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The article investigates the structural, optical, and electrical properties of silicon n*-p structures. The experimental samples were made
from high-resistance single-crystal silicon using two-stage phosphorus diffusion from solid-state planar sources. It was found that the
introduction of phosphorus impurities with a concentration of 1.2:10% ¢cm™ provokes the formation of dislocations with a surface
density of 2-103-3-10% cm™? due to the formation and relaxation of mechanical stresses. The formation of a lightening oxide film on the
silicon surface reduces the reflection coefficient by 25%. However, the formation of an n*-layer reduces the transmittance coefficient
of the structure. It was established from the voltage-current characteristics of the n*-p structure under forward and reverse voltage bias,
that in the temperature range 7'=295-346 K, these structures have rectifying properties. At room temperature, the height of the potential
barrier is 0.6 eV and decreases with temperature and its height at 0 K is 1.32 eV. At low forward biases, the dominant mechanism of
current transport in the structure is superbarrier emission. With an increase in forward voltage from 0.1 V to 0.6 V, the generation-
recombination mechanism prevails, and with an increase in temperature, an increase in the contribution of tunnel current is observed.
At low reverse voltages, the I-V characteristics of diodes are well described by the formula for the generation current. The depth of
occurrence of donor energy levels, from which thermal generation of charge carriers occurs is 0.15 eV.
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The functioning of virtually all semiconductor devices is based on the physical phenomenon of p-# junction — the
boundary between two semiconductor regions with different types of conductivity. Silicon n*-p junctions are one of the
fundamental elements of modern electronics and photonics, due to the high technological capabilities and widespread
availability of the base material [1, 2]. Thanks to the combination of a heavily doped n-region (n") with p-type silicon, this
structure provides unique electrophysical properties that are widely used in power semiconductor devices such as
rectifiers [3, 4], thyristors [5, 6], and Schottky diodes [7, 8]. At the same time, n'-p structures are important for photovoltaic
devices, particularly in solar cells [9, 10] electromagnetic field sensors, photodetectors or another sensors [11, 12]. This
structure creates an electric field in the depletion region, which allows for effective control of charge carrier movement [13].
Special attention to n*-p junctions is due to their important role in reducing energy losses, increasing device speed, and
improving energy conversion efficiency.

With the growing demand for energy-efficient and compact electronic components, as well as the development of
micro- and nanofabrication technologies, n"-p junctions remain the focus of scientists and developers. Current research
focuses on improving doping technologies [14], reducing surface defects [15], passivation [16], and integrating silicon
structures with new materials — particularly in the context of creating high-efficiency solar cells and powerful
new-generation electronics [17].

Silicon n'-p junctions can be formed by various methods, including ion implantation and thermal diffusion doping.
We have established that the method of doping silicon substrates to create n*-p junctions and the concentration of the dopant
significantly affect the photovoltaic properties of the final products [18]. In particular, phosphorus diffusion from solid-state
planar sources [19] allows for low structural defects densities even at high impurity concentrations compared to doping
from liquid-phase sources [20]. However, the kinetic and electrical properties of silicon n*-p structures based on high-
resistance base material have not been studied, since most of the work is devoted to low-resistance silicon, which is mainly
used for solar cells [9,10, 14, 17]. Thus, the aim of this work is to study the electrical properties of planar n'-p structures
based on high-resistance silicon obtained by phosphorus diffusion from solid sources, and also to investigate the change in
the optical and structural properties of silicon after doping.

EXPERIMENTAL
The base material was monocrystalline p-Si with a resistivity of p=18-19 kQ-cm and crystallographic
orientation [111]. The experimental samples were silicon substrates with an n*-p junction formed by two-stage
phosphorus diffusion from solid planar sources using the modes given in [18]. The area of the substrates was 28.3 mm?
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and 500 um thick. Surface resistance (Rs) was measured using a four-probe method. The surface resistance after
phosphorus pre-deposition reached Rs=~4.1-4.2 Q/o, and after phosphorus driving-in reached Rs~2.7-2.8 Q/a. The
antireflective SiO, on the surface of the experimental samples was formed by oxidation in a dry oxygen atmosphere
during phosphorus driving-in and reached dsio, = 180-200 nm.

The depth of the diffusion layer (x,+.,) was measured using scanning electron microscopy (SEM, Tescan Lyra 3).
To investigate the defective structure of the silicon substrates chemical treatment was performed in selective Sirtle's
etchant [20] with the following composition: HF—100 ¢cm?, CrOs 50 g, H,O—120 c¢m?®. The density of dislocations was
calculated by the metallographic method [21]. The transmission spectra were investigated using NIKOLET 6700 and SF-
2000 spectrophotometer at room temperature. For measuring reflection (R) UV-Vis spectrophotometer Specord 210 plus
was used. Reflection spectra were measured in total reflection geometry using additional equipment — an integrating
sphere. The I-V characteristics (at 7' = 295-346 K) of the samples were measured using a hardware-software complex
implemented on the basis of the Arduino platform, an Agilent 34410 A digital multimeter and a Siglent SPD3303X
programmable power source, which were controlled by a personal computer using software created by the authors in the
LabView environment. Experimental studies of kinetic phenomena in silicon n*-layers were conducted in the temperature
range 7= 290-380 K based on measurements of the Hall effect in film structures [22], considers that the n*-layer is a thin
film.

RESULTS OF THE RESEARCH AND THEIR DISCUSSION
A) Structural and optical properties of silicon n*-p structures

After phosphorus pre-deposition, the depth of the diffusion layer reached x,+., = 0.8—1 pm, and after driving-in, it
reached x,+, = 4.2-4.4 pm (Fig. 1). The measurements correlate well with the values obtained by the layer-slab method.

The density of dislocations in the base silicon reached about N = 10-20 cm (Fig. 2a). After phosphorus diffusion,
the density of structural defects increased to Nus = 2:10°-3-10° cm™ (Fig. 2b). The increase in the density of structural
defects is caused by the introduction of an impurity with a larger atomic radius than silicon, which leads to the emergence
of mechanical stresses. Accordingly, their relaxation during heat treatment occurs with the formation of dislocations [23].
However, such an increase in defect density does not lead to a significant deterioration in the electrophysical
characteristics of structures [24].

Figure 1. SEM photo of a silicon a ) ) . b .
substrate chip with an n*-layer Figure 2. Images of dislocations on the surface of p-Si (a) and n*-Si (b)
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Figure 3. The transmission spectrum of silicon and its n*-p Figure 4. Reflection spectrum of Si and SiO2

structure (without SiO2) (inset the range of A = 1-1.1 pm)
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The formation of n*-layers on the Si surface causes a significant decrease in the transmission coefficient of structures
(Fig. 3), which is negative in the case of the need to ensure radiation absorption in the high-resistance region of the
structure, for example, in the manufacture of p-i-n photodiodes [25]. Thus, in the range of A = 1-1.1 um (Fig. 3 inset), the
difference in the transmittance coefficients of Si and silicon n*-p structure reaches about 30%. This difference increases
with increasing wavelengths.

However, the formation of SiO, on the surface of n*-p structure significantly reduces the coefficient of radiation
reflection compared to the case without thin film of oxide (Fig. 4). Thus, in the case under study, the difference in
reflection coefficients in the range of 950-1050 nm reached about 25%, since the obtained thickness of SiO» corresponds
to the condition of minimum reflection for these wavelengths [26].

B) Kinetic properties of silicon n*-layers

Studies of silicon n*-layers at 7=290-380 K showed that the Hall coefficient in this temperature range remains
practically unchanged (Fig. 5). This indicates that at these temperatures, the concentration of charge carriers does not
change (Fig. 5 inset), due to the depletion of impurity levels at these temperatures [22]. The electron concentration reached
about n = 1.2-10% cm?, which correlates well with the phosphorus concentrations determined in [19].

With increasing temperature, a decrease in electrical conductivity is observed (Fig. 6) due to a decrease in Hall
mobility (Fig. 6 inset), since in this temperature range, charge carriers are scattered by thermal vibrations of the crystal
lattice.
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Figure 5. Temperature dependence of the Hall coefficient and Figure 6. Temperature dependence of electrical conductivity
electron concentration (inset) in a silicon n*-layer and Hall mobility (inset) of a silicon n*-layer

C) Electrical properties of silicon n*-layers
From the voltage-current characteristics of the n*-p structure at forward (Fig. 7) and reverse (Fig. 8) bias voltages,
it can be seen that in the temperature range 7'= 295 — 346 K, these structures have rectifying properties. The rectification
coefficient determined at T'= 295 K and voltages |V] = 0.6 V is equal to RR ~ 10°.
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Figure 7. I-V characteristics of the n*-p junction at forward Figure 8. I-V characteristics of the n*-p junction at reverse
biases in the temperature range from 297 K to 346 K biases in the temperature range from 297 K to 346 K

The height of the potential barrier (qpr) was estimated by extrapolating the linear sections of the /-V characteristics
in the forward voltage bias region. At room temperature, the height of the potential barrier is gpi ~ 0.6 eV and decreases
with temperature (Fig. 9).
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When the temperature is increased from 7'=295 K to 7= 346 K (Fig. 9), there is a linear decrease in the energy gox
from 0.6 eV to 0.49 eV. This dynamic change occurs as a result of a decrease in the height of the potential barrier and is
described by the equation [27]:

qoi(T) = qpi(0) - B,T (1

where f, is the temperature coefficient of the potential barrier height, and g@(0) is the value of the potential barrier height
of the n*-p structure at absolute zero temperature.

Using equation (1) and Fig. 9, we find the temperature coefficient of change in the height of the potential barrier
and its height at 0 K, which are equal to d(qgp; )/dT =—2.45-107 eV/K i gpi(0 K) = 1.32 eV, respectively.

Based on the values of the sequential resistance Rs of the structure determined at different temperatures along the
linear sections of the direct branches of the I-V curve, the temperature dependence /nRs = f{10%/T) was constructed
(Fig. 10) and the activation energy E4 = 0.25 eV was determined, which characterizes the temperature dependence of the
electrical conductivity of the structure components.
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Figure 9. Temperature dependence of the height of the potential Figure 10. Temperature dependence of series resistance
barrier

To determine the mechanism of current flow through the junction at forward bias, the /-V characteristics are plotted
in the coordinates /n/ = f(V) (Fig. 11). Fig. 11 shows two straight segments with different angles of inclination to the
voltage axis. Based on the tangents of these angles, we determine the coefficient of n*-p junction imperfection n (Fig. 12).
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Figure 11. Temperature dependencies of InI = f(V) n*-p Figure 12. Temperature dependence of the imperfection
junction at forward bias coefficient at forward bias:
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At small forward biases 3kT/g < V' < 0.1 V, the slope to the voltage axis of linear dependencies Inl = f(V) is
characterized by the value of the imperfection coefficient n = 1 (Fig. 12-1), accordingly, the dominant mechanism of
current transport is superbarrier emission. With an increase in direct voltage 0,1 V < ' < 0.6 V, the imperfection
coefficient is equal to n = 2.5-3 (Fig. 12-2), which indicates the predominance of the generation-recombination
mechanism of current transport at room temperatures and an increase in the contribution of the tunnel current with
increasing temperature.

It can be assumed that, in some approximation, the /- characteristics of diodes are described by the equation for
the recombination current density [23]:

j:%wi(e%—l)z%\/%(e%_l)’ )
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where ¢ is the charge of electron, #; is the value of the intrinsic concentration of charge carriers, ; is the thickness of
the depleted region, 1 is the lifetime of charge carriers in this region, and N, is the concentration of acceptor impurities.
At low reverse voltages, the I-V characteristics of struscures are well described by the formula for the generation
current (the multiplier before the brackets in expression 2), which is confirmed by the linear nature of the dependencies
1= flow V)" (Fig. 13).
Determined from the dependence /nl..,= f{10°/T) (Fig. 14), obtained at a constant voltage value, the depth of the
acceptor energy levels from which thermal generation of charge carriers occurs was AE~0.15eV at-100<V <0 V.
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Figure 13. Reverse branches of /-J characteristics in Figure 14. Dependence of Inl.v= f(10°/T) at reverse bias

coordinates I = f{pi- V)" at different temperatures

The reverse branches of the /-J characteristic at temperatures 7' = 295-346 K are described by the equation for
tunnel current [27]:

Iy =ay 3xP(_bo(¢k - V)_l/z), 3

where ay is a parameter, whose value is determined by the probability of filling the energy levels from which electron
tunneling occurs, by is determined by the rate of change of the current with voltage.

According to (2), the reverse I-V curves in the coordinates /n(l.. ) = f{¢ & -qV)"? will be linear, as observed in
Fig. 15.
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Figure 15. Dependence of tunnel current on reverse external Figure 16. Dependence Igao = f(10°/T) at reverse bias

displacement in the temperature range 7= 295-346 K

The energy level value at large reverse biases (-100 < V), from which electron tunneling occurs, was calculated from
the temperature dependence of the parameter ay, which in the coordinates Igay = f(10°/T) is approximated by a straight
line (Fig. 16). The parameter ap was determined by extrapolating the straight sections ln(Tev ) = f{or -qUsy) " to the
current axis. The established depth of the energy level was 0.2 eV.

CONCLUSIONS

The structural, optical, and electrical properties of n*-p structures of high-resistance silicon were investigated. The
following conclusions were made during the research:

1. The introduction of phosphorus impurities with a concentration of 1.2:10%° ¢m™ provokes the formation of
dislocations with a surface density of 2-103-3-10° cm™

2. The formation of anti-reflective SiO; on the silicon surface reduces the reflection coefficient by 25%.

3. The formation of an n*-layer reduces the transmittance coefficient of the structure relative to the transmittance
coefficient of silicon.



341
Electrical, Optical, and Structural Properties of Silicon n*-p Structures EEJP. 3 (2025)

4. At room temperature, the height of the potential barrier of the n*-p structure is 0.6 ¢V and decreases with
increasing temperature, and its height at 0 K is 1.32 eV.

5. At low forward voltages, the dominant mechanism of current flow in the structure is superbarrier emission. With
an increase in forward voltage, the generation-recombination mechanism prevails, and with an increase in temperature,
an increase in the contribution of tunnel current is observed.

6. At low reverse voltages, the generation mechanism of current transport prevails.
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EJEKTPUYHI, OITUYHI TA CTPYKTYPHI BJJACTUBOCTI KPEMHIEBUX n*-p CTPYKTYP
Mukoua C. Kykypymssax®P, imurpo I1. Kossipcokuii?, Isan I1. Kosspcokuii?, Exyapx B. MaiicTpyk?,
Mapis 1. Inamyxk?, iImurpo B. Kuciiab®
*Yepuigeyvkuili HayioHanvruil yHisepcumem imeni FOpis @edvkosuua, 58002, m. Yepnisyi, eyn. Koyrobuncokozo, 2, Yxpaina
bAT «l{enmpanvue xoncmpykmopcuoke 610po Pummy, 58032, m. Yepnisyi, eyn. ['onoena, 244, Yipaina
“Incmumym @hizuxu nanienposionuxis im. B.E. Jlawkapvosa, HAH Yxpainu, 03028, m. Kuis, np. Hayxu, 41, Yxpaina

VY cTaTTi JOCIIIKEHO CTPYKTYPHI, ONTHYHI Ta €IEKTPUYHI BIACTUBOCTI KPEMHIEBUX n'-p CTPyKTYyp. ExcriepuMeHTasbHi 3pa3ku Oyau
BUTOTOBJICHI 3 BUCOKOOMHOTO MOHOKPHCTAJIIYHOTO KPEMHII0 3 BUKOPUCTAHHSIM IBOCTamiiHOT Audys3ii docdopy 3 TBEpAOTINEHHX
IJIaHAPHUX JUKepesl. Byjo BCTaHOBJIEHO, IO BBEAEHHSA AOMIIIOK (ocdopy 3 koHueHTpamicto 1,2:10%° ¢cM™ mpoBokye yTBOpeHHs
JUCIOKAIlIH 3 TIOBEPXHEBOKO IycTUHO0 2-103-3-10° cM? BHACIINOK YTBOPEHHS Ta peakcallii MEXaHiuHUX HAMPYKEHb. Y TBOPEHHS
HPOTHBIAOMBAOY0] OKCH/IHOI IUTIBKM Ha MOBEPXHI KPEMHIiI0 3MeHInye KoedimieHT BinOutTs Ha 25 %. OqHak yTBOpeHHs n'-miapy
3MEHIIy€e KOSDILiEHT MPOMYCKAHHS CTPYKTYPH. 3 BOJIBT-aMIICPHUX XapaKTEPHCTHK 77 -p CTPYKTYp NMPH MPSIMOMY Ta 3BOPOTHOMY
3MIIICHH] HAPYTH OYJI0 BCTAHOBJICHO, IO B Jiama3oHi Temmeparyp 7 =295-346 K 1i cTpyKTypu MatoTh BUNIPSIMHI BiacTuBOCTi. [Tpn
KIMHATHIH TeMIepaTypi BUcoTa noteHuiiHoro 6ap'epy cranoBuThb 0,6 €B 1 3MEHIIY€ETHCS 3 IIBUIIIEHHSM TEMIIEpaTypH, a HOro BUCOTa
mpu 0 K cranoButs 1,32 eB. [Ipu HU3bKKX HPSIMUX HApyrax JOMiHYIOUMM MEXaHi3MOM CTPYMOIIEPEHOCY B CTPYKTYpi € Haabap'epHa
emiciga. 3i 30impmeHHsM npsmoi Hampyru Bix 0,1 B no 0,6 B mepeBakae MexaHi3m reHeparii-pekoMOiHalii, a 31 301IbIICHHIM
TEMIIepaTypH CIIOCTEPIraeThCsi 30UIBIIEHHS BHECKY TYHENBHOTO cTpyMy. IIpM HHM3BKHX 3BOPOTHHX HAIpyrax BOJIBT-aMIEpHI
XapaKTepUCTHKH Ai0/iB 100pe OMHCYIOThCs (HOPMYJIOI0 JUTS CTpyMY reHepaitii. [ TnbuHa 3ansranHs eHepreTHYHOr0 JOHOPHOTO PiBHS,
3 SIKOTO BiZI0OYBa€ThCs TEIIOBA TeHepallist HOCIiB 3apsiay, cranoBuTh 0,15 eB.
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