accordingly, the difference in the final
resistivity of the i-region of the structures (2) [29].
Si=(1-RTQLy 2 (1)

1.24

where T is the transmission coefficient of the input window or optical filter; Q is the quantum output of the internal
photoeffect, R is the reflection coefficient, y is the charge carrier collection coefficient.

—Un: 1
Wl — (2880 ((:;’AUblaS))E. (2)

where & & are dielectric constants for silicon and vacuum, respectively; ¢. is contact potential difference, Ny is the
concentration of acceptors in i-region, e is the electron charge.

A different picture was observed when measuring the responsivity of n*-p-structures: at a | Ubias | =120V, a jump-like
increase in responsivity was observed (Fig. 4), although according to Fig. 2, the breakdown of the p-n junction of these
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PDs was observed at a voltage of -230-260 V. The S,us. of PD,+., did not reach saturation, but increased rapidly with
increasing bias voltage (Fig. 5b-f) and the responsivity reached the theoretically possible value (3) [28] at | Ubias | ~230-
250 V. Such an increase in responsivity is caused by avalanche breakdown and a significant increase in nonequilibrium
charge carriers, similar to an avalanche photodiode. Note that formula (3) is valid for photodetectors without amplifiers

or optical concentrators, as well as avalanche photodiodes.
yl
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Figure 5. Photodiode pulse waveform: a) PDy+pp+: | Ubias | =160V, Spuise=0.4 A/W; b) a) PDy+p: | Ubias | =120V, Spuise=0.4
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d) PD11+-11: Uias | =205 V, Spulse:0.6 A/W,
e) PDn+,p: Upias | =220 V, Spulxe:().7 A/W,
) PDusp: | Ubias | =240V, Spuise=0.86 A/W (different scale).

It is worth noting that PD’,+,,+ and PD,+_,,+ had a slightly higher low-voltage Sy than PD,., (Fig. 4 insert). This
indicates that PD’,+.,»+ and PD,.,,+ had a longer diffusion length of minority charge carriers due to more efficient
gettering than PD,+.,, and also indicates that at the same voltage, the SCR of PDs with higher responsivity is greater than
that of the PD with lower responivity due to lower p of i-region.

The behavior of light /V-characteristics in the visible wavelength range was also studied. It was found that in PD,,+
paround a voltage of | Ubias | =120-130V, a jump-like increase in photocurrent is observed when illuminated with a white
light-emitting diode of different illumination (Fig. 6). In the same voltage range, an increase in photocurrent and
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sensitivity at a wavelength of 1064 nm is observed. Taking into account the described avalanche-like growth of
photocurrent and sensitivity in PD,+.,, it is possible that such a structure of photodetectors can be used for avalanche
photodiodes [30]. It should be noted that there was no abrupt increase in photocurrent, similar to breakdown, in PD’,+,.

p+and PDy+pp+ (PD"y15p+ was measured by RE without breakdown) (Fig. 8, 9).
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When studying the light /V/-characteristics with illumination with lasers of different wavelengths (Fig. 7-9), it was
found that the photocurrent at A=405 nm is virtually the same as the dark current, and with increasing wavelengths, the
photocurrent increases sharply . This is due to the fact that the studied photodiodes are sensitive in the range of
A=400-1200 nm, with a maximum of about A=1000 nm, respectively, at A=405 nm the responstivity is
minimal (Fig. 10).



295
Influence of Boron Diffusion on Photovoltaic Parameters of n*-p-p* Silicone Structures... EEJP. 4 (2024)

It should be noted that the formation of a p*-layer in the visible wavelength range does not affect the value of the
charge carrier collection coefficient and responsivity, since in this case there is no reflection of radiation from the gold
mirror on the back side of the substrate due to absorption in the near-surface layers of the substrate. At A = 1064 nm, the
p*-layer absorbs about 2% of the radiation in one pass, with increasing A, the absorption of the p*-layer increases (Fig. 11),
but the described photodetectors are not used to detect longer wavelengths.

C) Study of the barrier capacity of structures and final electrophysical characteristics of the base material

When measuring the dependence of the capacitance (Crr) of the REs on the reverse voltage, it was found that PD,+,.
»+had the lowest capacitance values, and PD,+,had the highest (Fig. 12). The difference in values is caused by the difference
in the final p of the i-region (or Ny), since Cre-1/p and Cre-N4(4) [29]. Accordingly, the capacitance measurements also
indicate the most effective crystal gettering in the case of PD,+.,+, and the least effective in case of PD,+..

N =
Crg = ARE(%Z;;S))Z 4

where Aggis the area of REs.
If we also determine the resistivity and the diffusion length (L,) of the minority charge carriers according to the
methodology given in [31] (Table 1), we obtain:

Table 1. Values of p and L, of PDs

Parameter PDy+pp+ PD s pp+ PDy+p
p, kQ 14.7-15.7 11-11.6 8.5-9.5
Ly, pm 70-80 50-55 -

Note: the voltage at which the SCR reached the entire thickness of the crystal of PD,+., was chosen as the breakdown voltage of | Ubias | =230V.
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Figure 12. The dependence of the Cre on the reverse voltage.

The data from Table 1 show that PD,_,.,+ have the lowest degree of degradation of the electrophysical characteristics
of silicon in the process of manufacturing photodiodes, respectively, the technological route with CDP on the back side
of the substrate before boron diffusion allows to obtain the most efficient PDs with the lowest values of dark currents and
capacitance, as well as the highest resposivity among the studied variants of structures.

CONCLUSIONS

The photovoltaic properties of silicon n*-p-p*-structures and p-i-n photodiodes fabricated on their basis have been
investigated. The following conclusions have been made:

1. Boron doping of the back side of the photodetector substrate significantly improves their parameters. During the
boron diffusion operation, the n*-layer also functions as a getter too.

2. Chemical dynamic polishing of the back side of the wafers before boron diffusion reduces the dark currents of
photodetectors and improves the final electrophysical characteristics of silicon, in particular, the resistivity of the i-region
and the diffusion length of minority charge carriers.

3. Photodiodes made without an p*-layer are characterized by a breakdown of the p-n junction in the reverse voltage
range of 230-260 V, which significantly increases their sensitivity and photocurrent. Presumably, such structures can be
considered as possible for avalanche photodiodes.
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BILJIUB JIU® Y31l BOPY HA ®OTOEJEKTPUYHI TAPAMETPH n*-p-p*-KPEMHIEBUX CTPYKTYP
TA ®OTOIPUMAYIB HA iX OCHOBI
Muxoaa C. Kykypymsak®?, Exyapa B. Maiictpyk®, Isan I1. Kossipcbkuii®
AT «Llenmpanvhe koncmpykmopcwoke 61opo Pummy, 58032, m. Yepnisyi, ya. I'onosna, 244, Yxpaina

bYepuiseyvruti nayionanvnuii yuisepcumem imeni FOpis @edvrosuua, 58002, m. Yepnisyi, eyn. Koyiobuncoxozo, 2, Yrpaina

V crarti gocnikeHo GOTOSTEKTPHYHI BIACTHBOCTI KPEMHIEBHX 1" -p-p ™ -CTPYKTYp Ta (OTOMIOAIB BUTOTOBICHUX HA X OCHOBI.
Bcranosneno, 1mo mpoBeneHHs Andy3ii 0opy B 3BOPOTHY CTOPOHY MiAKIaAKH KPiM CTBOPEHHS OMIYHOTO KOHTaKTy TreTepye
reHepauiitHo-peKoMOiHAIHHI HEHTPH, 110 JO03BOJISIE 3HU3UTH TEMHOBUIl cTpyM (OTOIiOAIB Ta MIABUIUUTH iX YyTIHBIiCTh. Takox
BCTAHOBJICHO, I1I0 XiMiKO-ANHAMIYHE MOJIipyBaHHs 3BOPOTHOI CTOPOHH MiIKIIaI0K BIacHe nepes audysiero 6opy 103BoIISE TiKBITyBaTH
3HAYHY KUIBKICTh JHe(eKTiB Ta MOKpaIIUTH KiHIEBI mapamerpu BupoOiB. B 3paskiB Ge3 p*-mapy Ta 3pas3kiB He MONIPOBaHHUX 3i
3BOPOTHOT CTOPOHH CIIOCTEPIraeThest MpoOiid p-n epexomy, 110 CHPHYMHEHO PO3MIMPEHHIM 00J1aCTi IPOCTOPOTro 3apsi/y Ha BCIO TOBLILY
MAKIaIKK Ta HOro TOCSTHEHHAM JeeKTHOT 3BOPOTHOI CTOPOHU KPHCTAIY.
KurwouoBi cinoBa: kpemniii; pomonpuiimaui; 1aeunHi (pomooioou; memMHo8Ull CmMpym,; i308a1eHMHA OOMIWKA, YYMIUGICMb



