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Abstract. The technology of embedding metallic iron disilicide (a-FeSi,) nanocrystals (NCs)
with different numbers of NCs multilayers and different doping levels of silicon multilayers
with holes (10" cm™ and 10" ¢cm™) was tested on SOI substrates, and composites with 4 and
8 layers of embedded a-FeSi, NCs were grown using it. The maximum power factor 0.1 to
0.25 mW/(mxK?) at T'= 450 K was observed in the composite with the maximum hole con-
centration in the silicon interlayers, and a decrease in the hole concentration led to a decrease
in the power factor to 0.01 mW/(mxK?) at T = 450 K due to a sharp decrease in the sheet
resistance with a weak increase in the Seebeck coefficient.
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Komnozutbi Si-Fe co BCTpoeHHbIMU HaHOKpuUcTanaamu o-FeSi,:
chopMmupoBaHMe U TepMoO3JIeKTpUUeCKMe CBOMCTBA
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Annoramua. Ha nomnoxkax KHWM  anpoOupoBaHa  TEeXHOJOTMS  BCTpauBaHUS
Hanokpucramios (HK) wmeramnmueckoro aumcwmmnuaa xenesa (o-FeSi,) ¢ pasHbiv
Kom4yecTBOM MyJibTcioeB HK M pasHBIM ypoBHEM JIeTMPOBAHUSI KPEMHUEBBIX MYJIbTUCIIOEB
neipkamu (10" em™ u 10" cM™) 1 1Mo JaHHOW TEXHOJIOTMM BBIpAIleHbl KOMIIO3UTHI C 4 U
8 crnosmu BcTpoeHHEIX B KpemMuuit HK o-FeSi,. Makcumanbhbnii pakrop MmomnHocTtr ot 0.1 1o
0,25 mBt/(MxK?) ipu T'= 450 K Habiiomancs B KOMIO3UTE ¢ MAKCHMMAaJIbHOM KOHLIEHTpallei
IBIPOK B KPEMHMEBBIX IPOCJIOKAX, a YMEHbIIEHUE KOHIICHTPAlMU IbIPOK MPUBOAWIO K
yMeHbllleHuo ¢akropa MomHocTu a0 0,01 mMBt/(MxK?) mpu T = 450 K 3a cuer pe3koro
YMEHBIIEHUS CJI0€BOr0 COMPOTUBIIEHUS TIpU cjlaboM pocTe KoadduumneHTa 3eedeka.
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Introduction

One of the approaches to creating efficient thermoelectric materials is to embed metal
nanocrystals (NCs) into a semiconductor, such as germanium, which provides high matrix
conductivity and an increase in the Seebeck coefficient [1]. It does not require high crystalline
quality of materials with embedded nanocrystals and assumes the possibility of their random
distribution in the semiconductor matrix, including silicon. NCs of transition metal silicides
can be embedded into silicon, since they include both semiconductors [2] and metals [3]. It
was known that embedding multilayers with one or two types of embedded NCs (CrSi, and
B-FeSi,) grown on an n-type silicon substrate resulted in efficient hole injection from embedded
NCs, a change in the sign of the Seebeck coefficient from negative to positive, and an increase
in the power factor in the temperature range from 200 K to 400 K [4]. At the same time, the
incorporation of NC metal silicides into a silicon matrix with p-type conductivity and orientation
(100), as well as the effect of doping silicon interlayers during the growth of multilayers on their
thermoelectric parameters, remained unexplored.

In this paper, we investigated the formation of multilayers with embedded NCs of metallic
iron disilicide (a-FeSi,) in silicon-on-insulator (SOI) substrates of p-type conductivity with
different numbers of NC multilayers and different doping levels of silicon multilayers, determined
the phonon structure of the NCs, the conductivity and thermoelectric properties of the grown
heterostructures in the temperature range of 80—450 K.

Materials and Methods

Multilayer heterostructures with embedded NCs of metallic o-FeSi, were grown in a VARIAN
ultrahigh vacuum setup with a base pressure of 2x107'° Torr equipped with a molecular beam
source of iron (Fe), sublimation sources of silicon (Si) with different hole concentrations (p* and
p) and a quartz thickness sensor. SOI Si(100) p-type wafers with a resistivity of (1-10) Q x cm
were chosen as substrates and Si sources. After low-temperature cleaning of the silicon surface
at a temperature of 900 °C for 10 minutes, a 50 nm thick silicon buffer layer was deposited at
T'= 700 °C. Then, multilayer samples with embedded NCs of a-FeSi, were formed. This process
consisted of four steps: (1) deposition of 0.5 nm Fe at room temperature; (2) annealing at
T = 630 °C for 2 min and flash at 7= 1000 °C for 5 s; (4) growth of the silicon layer (12 nm at
T =630°C and 24 nm at 7T = 700 °C). To form 4-layer and 8-layer structures with embedded
a-FeSi, NCs, these four steps were repeated 3 or 7 times, followed by growth of the capping
silicon layer in two steps: 12 nm at 7= 630 °C and 84 nm at 7 = 700 °C. Individual multilayers
were grown with doped silicon interlayers with different hole doping: 10" cm™ (p*) and 103 cm™3
(p). For comparison with samples with embedded multilayers of a-FeSi, NCs, test samples were
grown with 4 and 8 fictitious stages of silicon growth without deposition of iron atoms, but with
annealing and stops (NC growth emulation or dummy composite (CS)) with different silicon
sources (p* and p). A total of 3 samples with embedded a-FeSi, NCs and 3 samples with dummy
CS were grown.
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The morphology of the grown samples was studied using a Solver P47 scanning probe
microscope in the tapping mode. The phonon structure of the grown samples was studied
using an NTEGRA SPECTRA-II system in the Raman spectroscopy mode. The transport and
thermoelectric properties of the samples were studied on a Kriotel (Russia) laboratory setup in a
nitrogen atmosphere at temperatures of 80—450 K after preliminary formation of six Al contacts
on an ADVAVAC PVD-2EB2R11 vacuum setup (70 = 450°C for 20 minutes) to measure
conductivity and thermo-emf.

Results and Discussion

After unloading the samples with embedded o-FeSi, NCs and the reference samples with
growth emulation, their surface morphology was studied by AFM. Due to the embedding of
nanocrystals with a tetragonal lattice into silicon, a process of three-dimensional overgrowth of Si
atop a-FeSi, NCs was observed and punctures were formed on the surface of the capping silicon
layer. However, the yield of a-FeSi, NCs onto the surface of the composite was not observed.
The root-mean-square roughness was minimal for 4-layer heterostructures both with embedded
NC and without them (Table). Increasing the number of multilayers led to its 2—3-fold growth,
but the depth of the observed punctures did not exceed 40 nm, which is less than the thickness
of the capping silicon layer.

Table
Types of composites (CS), type of doping of Si interlayers, d g is total
thickness of composite, 6___ is root mean square roughness

sample | omboste | doping | Do ™| S 0
A Dummy CS, P 256 2.0
B 4L o-FeSi, P 258 2.3
C Dummy CS, P 375 7.0
D 8L a-FeSi, P’ 371 4.6
E Dummy CS, P 417 0.51
F 8L a-FeSi, D 429 7.92

The study of the phonon structure of working samples by the Raman scattering method
showed that multilayers with the supposed NC a-FeSi, do not have phonon peaks. This proves
the absence of the semiconductor phase B-FeSi, [4] in the NC samples and indirectly confirms
the formation of the a-FeSi, phase, which does not have resolved Raman scattering phonons [5].

The grown multilayer samples with embedded NCs (Table) represent a composite with randomly
distributed NCs [4], to which the two-layer thermoelectric model [6] cannot be applied to isolate
the contribution of the modified layer. The electrical and thermoelectric properties were analyzed
by comparing the temperature dependences of the sheet resistance and the Seebeck coefficient for
the SOI substrate, the emulated substrate (Dummy CS), and samples with embedded NCs. The
data on the sheet resistance (Fig. 1, @) and the Seebeck coefficient (Fig. 1, b) were obtained for
the SOI substrate and sample B with 4 layers of a-FeSi, NCs and the Dummy CS, (sample A),
grown with heavily doped silicon interlayers (p*). According to the sheet resistance dependencies,
it was found that it is maximum for a clean SOI substrate (40 kW/o at 320 K. At the same time,
for embedded NCs or the Dummy CS Si sample, the sheet resistance decreases by 3—6 times
depending on the temperature, so the doping of the intermediate silicon layers is strongly felt in
the sheet resistance. The positive Seebeck coefficient for sample B with embedded NCs a-FeSi,
increases from 360 pV/K at T = 80 K, reaches a maximum of 760 uV/K at 7= 330 K and then
saturates to 450 K (Fig. 1, ), which indicates the main contribution of holes. Sample 4 (Dummy
CS,) demonstrates an almost linear dependence of the Seebeck coefficient on temperature,
increasing from +100 to +550 pV/K. That is, the incorporation of a-FeSi, NCs into the silicon
composite leads to a sharp increase in the thermal generation of holes in the system compared
to sample A (Dummy CS)). For the SOI substrate with p-type conductivity, the large maximum
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Fig. 1. Temperature dependences of the measured sheet resistance (a), Seebeck coefficient () and
power factor (c) for the SOI-substrate, dummy CS, (samples 4) and dummy CS, (sample C) and
4-layer an 8-layer composites in samples B and D with embedded a-FeSi, NCs respectively.

The case of p* Si interlayer doping

(480 mV/K) for the Seebeck coefficient is observed at 7= 260 K (Fig. 1, b), so the type of
temperature dependences between substrate and grown samples are different. Calculations of the
power factor showed (Fig. 1, ¢), that it remains minimal for sample A (Dummy CS)), reaching
0.005 mW/(mxK?) in the temperature range of 150-450 K. However, for sample B, the power
factor reaches 0.02 mW/(mxK?) at T = 180-450 K due to a higher sheet resistance and a lower
Seebeck coefficient.

Doping of silicon layers to p* has a noticeable effect on the 8-layer sample D with embedded
NCs (Table) and on the sample C (Dummy CS,) (Table). In this case, for the latter sample, the
sheet resistance with increasing temperature is lower than for the first by (6—10) times (Fig. 1, a).
According to the Seebeck coefficient, sample C demonstrates a similar behavior as sample A
(Fig. 1, b). For the multilayer sample with NC a-FeSi, (sample D), a smooth increase in the
Seebeck coefficient is observed from 360 pV/K at 7= 80 K to 750 uV/K at 7' = 350-450 K.
Calculations of the power factor showed that it remains maximum for the Dummy CS, sample
(C, Table), reaching 0.25 mV/(mxK?) at 7= 250 K and then reaching saturation (Fig. 1, ¢). For
sample D with embedded NC o-FeSi,, the power factor increases quasi-linearly with increasing
temperature, reaching 0.1 mV/(mxK?) at 7 = 450 K. That is, an increase in the number of
embedded nanocrystal layers led to an increase (by 3—5 times) in surface resistance compared to
sample C (Dummy CS,) due to an increase in scattering on defects. The growth of the Seebeck
coefficient in sample D is associated with the injection of holes into the composite layer. But
this did not compensate for the decrease in the power factor for it compared to the Dummy CS,
sample.

To determine the effect of decreasing the doping level of silicon interlayers on the thermoelectric
parameters, a multilayer sample (8 layers) with a reduced hole concentration (p7) was grown
(Table, sample F). For sample £ (Dummy CS,), the sheet resistance (5 kQ/o) at 7= 300 K was
significantly lower than for the SOI substrate (70 kQ/o) at 7= 360 K (Fig. 2, a). For sample F, the
nature of the temperature dependence of the sheet resistance changed significantly, demonstrating
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Fig. 2. Temperature dependences of the measured sheet resistance (a), Seebeck coefficient (b) and
power factor (c) for the SOI-substrate, dummy CS, (sample E) and 8-layer composite in samples F
with embedded a-FeSi, NCs. The case of p~ Si interlayer doping

a strong maximum (15 kQ/o) at 7 = 160 K (Fig. 2, a). The difference in the behavior of the
temperature dependences of the sheet resistance in samples F and FE can be associated with a
sharp increase in scattering on the built-in NCs compared to the multistep growth of silicon in
the Dummy CS, sample. For the samples with embedded NC a-FeSi, (sample F) and sample £
(Dummy CS,), the Seebeck coefficient (Fig. 2, b) changes non-monotonically with temperature,
but demonstrating a similar nature of the dependencies. Two maxima are observed for them, but
the Seebeck coefficient is greater for sample F. The first maximum (370 uV/K for sample F and
220 uV/K for sample E) is observed at 7= 160180 K, and the second maximum (420 pV/K and
370 uV/K, respectively) at 7= 450 K (Fig. 2, b). Calculation of the power factor from temperature
for samples £ and £ and comparison with the SOI substrate showed that in the temperature range
of 150—300 K, the most efficient thermoelectric is SOI substrate (0.1 mV/(mxK?)). But with
increasing temperature, the power factor for both samples (£ and F) also increase, reaching a
value of 0.01 mW/(mxK?) at 7= 450 K.

Conclusion

A comprehensive technology for embedding a-FeSi, NCs into SOI substrates has been
developed using solid-phase epitaxy with different growth temperature modes (7 = 630 °C
and T = 1000°C) for annealing 0.5 nm thick iron layers and molecular beam epitaxy
(T = 630-700 °C) of Si interlayers. 4-layer and 8-layer samples with embedded a-FeSi, NCs and
silicon interlayers (hole concentration: 10" cm™ and 10" cm™), as well as multilayer samples
with emulation of NC growth on SOI-(100) substrates have been grown. It was found that in
the 8-layer heterostructure with the maximum hole concentration in the silicon interlayers, a
sharp decrease in the sheet resistance is observed for the case of growth emulation compared to
the incorporation of a-FeSi, NCs and some increase in the Seebeck coefficient at 7= 80-35 K.
This leads to an increase in the power factor to 0.25 mW/(mxK?) for the sample with growth
emulation and 0.1 mW/(mxK?) for the sample with embedded a-FeSi, NCs at T'= 200-450 K.
A decrease in the hole concentration in silicon multilayers with embedded NC a-FeSi, leads
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to both a decrease in the Seebeck coefficient and a decrease in the power factor (up to
0.01 mW/(mxK?) at 7= 450 K due to a sharp increase in the sheet resistance during scattering
at grain boundaries.
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