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ANALYSIS OF THE INFLUENCE OF FORMATION OF Pd SILICIDES ON SURFACE LAYERS
OF Si ON THE DIFFUSION OF ATOMS OF CONTACTING METAL
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4-probe measurements of surface resistivity, measurements of dark and light current-voltage characteristics, the possibilities of using a thin
PdSi film to obtain perfect nano-sized ohmic contacts on the Si(111) surface have been investigated using Auger electron spectroscopy
methods in combination with ion etching of the surface. It has been shown that the depth of Ni diffusion in the Ni-Si (111) system is
400 - 500 A at indoor temperature, and 70 — 80 A in the Ni-PdSi-Si (111) system. The quality of the ohmic contact in the latter case does
not change up to T = 800 K and withstands luminous flux illumination up to F = 1100 lux. It is shown that the resistivity of the PdSi film
passes through a minimum at T =900 — 1000 K. An analysis of the results obtained will be given in the article.
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INTRODUCTION

Physics of multilayer film structures of nanoscale thickness on various substrates has been intensively developing
recent years. Such structures can be obtained by molecular beam and gas-phase epitaxy [1, 2], sputtering [3 — 5], ion beam
deposition [6] and ion implantation [7 — 9]. Using reflection electron diffraction in combination with layer-by-layer
chemical etching, the structure of the Pd-Si interface subjected to heat treatment in the temperature range 330-870 K was
studied in [10]. It was revealed that a transition layer (TL) consisting of an amorphous region is formed at the phase
interface and the adjacent region of elastically deformed silicon of nanometer thicknesses. The total thickness of the TL
is determined by the heat treatment temperature. Three-phase amorphization model was proposed.

The most used type of ethanol vapor sensors are semiconductor-based resistive gas sensors at present time. The use
of porous silicon, for example por-Si/Pd, formed by metal-stimulated etching, as a sensitive structure allows the formation
of a sensitive element and electronic wiring in a single technological process. The possibility of forming resistive gas
sensors using the method of metal-stimulated chemical etching of silicon is presented in [11, 12]. Experimental samples
based on porous silicon of p- and n-type conductivity were prepared. An empirical explanation of ethanol sensitivity
mechanism of the investigated structures is presented. The possibility of forming a sensitive structure and electronic
wiring in a single technological process is shown.

When creating various multilayer and thin-film systems, it is very important to obtain nano-sized contacts with small
transition layers [ 13—15]. Contact systems based on silicides have been used in the development of semiconductor devices,
along with traditional ones (nickel, titanium, palladium, platinum, etc.) recent years [16, 17].

It was created an active Pd-Si interface with tunable electronic metal-substrate interaction (EMSI) by growing a thin
permeable silica layer on the surface of a non-reducible oxide ZSM-5 (named Pd@SiO 2/ZSM-5) in [18]. The active
Pd-Si interface is shown to enhance charge transfer from deposited Si to Pd, creating an electron-rich Pd surface that
significantly reduces the activation barriers to O, and H>O.

The authors of [19, 20] showed that low-energy ion implantation is an effective means of creating barrier layers on
the Si surface, which allows reducing the penetration depth of the contacting metal into Si.

Development and assessment of the catalytic activity of electrode nanocomposites platinum-porous silicon and
palladium-porous silicon, obtained by chemical reduction in microemulsions with a nonionic surface active substances
(SAS, or surfactants) - Triton X-100 were carried out in [21]. The thermal stability of thin PdSi films was studied in the
temperature range from 300 to 700 °C in [22]. PdSi, in contact with crystalline Si, transforms into Pd,Si and Si at a
temperature of 500-700 °C, which contradicts the equilibrium phase diagram. It has been established that the
transformation rate depends on the structure and orientation of Si. When heated above 750 °C, Pd,Si again transforms
into PdSi. However, PdSi is resistant to annealing when in contact with Pd,Si or an inert SiO, substrate. The authors
suggest that the transformation of PdSi to Pd,Si and Si in the presence of crystalline Si occurs due to the lower energy of
the Pd,Si interface compared to the PdSi-Si interface.

During the solid-phase reaction of the Ni(Pd) alloy with Si(100), phase separation of binary silicides Ni and Pd
occurs [23]. PdSi monosilicide nucleates at temperatures well below the widely accepted temperature of nucleation of the
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binary system. The decrease in nucleation temperature is due to the presence of isomorphic NiSi, which reduces the
nucleation interface energy of PdSi. Despite the mutual solubility of NiSi and PdSi, these two binary compounds coexist
in the temperature range of 100 °C. Solid solution form of Ni;_,Pd,Si can be formed only above 700°C, which, in turn,
delays the NiSi, formation process to a higher temperature due to the entropy of mixing. The authors highlight the general
importance of interface energy for nucleation in ternary systems.

The possibility of using a PdSi nanofilm (< 250 A) to create a barrier layer between the contacting metal (Ni) and
single-crystalline silicon has been investigated for the first time in this research.

EXPERIMENTAL TECHNIQUE

Single-crystal samples of Si (111) KEF (K — Silicon, E — Electronic conductivity, F — Phosphorus)-4.5 with
dimensions of 10x10x1 mm?, polished and treated in hydrofluoric acid, were used as a substrate. Before the studies, the
Si (111) surface was degassed at T = 1200 K for 4-5 hours in combination with short-term heating to T = 1500 K in a
vacuum of no worse than 107 Pa. Then Pd atoms were deposited onto the Si (111) surface using the SPE method with a
thickness of d= 100 A. The film deposition rate was preliminarily determined using the AES method in combination with
ion etching and was ~0.5 A/min.

Deposition of Pd atoms, heating samples, studies of their composition and parameters of energy bands using the
methods of Auger electron and ultraviolet photoelectron spectroscopy (AES and UVES) and measurement of the
coefficient of light passing through the sample K have been carried out in the same device, created by the authors of this
research at based on the UUVI (Universal ultra-high vacuum installation), under ultra-high vacuum conditions
(P =107 Pa).

The depth distribution profiles of atoms were determined by the AES method in combination with surface sputtering
with Ar" ions with Eg =1 keV at an angle of 10 — 15° relative to the surface.

EXPERIMENTAL RESULTS AND DISCUSSION

Polycrystalline Pd,Si films were obtained in a vacuum of ~ 10 Pa by deposition of Pd on a Si(111) surface, followed
by heating at T = 1050 K for 40 minutes. The PdSi film thickness was ~200 A. Then, Ni atoms with a thickness of
d =600 A were deposited onto the surface of pure Si(111) and PdSi/Si(111). Figure 1 shows the dependence of the
concentration of nickel atoms Cy; over depth h for the Ni/Si(111) system, obtained after heating the system at different T.
Heating of each T is ~ 40 min. It can be seen from Fig. 1 that noticeable interdiffusion of atoms occurs at the Ni/Si(111)
interface at indoor temperature. The penetration depth of h Ni into Si is ~ 400 — 500 A. After heating the system to
T =900 K, h increased by 3—4 times.
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Figure 1. Dependence of Cni on h for the Ni/Si(111) system, obtained after heating at temperatures T, K: 1-300, 2-600, 3-900

The penetration depth of Ni into the PdSi/Si system is only 70 — 80 A in the case of the Ni — PdSi — Si system
at indoor temperature (Fig. 2). In this case, no noticeable diffusion of Pd into Ni occurs, and Si atoms penetrate into Ni
up to 20 — 30 A. The penetration depth of Ni into Si increases to 130 — 150 A after heating at T = 800 K. Here, the
concentration of Si in the Ni film increases noticeably, and Pd atoms are also detected. It should be noted that PdSi films
were obtained at T = 1050 K. Therefore, the appearance of Pd atoms in the Ni film can be explained as follows. During
heating, a significant amount of Ni penetrates into PdSi, which apparently leads to a weakening of the Pd + Si bond and
the appearance of a certain number of unbound Pd and Si atoms, consequently their diffusion to Ni. However, this does
not lead to a noticeable change in the quality of contact. A significant change in composition and thickness occurs at the
Ni/PdSi/Si(111) contact region at T = 1000 K. In this case, Ni atoms partially penetrate (Fig. 2, curve 3) into Si.

The dependence ppgsi(T) in the region T from 400 to 1200 K on the resistivity of the contacting layer was studied to
clarify the effect of changes in composition at the PdSi/Si interface during heating (Fig. 3). The heating time was ~40 min.
at each T. It can be seen that the value of p up to T = 1000 K practically does not change, and then decreases, passing
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through a minimum (p =20 - 30 pQ-cm) it increases sharply at T = 1000 K. Results of Fig. 3 can be explained as follows.
The composition of the film does not change noticeably up to T =900 K, therefore p. does not change significantly until
this temperature.
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Figure 2. Dependence of Cni on h for the Ni/PdSi/Si system, obtained after heating at T, K: 1-300, 2-800, 3-1000.
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Figure 3. Dependence of the resistivity of the surface of layers of the PdSi/Si(111) system on the heating temperature.
Heating time at each T is 40 minutes.

The decrease of p in the range 900 — 1000 K can be associated with some ordering of the structure of the PdSi film
and its enrichment with Ni atoms. The sharp increase in p of the film at T > 1000 K is explained first by the formation of
PdSi islands, and then by the decomposition of PdSi into components and their evaporation.

Figure 4 shows the dark and light (curves 2 — 4) current-voltage characteristics of the Ni/PdSi/Si(111) system. The
measurements were carried out at indoor temperature. It can be seen that at zero illumination (Er = 0), the forward and
reverse branches of the current dependence on voltage overlap each other, i.e. there is an ohmic contact.
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Figure 4. Dependence of px on the illumination density, dark and light current-voltage characteristics for the Ni/PdSi/Si system
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A slight decrease in contact resistance Ry is observed as E; increases, which was estimated using the equation:

B (o) 0

The value of R = 6 kOhm at E; = 0. [llumination of the surface with a luminous flux of up to 1100 lux does not
affect the appearance of the curves. Starting from Ep = 1300 lux, a sharp change in the current-voltage characteristic
(CVC) occurs, i.e. the ohmic contact is destroyed.

CONCLUSIONS

It has been discovered for the first time that the presence of a thin layer (< 200 A) of palladium silicide on the Si
surface sharply reduces (up to 5-6 times) the penetration depth of atoms of the contacting metal (Ni) into Si.

It has been shown that up to T = 850 — 900 K the properties of the ohmic contact do not change noticeably.

The dependence of the resistivity p of the PdSi film on the heating temperature of the PdSi/Si (111) system has been
studied. It has been shown that p of the film decreases to a minimum at T =950 — 1000 K and then increases sharply. The
latter is explained first (at T = 1000 — 1100 K) by the transition of a continuous film to an island film, and then
(at T>1100 K) by the decomposition of PdSi into components and their evaporation.

The dark and light current-voltage characteristics of the Ni/PdSi/Si(111) system have been studied. It is shown that
the perfection of the ohmic contact practically does not change when illuminating the surface with a luminous flux up to
EL = 1100 lux.
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AHAUJII3 BIUIUBY YTBOPEHHSA CUJIIIIUAIB Pd HA IOBEPXHEBUX ITAPAX Si HA TU® Y3110 ATOMIB
KOHTAKYIOUYOI'O METAJY
I.A. Tammyxamenosa?, X.E. Aogies?, C.T. I'yasimosa?, €.A. Pa6imos®, b.C. Ymip3akos?
“Tawxenmcovrull Oeporcasnuti mexuiynuil ynigepcumem imeni Icnama Kapimosa, Tawkenm, 100095 Pecnybnika Y30exucman
bIIorcusaxcoxuti nonimexniunuti incmumym, /[orcusax, 130100 Pecnyonixa Y36exucman

Metogamu Oxe-elNeKTPOHHOI CIEKTPOCKOIIT JOCTIKEHO 4-30HAOBI BUMIPIOBAHHS MUTOMOTO HMOBEPXHEBOTO OIOpPY, BUMIPIOBAaHHS
TEMHOBHUX 1 CBITJIMX BOJBT-aMIEPHUX XapaKTEPUCTHK, MOXKIMBOCTI BHKOPHUCTaHHS TOHKOI IUTiBKM PdSi mis oTpuMmanHS ineaisHHUX
HAHOPO3MIPHUX OMIYHHMX KOHTaKTiB Ha noBepxHi Si(111). moeqnanus 3 ioHHUM TpaBieHHAM noBepxHi. [Tokazano, mo rimbuna qudysii
Ni B cucremi Ni-Si (111) cranosuts 400 500 A npu kiMuaTHiit Temnepatypi Ta 70 — 80 A B cucremi Ni-PdSi-Si (111). Skicts omiunoro
KOHTaKTy B OCTAaHHBOMY BHIaJIKy He 3MiHIoeThCs 10 T = 800 K 1 BuTpuMye ocBimiieHicTh cBiTiIOBOro nmotoky 1o F = 1100 k. ITokazano,
1o nuromuii ormip rwiiBku PdSi npoxoants yepe3 minimym mpu T = 900 — 1000 K. Anaii3 oTpiMaHUX pe3yJibTaTiB HABECHO B CTATTI.
KurouoBi ciioBa: amomna ougysisa; omiunuii KOHMaKm, oceimaeHHs ceimuoeum nomoxom, Oxice-cnekmp; RUMOMULL ONIp; HANUIEHHL;
C8IMA0BULL NOMIK, 80IbM-AMNEPHA XAPAKMEPUCIUKA





