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The paper investigates methods for shifting the spectral characteristics of silicon photodiodes toward longer wavelengths. It is
established that with increasing the reverse bias voltage of the photodiode, the maximum spectral characteristic shifts towards longer
wavelengths due to an increase in the collection coefficient of minority charge carriers, which determines the appearance of the spectral
characteristic. With an increase in the lifetime of minor charge carriers and the resistivity of the photodiode base material, the maximum
of its spectral characteristic also shifts towards longer wavelengths. Increasing the n*-junction depth of the photodiode reduces the
effect of background short-wave radiation on the useful signal of the photodiode. Silicon cut-off adsorption light filters have been
proposed that eliminate the influence of background radiation with a wavelength of less than 800 nm on the photodiode signal and
have a transmittance of about 75% at a wavelength of 1064 nm.
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The main task of photodetectors is to detect monochromatic laser radiation. Therefore, photodetectors designed for
such applications must demonstrate increased sensitivity at a specific wavelength (X). The spectral sensitivity characteristic
of a photodiode, S(A), describes how its monochromatic sensitivity varies with wavelength. This knowledge is important
not only for evaluating the operation of a photodetector with coherent radiation sources, but also for analyzing the operation
with incoherent sources whose spectral composition is known [1].

Ensuring a given type of the photodetector's spectral response is usually realized by using a semiconductor material
with different band gaps E, [2], since it is the band gap that determines in which part of the spectrum the semiconductor
has the greatest sensitivity to photogeneration of charge carriers (1):

hc
A= Z 1
where /£ is the Planck constant, c is the speed of light.

To shift the spectral characteristic towards longer wavelengths, materials with higher E, are used. For example, silicon
photodiodes are used for the visible and near-infrared spectrum. For the infrared spectrum, materials based on GaAs (£,
=1.42¢V) [3,4], Ge (E; =0.66 V) [5, 6], or InP (E; = 1.34 eV) [7] are used. The use of heterostructures (with different
materials) can change the width of the bandgap in a wide range, which allows controlling the spectral sensitivity of the
photodiode [8, 9]. For this purpose, multilayer structures are used, where different layers have different E.

When the photodiode is heated, the width of the bandgap changes, which can lead to a shift in the spectral maximum
toward longer wavelengths. However, this method is less controllable and often has a negative impact on the characteristics
of the photodiode [10].

An urgent task of modern photoelectronics is the development and manufacture of efficient and highly sensitive
photodetectors for detecting YAG lasers (A= 1064 nm) [11, 12]. Silicon is the main material for this task, but under normal
conditions, Si-based photodiodes have a Amax=800-900 nm [6, 10]. Accordingly, there is a need to develop methods for
shifting the spectral maximum of silicon photodiodes (PD) towards longer wavelengths.

One of the effective methods of shifting the spectral characteristics of the PD is the use of light filters, in particular,
interference bandpass filters or adsorption cutoff filters. High-quality interference bandpass filters are characterized by a
high transmittance and can (7>90%) isolate narrow spectral regions (up to 15-20 A) [13, 14]. Striking examples of light
filters for A=1064 nm on the market are FLH051064-3 [15], or FLH1064-3 (THORLABS) with 7' >90% (at A=1064 nm)
and a bandwidth at A=1041-1087 nm [16]; 20CGA1000 (NEWPORT) with a bandwidth of A>1000 nm and 7 >90% [17].
The disadvantage of interference optical filters is the dependence of the position of the transmission bands on the angle of
incidence of light, cost, complexity of manufacturing, the need for special equipment, expensive materials for creating
layers, and calculation programs.

Adsorption filters are the most common class of optical filters that have spectral selectivity due to unequal absorption
of light in different wavelength ranges. These are usually different semiconductor materials or types of glass [13]. Silicon
adsorption filters, with or without anti-reflective coating, are a common choice for reducing the effect of short-wave
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radiation on the useful signal of IR photodiodes [18]. In [19], we proposed silicon adsorption light filters with an anti-
reflective coating, with a bandwidth of A>900 nm and 7 <60-65% (at A=1064 nm). The relatively low transmittance of the
filters is due to the need to manufacture samples with a thickness that provides adequate mechanical strength.

A review of the sources shows that the study of the possibilities of shifting the spectral characteristics of silicon PDs
towards longer wavelengths is an urgent scientific and technical task, which is the purpose of this work.

EXPERIMENTAL

The research was carried out in the manufacture of silicon 4Q p-i-n PDs for operation at wavelength A = 1064 nm
(Fig. 1a). PDs were made on the basis of single-crystal p-type FZ-Si with [111] orientation. The samples were made by
diffusion-planar technology according to the technological regimes given in [20]. Silicon with different resistivity of
p =12-22 kQ-cm and different lifetime of non-basic charge carriers of t=1-2 ms was used.

The PDs with different depths of the p-n-junction, which was adjusted by the duration of phosphorus deposition,
were studied. Samples with x,+, = 3.5-6 um were fabricated. The spectral characteristics of sensitivity at different bias
voltages were studied in the PDs made of different base materials and with different x,+.

The possibility of increasing the transmittance of silicon light filters in combination with silicon photodiodes (PDs)
is investigated. The best option for increasing the transmittance of a light filter is to reduce its thickness, but this
significantly reduces its mechanical strength. We proposed to thin the filter only in the zones that are projections of
responsive elements, and to leave the periphery of the light filter of sufficient thickness to ensure proper mechanical
strength (Fig. 1b). This was done by etching the silicon by chemical-dynamic polishing in a solution of
HNO3:HF:CH3COOH with a masking gold coating (Fig. 2). Gold was chosen as a masking coating because photoresists
are not sufficiently chemically resistant to aggressive etching agents during prolonged etching. Since gold has poor
adhesion to silicon, an adhesive sublayer of chromium was formed [21]. The metallization was applied by thermal
evaporation in a vacuum. The thickness of the gold layer reached 400-500 nm, and that of chromium 30-70 nm. The
etching was carried out in 3 stages of 10 min each. The thickness of the silicon base of the light filter reached 250-300 um,
and the projections of the responsive elements after chemical-dynamic polishing reached 70 um. After CDP and
metallization etching, the silicon substrates were oxidized in a dry oxygen atmosphere according to the method given
in [22]. The film of SiO, thickness reached 180-190 nm, which corresponds to the condition of minimum reflection of
radiation with A = 1064 nm [23]. The proposed filters in combination with the PD were compared with flat silicon filters
of greater thickness.

a b a b

Figure 1. Images of a photodiode Figure 2. Images of a filter with a masking coating
(a) — without a light filter and (b) — with the proposed filter (a) — before etching and (b) — a light filter with etched projections

of responsive elements

Investigation of the transmission spectra were performed using SF-2000 spectrophotometers at room temperature.
The spectral characteristics of responsivity were measured using the KSVU-23 automated spectral complex.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Study of the dark currents
It was found that with an increase in the reverse bias voltage, the maximum of the spectral characteristic shifts
towards longer wavelengths Fig. 3. This is due to an increase in the size of the space charge region W; (2) [24], with an
increase in which the collection coefficient of photogenerated charge carriers increases (y) (3) [25], and the appearance
and maximum spectral characteristic of the PD is primarily determined by the collection coefficient (4) [6].

—Un: 1
Wl — (2850 (¢c Ublas))i. (2)

eNgy

g & are dielectric constants for silicon and vacuum, respectively; @. is contact potential difference, e is the electron
charge, N,is concentration of acceptors, Upa is bias voltage.

y=1—e Witln) (3)
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a is absorption coefficient, L, is diffusion length of minor charge carriers.
yl
S5=0-RTQXy; “

1.24
where T is the transmission coefficient of the input window or optical filter, O is the quantum output of the internal
photoeffect, R is the reflection coefficient.

It has also been found that with an increase in the resistivity and lifetime of minority charge carriers of silicon at
the same bias voltage, the maximum of the spectral characteristic also shifts towards longer wavelengths (Fig. 4). This
phenomenon is also related to the charge carrier collection coefficient, since at the same bias voltage, the PD with a higher
resistivity will have a larger width of the space charge region. Note that an increase in the lifetime of charge carriers also
increases the collection coefficient due to an increase in the diffusion length and an increase in the collection area of
photogenerated charge carriers [26].
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Figure 3. Relative spectral characteristic of the PD at different Figure 4. Relative spectral characteristic of the PD with
Ubias different p and t of silicon at Upius=-2 V

It should be noted that the electrophysical characteristics of silicon can degrade during technological operations,
in particular thermal ones. This degradation is possible due to poor-quality chemical treatments, the introduction of
uncontrolled impurities (thermodonors) from quartz tooling, the use of carrier gases or deionized water of insufficient
quality. This degradation can occur to varying degrees in different batches, which will result in different maximum
spectral characteristics when using the same base material [27-29].

It was found that with an increase in the depth of the n*-p junction, the effect of short-wave background radiation
on the useful signal of the photodiode decreases, i.e., the slope of the spectral response changes (Fig. 5). The decrease in
the sensitivity of the photodiode to shortwave radiation with increasing x,+, is due to the fact that in p-i-n PDs, the
photogeneration of charge carriers that reach the p-n junction occurs in the i-region, the charge carriers generated in the
n”-layer recombine before reaching the p-n junction. Accordingly, the generation of non-equilibrium charge carriers in
the high-resistance region of the PD occurs only by those wavelengths that penetrate the i-region. Thus, radiation with
A =0.95 um is absorbed in Si at a depth of about 63 um, and with A= 0.7 is absorbed in Si at a depth of about 4.33 pum [30].
Accordingly, by increasing the depth of the n*-p junction, the influence of short-wave background radiation on the
photodetector signal can be excluded.
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Figure 5. Relative spectral characteristic of the PD with different x;,+

An increase in the depth of the phosphorus impurity is possible with an increase in the duration of the phosphorus
driving-in operation, but its significant duration is negative, since an increase in the total duration of high-temperature thermal
operations provokes an increase in the degree of degradation of the electrophysical characteristics of silicon and the formation
of inversion layers at the Si-SiO; interface, which negatively affects the final parameters of the products [28, 29, 31].

The transmission spectra of silicon light filters of different thicknesses were obtained (Fig. 6). It was found that as
the thickness of the filter increases, its transmittance decreases according to the Bouguer-Lambert Beer law [32]. Thus, a
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filter with a thickness of d=70 um has a transmittance at A=1064 nm of about 7=75%, d=170 um - 7=66%, d=240 um -
T=62%, d=280 um - 7=57%. Also, from Fig. 6, it can be seen that with a decrease in the thickness of the filter, the edge
of its absorption shifts towards shorter wavelengths.
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Figure 6. Transmission spectrum of light filters

We also obtained the spectral characteristics of the photodetectors with light filters (Fig. 7) and found that with an
increase in the filter thickness, the maximum spectral response of the photodetector shifts towards longer wavelengths,
and the short-wave edge of the photosensitivity shifts towards longer wavelengths. Thus, a photodetector with a filter
with d =430 um becomes sensitive at A> 950 pum, and has a maximum sensitivity at 4,, = 1060 nm, but has a low sensitivity
value due to the high thickness of the filter. A light filter with =70 pm becomes sensitive at A>800 pum, and has a
maximum sensitivity at A=1030 nm, but the absolute value of its sensitivity is almost the same as the PD without a light
filter. Note that in the PD without a filter, 4,,=1020 nm, so the filter with =70 shifts 4,, by only 10 nm.

It is worth noting that with an increase in the bias voltage, the spectral characteristic of the PD with a filter also
shifts towards longer wavelengths (Fig. 8).

100 T T T T T [ R 100 T T T T T
-m— PD |- -O- - PD+filter d=70 pm, Upps=-2 V.
90 1 904 4
PD+filter 430 pm —@— PDsfilter =70 pm, Upjps=-100 V
80 F (—A— PD+filter 170 pm i 80 - | ‘0 -PD*iter d=150 pm, Upjgs=-2 V 4
—e— PD-+filter 240 um |—M— PD+filter d=150 pm, Up;5=-100 V| :
70 | |-*— PD+ilter 280 pm E 70 A |- - D, Upjgg2V éf K b
—<— PD-+filter 70 ym L —A—PD, U100V y
o 60 PD+filter 150 ym 1 X 604
R I N
N S
& 50 | » 1 @\ 504
?) ’ (%)
40 - / B 40
’
30 // E 30
V.
20 s - 20
4
7
10 . \. 10 4
o= ¥ L L ot 0 4= T T -
400 500 600 700 800 900 1000 1100 1200 400 500 600 700 800 900 1000 1100 1200
A, pm A, ym

Figure 8. Relative spectral characteristic of the PD with filters
of various thicknesses at Ussis=-2 V and Ubais=-100 V
(characteristics are given to 100 %)

Figure 7. Relative spectral characteristic of the PD with filters
of various thicknesses at Usais=-120 V

Increasing the thickness of the filter improves its selectivity. Optical concentrators can be used in the design of the
PD to level the absorption of radiation by the filter thickness [33]. The proposed light filters are a cheap and no less
effective analog of interference bandpass filters for the near-infrared region with a much simpler manufacturing
technology.

CONCLUSIONS

The methods of correction of the spectral characteristics of silicon photodiodes, in particular, the methods of its shift
towards longer wavelengths, are investigated. The following conclusions have been drawn:

1. With an increase in the reverse bias voltage of the photodiode, the maximum spectral characteristic shifts towards
longer wavelengths

2. With an increase in the resistivity and diffusion length of minor charge carriers of silicon, the maximum spectral
characteristic of silicon shifts towards longer wavelengths.

3. With an increase in the depth of the n*-p junction, the effect of short-wave radiation on the useful signal of the
photodiode decreases due to the absorption of short wavelengths by the n*-layer.

4. The use of silicon cut-off adsorption light filters eliminates the influence of short-wave background radiation on
the photodiode signal at A>800 nm. Also, the proposed filters allow to shift the maximum of the spectral characteristic
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towards longer wavelengths. With the increase of the filter thickness, its optical transmittance decreases but selectivity
improves.
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METO/! KOPEKIIIi CIEKTPAJIbHAUX XAPAKTEPUCTHK KPEMHIEBUX ®OTOIMPUINMAYIB
Muxoaa C. Kykypymzak®®, B’auecaas B. Proxrin®
AT «Llenmpanvue koncmpykmopcwvke b6iopo Pummy, 58032, m. Yepnisyi, eya. I'onosna, 244, Yrpaina

bYepuiseyvruti nayionansnuii ynisepcumem imeni FOpis ®edvrosuua, 58002, m. Yepnisyi, eyn. Koyiobuncokozo, 2, Yrpaina

VY crarTi JOCTiHKEHO METOIH 3MIIIEHHS CHEKTPAIbHUX XapaKTEPUCTUK KPEMHi€BUX (DOTOAIONIB B CTOPOHY OUTBIINX TOBXKWUH XBHJIb.

BeranoBneHo mo mpu 30UIBIICHHI HANPYTH 3BOPOTHHOIO 3MIlIEHHA ()OTOHIONA MAKCHUMyM HOTO CIEKTPaIbHOI XapaKTEePHUCTHKU

3MIIIY€THCS B CTOPOHY OUTBIIIMX JOBYKHH XBHJIb BHACTIIOK 3pOCTaHHs KoedillieHTa 30MpaHHs HEOCHOBHHUX HOCIIB 3apsty, IKUi BU3HAYa€

BUIJISZ CIIEKTPAIIBHOT XapakeTpUCTUKHU. [Tpy 301bIICHH] 4acy )KUTTS] HCOCHOBHHX HOCIIB 3apsi/ly Ta IMTOMOTO OIopy 6a30BOro Marepiany

(doToai01a MAKCHMYM HOTO CHEKTPAITBEHOT XapaKTEPHCTHKH TAKOXK 3MIIA€THCS B CTOPOHY OLIBIINX JOBKUH XBUJIb. 301UIBIIECHHS IITHOMHI

rerepornepexoay (HoToioa 3MEHIIYE BILTUB JOHOBOTO KOPOTKOXBHIILOBOI'O BUIIPOMiHIOBAHHSI HA KOPHCHHIA CUrHAI (POTO/1i0/1a BHACIIOK

pexoMOiHarlii poTorreHepoBaHMX HOCITB 3apsiy JOBKMHAME XHJlb, SIKi HOTJIMHAIOTHCS B 71”7 -11api. 3arporoHOBaHO KPEMHI€EBI Biapizatoui

ancopOuiiiHi CBITIO(INBTPH, SIKI BUKIIOYAIOTH BIUIMB (POHOBOTO BHUIIPOMIHIOBAHHS 3 JOBXHHOI XBWii MeHiie 800 HM Ha CHIrHA

(oTtozioza Ta BOJIONIIOTH KoedilieHTOM MpomycKaHHs 0u3bKo 75% Ha noBxuHi xBriti 1064 HM.

Ku1104oBi ci10Ba: kpemniii; pomonputimay, 4ymausicmy, CNeKmMpaibHa Xapakmepucmukd, OnmuyHe nponyCcKants



