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PROPERTIES OF “HIGHER MANGANESE SILICIDE-SILICON” HETEROSTRUCTURE
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Based on the diffusion technology, many scientists and specialists have conducted research on obtaining materials that are fundamentally
different in electrical and photo-thermal parameters from the original material by introducing various input atoms into semiconductor
materials and creating deep energy levels in their band gap. The electrical, photoelectric, optical, and magnetic properties of these
semiconductor materials have been extensively studied with metal group elements, isovalent elements and rare earth elements added to
silicon through the process of growth, ion implantation, or diffusion from the gaseous state. The technology of introducing impurity
atoms into silicon by the diffusion method is distinguished from other methods in its simplicity, energy efficiency, and low cost. Up-to-
date the technology of changing the resistivity and conductivity of the initial sample by diffusion of manganese atoms into single-crystal
silicon is studied insufficiently.In the article, it was determined that when manganese atoms diffuse into silicon, a high-manganese
silicide is formed on its surface and in the near-surface layer. Based on the analysis of the experimental results, the thermal EMF
(electromotive force) in Mn,Si; — Si < Mn > — Mn,Si, structures in a certain temperature range and under illumination (with
monochromatic or integrated light) is explained by the fact that it based on the Pelte effect, observed in semiconductors.The volt-ampere
characteristics (VAC) of the obtained structures were measured at various temperatures, in the dark and in the light. Formation of a
boundary layer with high resistivity at the boundary of the higher manganese-silicon transition, the transition from higher manganese
silicide to the base of the structure due to the effect of ionization of pores during illumination of structures and external influence. The
applied field was clarified based on VAC results. The manganese high silicide layer formed on the silicon surface has the properties of a
semiconductor, and the formation of a heterojunction upon transition to silicon is shown on the basis of the sphere diagram.
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INTRODUCTION

Nowadays, the requirements for thermal batteries created on the basis of higher manganese silicides (HMS) are
almost the same as the requirements for bulk thermoelements, which implies that their operational performances must
be tuned to be perfect [1]-[5]. While heat transfer in bulk thermoelectric materials is carried out on the basis of metal
electrodes embedded into the semiconductor, in thin-layer thermoelectric materials and thermal batteries, heat transfer
is carried out on the basis of a substrate on which the layer is grown [6],[7]. Since thermal batteries created on the basis
of higher manganese silicides (HMS) are ususlally grown on the surface of silicon in the form of a thin layer, thus heat
exchange occurs fast. Revealing practical application areas of thermal batteries, photodetectors and photodiodes
assembled on the basis of the “HMS — silicon” structure is one of the most urgent problems of current scientific
research [8]-[10].

Differences in two phases adjacent to “higher manganese silicide — silicon” transition boundary are not only due to
the fact that their electrophysical parameters do differ, but also by varying value of the forbidden gap of materials in
these phases [11], [12].

Study and analysis of experimental data on “higher manganese silicide — silicon” structures have shown that
higher manganese silicide on the basis of Mn,Si, compound, manifests semiconductor properties and its forbidden gap
was determined by experimental study of temperature dependence of electric conductivity and Hall factor on
HMS-3000 Van-der-Pau equipment.

It was reveald that the value E; of the forbidden gap of higher manganese silicide was E; = 0.67 + 0.8 eV
judging by the fact that charge carriers in the sample were holes. Thus, it was shown that in the “higher manganese
silicide-silicon” boundary layer, a heterostructure was being formed.

TECHNIQUE AND EXPERIMENTAL
Boron-doped monocrystalline silicon wafer with resistivity of 10 () - cm, was used as a reference sample for forming
HMS layer on silicon substrate. The authors have utilized the diffusion technique to form HMS layer on sample’s two-
dimensional large surface. The thickness d of the HMS layer formed on the silicon surface was approximately = 5 + 7 pm.
The conductivity of the resulting HMS layer was p-type (charge carriers holes), and their concentration p = 1019 +
102% cm™3. Such a layer formed on the surface could be viewed as a heavily doped degenerate semiconductor. The
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value of relative resistance of the base region in the resulting structure was equal to p =~ 10°Q-cm, and the
concentration of charge carriers in it was approximately close to that in intrinsic silicon.

The resulting Mn,Si, — Si < Mn > — Mn,Si, structure in written form was shortly abbreviated as p* — Si <
Mn > —p*. The electrophysical and photoelectric properties of such structures were studied in a wide temperature
range of 80 + 300 K. For experiments, a task-specific cryostat was engineered that was designed to operate in the
temperature range from 80K to room temperature and with specific glass window for exposure of a sample to integral
and monochromatic light.

As a light source, the arsenide galium (GaAs) light emitting diode was used, as well as the IKS-21-type infrared
spectrometer. While measuring the volt-ampere characteristics (VAC) of the structures at room temperature, the athors
have observed two sections on current-voltage curve. At low temperatures (T = 80K), the value of the current would
sharply (almost 6 + 8 times) decrease whereas relative resistance of the base region of the structure would starkly
increase. At forward bias mode, the value of the current in the dark would decrease down to J; = 107124 whereas after
the structures have been exposed to light, the value of photocurrent would increase to = 1073 + 10724 (Fig.1).
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Figure 1. Volt-ampere curve of pt — Si < Mn > —p™ structure at T = 300K (1) and T = 80K (2) illuminated by photons with
energy hv = E,

At a low temperatures (T=80K), the value of AUy (voltage falling on boundary transition cross section of the pre-
contact surface layer of the structure) have tended to increase due to decrease in relative resistance of the base region of
the structure in times of its exposure to light. It is well known that, resistance at boundary area could be deteremined as

follows Ry = S A%. Here S — area of the opposite contact side of the structure. Theoretical calculations have revealed

that the relative resistance of the base region of resulting structures at room temperature was equal to ps = 6 - 10*Q - cm.
The results of experiments aimed at determining the resistance of the base region of structures by two probe technique

p=Ss ]—Ul , where [ is the distance between probes) have revealed that the relative resistance of manganese high silicides

grown on silicon substrate was equal to ps = 6,2 - 10*Q - sm, which was close to the data of theoretical calculations.

To determine the concentration and mobility of charge carriers at the base region of the structure, the authors have
applied the Hall factor technique at various temperatures. Also the authors have studied the photovolt-ampere
characteristic at various values of monochromatic illumination at (hv = Ej).

Having known the value of R, (Hall factor), the concentration of holes, as well as the the mobility of charge
carriers (using the formula % = u,) were subsequently calculated. At J,, = 1mA (photocurrent), the concentration of

charge carriers (holes) was equal to p = 2,4 - 10'* cm™2 while at ], = 2,5mA4, it was respectively p = 2,5 - 10> cm™3.

In both cases, Hall mobility y,, was in the range 200 + 300 sm?/V - s. At the same parameters of illumination of M —
Si < Mn > —M structure and at external source voltage U=10 V, the current J,,, was 8 - 10754 and the concentration of
holes was p < 2.4 - 1013 cm™3.

We have observed two section in VAC curve when the distance between the electrodes was negligent (9+10mm),
and when the structures were illuminated by monochromatic light. In this case, there was virtually no difference in
parameters of the curves both in dark and exposed modes under voltage of U < 1 V. After the voltage U have passed
> 2V, the difference between VAC in dark and exposed modes rather increased, and the difference was stark almost
10* times (Fig. 2, 1 and 2 lines).

When the photocurrent value was J, = 4 - 107>mA, at HMS — silicon junction point excess heat was detected.
When the photocurrent value reaches J, = 10724 excess heating at the transition bondary of Mn,Si, — Si < Mn >
was significantly greater. When the pole of the constant current source connected to the structure was versed, heating
field has moved to the opposite right side of the Si < Mn > — Mn,Si, structure.
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Figure 2. Volt-ampere characteristics of silicide structures at T=80K:
1 — while exposed to illumination when the width of the base section of pt — Si < Mn > —p* structure is 7075 um
2-p* —Si < Mn > —p? in dark conditions,
3 -p* = Si < Mn > —M the width of the base section of the structure is 1.5 mm while forward bias voltage is applied,
4 —p* —Si < Mn > —M width of the base section of the structure is 5 mm and while forward bias voltage is applied
5—-p* —Si < Mn > —M is 5mm, and when the reverse voltage is connected, the base width of the structure

When the distribution of U(L) (voltage drop on contacts from external voltage source connected to the structure in
the base section of the structure) was studied, it was found that the majority of voltage appears to drop at the
“silicide-silicon” transition boundary. In this case, it was found that primarily voltage drops on boundary section of the
photoconductive border, where the resistance of the HMS structure is negligent (Fig. 3).
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Figure 3. p* — Si < Mn >— p* external voltage drop Figure 4. Connection of the structure to an external
distribution source at low temperatures and while illuminated by
1 - T=300K, 2-80K, when illuminated with monochromatic monochromatic light (hv = Ej).
radiation (hv = Ej). HMS - higher manganese silicides

On Fig. 4 it is shown the structure of the Mn,Si; — Si < Mn > — Mn,Si, structure, its connection to an external
power supply, the incidence of monochromatic radiation, and the measurement circuit of the generated thermal EMF
(electromotive force).

DISCUSSION OF EXPERIMENTAL RESULTS
Tradionally, in times of exposure of the base region of the structure to light the phenomena of photoconductivity
occurs due to which, non-equilibrium charge carriers such as electrons and holes are generated. Subsequently, the Fermi
level moves towards the valence and the conduction bands, each leading to the formation of quasi Fermi levels. When
the structure was illuminated with infrared light with a wavelength A = 0.9 = 1 um (the depth of absorption of falling
photons was up to ~100 pm), the thickness of the holes conductive layer with a small resistivity p = 5+ 10Q-cm
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was equal to the depth of absorption of falling photons. In silicon doped with manganese atoms, such physical
phenomena due to holes leading to massive photoconductivity were previously reported by several authors [13].

The resistivity value formed when the resulting structures are illuminated by low intensity infrared light happen to
be small p = 5+ 10 Q- cm, and the formation of a conductive layer with with hole conductivity was similar to the
formation of non-equilibrium charge carriers (holes) at the base of the structure. At specific resistance of p-type sample
(resistivity p & 5+ 10 Q - cm) the concentration of holes was estimated at ~1015cm™3.

A similar situation was observed when the silicon samples doped with manganese atoms appeared to have
completely compensated boron atoms after the samples were illuminated with photonic energy corresponding to a
wavelength of A = 1 um [14],[15]. Such a precedent was not observed in the p* — Si < Mn > —p™ structures because
the physical phenomena at the contact layers of such structures allegedly happen by injection of charge carriers in the
heterojunction layer. Based on the analysis of the obtained experimental results, it was possible to explain the physical
mechanism of contact phenomena observed in heterojunction structures.

A layer with a high resistance was formed at the transition boundary of the silicon (HMS-Si<Mn>) system doped
with HMS and manganese impurity atoms, while the external voltage source was applied, a potential barrier was created
due to electric displacement. Thus, the probability that charge carriers (holes) would heat up and migrate to the base
region of the structure will increase. This in turn led to the occurrence of a mechanism of shock ionization due to
photogeneration by boosting injection of holes heated from the HMS layer into the structure’s base region (Si<Mn>).

It was determined that the following preconditions must be met in the heterojunction of the resulting structures in
order to generate additional charge carriers:

1. Creation of conditions for the injection of holes into silicon from a layer of higher manganese silicides.

2. The thickness of higher manganese silicides-silicon transition layer shall be enough to induce injection
phenomenon of charge carriers through the base region.

In other words, it is necessary that the length of free running path of the holes be greater than the thickness of the
transition layer. In this case, the heated holes pass like they go through a tunnel crossing to the base of the structure. In
this case, holes carry a certain energy and form an additional electron — hole pair based on the heating of the base
region. This increases the value of the photocurrent several times and has led to a decrease in the resistance of the base
region. The increase in the concentration of charge carriers at the base region of the the concerned structure in the
irradiated position can be reduced by the following mechanism. That the value of photocurrent in M — Si < Mn > —M
structures appears to be several degrees higher than that in silicon samples, which are doped solely by manganese atoms
in the normal state, was explained by the shock ionization of the charge carriers.

E. When there are two types of charge carriers in

E. AN semiconductors, and if a thermal gradient is created in them, the

transfer of heat due to the concentration gradient of current carriers

is observed (Pelte effect). It was found that the thermal EMF

E.: E.: formed in the structure of manganese high silicide - silicon is

almost not observed in the structures of the metal-silicon Si<Mn>

system.

E. \ It was observed that in the resulting HMS — Si<Mn> — HMS

E. structures we have witnessed symmetrical disposition in volt-

Figure 5. Band diagram of a heterojunction formed at ampere characteristis:s in the initial state (at low Voltage and low

the boundary of higher manganese silicide-silicon curren't values) while samp?es were exposqd to light. When

Eg ~ 0,67 + 0,8 eV, Egy = 1,126V replaglng one of HMS.layers in the structure with a metal contact,

that is, in HMS - Si<Mn> - M structures, the value of the

photocurrent- J, in cases when the voltage is forward biased and inversed, proved to differ greatly from each other, and

the difference is at least ~10%. If the voltage supplied from an external source is U>15 V, this difference is relatively

lower (10 — 102 times), but an increase in temperature was observed at the HMS -silicon contact, that is, the structure
started to heat up. This, in turn, caused the current to step down under the influence of temperature [15]-[17].

Structures in the first and second regime (p* —Si < Mn >-p* and M — Si < Mn > —M, respectively) in the
illuminated state, based on the analysis of the results obtained in VAC and the distribution of applied external voltage,
manganese high silicide - silicon heterojunction diagram of the structure was proposed (Fig. 5).

CONCLUSION
Based on the scientific analysis of VAC of the resulting higher manganese silicide-silicon and metal-manganese
doped silicon structures and the proposed heterojunction diagram, we assume the following:

1. The manganese high silicide formed on the silicon surface when the manganese atoms diffuse into the silicon
(from the gas state or from the manganese metal layer on the silicon surface) has a monopolar injection contact feature
that leads to injection of holes into the silicon bulk.

2. InMn,Si; —Si<Mn>—Mn,Si; or Mn,Si; — S i < Mn > —M structures with high resistance at relatively
low temperatures (T = 80 <+ 200K) and when illuminated with photons energy hv > E,, the value of their resistance is
believed to decrease sharply and it switched to a photoconductive state.
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3. It was determined that the photosensitivity of the base region of the resulting structures increased at low
temperatures, and the resistance decreased under the influence of light, due to avalanche ionization of charge carriers
formed in higher manganese silicide, as well as the injection of certain additional energy into the transition layer.

4. It was shown that the formation of a heterojunction at the transition boundary of the higher manganese silicide-
silicon structure and its VAC change under the influence of infrared radiation.

I thank Professor of the Department of “General Physics”, doctor of physical and mathematical Sciences Kamilov Tulkin for his
advice on the analysis of the obtained practical results and the creation of a physical mechanism.
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BJACTHUBOCTI TETEPOCTPYKTYPH “CHJIINNAA BUIIIOT' O MAPT'AHIIO-KPEMHIIO”
Ko6imxkon K. yrai Kypoonasies?, Hypyiia ®. 3ikpianaes®, Axmamkon 3. XycaHos®
“Koxanocokuil Oepacasnuii nedazociunutl incmumym imeni Myximia, Koxkano, Y3bexucman
bTawenmcoxuii depocaenuti mexuiunuii ynisepcumem, Tawxenm, Yzbexucman

¢Kokanocwruil 0epoicasnutl nedazo2iunuu incmumym imeni Mykimis, Koxano, ¥30exucman
Ha ocnoBi mudysiiiHoi TexHonorii 6araro BUeHUX i ()axiBIIB IPOBOJWIN JOCTIDKEHHS 3 OTPHUMaHHS MaTepiajlB, NMPUHIMIIOBO
BIZIMIHHUX 3a €JICKTPUYHHMH 1 (POTOTEpPMIYHUMH TapamMeTpaMH BiJ BHXITHOTO MaTepialy, OUIIXOM BBEICHHS B HAIiBIIPOBIJHUKOBI
Marepiainy pi3HUX BXIIHHX aTOMIB i CTBOPEHHSI IIMOOKHUX €HEPreTUYHHX PiBHIB B X 3a00pOoHEHiH 30HI. Enexrpuyni, GpoToenekTpuyHi,
ONTHYHI TAa MArHITHI BJIACTHBOCTI LMX HAMIBIPOBIIHMUKOBUX MatepianiB OyaM peTesbHO BHBYCHI 3 €JIEMEHTaMH TPYIH METaiB,
I30BJICHTHUMH CIICMEHTAMU Ta PiIKO3EMEIbHUMHU CJIEMCHTAMH, JOJaHMMH 0 KPEMHII0 B TPOIECi POCTy, 10HHOI iMIUIaHTamii abo
Judys3ii 3 razononibHoro crany. TexHomorist BBEJEHHS JOMIIIKOBUX aTOMIB Y KpeMHil qu(y3iHHIM METOIOM BiJpi3HAETHCS BiJ IHIINX
IIPOCTOTOI0, eHeProe()eKTUBHICTIO Ta AemeBu3HO0. CydacHa TEXHOJOTIS 3MIHM ITUTOMOTO OIOPY Ta €IEeKTPOIPOBIIHOCTI BUXITHOTO
3pa3ka IUBIXOM AUQy3ii aTOMIB MapraHii0 B MOHOKPHUCTAIIYHHHA KPEMHill BHBYEHAa HEIOCTaTHHO. Y CTATTI BCTAHOBJICHO, LIO INPH
Judys3il aToMiB MapraHiio B KPEMHIl yTBOPIOETHCSI BHCOKOMApPraHIeBHi Ha HOro MOBEPXHi 1 B MPUIIOBEPXHEBOMY ILAPi YTBOPIOETHCS
cuwiinua. Ha ocHOBI aHaii3y eKCIepUMEHTAIbHUX pe3ysbTaTiB BcTaHOBIeHO TepMOEPC (enmekrtpopyiuiiiHa cuia) B CTPYKTypax
Mn4Si7-Si < Mn > - Mn4Si; B 1eBHOMY iHTepBaii TeMIepaTyp 1 IpH OCBITJIICHHI (3 MOHOXpOMAaTHYHe abo0 IHTErpoBaHEe CBITJIO)
MOSICHIOETBCS THM, IO BiH 3acHOBaHWM Ha edekti IlenbTbe, sKHMiT crOCTepiraeThess B HAMIBIPOBITHWKAX. Bombr-ammepHi
xapakrepucTuku (VAC) oTpuMaHHX CTPYKTyp OyiaM BUMIpsIHI NPH PIi3HUX TEMIIEpaTypax, y TeMpsABi Ta Ha CBITIi. YTBOpEHHS
MPUKOP/IOHHOTO 1Py 3 BUCOKUM MMTOMMM OIOPOM Ha MEXI BUIIOIO NEPEX0ly MapraHelb-KpeMHill, Ilepexoy BiJl BUILOTO CHITLMIY
MapraHiio 10 OCHOBH CTPYKTYPH 3a paxyHOK e(eKTy ioHi3auii mop HpH OCBITJIEHHI CTPYKTyp i 30BHIIIHBOMY BIUIHBi. O06aacTs
3acTocyBaHHs Oyna yrouHeHa Ha ocHOBi pe3ynbraTiB VAC. Ilap BHIIOro cHitinyy Maprasijfo, yTBOPEHHIl Ha MOBEPXHI KPEMHII0, Ma€e
BJIACTHBOCTI HAIIBIIPOBITHHUKA, a YTBOPEHHS I'€TEPONEpexoy IpH Mepexoi Ha KPeMHiH IToka3aHo Ha OCHOBI cdepivHoi Aiarpamu.
KutouoBi ciioBa: suwuii; mapeaneys, cuniyuo, 3a00poOHeHd 30HA; 6AACMUBOCI; CIMPYKMYPA





