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Mg, Si synthesis on silicon crystals with different aspect ratio

E.Yu. Subbotin'®, A.G. Kozlov?, D.L. Goroshko',
[.M. Chernev', D.A. Khoroshilov ', O.E. Lisenkov ',
A.Yu. Zhizhchenko', S.A. Kitan’', N.G.Galkin'

! Institute of Automation and Control Processes FEB RAS, Vladivostok, Russia;
2Far Eastern Federal University, Vladivostok, Russia
Hjons712@mail.ru

Abstract. In the paper synthesis of magnesium silicide (Mg,Si) features on silicon crystal
with different aspect ratio were observed. These crystals were etched from monocrystalline
borondoped silicon wafers with (100) orientation by metal-assisted chemical etching. The
synthesis was occurred in ultra-high vacuum condition by a solid phase epitaxy and the
modified reactive epitaxy with ultrafast Mg deposition. The substrate temperature range in
both methods was 340—390 °C. As result co-axial core-shell Si/Mg,Si heterostructures with
magnesium silicide thickness 500—1200 nm were produced.

Keywords: silicon, magnesium silicide, Mg,Si, epitaxy, metal-assisted chemical etching,
MACE, Raman, SEM

Fundings: The work was supported by Russian Science Foundation, grant 23-72-01128.

Citation: Subbotin E.Yu., Kozlov A.G., Goroshko D.L., Chernev I.M., Khoroshilov D.A.,
Lisenkov O.E., Zhizhchenko A.Yu., Kitan’ S. A., Galkin N.G., Mg,Si synthesis on silicon
crystals with different aspect ratio, St. Petersburg State Polytechnical University Journal.
Physics and Mathematics. 17 (3.2) (2024) 31—35. DOI: https://doi.org/10.18721/JPM.173.205

This is an open access article under the CC BY-NC 4.0 license (https://creativecommons.
org/licenses/by-nc/4.0/)

MaTtepuanbl KOHbepeHUmnm
YOK 539.23+539.25+537.32+537.9
DOI: https://doi.org/10.18721/IPM.173.205

Cunrte3s Mg, Si Ha KpeMHHEBbIX KpMcTanaax
C pa3/IMYHbIM acNeKTHbIM COOTHOLUEHUEM

E.HO. Cy660TMH'E A.l. Ko3nog?, []./1. lopowko',
N.M. YepHes', [I.A. Xopowwunos', O.E. JluceHkoB',
A.10. XXunrkueHko', C.A. Kutanb', H.l. TankuH'

'MHCTUTYT aBTOMaTMKM M npoueccoB ynpasneHus BO PAH, r. BnagmBocTok, Poccus;
2 lanbHeBOCTOYHbIN heaepanbHblii YHUBEpPCUTET, . BnagueocTtok, Poccus
Hjons712@mail.ru

Annoramusa. B gaHHoii paborte ObLIM pacCMOTPEHbl OCOOEHHOCTU CMHTE3a CWIMLIMAA MarHus
(Mg,Si) Ha KpeMHMEBBLIX KPHUCTalIaX C Pa3IMYHLIM ACMEKTHBIM COOTHOIleHHeM. IlomyueHne
KPUCTAUTOBKPEMHMSI C pa3TMIHBIM CEYEHUEM OCYIIECTBIISZIOCh METOIOM METAJUICTUMY/IMPOBAaHHOTO
XUMWYECKOTO TPaBJICHUS KPEMHUEBBIX MOHOKPUCTAJUIMIECKUX TTOUTOKEK, JIESTUPOBAHHBIX OOPOM,
¢ opuenTanmeit (100). CHHTE3 OCYIIECTBIISIICS B YCIOBUSIX CBEPXBBHICOKOTO BaKyymMa METOIaMU
MOIM(DUIIMPOBAHHOW PEAKTUBHOM SIUTAKCHUEH CO CBEPXOBICTPHIM OCAXKIEHWEM MAarHUsI |
TBeprogasHoil snurtakcueit. Temreparypa dopMmupoBaHus jaexana B npeneiaax 390—340 °C. B
pesyJbTaTe MONYYMIUCh KOAKCHAIbHbIE TE€TEPOCTPYKTYPHI THIA «sIApo-oboioyka» Si/Mg,Si ¢
TomuuHo#i mokpeitusa Mg,Si 500—1200 HM B 3aBUCHMOCTH OT MeTOAa (HOPMUPOBAHUSL.
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Introduction

Recently research and development of micrometer-size thermoelectric devices (u-TED) were
in a focus of many science groups [1, 2]. The important feature of such devices is high surface
density of thermocouples (> 10° cm2) [3] that allows to generate relatively high output voltage at
low temperature gradient (less than 10 K) and to work with fast cooling response. Such devices
can be used for power supplying wearable electronic, wireless sensors and Internet of Things.

Such high-density arrays of semiconductor crystals with controllable lateral size, length and
surface density can be produced by metal-assisted chemical etching (MACE) combined with
high-resolution lithography [4]. As a thermoelectrical material magnesium silicide (Mg,Si) was
chosen due to it perspective thermoelectric performance [5], Mg and Si are ecology-friendly and
relatively cheap elements and Mg,Si is well-developed and matured in thermoelectrical terms
[6, 7]. The research of core-shell heterostructures based on silicon and magnesium silicide is
interesting also for solar energy [8] and infra-red photodetectors [9].

Materials and methods

Applying the mask was occurred by a high-resolution electron lithography on scanning elec-
tron microscope (SEM) ThermoFisher Scios 2 DualBeam. Taking SEM images and energy dis-
persive X-ray spectroscopy (EDX) analysis were occurred by this microscope. The mask is stripes
with 1 — 2 um thickness separated for 1 — 5 um to each other. A 30 nm gold film with 1.5 — 3 nm
adhesive titanium film were used as a catalytic layer. The deposition of Ti/Au films was occurred
by electron beam sputtering with pretreatment surface by Ar* ions. The metal-assisted chemical
etching was used for etching silicon substrates and producing silicon crystals with different aspect
ratio. The solution consists 4.6 M HF (40%) and 0.23 or 0.44 M H,O, (31%). Substrates are
boron-doped monocrystalline silicon with (100) orientation and resistivity 1—10 Qxcm. SEM and
atomic force microscope NT-MDT Solver P47 were used for control of etching process.

The growth of Mg,Si on the etched silicon was occurred in ultrahigh vacuum (UHV) cham-
ber with basic pressure 2x107° Torr. Before loading in the chamber samples were pre-cleaned in
Piranha solution, rinsed is deionized water, ethyl alcohol and dried. Then samples were annealed
at 650 °C for 10 hours for degassing and remove oxide at 950 C for 40 minutes (high aspect ratio
structures) or at 1160 °C during 5 minutes (for low aspect ratio structures). As a magnesium
source was used tantalum tube with Mg pillars 5N purity. Work features of Mg source for reac-
tive epitaxy with ultrafast Mg deposition described in [10, 11]. Mg flow was calibrated by quartz
microbalance. Mg,Si was synthesized by solid phase epitaxy and reactive epitaxy with ultrafast
Mg flow at substrate temperature of 340—390 °C. The temperature was controlled by infra-red
pyrometer PhotriX with working range of 300—1400 °C.

By Raman (NT-MDT Ntegra Spectra 1I) was used for control the synthesize process. An
estimation of silicide thickness was carried out with cross-section of samples by focused ion beam
(Ga") in the SEM. EDX was used for mapping of chemical elements.
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Result and discussion

Mg,Si growth on silicon structure with low aspect ratio (height ~1.5 pm, width ~1 um, Fig. 1, a)
was conducted by reactive epitaxy with ultrafast Mg deposition at 340 °C [10]. The deposited por-
tion was ~1200 nm. As a result, the magnesium silicide film with ~500 nm thickness was synthe-
sized (Fig. 1, b). The peak at 267.1 cm™ on Raman spectra (Fig. 1, ¢) indicates on Mg,Si [12].

It can be seen that reaction with high-intense but short Mg deposition appropriately leak on
the flat surface of crystals that normal to Mg flow. But there is no film on sidewalls such silicon
crystals. Taking into account this fact and the growth of the thick film on a monocrystalline
substrate case [11] it can be summarized that the growth method works for low aspect ratio struc-
tures: planar u-TED [13], thin film thermoelectric converters.
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Fig. 1. SEM images of etched silicon crystals used as substrate for Mg,Si layer growth (a)
and cross-section of Mg,Si/Si heterostructure (b) (silicide selected in dotted frames).
Raman spectra with the peak at 267.1 cm™! agree the silicide successful growth [12] (¢)

Synthesis of the magnesium silicide on silicon patterns with high aspect ratio (width > 290 nm,
length > 20 um, Fig. 2, a) was carried out by a solid phase epitaxy with step by step increasing
recrystallization annealing temperature for 10 °C from 340 °C to 390 °C. The deposited portion
was increased to ~5 um.

By the method the Mg,Si layer with maximum thickness ~1.2 um was formed (Fig. 2, b, ¢).
It is important to note that the method provide the silicide growths on sidewalls of crystals. Also,
the silicide thickness was significantly increased. But the Mg Si growth on hidden (shaded) areas
is not occurred. The difference in the deposited Mg portion and the film thickness is due to an
intensive Mg desorption.

Fig. 2. SEM images of high aspect-ratio silicon crystals (a) and cross-section of Mg Si layers
formed on the top of these crystals (). EDX mapping of the chemical element’s distribution
(blue is silicon, red is Mg/Si mixture) (c)

For the next sample it was decided to modify the solid phase epitaxy method and to conduct
the recrystallization annealing in the intensive magnesium flow (> 200 nm/min). The annealing
was conduct for 40 minutes at fixed temperature 360 °C. The aspect ratio of silicon crystals of the
sample is close to that shown on Fig. 1, a.

As can be seen, the method allows to growth the silicide shell both on sidewalls and shaded
areas. The Mg,Si layer thickness is ~1 pm.
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Fig. 3. SEM images of silicon crystals (a) and cross-section of Mg,Si layers formed

on the top of these crystals (b). EDX mapping of the chemical element’s distribution
(blue is a Mg/Si mixture) (c)

Conclusion

Using a solid phase epitaxy and reactive epitaxy with ultrafast magnesium deposition core-
shell Mg, Si/Si heterostructures were synthesized. It was showed that modified regime of reactive
epitaxy is useful in cases of low aspect ratio structures, planar or thin film p-TEDs. A solid phase
epitaxy allows to increase the film thickness and to growth a shell around a silicon core.
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