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HIGH-RESISTIVITY p-TYPE SILICON-BASED
p-i-n PHOTODIODE WITH HIGH RESPONSIVITY
AT THE WAVELENGTH OF 1060 nm

The paper presents the results of development, optimization and improvement of p—i—n photodiode technology based on
high-resistance p-type silicon with increased responsivity at a wavelength of 1060 nm. The optimal material was selected
and the technological modes optimal for solving the set task were established and worked out in the course of research.
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According to ISO 2047 [1], the near-infrared
(IR) region of the spectrum of optical radiation is
characterized by the spectral range from 780 to 3000 nm.
Various primary transducers are used to detect infrared
radiation in this region of spectrum.

To study the energy parameters of infrared radiation,
cavity and flat heat flux converters are used [2], which
are nonselective and have high inertia. Devices and
thermoelectric transducers, which convert thermal
energy into electricity, are widely used as sensors of
thermal radiation [3]. Modules based on anisotropic
thermocouples are responsive parts of heat receivers.
Thermoelectrically homogeneous anisotropic single
crystals can be used to directly convert thermal energy
into electrical energy [4]. But, like cavity transducers,
they are non-selective and have high inertia.

Semiconductor-based photodetectors with a spectral
range of sensitivity corresponding to the above-men-
tioned spectral range are effective for solving the problem
of radiometry of the near-IR region of the spectrum [5].
One of the basic materials used in this field of electronics
is silicon. The spectral sensitivity range of silicon
photodiodes is from 380 to 1100 nm with a peak spectral
response wavelength of 800—900 nm. This spectral
range is interesting because it is covered with most
infrared lasers and LEDs with operating wavelengths of
850, 900, 950, 1060 nm [6].

Obviously, increasing the responsivity of photodiodes
is a high-priority task, the solution of which offers
ample scope for optoelectronic equipment that uses such
photodiodes. In particular, there is a task to develop and
produce photodiodes with modulation-flux high current
monochromatic and pulse responsivity.

This work is dedicated to improving and testing
the process that would provide photodiodes based on
high-resistivity p-type silicon. Such photodiodes would
simultaneously have an increased current monochromatic
responsivity across the modulated flux (f/=20+ 5 kHz) at

DOI: 10.15222/TKEA2020.5-6.16

the operating voltage U_ =30V and a pulse responsivity
atthe wavelength A= 1060 nm (pulse duration t= 500 ns),
at U0p= 120 V, namely, not less than 0.4 A/W.

We started by analyzing the parameters of high-
responsivity silicon p-i-n photodiodes manufactured
abroad. We established that products of Orion (PD 342,
Russia) [7] and Sensors Inc. (BPX 65, USA) [8] to be the
best in the field. It was found that despite the increasing
need of the market for devices designed for 4 = 1060 nm,
Sensors Inc. produces low-voltage photodiodes operating
at the wavelength of A =850 nm. And products of Orion
Sc&PrCo have relatively high dark currents (up to 7 pA)
and capacitance of photodiodes (up to 20 pF) at low-
current responsivity values (0.2 A/W), that cannot satisfy
the needs of customers of the market in full. Thus, the
analysis has shown that none of the known photodiodes
meets the requirements listed in the purpose of this work.

The research was conducted simultaneously on two
different materials. The first one (Si,) is a p-type silicon
with lifetime of minority charge carriers t, = 1400 ps
and resistivity p, = 16 kOhm. The second one (Si,) had
the following parameters: T, = 1800 ps and p, changing
from 14 kOhm at one end of the ingot to 25 kOhm at the
other end of the ingot. The wafers made from the second
ingot were monitored for resistance and launched into
production as two different materials in order to collect
statistics on the dependence of the parameters of obtained
devices on the initial resistance of the material.

Methods of Measurements

Current monochromatic responsivity S, was
controlled by the method of comparing responsivity of
the investigated photodiode (PD) with the responsivity
of the reference one, which was certified by the
metrological department of the enterprise. Measurements
were performed under illumination of the PD with a
modulated radiation flux of f_, =20 kHz and a power
of below 1-1073 W. Load resistance of the responsive
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element (RE) was R, = 10 kOhm and operating voltage
U,, =30 V. Pulse responsivity § was controlled at pulse
durations 7, =500 ns and Uy, =120 V. Both the emitter
and the optical system were made to illuminate only one
PD responsive element. A voltmeter was used to measure
first the voltage of the photosignal at the output of the
reference photodetector (U,), and then, without changing
the power supply mode of the emitter, the voltage at the
output of the tested PD (U,).

The current monochromatic and pulse responsivity
of the i RE were calculated by the formulas:

Si.l)» = Slk.sthi / Ust; (1)
Si.p = Sp.stUi / Ust’ (2)
where U, is the photosignal voltage of the i/ RE of the
tested PD;
U, is the photovoltaic voltage of the reference PD;
Sp.sv Sps are current monochromatic and pulse responsivity

of the reference PD.

Dark currents of the PD I, were measured at the
supply voltage of 120 V in accordance with GOST
17772-88, and their specific values were calculated by
the formula [9]

Id.spec = ]d /A4

3)

RE’
where A is the area of the responsive element.

Experimental Details

The devices were manufactured using standard
planar technology [10]. Parameters were regulated and
technological modes were selected by optimizing and
establishing the thermal operations that would ensure
the required parameters.

Diffusion process is crucial in the technology of
manufacturing semiconductor devices. To obtain the
optimal concentration of non-basic charge carriers N ,
we performed two-stage diffusion from solid phosphorus
sources.

After diffusion of phosphorus, the surface resistance
p, of the wafers, dark currents /,, and resistivity S were
monitored in order to inspect the wafers for quality and
correct the technological process. The optimal values of
p, were experimentally established to be

2,7>p,=2,5 Ohm/sm (4)

At p, > 2.7 Ohm/sm, increase in /; was observed
above the set values.

When relation (4) was true for silicon type Si,, values
ofSpl at the level of 0.3—0.35 A/W (UOp =120 V) were
observed. For Si, silicon type, values S, Were observed
atthe level 0f 0.34—0.37 A/'W (UOp =120V). Si, material
(14 kOhm) under these conditions had a reduced level of
currents and sz atthe level 0 0.25—0.27 A/W (0.3 A/W
at the PD output) after the diffusion of phosphorus. For
this reason, it was deemed advisable to test it any further.

To ensure the qualitative parameters of the PD, the
optimal bohr diffusion modes were experimentally
established for the maximum possible restoration of
charge carriers lifetime, which was reduced during the
previous thermal procedures.

Results and Discussion

Thus, the results of the study allowed establishing
that the photodiodes based on the selected materials and
manufactured by the proposed technology achieved the
following responsivity values:

— for Si,
Spl =0.36—0,39 A/W ;
§,,=04—0,43 A/W ;

Ligpect = 7—11 DA/ mm? (U,, = 120 V);

— for Si,
Sp2 =0,38—0,42 A/W;
Sp, =0.42—0,5 A/W;

Id_sp602 =10—15 nA / mm? (UOp =120V).

As to the RE of the photodiode crystal, the maximum
obtained value of the current monochromatic responsivity
Sp, = 0,52 A/W was reached for Si,. The capacitance of
the devices reached 11—15 pF for Si,, while for silicon
of the Si, type it was slightly higher, which is, of course,
natural for a material with lower resistance.

The analysis of the results allowed establishing
statistical relationship between Sp and S,. The de-
vices with §_ = 0.36—0.39 A/W simultaneously pro-
vided S, = 0.43—0.45 A/W, while the devices with
S,=0.4—0.43 had S, = 0.46—0.5 A/W.

The obtained averaged curve of the dependence
of the current pulse monochromatic sensitivity on the
operating voltage at the p—n junction is shown in the
figure. It illustrates that the sensitivity in a material with
higher resistance is saturated at lower voltages than in
one with lower resistance. The Si,-based devices with
p =~ 25 kOhm reach the maximum sensitivity values at
a voltage of 45—60 V. At U = 60—120 V, the value
of S, remains unchanged. A sfightly different pattern is
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A graph showing the dependence of the current pulse

monochromatic responsivity on the operating voltage at the

p—n junction obtained for silicon PDs with p <25 kOhm (/)
and p = 16 kOhm (2)
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observed in Si; with p; = 16 kOhm. Here saturation is
achieved at 80—100 V. This is explained by the fact that
in a more resistive material, depletion of charge carriers
in the i-region occurs faster, i.e., at lower voltages.

Heavy doping of the extreme n" and p* layers makes
them conductive, and the maximum value of the electric
current is reached in the i-layer. But since there are no
free carriers in the i-layer, there is no electric current, so
due to radiation of the i-layer, free electron-hole pairs
are formed in it. These pairs quickly separate and move
in opposite directions to their electrodes. As a rule, not
all absorbed quanta of light create electron-hole pairs.
In order to take this fact into account, one should use
the measure of effectiveness of conversion of photons
into electric current, or the so-called quantum efficiency
(quantum yield) of the photodetector.

Quantum efficiency (output) of a photodiode is the
ratio of the number of electrons born per second to
the number of photons incident on the PD. Quantum
efficiency (dimensionless quantity) is defined as [11]
N, Iph /e ]phhv
N, P/(hv) eP

p

n= , Q)

where Ny, is the number of photons falling on the detector
per unit time;

N, is the number of free electrons (or electron-hole
pairs) born as a result;

L is photocurrent;

e is electron charge;

h is Planck constant;

v is radiation frequency;

P is optical radiation power.

To create an electron-hole pair, the energy /v of the
absorbed quantum must be sufficient for the transition
of an electron from the valence band to the conduction
band, i.e., the condition #v > E_must be met. The current
monochromatic sensitivity is defined as [12]

X
=T (©)
Given the maximum obtained value (for finished
devices) S, =0,5 A/W, we derive thatn = 58%. According
to [11], this value is close to the theoretical limit.
Note that the radiation interaction is only effective in
the i-layer. When photons hit the p™ and n™ layers, they

produce diffusion current, which has high inertia and
impairs speed response.

That is why we manufactured the photodiodes with
as wide a space charge region as possible, so that it
could completely absorb all the incident light. After all,
the obtained quantum efficiency, although approaching
the theoretical one, is not the maximum value, and this
result can still be improved.
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p—i—n-©OTOAIO HA OCHOBI BUCOKOOMHOTI'O KPEMHIIO p-TUITY
3 HIABUINEHOIO UV TIIMBICTIO HA TOBXHWHI XBUJII 1060 am

Edexmuenumu ons supiwenns 3a6dans padiomempii onusxcrvoi I'9-oonacmi cnekmpy — 6io 780 0o 3000 hm — € pomonpuiimayi Ha
OCHOBI HaNiBNPoOBIOHUKIB, CNEKMPANbHULL OIANA30H YYMIUBOCMI AKUX GI0N06IOAE 3a3HAUeHOMY cnekmpanvHomy dianasony. Ilonpu
nompeoy, Ha punKy Giocymmi pomooioou 3 6UCOKOI0 CMPYMOBOI0 MOHOXPOMAMUYHOIO YYIMIUBICINIO HA MOOYIbOBAHOMY NOMOYI ma
iMnynvcHoro yymaugicmio Ha 0osdxcuri xeuni 1060 um (ne menue 0,4 A/Bm), siki 6 xapakmepusyeanucs HUZbKUMU RUMOMUMU IMeM-
HOBUMU CINPYMAMU ThA EMHICIIO.

OOHUM 3 OCHOBHUX BUKOPUCTIOBYBAHUX MAMEPIANi8 6 Yill 2a/y3i eleKmpoHiKu € kpemuiil. CnekmpanbHutl Olanaszon 4ymaueocmi
KpemHicux ¢pomooiodie cxaadae 8id 380 oo 1100 um 3 maxcumymom cnekmpanvroi xapaxmepucmuku ¢ oonacmi 800 — 900 wm.
B yvomy odianasoni npayioe 6invwicmo [4-nazepie ma ceimnooiodis.

YV yiit cmammi npeocmaeneno pesyiomamu po3pooxu, onmumizayii ma 600CKOHANEHHS. MeXHON02ii p—i—n-pomodiody Ha
OCHOBI 8UCOKOOMHO20 KPEMHIIO P-Muny 3 NiOSUWEeHOI0 wymausicmio Ha 0oexcuni xeuni 1060 wm. B npoyeci docniodicens
6yn0 nidibpano mamepian 3 ONMUMALILHUM PIBHEM YACY HCUMMSL HEOCHOBHUX HOCII8 3apsady ma onopom. Bcmanoenewno i
BIONPAYLOBAHO MEXHONLO2IUHT PENCUMU, ONMUMATLHE OJisl BUPIUEHHS ROCMABTIeHOT 3a0aui.

3anpononosano pexcumu oudysii pocpopa, sKi 003601510Mb OMPUMAMU ONMUMALLHI KOHYEHMPAYii HEOCHOBHUX HOCII8 3a-
pAaoy. [na 3ab6e3neuents AKICHUX napamempie pomooiodie eKCnepuMeHmaibHo 6CIMAHOBLEHO pexcumu Ougysii bopa 0iist Max-
CUMANILHO2O BIOHOBNIEHHS HACY HCUMMS HOCIIB 3aps0y, AKUL 3HUNCYBABCA NIO 4aC MEPMIYHUX Onepayi.

Cehopmynvosano ocnosni kpumepii wiupunu n*- ma p*-obracmeii ma obnacmi npocmopoeo2o 3apsaoy Osk ROHO20 NO2IUHAH-
H5L 6UNPOMIHIOBAHHSL.

Ompumano pomoodioou 3 niosuweHo0 CMpymMo8oI0 MOHOXPOMAMUYHOIO IMAYILCHOIO YYMAUGICIIO MA YYMAUBICTNIO HA MOOY-
JbOBAHOMY NOMOYI 34 YMOE 3abe3neyens: HU3bKUX PieHie MeMHOBUX CIMPYMIE ma EMHOCI POMOUYMAUBUX eNeMEHMIE.

Jocsienymo keanmoeoi eqpexkmusrocmi nopsoxy 58%, uwjo Habnuxcaemvbcs 00 MeopemuyHoi Mexci.

Kmouosi cnosa: ¢pomooiod, kpemHitl, uymaugicms, MexHONL0IUHUIL PENHCUM.
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p—i—n-OOTOJNO] HA OCHOBE BUCOKOOMHOI'O KPEMHU A p-TUITA
C TIOBBILIEHHOUW YYBCTBUTEJILHOCTHIO HA JIZIMHE BOJIHEI 1060 aM

Ilpeocmasnenvt pesynvmamsl paspooOmMKU, ONMUMUZAYUU U VIVYUEHUS MEXHONo2UU pP—i—N-ghomoouoda Ha OCHOGe Bbl-
COKOOMHO20 KPeMHUs P-MUNd ¢ NOBbIUEHHOU YY8CMEUmMeNbHOCmbio Ha OnuHe 6onnvl 1060 um. B npoyecce uccredosarnuil
ObL1 NO0VOPan Mamepuan ¢ ONMUMATLHBIM YPOGHEM 8PEMEHU JICU3HU HEOCHOBHBIX HOCUmenell 3apsada U conpomusieHue.
Yemanosnenvt u ompabomanvl onmumanvhvle 015 peuieHust NOCMABIEHHbIX 3A0aY MEXHON0SUYECKUE PENCUMDL,.

IIpeonooicenvr pexcumvl ough@ysuu gocgopa, komopuie HO360NAIOM NOTYUUMb ONMUMATLHYIO KOHYEHMPAYUIO HEOCHOBHBIX
Hocumenetl 3apaoa. [{na obecneuenus KauecmeeHHbIX NaApamMempos Gomoouoo08 IKCNepuUMenmaIbHO YCMaHo8IeHbl PertCUMbl
oupghyzuu 60pa 03 MaAKCUMATLHO20 BOCCMAHOGICHUS 6PEMEHU JHCUSHU HOCUmMENell 3apAod, KOMOPbIL CHUICALCS 8 npoyecce
nposedenust mepmudeckux onepayuii. Chopmynuposansl ocHosHbvle Kpumepuu evibopa wupunsl n'*- i p*-obnacmeii u oona-
cmu nPOCMPAaHCMEEHHO20 3apsaod, COOMEEMCMEYIOUell NOTHOMY NO2TOWEHUIO USTYYEHUSL.

Tonyuenvl (homoouoovl ¢ nOGLIUEHHOU MOKOBOU MOHOXPOMAMUYECKOU UMNYIbCHOU YY8CMEUMETbHOCIbIO U YYECTNEUMETb-
HOCMbIO HA MOOYIUPOBAHHOM NOMOKe NPU 00eCcheyenul HU3KUX YposHel MeMHOBbIX MOK08 U eMKOCHU (Pomouyecmeumens-
HbIX 21emenmos. JlocmucHyma Keanmosas d¢pexmusHocmy nopaoka 58%, umo npubnudicaemcs Kk meopemuieckomy npeoerny.

Kouesvie cnosa: pomoouoo, kpemHuil, 4yecmeumeibHOCHb, MEXHOLOSUYECKUT PEXHCUM.
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