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The article of this study focuses on the defects caused by the platinum (Pt) atoms implanted in the silicon (Si) with the changes of their
electrophysical properties after the high temperature thermal treatments. The introduction of the platinum atom into the silicon crystal
lattice creates deep-level defect centers where the sensitive electrical properties and phenomena caused by temperature changes can be
observed more clearly than in intrinsic defects. Of particular focus on platinum atoms incorporation, extensive studies have
demonstrated significant changes of the defect structure in silicon and substantial transformation of its electrophysical properties related
to the electrical conduction mechanisms and carrier scattering phenomena. Exclusive electrophysical effects were observed for
platinum-doped silicon samples, which underwent high-temperature thermal annealing at 1050 °C and 1150 °C, primarily associated
with the clustering of boron and platinum atoms, and the formation of complex defect aggregates. These thermal treatments enhance
the interaction of isolated defects leading to the formation of clusters and complex defect entities, which greatly enhances the scattering
mechanisms. These interactive effects of defects were found to be dominant in changing charge carrier transport and recombination
processes in silicon crystals. Furthermore, experimental results showed a combination of scattering mechanisms that includes neutral
defects, deep energy levels induced by platinum impurities, and their respective charged states. Platinum-induced defects thus enable
multiple scattering mechanisms, and such hybrid mechanisms play a critical role in a silicon electrical and electronic behaviors, which
influence the semiconductor applicability of the materials in high-temperature or high-performance, etc.
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INTRODUCTION

In semiconductor technology, the thermal treatment at a high temperature and the metal-diffusion into silicon are
important for changing the electrophysical characteristics of the material. They have a great influence over silicon
crystallographic structure, charge carriers’ concentration and mobility, and recombination processes. They are also chosen
to improve the reliability of silicon-based microelectronic devices, provide a controlled spatial distribution of charge
carriers, and enhance the thermal stability of the material. Among semiconductors, silicon (Si) is the dominant material,
as it is cheap, mechanically strong, and can be synthesized in a sufficiently pure state to form high-quality monocrystals.
An acceptor energy level is located near the top of a valence band [1] when an acceptor atom (B, Ga, or Al in the case of
silicon) is located in the silicon crystal. These acceptor levels promote carrier generation (holes), thus helping to form p-
type semiconductors. As a result, adjusting distribution and ionization energy of acceptor atoms in silicon is extremely
important in microelectronics.

Also, when heavy metals like platinum (Pt), gold (Au), iron (Fe) and nickel (Ni) are incorporated in silicon, deep
energy levels and defects form in this material [2]. These metals can introduce deep trap centers in the energy spectrum
of silicon, which can have a profound impact on the mobility of charge carriers and mechanisms for conductivity. In
particular, platinum atoms introduce deep energy levels in the band structure of silicon, thereby speeding up the
recombination processes of charge carriers [3-5] In addition, at high-temperature processing, platinum atoms penetrate
into the silicon lattice and occupy vacancies and interstitial defects [6]. Moreover, metallic atoms present in silicon act
as electron and hole traps, which can either diminish their mobility, or, conversely, enhance their bulk conductivity.
Those semiconductor processes are used in the production of silicon-based integrated circuits (ICs), high-speed
transistors and sensor devices. Therefore, knowing the effect of the acceptor and/or metal atoms used to dope the silicon
and studying their energy levels are paramount for accurate tuning of the electromagnetic properties of this material. This
article presents the analysis of electrophysical changes arising from p-type silicon dopant by Pt atoms and high-
temperature thermal processing conducted in this respect.

MATERIALS AND METHODS
Samples measuring 1x10x10 mm?, prepared from monocrystalline silicon with a resistivity of 5 Q-cm and p-type
conductivity, were used as the initial material [7]. Doping of silicon with platinum atoms was performed by gas-phase
diffusion at temperatures of 950°C, 1050°C, and 1150°C for 5 hours in quartz ampoules evacuated to a vacuum of
approximately 10™* Torr. Afterward, the samples underwent a gradual cooling process to determine the resistivity,
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concentration and the mobility of the majority charge carriers in the grown films, the Van der Pauw method was used on
a HMS-7000 Hall effect measurement unit.

RESULTS AND DISCUSSION
It is known that in semiconductors, the temperature dependence of the mobility of charge carriers is given by the
following expression:

_Ea
U~T™ - e kT,

Here, u is the charge carriers’ mobility, 7 is the absolute temperature, Eq is the activation energy, and & is the Boltzmann
constant. In many cases, to achieve a linear relationship from equation (1), it is necessary to take the logarithm of both

sides of the equation. Additionally, the mobility y of charge carriers in monocrystalline silicon decreases with increasing
temperature, exhibiting an inverse relationship [8]:

p~Tm.

Here, m is the temperature coefficient.

Charge carrier mobility in common p-type silicon samples doped with boron (p-Si<B>) normally retains such
temperature dependence: informal of low temperatures (T < 150 K), it shows a weak or medium increase due to
neighboring ionized impurities [9] scattering, whereas in the case of high temperatures (T > 150 K) - a highly mobility
drops as a consequence of phonon [10] scattering. Which mechanism dominates depends on the doping concentration of
the silicon where impurity atoms are incorporated, and the crystalline quality of the sample [11]. For instance, in the case
of p-Si<B> samples, we noticed a temperature dependent charge carrier mobility in the range of 200-300 K with a
temperature coefficient m = 0.4 (illustrated in the Figure 1). This implies that, beyond the acoustic phonon scattering at
high temperature observed in the curve, further scattering mechanisms associated with structural imperfections (defects,
clusters, dislocation points etc.) are being activated in samples treated by 5 h at 950 °C [12].
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Figure 1. Logarithmic dependence of charge carrier mobility x on temperature in p-Si<B> samples subjected to thermal treatment
at 950°C and doped with Pt atoms.

Regarding the 200-300 K region, the temperature coefficient of charge carrier mobility rises fromm =0.4 tom = 0.6
in the sample of p-Si<B> when Pt atoms are diffusing in the substrate at high temperature of 950°C for 5 hours (see
figure). This indicates that the Pt atoms, diffused into the silicon crystal lattice as a result of high-temperature processing,
generate more complex structural damage and deep-level trap centers in silicon crystal, resulting in enhanced and
temperature-dependent scattering mechanisms.

Between 300—450 K, the mobility of the charge carriers in p-Si<B> samples showed temperature dependence with
a coefficient of m = 0.2 (figure shown). A quick recap of the underlying physical mechanisms behind this behavior is in
order. Silicon possesses a moderate temperature regime at 300-450 K, as phonon scattering to charge carrier mobility
prevails in this temperature range. We suspect scattering due to neutral defects or neutral impurity atoms in this case is
more important due to the relatively low mobility coefficient m = 0.2 [13] Furthermore, because the boron atom
concentration of the samples is very high (Na>1018+1019cm-3), this may also cause similar behaviors as reducing carrier
mobility in heavily doped samples depends primarily on the scattering at impurity atoms and structural defects [14].
Finally, the presence of dislocations or other structural imperfections can also give rise to this reduction in temperature
coefficient of mobility (e.g. (m = 0.2). It is more likely that this happens in the 300450 K range where, in general, the
interaction between charge carriers and defect structures is weakly temperature dependent.

A similar temperature dependence (u~TO0. 2) was also detected for p-Si<B,Pt> samples at the temperature range
from 300 to 450 K (Figure 1). It is well known that in the case of p-Si<B> samples, the incorporation of transition metal
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atoms such as Pt produces energy levels deep in the bandgap treated as deep-level impurities. These levels are related to
defects that may be present in both neutral and positively charged forms [15]. These defects often exhibit neutral
scattering center-like behavior — especially when related to Pt atoms — resulting in a weak temperature dependence of
mobility. Moreover, Pt atoms serve as deep-level traps in the energy spectrum of the silicon crystal, being almost
unchanged in a neutral state at high temperature due to the difficulty of entering a charged state [16]. As these defects
stay in place in the neutral state during the temperature increases, they will serve as a scattering mechanism that is mostly
independent of the temperature producing low value of mobility coefficient (m = 0.1+0.3).

In addition, as can be found in the literature, low temperature coefficients, like the ones discussed here, are often
how those of Si doped with Pt and other transition metals, such as Fe, Au, and Ni, are reported. The underlying cause of
this behavior can mainly be ascribed to the generation of deep-level defects in silicon crystals by Pt atoms in turn activated
by neutral scattering mechanisms. Thus, the equal temperature coefficient found in p-Si<B> and p-Si<B,Pt> samples
(m = 0.2), proves that the dominant factor which causes scattering in this temperature range is neutral defect scattering.
As we know, prolonged high-temperature thermal treatment leads to the redistribution of boron (B) and oxygen (O)
atoms in the silicon lattice structure, resulting in the formation of small clusters or complexes. Therefore, as the
concentration of intrinsic defects increases, so does the concentration of various intrinsic defects like vacancies,
dislocations, and complex defect structures (e.g., double defects, clustered defects). Here in our case for p-Si<B> samples
subjected to thermal treatment at 1050°C for 5 hours, we have seen the temperature dependence of charge carrier mobility
in the full 200450 K range with a temperature coefficient of m = 2.6 (Fig. 2). Such a large value cannot be accounted
for by typical scattering mechanisms such as phonon or ionized impurity scattering. Instead, it suggests, at these high
temperatures, boron atoms and other defects aggregate together to build complex defect centers, their effect in scattering
not only remains high at high temperatures but may actually amplify [17]. Similarly, the addition of Pt atoms onto p-
Si<B> samples at 1050°C for 5 hours led to a mobility coefficient of m = 2.3 in the 200-300 K range and m = 2.5 in the
300450 K range. Traditional scattering mechanisms alone cannot explain these large values. They are rather rationalized
by strong scattering from deep-level defects (trap centers) and cluster defects, and by related localized strain fields created
by Pt inclusion. The defects provide ever stronger scattering centers for charge carriers at elevated temperatures.

For p-Si<B> samples heat-treated at 1150°C for 5 hours temperature-dependent mobility of charge carriers exhibited
coefficients of m = 0.55 and m = 0.56 in the temperature ranges of 200-300 K and 300450 K respectively (see Figure 3).
These values (m=0.55+0.6) are characteristic of a mixed scattering mechanism that arises from the joint contribution of
acoustic phonon scattering (for which m = 1.5) and neutral defect scattering (for which m = 0.1+0.3) [18]. This means
that boron atoms and thus intrinsic defects in the silicon lattice redistribute due to the long-term high-temperature
treatment, forming complex defects and clusters liable to exist both in neutral and charged states. This leads to
temperature dependence of mobility that is significant, but smaller than what is commonly related to phonon scattering
only.

1000
rlfJ
2
5 T u~T%?
®  pSi<B>, (£950°C) b
e p-Si<B.Pt, (£950°C) u~T
100 r ; . . .
200 250 300 350 400 450

T, K
Figure 2. Logarithmic dependence of charge carrier mobility (i) on temperature in p-Si<B> samples subjected to thermal treatment
at 1050°C and doped with Pt atoms.

The charge carrier mobility in p-Si<B> samples with Pt atom doping at 1150°C for 5 hours showed a m=0.6
temperature dependence in the 200—450 K range. It is well known that Pt atoms can create deep-level energy states in
silicon, which create defect centers with neutral and charged states. The influence of such defects provides mostly larger
temperature coefficients (m ~ 0.5+0.7) as compared to the scattering with the only neutral defects. This is because, in this
case, the carrier mobility is determined not only by the neutral defects but also by the charged states of deep-level defects
and trap centers. Hence, the intermediate value of m= 0.6 seen here, across the 200450 K mid-range, signifies a
combination of scattering mechanisms. Scattering is dominated instead by the joint action of neutral defects, deep-level
energy states, and their ensuing localized strain fields in this regime. These defect centers are generally more thermally
active at higher temperatures, thus perturbating more of the mobility of the charge carriers. Leading to a moderately strong
temperature dependence of the mobility, typical of such a mixed scattering mechanism.
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Figure 3. Logarithmic dependence of charge carrier mobility (1) on temperature in p-Si<B> samples subjected to thermal treatment
at 1150°C and doped with Pt atoms.

CONCLUSIONS

The following conclusions were established by the result of electrophysical changes observed in p-type silicon as a
result of platinum (Pt) atom incorporation and subsequent high-temperature thermal treatments.

- Estimate of p-Si<B> samples collected from 200-300 K, which showed that the temperature coefficient of charge
carrier mobility in p-Si<B> samples increased from m = 0.4 (before incorporation of Pt) to m = 0.6 (after Pt doping). This
increase is maintained by the fact that Pt atoms in the silicon crystal forms deeper and more temperature-sensitive defect
centers.

- The temperature coefficient (m = 0.2) for the p-Si<B> and Pt-doped p-Si<B,Pt> samples was obtained in the
300-450 K temperature range. This tendency is attributed to the superiority of scatterings of high concentration of boron
and neutral crystalline defects.

- at the 1050°C, 5 hours thermal treatment, the value of the temperature coefficient reached the m=2.6 for the
p-Si<B> samples showing the additional potential for propagation strong scattering mechanisms. These are mainly
ascribed to boron atoms clustering and complex defect structures formation at high temperatures.

- In p-Si<B> samples doped with Pt atoms and annealed at 1150 °C, the mobility temperature coefficient in the
range of 200-450 K is found equal to m = 0.60. This is ascribed to a combination scattering mechanism by neutral
defects, deep-level energy states created by the Pt atoms, and their charged configurations.
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EJEKTPO®I3UYHA TIPUPOJA JEGEKTIB Y KPEMHII, CHPUUAHEHUX IMILTAHTOBAHUMH
ATOMAMMU TUVIATUHHA
Axpammxon WM. Bo6oes, Binoaigtin M. Eprames, Hypitain 1. IOnycanies, Taxammmasex C. MagaminkoHoB
Anoudicancokuii depacasnuil yuigepcumem imeni 3.M. Babypa, Anousican, Y3b6exucman

VY craTTi 1bOro AOCIIHKEHHS PO3rILIIAIOThC AedeKTH, cripuunHeHi aromamu mwiatuau (Pt), iMmianroBanumu B kpeMHii (Si), 31
3MiHaMH X eJNeKTPO(i3MYHUX BIACTUBOCTEH IiCIsS BHCOKOTEMIEPATYPHOI TepMidHOi 0OpoOKu. BBereHHs aToma IUIaTHHH B
KPHUCTANIYHY PELIiTKy KPEeMHII0 CTBOPIOE TMMOOKI HEHTPU Ae(EKTiB, e YyTJIMBI €JICKTPUYHI BIACTHBOCTI Ta SBHIIA, CIIPUYNHEH]
3MiHAMH TEMIEPaTypH, MOKHA CIIOCTEPIraTH HiTKille, HDK Yy BIacHHX AedekTax. 30cepeKyroUurch Ha BKIIOUECHHI aTOMIB IJIATHHH,
MaciuTabHiI JOCIHiIKEHHS MPOAEMOHCTPYBANU 3HAYHI 3MiHH JAe(EKTHOI CTPYKTypH KPEMHIIO Ta CYTTEBY TpaHC(OpMaIiro Horo
SNIEKTPO(I3UIHIX BIIACTUBOCTEH, IOB'I3aHUX 3 MEXaHI3MaMM EeJIEeKTPONPOBITHOCTI Ta SBUIIAMH pO3CIIOBAaHHS HOCIIB 3apsmy.
ExckmrosuBHI  enekrpodisnuHi  edexTH cmocrepirammcss IS 3pa3KiB  KPEMHIIO, JIETOBAHOTO IUIATHHOIO, SKI MPONIILIN
BUCOKOTeMIIepaTypHuil Tepmiunui Bianan mpu 1050°C ta 1150°C, ronoBHUM YMHOM IIOB'SI3aHi 3 KiacTepu3aLiclo aToOMiB Oopy Ta
IUIATHHH, @ TAKOXK YTBOPEHHSM CKJIaIHUX arperaTiB aedektis. L{i TepmiuHi 00poOKH MOCHITIOIOTH B3aEMOIIO 130160BaHHX Ie(EKTiB,
110 TIPU3BOUTH 0 YTBOPEHHS KJIACTEPiB Ta CKIAJHUX Ne(EKTHUX yTBOPEHb, 110 3HAUHO IOCHIIIOE MEXaHI3MM PO3ciloBaHHS. Byio
BUSIBJICHO, L0 1L1i iHTepaKkTHBHI eekTn nedeKkTiB JOMIHYIOTh Y 3MiHi ITPOLIECiB IIEPEHOCY HOCITB 3apsay Ta peKoMOIHaIil B KpUcTamax
KkpemHit0. KpiM Toro, ekcrmepuMeHTanbHi pe3yJbTaTH MOKa3ald KOMOIHAIiI0 MEXaHi3MiB PO3CIIOBaHHS, SIKa BKIIOUAE HEUTpPANbHI
nedexTy, rMOoKi eHepreTUdHi PiBHI, IHAYKOBaHI JOMIIIKAMH IUTATHHH, Ta X BiAMOBIIHI 3aps/KeHi CTaHU. TakiuM YHMHOM, Te(EeKTH,
IHIyKOBaHI IUIATHHOIO, JO3BOJIIIOTH peali3yBaTH MHOXKHHHI MEXaHI3MH PO3CIIOBaHHS, 1 Taki riOpumHI MeXaHI3MH BiAirpaioTh
BUPIMIAIBHY POJIb B €IICKTPUYHIH Ta €IeKTPOHHIN NOBE/IHIlI KPEMHIIO, 10 BIUIMBAE HA HAIIBIPOBIHUKOBY 3aCTOCOBHICTH MaTepialis
y BUCOKOTEMIIEpAaTypHHX a00 BHCOKONPOIYKTHBHUX YMOBAaX TOILO.
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