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Abstract

Recently, I1I-V semiconductor nanostructures of reduced dimension attract more and more interest of researchers for
the new generation devices creation. Combinations of nanostructures with different dimensions are of special interest,
among them, for example, quantum dots in the body of nanowires. Such quantum dots’ size and location control is
strictly determined by the growth parameters. As a result of effective relaxation of mechanical stresses on the lateral
faces of nanowires, the integration of hybrid nanostructures with silicon technology is possible. In this work, we have
demonstrated the possibility of GaP nanowires with GaAs quantum dots and AlGaP nanowires with InGaP quantum dots
growth on silicon by molecular-beam epitaxy. The physical properties of the selected nanowires have been investigated.
Growth experiments were performed using Riber Compact 21 setup, which is equipped, in addition to the growth
chamber, with a vacuum-aligned chamber for gold deposition (metallization chamber). The morphological properties of
the obtained nanostructures were studied by scanning electron microscopy. The optical properties of the nanostructures
were investigated by the photoluminescence method. The analyses of morphological properties showed that GaP
nanowires with GaAs quantum dots were formed predominantly in the <111> direction, in contrast to AlGaP nanowires
with InGaP quantum dots, which in some cases changed the growth direction. The reason for the change in the direction
of growth of nanowires may be the participation of indium in the growth process. With a sufficient content of indium in
the gold catalyst droplet, such mixed droplet can etch the facets at the top of the nanowires, thereby descending to the
side of the nanowires and changing the direction of nanowires growth. The studies of the optical properties of the grown
nanostructures showed that the photoluminescence signal from InGaP quantum dots in AlGaP nanowires is observed at
a temperature of —263 °C with a peak maximum of around 550 nm. Thus, the synthesized nanostructures are promising
for optoelectronic applications, in particular, for creating sources of single-photons.
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AHHOTALUA

B HacTostiee Bpemst MOIyNpOBOJHUKOBEIE HAHOCTPYKTYPHI MOHMKEHHON pa3sMEepHOCTH Ha OCHOBE COCIUHEHHH
III-V rpynm npuBiexaroT Bce OOIBIINI HHTEpEC HCCIe0BaTeNel UIsl CO3MaHus MPHOOPOB HOBOTO MOKOJICHUSI.
Oco0eHHBIH HHTepeC BBI3BIBAIOT KOMOMHAIIMY HAHOCTPYKTYP Pa3HON pa3MEepHOCTH, HalIpUMep KBAaHTOBAsI TOUKA B Telle
HUTEBHHOTO HaHOKpHUCTaJU1a. KOHTPOIIb pa3MepoB U pacIioNoKeHHs] TAKUX KBAHTOBBIX TOUEK CTPOTO ONPEACIISIOTCS
napameTpamu pocta. B pesynbrare 3 QeKTHBHON perakcalui MeXaHHYeCKUX HANpPsHKCHUH Ha OOKOBBIX TPAHIX
HUTEBUIHBIX HAHOKPHCTAJIJIOB BO3MOKHA MHTErpalus F’HOPUAHBIX HAHOCTPYKTYDP C KPEMHHMEBOW TEXHOJIOTHUECH.
B pabore mpoaeMoHCTpHpPOBaHA BO3MOXKHOCTh POCTA METOZOM MOJIEKYIAPHO-ITyuKoBOi snutakcuu GaP HUTeBUAHBIX
HaHOKpHCcTaIuIoB ¢ GaAs kBaHTOBBIMH ToukamMu 1 AlGaP — ¢ InGaP kBaHTOBBIMU TOYKaMH Ha KPEMHHEBBIX TTOTIOKKAX.
HccnenoBansl Gpu3ndeckue CBOHCTBA BEIOPAHHBIX HUTCBUIHBIX KPUCTAIUIOB. DKCIEPHMEHTHI IO POCTY MAacCHBOB
HUTEBUIHBIX HAaHOKPHCTAJUIOB ¢ KBAHTOBBIMH TOYKAMU BBITIONHEHBI ¢ OMOIIBI0 yctaHOBKH Riber Compact 21,
KOTOpasi OCHaIIeHa, KpOME POCTOBOW KaMephl, BaKyyMHO-COBMEIICHHON KaMepot Uil HaHECEHHUs 30J10Ta (KaMepa
MeTaunzanun). Mopdooruueckue CBOMCTBa MOTYYSHHBIX HAHOCTPYKTYP MCCIIEZOBAaHBl METOIOM PacTpOBOM
UIEKTPOHHOI MHUKpockonuu. ONTHYECKUE CBOCTBA HAHOCTPYKTYP HCCIIEIOBAHBI METOOM (DOTOITIOMHHECICHIIHH.
Pesynbrarel uccinenoBaHnii MOP(OIOTHIECKUX CBONCTB BBIPALICHHBIX HAHOCTPYKTYp TMoKkazanu, 4yto GaP ¢ GaAs
KBaHTOBBIMH TOYKaMHU C(OPMHUPOBAHBI IPEUMYIIECTBEHHO B HampaBieHud <l11> B ommnune ot AlGaP ¢ InGaP
KBAaHTOBBIMH TOUKaMH, KOTOPBIE B PsiJie CITyJaeB M3MEHUIIN HaMpaBieHue pocta. [IpuanHoi n3MeHeH s HallpaBIeHHs
pocTa HAHOKPUCTAIIIOB MOXKET OBITH yJacTHe MHANS B POCTOBOM mpouecce. [Ipn moctaTrouHoM conmep kaHUU HHIHS
B 30JIOTOH KaljIe-KaTalln3aTope, Takas CMEIIaHHAs KaIulsl MOXET TPAaBUTH (h)aceTKH Ha BEpPIIMHE HUTEBHHOTO
HaHOKPHCTAJUIa, TEM CaMbIM CITyCKasCh Ha OOK M M3MEHssI HalpaBlieHne pocTa. McciienoBaHus ONTHYECKUX CBOHCTB
BBIPAIIEHHBIX HAHOCTPYKTYP MOKA3aly, YTO CUrHas (oTontomuHecneHnn oT InGaP kBaHTOBBIX TOuek B AlGaP
HUTEBUAHBIX HAHOKPUCTAJUIAX HaOrofaeTcs npu temmneparype —263 °C ¢ MakcuMyMoM nuka okoio 550 Hm. Taxum
00pa3oM, CUHTE3UPOBaHHbIE HAHOCTPYKTYPbI NMEPCIEKTUBHBI JJI ONTO3IEKTPOHHBIX IIPUMEHEHUH, B YaCTHOCTH, IS
CO3/1aHHSI ICTOYHUKOB OANHOYHBIX (DOTOHOB.

KuroueBnie ciioBa
MOy IIPOBOIHUKH, coeanHeHus 111-V, HuTeBnaHbIe HAHOKPUCTAIUIBL, KBAHTOBBIE TOYKH, KPEMHUI, MOP(OIOTHIECKIE
CBOifcTBa, (POTOMOMUHECIICHITHS

BbaaronapuocTu

OKCHEpUMEHTHI 110 CHHTE3y HaHOCTPYKTYp OBLIN NMPOBEACHBI MPH MoAAepkke MHUHUCTEPCTBAa HAYKH M BBICIIECTO
obpazoBannus Poccuiickoit @enepanun, IpoeKT TeMaTHKH HAyIHBIX HccienoBaHuii Ne 2019-1442. VccnenoBanus
MOP(OJIOTMYECKUX U ONTHYECKUX CBOWCTB BBIPAICHHBIX HAHOCTPYKTYP OBUIH BBIIOJIHEHBI IIPU MOAAEPIKKE IPaHTa
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Ccpuika pos nutupoBanusi: Pesuuk P.P., Komsap K.IT., llItpom 1.B., Camconenxko 10.5., Xpedtos A.W., Lppmun [MD.
CHHTE3 METOIOM MOJICKY/ISIPHO-ITYYKOBOM SMUTAKCHH M CBOWCTBA HUTEBUIHBIX HAHOKPHCTAJIOB C KBAHTOBBIMH TOYKAMU
Ha ocHoBe coenuuHenuil 11I-V rpymnn Ha nmoBepxHocTH KpeMHus // HaydHo-TeXHHYECKUH BECTHUK MH(OPMAIIMOHHBIX
TeXHONOTHiA, MexaHuKH 1 onTuku. 2021. T. 21, Ne 6. C. 866-871 (Ha anr. s13.). doi: 10.17586/2226-1494-2021-21-6-866-871

Introduction

III-V nanowires (NWs) and quantum dots (QDs)
attract increased interest for the development of novel
devices for microelectronics, optoelectronics, analytical
biomedicine, emission cathodes, probes for scanning
tunnelling microscopy, high-efficiency solar energy

converters, etc. [1]. Due to the ability to accumulate for
strain in two dimensions [2—4], the NW geometry is ideal
for monolithic integration of semiconductor materials
with different lattice-mismatched substrates, which is
important for achieving high-performance optoelectronic
devices based on Si technology. Separate parts of NWs
can be formed in different crystal phases, which expand
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Different lll-V semiconductor nanowires with quantum dots on silicon...

the number of possible applications. Therefore I1I-V NWs
with QDs are promising building blocks for future close-
to-volume-minimizing devices and scalable bottom-up
photonic parts, which can be integrated with a silicon
electronic platform [5, 6]. The diameter, height, and
density of such QDs are defined by the NW diameter, the
growth time, and the NW density, respectively, and can
be chosen more predictable. Due to a very efficient strain
relaxation on the free sidewalls, epitaxial growth can be
much easier realized in the NW geometry, where a small
footprint is dictated by a metal catalyst particle assisting the
NW growth via the vapor-liquid-solid (VLS) mechanism
[1]. Previously, we have shown the possibility of AlGaAs
NWs with GaAs QDs growth [7-13] and InP NWs with
InAsP QDs growth [14, 15] using molecular-beam epitaxy
(MBE) technology. Nevertheless, expanding the range of
materials of the constituents of both NWs and QDs will
help to significantly increase the number of applications
for such nanostructures.

In this work, we present the possibility of the growth
using MBE method of GaP NWs with GaAs QDs and
AlGaP NWs with InGaP QDs both on silicon substrates.

Experiment

MBE growth was performed using a Riber 21 Compact
machine equipped with, in addition to the growth chamber,
a combined vacuum chamber for the deposition of Au
(metallization chamber). Polished silicon wafers were used
as substrates for the growth. The growth of the NWs with
QDs was performed in several conceptual stages. On the
first stage, after the wafer’s surfaces treatment in a 10:1
aqueous solution of HF, the substrates were immediately
loaded to the metallization chamber, where they were
heated up to the temperature of 850 °C for 10 min. Then the
temperature of the samples was decreased to 550 °C and Au
deposition was performed with a total thickness of about
0.1 nm keeping | minute at the same temperature to form
regular Au droplets on the substrate’s surface. After this,
the samples were cooled down to the room temperature and
transferred to the growth chamber without the violation of
ultrahigh-vacuum conditions. Then, to grow the GaP NWs
the substrate temperature was increased to the 580 °C,
and Ga and P sources were opened for 15 minutes. On
the next step, Ga and P shutters were closed for 1 minute
so that phosphorus was pumped out of the chamber and
did not participate in the growth of the QDs. After that,
Ga and As shutters were opened for 7 seconds for GaAs
QD formation. Finally, after 1 minute pause for pumping
of As, Ga and P shutters were again opened for 5 minutes
to form a top of GaP NWs. In case of AIGaP NWs with
InGaP QDs, the growth method was not fundamentally
different, but the substrate temperature during the growth
was set at 530 °C due to the specificity of the aluminum
and indium atoms migration during the growth. In all cases,
the flux of gallium source corresponded to the growth
rate of GaAs — 0.7 monolayers per second (ML/s), of Al
source — 0.3 ML/s, and of In source 0.3 ML/s according to
the previous calibrations on a separate GaAs (100) surface.
All samples were grown at group V-stabilized conditions.
Dynamics observation of reflection high-energy electron

diffraction (RHEED) patterns shows pure wurtzite NWs
crystallographic phase formed already after 1 minute of
growth for all the samples.

The morphological properties of grown
experimental samples were studied by scanning electron
microscopy (SEM) using Supra 25 Zeiss microscope.
Photoluminescence (PL) of the samples was excited with
a helium—cadmium (He—Cd) metal-vapor laser with a
wavelength of 325 nm. The PL signal was detected using
a DK480 Spectral products monochromator and a single-
channel silicon detector using synchronous detection (SRS
510 ‘Stanford Research Systems’). The measurements were
performed at —263 °C.

Results

Fig. 1 shows the typical SEM image of GaP NWs array
with GaAs QDs grown on Si(111) substrate. The NWs are
formed mainly in the <111> direction, which indicates the
epitaxial growth of the nanostructures. We note that the
height and diameter of the grown nanostructures is highly
inhomogeneous over the surface, which can lead to the
difference in the optical properties. The possible reason
may be different sizes of the Au particles formed prior to
the growth of GaP NWs, and investigation of the optical
properties of this array needs additional optimization.

Typical SEM images of AlGaP NWs with InGaP QDs
are shown in Fig. 2. Similar to the case of GaP NWs,
AlGaP NWs were formed mainly in the <111> direction.
It is seen that the average high of grown NWs is 900 nm
and the diameter — 140 nm. It is important to note that
some of the NWs began to bend and grow in a different
direction. This is due to the usage of indium as a part of
quantum dot material. According to [16], with a sufficient
content of indium in the gold catalyst droplet, such a mixed
droplet can etch the facets at the top of the NWs, thereby
descending to the side of the NWs, and change the direction
of NWs growth.

A PL study of AlGaP NWs with InGaP QDs grown
on Si(111) substrate showed interesting results (Fig. 3).
PL spectrum from this sample is centered at 550 nm,
which is bigger than the wavelengths of both AIP and GaP,
supporting that the PL signal is attributed to the nanoscale
insertion.

400 nm

Fig. 1. Typical SEM image of GaP NWs with GaAs QDs grown
on Si(111) substrate
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400 nm

400 nm

Fig. 2. Typical SEM image of AlIGaP NWs with InGaP QDs grown on Si(111) substrate: side view (a); top view (b)
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Fig. 3. Typical PL spectrum at —263 °C of AlGaP NWs with
InGaP QDs grown on Si(111) substrate
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