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Abstract: this article is devoted to the study of the effect of electron irradiation on single-
crystal silicon wafers used to create solar cells. The methods of atomic force and scanning electron
microscopy were used as research methods. The use of atomic force microscopy to study morphology
showed a change in the degree of roughness and a significant change in the profile line. Electron
microscopy makes it possible to visualize changes in the surface and track its dynamics. The studied
samples were irradiated with electrons with energies of 1 MeV up to fluences of 3x10 1, 1.15x10 '6
and 1x10'7 ion/cm?. The experimental part presents studies of changes in surface morphology
after irradiation by electron and atomic force microscopy, as well as oxidation processes as a result
of exposure to an electron beam, which leads to partial destruction of the near-surface layer, followed
by a change in grain size and a decrease in roughness under the action of irradiation. It was shown
that the action of the electron beam leads to the leveling of the surface layer and changes in the
average grain size. Among other things, as a result of irradiation at the ELV-4 electron accelerator,
a change in the conductive properties of silicon wafers is observed depending on the irradiation dose.

Keywords: monocrystalline silicon, radiation exposure, radiation annealing of defects, solar
panels, thermal stability.
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Introduction. At present, the level of electrical engineering and instrumentation development is
at such a level that all the possibilities for their further intensive development have been exhausted.
Therefore, relevant and promising direction of research create and modify more efficient elements.
Improving the quality of initial silicon crystals is one of the main ways to improve the quality of
semiconductor products for microelectronics [1-2].

The main purpose of this article is to study the electrophysical properties of single-crystal silicon
and reveal the modification features of the surface and crystal structure under the ionizing radiation.
[3-5]

Materials and components of nuclear reactors, particle accelerators and generators of various radi-
ations are exposed to the action of charged particles. Irradiation leads to a change in various physical
properties: mechanical, electrical, thermal, optical, etc. Instruments and measuring equipment are
placed in the irradiation zone can receive significant doses of radiation, which leads to a change in
their parameters and failure of the instruments in some cases. All this also applies to devices and
objects that are launched into outer space, where they are exposed to high-energy radiation [6].

Recently, studies of radiation effects in semiconductors have been widely developed. This is due to
the fact that semiconductors have received an exceptionally wide range of applications in addition,
their properties are highly sensitive to the effects of various radiations. In the literature, there
are quite rare studies concerning the increase in the radiation resistance of silicon nanoelectronics,
although such experiments are intensively carried out in |7].

20



K.K. Kadyrzhanov

Materials and methods. Single-crystal silicon wafers used as the basis for solar panels were
chosen as objects.

The samples were irradiated at the ELV-4 accelerator in the Kurchatov city, Kazakhstan by
electrons with energy of 1 MeV and three different fluences: 3x1015, 1.15x1016, 1x1017. (Figure 1).
The electron beam is emitted into the atmosphere through a titanium foil window and a system of
diaphragms.

F1cUrE 1 — Linear electron accelerator ELV-4

Experimental conditions of irradiation and beam characteristics are given in Table 1.

TABLE 1 — Experimental Conditions for Sample Irradiation

[HTML|FFCB2F Sample | Current, mA | Energy, MeV | Fluence
1 1 3.00E | 15
2 4 1 1,I5E 1 16
3 35 1,00E+17

Results and discussion. The irradiated samples were studied by the EDA method. The results
are presented in the form of energy dispersive spectra and maps of the distribution of elements over
the surface in Figure 2.

Table 2 presents the results of energy dispersive analysis before and after irradiation. On the
spectra and element distribution maps for each of the irradiated samples, it is clearly seen that with
an increase in the irradiation dose, oxygen impurities appear. Moreover, the highest concentration
of oxygen is in the zones of increased localization of defects on the surface, and to a slightly lesser
extent at the grain boundary. We assume that the appearance of oxygen in the composition of the
samples is due to local heating during irradiation and the oxidation reaction, since the irradiation
process itself took place in an oxygen atmosphere.

TABLE 2 — Changes in the chemical composition of samples depending on the dose of radiation

[HTML]FFCB2F | Initial | 3x10% | 1,15x10%° [ 1x1017
Silicon 100 | 96.34 95.48 | 94.14
Oxygen 0 3,66 4,52 5,86

For a more detailed study of the irradiated samples surface, AFM and SEM were used, the results
of which are presented in Figure 3.

It is clearly seen that in the process of electron irradiation of silicon, its surface is leveled. The
Gwyddion 2.19 program also allows you to measure a whole set of profile characteristics, among
which two parameters seem to be the most interesting: waviness and roughness, or rather their
average and root mean square values (Table 3).
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Ficure 2 — EDX results of irradiated samples: a); c); e) EDX spectra for fluences 3x10 1% | 1.15x10 16 | 1x10 17 | respec-
tively; b); d); f) their corresponding element distribution maps

TABLE 3 — Roughness and waviness values for irradiated samples

[HTML|FFC000 Sample | Roughness | Roughness (rms) | Waviness | Waviness (rms)
3x1015 0,3012 0,3736 0,7938 0,9461
1,15x1016 0,2053 0,2546 0,4009 0,485

1x1017 0,2127 0,2685 04517 | 0,5556

The obtained values reflect the picture observed in Figure 4. As a result of electron irradiation,
the surface is smoothed, as evidenced by a significant decrease in the profile waviness parameter.
The roughness parameter, which is responsible for the high-frequency fluctuations of the profile, also
decreases. SEM images of the surface of irradiated silicon were also taken (Figure 4). In the images
during irradiation, the formation of zones of increased concentration of defects is observed, which
increase as the fluence increases. It is in these zones that the greatest accumulation of oxygen atoms
occurs, according to EDX data.

The scale on all images is the same, and it can be seen that with an increase in the radiation
dose, a decrease in the average grain size occurs. To study the dependence of the change in the
average grain size on the silicon surface on the dose of electron irradiation, a size distribution was
constructed, which is shown in Figure 5.

It can be seen from these graphs that this resembles a normal distribution, and with an increase
in fluence, the distribution broadens and shifts to lower values, and at the maximum radiation dose
for our work, this distribution narrows and increases in intensity. To reveal the dependence of the
conductive properties of single-crystal silicon on the dose of electron irradiation, the current-voltage
characteristics of the samples were studied. The results obtained are shown in Figure 6, where the
resistance values are normalized per unit area and presented as a bar graph.

This diagram clearly demonstrates that with an increase in fluence, a decrease in electrical resis-
tance occurs. Obviously, this phenomenon is due to the degeneration of the surface of the samples
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)

Ficure 3 — AFM three-dimensional model of the surface and SEM image of the side cleavage of irradiated samples: a)
3x1015, b) 1,15x1016, c) 1x1017

Ficure 4 — SEM images of the sample surface: a) initial; b) 3x10 ® ; ¢) 1,15x10 16 ; d) 1x10 17

under study, as well as the appearance of oxygen thermal donors as a result of local heating during
irradiation with an electron beam in an air atmosphere. Thus, electron irradiation is an effective
way to upgrade the characteristics of single-crystal silicon.
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F1cure 6 — Dependence of the change in electrical resistance on the irradiation fluence.

Conclusion. Thus, it can be said that as a result of electron irradiation, the surface is smoothed,

as evidenced by a significant decrease in the profile waviness parameter. The roughness parame-
ter, which is responsible for the high-frequency fluctuations of the profile, also decreases. As the
irradiation dose increases, the average grain size on the surface of single-crystal silicon decreases.
Studies have also shown that electron irradiation in an air atmosphere leads to the formation of
oxide compounds on the surface, which is associated with local heating in the interaction zone.
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DJIeKTPOHBIK, COyJIeJICHYAiH, KPEeMHU OKCUAiHiH Mopdosiorusickl MeH OTKi3rimrik Kacuerrepine acepin
3eprTey

AnnoTanusi. By makana kyH GarapesiiapblH »Kacay VIIiH KOJJAHBLIATHIH MOHOKPHUCTAJIBI KDEMHUIN IJIACTUHKAJIAPBIHA
JIEKTPOHJIBI COYJIEJICHYIH, 9CepiH 3epTTeyre apHaJFaH.  3epTTey OJicTepi pPETiHJe aTOMIBIK KYII >KOHE CKaHepJeyIi
3JIEKTPOHIBIK, MUKPOCKOIUS 9icTepi KOMaaHbLIabl. MopdoorusiHel 3epTTey VIIiH aTOMIBIK KYIII MUKPOCKOIUSICHIH KOJIJAHY
KeJlip-OYABIPJIbIK JOPEeXKeCiHiH, e3repyiH »koHe INPOMUJIb CHI3bIFBIHBIH aWTapJIbIKTail ©3repyiH KepceTTi. DJIEKTPOHIBIK,
MHKPOCKOIIUsI 6eTTeri e3repicrepai BU3yaIn3alusiayra »KoHe OHBIH JUHAMHUKACHIH OaKblIayra MyMKIHOIK Gepeni. 3eprreserin
yarrizep 3x 1015 | 1,15x 1016 >xome 1x 1017 HOH/CM 2 dmonusira geiiin 1 MsB sHeprusicbl 6ap 3J1eKTPOHIaPMEH COyJIICH IiPiI.
DKCIIEpUMEHTTIK 0OJIiM/Ie JIEKTPOHIBI YKOHE ATOM/IBIK KYIITIK MUKPOCKOIIIEH COYJIEJIEHYJeH KeHiHri 6eTTiK MOpdOIOrusiHbIH
e3repyiH, coHjail-ak OeTKeiire >KakbplH KabaTTbIH imiHapa Oy3blIyblHA, KeHiHHEH e3repicke OKeJeTiH 3JIEKTPOHJbI COYJIEHIH
9CepiHeH TOTBIFY IIPOIECTEPIH 3epTTey OepiiireH.  coysiejieHy oScepiHeH TyHip esimemiiepi MeH Kedip-OyIbIp/blH a3aobl.
DJIEKTPOHIBIK, COyJIeHIH opeKeTi 6eTKi KabaTTbIH HUBEJIUDJIEHYiHe »KOHe opTalla TYHIpIIK MeJIIepiHiH e3repyiHe oKeJseTii
kopcerisigi. ConbiMen Karap, ELV-4 sj1eKTpOHIBI YAETKINIHIE COyJiesieHy HOTHUXKECIHJE COyJIeJieHy J03aCblHa OalyIaHBICTHI
KPEeMHU [JIaCTUHKAJIAPBIHBIH OTKI3TIIITIK KacueTTepiHin o3repyi baitkaJia ibl.

TyitliH ce3ep: MOHOKPUCTAJAbI KPEMHU, paMallds/IbIK, 9Cep, aKayJIapbl PaJualUsiyIbIK KYWIipy, KyH I[IaHEeJbJepi,
TEPMHUSIBIK TYPAKTBIJIBIK,.

K.K. Kageip>kaHoB
Hremumym sadeproti puduku, Aamamu, Kazaxcman

HiccemoBanme BIMSIHUSI 3JIEKTPOHHOIO O0OJIydYeHUsI HAa MOP(OJIOrUIoO M IIPOBOJAIINIE CBOMCTBA OKCHUIA KPEMHUS

AnHOoTanus. JanHass crTaThsl IOCBMAINEHA WCCJIEJOBAHUIO BJIUSHUS SJEKTPOHHOIO OOJIyYeHHsl Ha ILJIACTHHBI
MOHOKPHCTAJIJINYECKOTO KPEMHUsI, HCIOJIb3yeMble JUIsI CO3JaHUsI COJTHEYHBIX JIEMEHTOB. B KadecTBe METOJOB HCCJIEIOBAHUS
HUCIIOJIb30BAJIMCh METOAbl aTOMHO-CHMJIOBOIl M CKaHUPYIOIIEeH 3JIeKTPOHHON MUKDPOCKOIIHNH. IIpumenenue aTOMHO-CHIOBOI
MHUKPOCKOIIMH JJIsT U3y4eHUs] MOPGOJIOrNU TOKAa3aJI0 N3MEHEHUE CTEleHU IIEPOXOBATOCTH M CYIIECTBEHHOE HU3MEHEHHe JIMHUK
npoduiisi. DJIEKTPOHHAST MUKPOCKOIUs [TO3BOJISIET BU3YAJU3UPOBATH M3MEHEHUs! [TOBEPXHOCTH M OTCJIEXKUBATH €€ JUHAMUKY.
VceateryeMble 06pasIbl 06ILy JaIrCh SJIEKTPOHaMu ¢ sHeprueii 1 MsB no dumoencos 3x 1015 | 1,15x 1016 >xome 1x 1017 HOH/CM 2,
B sxcmepumenTas bHOM 9acTy IPEICTABICHBI UCCIEIOBAHUS U3MEHEHNS MOP(OIOruN MOBEPXHOCTH [IOCJIE OOJIyIeHHUST METOLAMU
3JIEKTPOHHON M aTOMHO-CHUJIOBOM MHUKPOCKOIIMH, a TaKXKe IIPOIECCOB OKHUCJIEHUSI B PE3YJIbTaTe BO3/EHCTBHUS JIEKTPOHHOI'O
[IyKa, YTO IPUBOAUT K YACTUUHOMY Pa3PyIIEHUIO IPUIOBEPXHOCTHOIO CJIOS C MOCJIELYIOMINM M3MEHEHUEM IIO pa3Mepy 3epHa
U YMEHBIIIEHUIO III€POXOBATOCTHU II0J JieficTBHeM obOsrydeHusi. llokaszaHo, 4TO BO3JEHCTBUE JIEKTPOHHOI'O IIydYKa IPUBOIHUT K
BBIPABHUBAHUIO ITOBEPXHOCTHOIO CJIOS M U3MEHEHUIO CPEeAHero pasmepa 3epHa. Cpeau mpodero, B pe3ysbTare OOJIyUeHHs Ha
yckopuTesie 37eKTpoHoB DJIB-4 nabironaercss n3MeHeHNnEe TPOBOSIIMX CBONCTB KPEMHHUEBBIX IJIACTUH B 3aBUCUMOCTHU OT JO3bI
0BTy YeHUsI.

KurouyeBble cJjioBa: MOHOKPHUCTAJINYECKUI KPEMHU, PaJHAIlIOHHOE BO3JEHCTBUE, DPaJIMAIMOHHBIA OTXKUL JIeEKTOB,

costHedHbIe H6aTapen, TEPMOCTONKOCTb.
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