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Abstract. In this work, the effect of the modes of processing SiO,/Si substrates with a focused
ion beam on the subsequent epitaxial growth of Ga droplets was investigated. It was shown that an
increase in beam passes and ion dose led to a broadening of the pyramidal cavities and also affects
the localization of Ga droplets. It was found that the use of additional preliminary processing of
substrates in a hydrogen fluoride has a positive effect on the formation of gallium droplets inside
the holes. The maximum degree of filling was observed at a hole size of about 350 nm.
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AnHotamusa. B pabGore mnipencTaBieHbI pe3yJbTaThl MCCIEAOBAHUN BIMSHUS PEXKUMOB
006paboTku nomnoxek Si0,/Si choKyCHpOBaHHBIM MOHHBIM ITY4KOM Ha IOC/IEYIOLIEE TOTYYEHUE
HaHOCTPYKTYp Ga METOIOM KareIbHOM 3ImuTakcun. [Toka3aHo, 4To yBeJTMUeHME TTPOXOI0B ITyuKa
U JO3bI IIPUBOIUT K PACILIMPEHUIO MMPAMUIAIbHBIX YITIYOJCHMIA, a TAKKE BIMSIET Ha JIOKAIMU3a1UIO
Kanenab Ga. YcTaHOBJIGHO, YTO MCMOIb30BaHME JOIOJHUTEIBbHONM MpeaBapUTEIbHOI 00paboTKI
MOJIOXKEK B IUIABUKOBOM KMCJIOTE IIOJOXUTEIBHBIM 00pa30oM BJIMSET Ha JIOKaJU3alluio
KareJbHbIX CTpYKTYp Ga B MUpaMUAaIbHbBIX YIIyOJeHUsIX. MakcUMalibHasi CTeTIeHb 3arl0JTHEHUS
Habo1a1ach Mpy pazMepe yriayoaeHui NpuOaIu3UTebHO paBHbIX 350 HM.

KiioueBbie cjI0Ba: KMIKOCTHOE TpaBJieHWE, KPEMHUI, MOHOJMTHAs WHTErpamus,
(okycHpoBaHHbIC MOHHBIE YUKW, HAHOIIPOMDUINPOBAHUE, MOJICKYISIPHO-Ty4eBast SIIUTAKCHSI,
KareJyibHas 3MUTaKCUsI
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Introduction

Today, direct monolithic integration of II1-V semiconductors on silicon faces problems mainly
associated with the difference in lattice constants and thermal expansion coefficients, which in
turn significantly affects the defect density of the grown structures [1—3]. In this regard, local
integration has proven to be a promising method both for reducing defects and localizing grown
structures and for better compatibility with CMOS technology [4]. However, modern substrate
nano- or micropatterning technique with traditional lithography to achieve local integration of
III-V semiconductors on silicon is not only a labor-intensive but also an expensive process.
Therefore, the search for new approaches to creating a pattern on the surface of semiconductor
wafers and subsequent epitaxial growth of nanostructure arrays is one of many urgent tasks.

In this paper, we propose to use focused ion beams to form arrays of modified nanoscale holes
on the SiO,/Si surface. Subsequent treatment in KOH allowed us to form pyramidal cavities, the
shape of which helps localize the structures and reduce their defect level during epitaxial growth
of II1-V semiconductors [5—7]. For study the initial stage of the epitaxial growth processes on
such FIB-modified substrates, we used droplet epitaxy technique [8] as a first stage of GaAs nano-
and microcrystal growth. At the final stage, the effect of pregrowth treatment on the formation
and localization of Ga metal droplets was studied.

Materials and Methods

In this work we used Si(001) substrates coated with a SiO, layer. The FIB modification of
the samples was performed by processing square areas of /= 0.25 x 0.25 and 0.5 x 0.5 um with
pitches between etched points of (0.5 um). The number of beam passes N varied from 450 to
1500. After that, the samples were etched in 30% KOH solution to form pyramidal cavities.
Then the samples were placed in a growth chamber and annealed for 2 hours at a temperature of
about 950 °C. After annealing, the samples were cooled to the growth temperature (7= "750C)
and gallium was deposited with a thickness A of 200 ML at a rate of v = 0.1 ML/s (the deposition
rate was previously calibrated using the RHEED pattern on the GaAs substrate).

Results and Discussion

Fig. 1 shows SEM images of silicon samples with FIB-modified areas after Ga droplet forma-
tion. It is shown that gallium droplet nucleation mostly occurs on the faces of pyramidal cavities
(Fig. 1, a). This may be due to the fact that the surface after etching is quickly covered with a
layer of native oxide, which does not allow Ga droplets to form in the center. Therefore, with
other parameters remaining unchanged, for the next samples, additional pre-treatment of the
samples was carried out in a 2% hydrogen fluoride solution. As can be seen from the Figures 1, b
and lc, this allowed us to improve the localization of droplet structures and ensure their forma-
tion in the centers of the pyramidal cavities.

Analysis of the sample morphology showed that an increase in the number of ion beam passes
led to a decrease in the localization of the formed gallium droplets in the center and stimulated
their formation in the cavity corners. Apparently, such behavior is associated with an increase
in the size of the etched cavities during wet chemical etching in KOH due to an increase in
the depth of the initial holes during FIB-modification [9]. Thus, an increase in the hole size
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Fig. 1. SEM-images of FIB-modified SiO,/Si areas with gallium droplets inside
etching pits before (a) and after (b, ¢) growth procedure optimization

affected a decrease in the probability of the gallium droplets nucleation in the center of the
cavities (Fig. 1, ¢). Changing the initial size of the FIB-modified areas from 0.25 x 0.25 to 0.5 x
0.5 um led to a similar effect (Fig. 1, b, ¢).

It was found that the maximum filling with Ga droplets (the degree of filling was calculated as
the ratio of the number of Ga droplets localized in the center of the cavities to their total num-
ber) is observed when the width of the pyramidal cavities is minimal (~350 nm). An increase in
the number of passes led to a decrease in the percentage of droplet localization in the center for
the initial 0.25 x 0.25 um areas, while for the initial 0.5 x 0.5 pym areas the results obtained are
ambiguous. On the one hand, increasing the number of passes increases the etching depth and,
accordingly, the width of the pyramidal cavities, which should reduce the localization of droplets,
but, on the other hand, processing in 2% hydrogen fluoride solution led to thinning of the native
oxide and the emergence of the possibility of surface diffusion, as well as etching of the overhang-
ing oxide above the cavities, which, in theory, increased the localization of droplets in the center
to a certain level. An increase in the degree of filling with an increase in the number of passes for
the initial 0.5 x 0.5 pm areas is associated with a decrease in the distance between the cavities.
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Fig. 2. Influence of the number of beam passes (@) and the size
of the pyramidal cavities (b) on their degree of filling

Conclusion

In this work, the possibility of achieving high selectivity of epitaxial growth on silicon sam-
ples with preliminary FIB treatment and wet chemical etching was demonstrated. The results
presented also suggest that the gallium ion beam not only has a masking effect when processing
silicon, but can also act as a method for creating a template on the surface for epitaxial processes.

59



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2025. Vol. 18. No. 3.2 >
I

REFERENCES

1. Tiwari P., Trivico N.V., Schmid H., Moselund K.E., Review: III—V infrared emitters on Si:
fabrication concepts, device architectures and down-scaling with a focus on template-assisted selective
epitaxy, Semiconductor Science and Technology. 38 (2023) 053001.

2. Supplie O., Romanyuk O., Koppka C., et al., Metalorganic vapor phase epitaxy of I1I—V-on-
silicon: Experiment and theory, Progress in Crystal Growth and Characterization of Materials. 64 (4)
(2018) 103—132.

3. Eremenko M.M., Shandyba N.A., Chernenko N.E., et al., Study of the initial stage of GaAs
growth on FIB-modified silicon substrates, Journal of Physics: Conference Series. 2086 (2021) 012007.

4. Dushaq G., Nayfeh A., Rasras M.A., Complementary metal oxide semiconductor (CMOS)
compatible gallium arsenide metal-semiconductormetal photodetectors (GaAs MSMPDs) on silicon
using ultra-thin germanium buffer layer for visible photonic applications, Journal of Applied Physics.
126 (2019) 193106.

5. Wan Y., Li Q., Geng Y., et al., InAs/GaAs quantum dots on GaAs-on-V-grooved-Si substrate
with high optical quality in the 1.3 pm band, Applied Physics Letters. 107 (2015) 081106.

6. Paladugu M., Merckling C., Loo R., et al., Site Selective Integration of I1I—V Materials on Si for
Nanoscale Logic and Photonic Devices, Crystal Growth & Design. 12 (2012) 4696—4702.

7. Li Q., Ng K.W., Lau K.M., Growing antiphase-domain-free GaAs thin films out of highly
ordered planar nanowire arrays on exact (001) silicon, Applied Physics Letters. 106 (2015) 072105.

8. Balakirev S.V., Kirichenko D.V., Chernenko N.E., et al., Low-density arrays of ultra-small InAs
nanostructures obtained by two-stage arsenic exposure during droplet epitaxy, Applied Surface Science.
578 (2022) 152023.

9. Eremenko M.M., Shandyba N.A., Chernenko N.E., et al., Combined approach of patterning
on SiO,/Si substrate using ion beam and chemical wet etching, St. Petersburg State Polytechnical
University Journal. Physics and Mathematics. 17 (3.1) (2024) 75—78.

THE AUTHORS

EREMENKO Mikhail M.
eryomenko@sfedu.ru
ORCID: 0000-0002-7987-0695

SHANDYBA Nikita A.
shandyba@sfedu.ru
ORCID: 0000-0001-8488-9932

CHERNENKO Natalia E.
nchernenko@sfedu.ru
ORCID: 0000-0001-8468-7425

KIRICHENKO Danil V.
dankir@sfedu.ru
ORCID: 0000-0001-7476-2778

BALAKIREYV Sergey V.
sbalakirev@sfedu.ru
ORCID: 0000-0003-2566-7840

SOLODOVNIK Maxim S.
solodovnikms@sfedu.ru
ORCID: 0000-0002-0557-5909

Received 18.09.2025. Approved after reviewing 13.10.2025. Accepted 16.10.2025.

© Peter the Great St. Petersburg Polytechnic University, 2025

60



