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The paper presents the results of a structural study of single-crystal silicon doped with copper by thermodiffusion at 1423K. The object of
the study was n-Si crystals grown by the Czochralski method, containing SiO2 oxygen precipitates. Structural analysis was performed on
an X-ray diffractometer with an improved optical scheme, which made it possible to detect weak additional reflections and changes in
lattice parameters. It was established that copper doping leads to the appearance of elastic stresses in the surface layers of the crystal, a
change in the interplanar distance (111) and a redistribution of the intensities of reflections (222) and (333). Diffuse scattering and
additional selective reflections were detected, indicating the formation of new phases. For the first time, a direct structural method has
shown the formation of CuO nanocrystals with a monoclinic structure and an average size of 14-14.5 nm and Cu20 nanocrystals with a
cubic structure and an average size of about 17 nm. Their lattice parameters were measured experimentally and are slightly different from
the standard reference values, which shows that the silicon matrix and internal stresses affect their structure. It has been shown that SiO>
oxygen precipitates create local elastic fields that promote diffusion, nucleation, and separation of copper in the form of oxide nanophases.
The results obtained clarify the mechanism of structural transformations in copper-doped silicon.
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INTRODUCTION

In the production of semiconductor devices, doping is one of the most important technological processes, along with
etching and deposition. The main purpose of doping is to change the type of conductivity and concentration of carriers in
the semiconductor volume to obtain the specified electrical properties (conductivity and the required smoothness of the
p-n junction) [1]. The introduction of foreign atoms, including those that diffuse rapidly into the silicon lattice, causes
stress within the crystal and, as a result, a change in the lattice parameters. Since the movement of impurity atoms occurs
with the participation of intrinsic point defects (vacancies and interstitial silicon atoms), diffusion will lead to a change
in the equilibrium concentration of point defects, resulting in most cases in the formation of precipitates, usually in the
form of a compound of impurities with silicon atoms [2]. Such precipitates can create sufficiently large stresses, leading
to the formation of new defects. At high temperatures, particularly in the presence of SiO: particles, the local stresses are
strong enough to attract rapidly diffusing impurities (e.g., copper, gold, and iron), which promotes their precipitation and
leads to the formation of dislocation clusters. In particular, the presence of such particles is associated in the literature
with the occurrence of defects in the form of a star with a central core from which complex-shaped dislocations
propagate [3].

Copper impurities in silicon have attracted the attention of researchers since the advent of silicon technology. This
interest is driven both by academic curiosity about the unusual properties of this 3d transition metal and by its practical
importance. The latter is determined by the fact that copper easily precipitates, forming electrically active centres that
degrade the parameters of electronic devices. To avoid unwanted precipitation, it is necessary to understand, in particular,
the process of nucleation. However, to date, only the properties of isolated copper atoms in silicon (interstitial Cu; and in
the substitution position Cus ) have been studied sufficiently well, while there is no reliable identification for most even
the simplest copper aggregates with background and other alloying impurities [4,5]. The concentrations at which copper
and other rapidly diffusing impurities form precipitates are too low to be determined by conventional analytical methods.
At the same time, even at a concentration of 2:10* %, these impurities can cause noticeable structural changes after
annealing the crystal at a high temperature (> 900°C). The difficulty of determining small amounts of metallic impurities
in silicon (e.g., copper and similar) is a long-standing problem in semiconductor technology. Often, the presence of rapidly
diffusing impurities is detected only by their effect on the distribution of crystallographic defects or on the electrical
properties of the crystal [6,7].

Below, experimental results of structural studies of copper-doped silicon single crystals are presented for the first
time. The aim of the work is to determine the structural perfection of single crystals, to establish the formation of
copper aggregates with background impurities and their types using an X-ray diffractometer with an improved optical
scheme.
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MATERIALS AND METHODS

The objects of the study were n-Si (KEF) single crystals grown by the Czochralski method with a resistivity p,=
(3+10) Q-cm, dislocation density Np = 10'+103 cm™, and oxygen concentration No = 2+4-10'7 cm™. Before measurements,
the samples underwent mechanical and chemical polishing with removal of a surface layer approximately 20 pm thick
and had a working surface (111) with an area of 5.4 X15.8 mm? and a thickness of 0.6 mm. The samples were doped with
copper at a temperature of 1423K using the surface thermodiffusion method. The copper concentration in the samples
was 10-14 cm?. Structural studies were performed on an XRD-7000 X-ray diffractometer (CuKy, radiation, 4 = 0.15418
nm) with an improved optical scheme, according to the 6—26 scheme in step scanning mode at 300 K. The angular
dependence of the intensity was measured in two ways: after adjusting the samples for reflection (111) and (333). The
intensity of the incident beam was approximately 5-10° imp-s’!, and the intensity measurement error was ~ 0.6 %. The
resistivity was measured using the conventional four-probe method, also at room temperature.

RESULTS AND DISCUSSION

Fig. 1 shows an X-ray diffraction pattern of copper-doped single-crystal silicon - n — Si (Cu), tuned to reflect (111)
of the sample. It differs significantly from the X-ray diffraction pattern of unalloyed silicon samples, despite their
similarity in appearance. The X-ray diffraction pattern of n-Si (Cu) showed no diffuse reflection at small scattering angles
(26= 17.6°). The intensity of the forbidden reflection (222) (20 = 58.9°) decreased by 9.5%, and the intensity of the
structural line (333) (d/n = 0.1046 nm; 26 = 95°) decreased by 11% compared to the intensity of similar reflections from
unalloyed samples. In addition, a decrease in the intensity of the (110)si02 reflection (d/n = 0.2495 nm; 26 = 36°) of the
impurity phase of crystalline quartz - SiO; - was also observed, by 11.5%. As for the intensity and interplanar spacing of
the main reflection (111) (d/n = 0.3143 nm; 26 = 28.4°), they increased by 2.6% and 0.7%, respectively, compared to the
intensity and interplanar distance of the same reflection of the initial sample. The average level of the inelastic background
of the n - Si (Cu) sample decreased by 9% compared to the level of the inelastic background of unalloyed silicon.
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Figure 1. X-ray diffraction pattern of copper-doped single-crystal n-Si

In addition, diffuse scattering with weak intensity in the middle scattering angles with d/n =~ 0.1467 nm; 26 =~ 63.4°
was detected on the X-ray diffraction pattern of copper-doped samples. Precision measurement showed the presence in
this angle range against the background of diffuse reflection, in addition to the forbidden reflection (222) of silicon, of
three additional selective reflections (d/n = 0.1707 nm; 260 = 53.7°; d/n = 0.1572 nm; 20 = 58.6°; d/n = 0.1361 nm;
20 = 69°) with weak intensity from an unknown phase. The X-ray diffraction patterns of samples tuned to third-order
reflection (333) differed from those tuned to first-order reflection (111) in the presence of an additional selective reflection
(d/n=0.3079 nm; 26 = 29°) with noticeable intensity on the right wing of the main reflection (111). This reflection is not
characteristic of silicon and silicon dioxide single crystals.

The narrow width (FWHM = 2.62-10 rad) and high intensity (2-10° imp-sec™') of the main reflection (111) indicate
a high degree of perfection of the crystal lattice of doped n-Si (Cu). Structural measurements showed that the cutting
plane of the samples corresponded to the crystallographic plane (111). The dimensions of subcrystals (blocks), estimated
by the width of this peak using the Selakov—Sherrer method [8], were approximately ~ 57 nm. However, the slight splitting
of this reflection into a; and o, emissions (Fig. 2a) indicates the presence of elastic stresses in the silicon matrix lattice
associated with the presence and uneven distribution of oxygen and the possible substitution of silicon atoms by copper

atoms in silicon single crystals. Since the ionic radii of silicon, oxygen and copper atoms are r fé;' =0.042, r;2 =0,140 nm
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andr é: =0.072 nm, respectively [9]. Considering the significant chemical activity of copper towards oxygen [10], it can

be assumed that molecules of silicon ion pairs are replaced by molecules of copper-oxygen ions in defect-prone areas of
the silicon lattice [10]. This conclusion is confirmed by the presence of a forbidden reflection (222)s; with d/n = 0.1571
nm on the X-ray diffractogram (Fig. 1, 3), which should be absent for an ideal silicon lattice without elastic stress. In
addition, the intensity of the main (111) reflection of doped silicon samples is 2.6% greater than the intensity of the same
line in undoped samples. This fact also indicates the partial replacement of some silicon ion pairs with copper-oxygen ion
molecules. Since the intensity of X-ray scattering is proportional to the atomic number (Z) of the elements, such ion
replacement should lead to an increase in the intensity of this reflection in doped samples, because Zs; = 14, Zp =8, Zc, =
29 [11]. However, with a noticeable increase in the intensity of this reflection, the X-ray diffraction pattern shows a
significant decrease in the intensity of its second (222) and third (333) order reflections by 9.5% and 11%, respectively.
In addition, an increase in the interplanar distance of the diffraction reflection (111) by 0.7% was observed on the X-ray
diffraction pattern of the alloyed samples, which was absent in its higher orders - in the reflections (222) and (333). The
almost complete splitting of the (333) reflection, close to the calculated value (3.79-107 rad) with a characteristic ratio of
intensities for o; and o radiation [Is33 (04) = 2-I333(02)] (Fig. 2 b) shows the absence of distortion of the silicon lattice in
the deeper layers from the surface of the doped samples [12]. All these facts indicate an uneven distribution of copper-
oxygen molecules in the lattice of doped samples. Their content in the surface layer is significantly higher than in deeper
layers.
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Figure 2. Reflection patterns (111) and (333) of single-crystal n-Si (Cu)

It should be noted that the observed increase in interplanar spacing in the case of structural reflection (111) shows
that the arrangement of atoms in the surface layers of doped samples has a noticeable shift from their ideal position in the
[111] direction while maintaining the existing initial symmetry, which cannot be said about atoms located in deeper layers.
This situation leads to a partial violation of the Wolff-Bragg diffraction condition for high-order reflections (222) and
(333). As a result, the normals of high-order atomic planes of the {HHH} type acquire a slightly distorted orientation with
respect to the direction of the normals of the near-surface planes (111). This leads to a partial loss of intensity of the
diffraction reflections (222) and (333), which is observed in the experiment. In addition, the decrease in the intensity of
the (222) and (333) reflections may also be associated with a noticeable increase in primary extinction (weakening of the
first-order intensity) for reflections from planes with large indices [13]. The decrease in the intensity of the diffraction
reflection (110) of the SiO, impurity phase may also be associated with the distortion of its lattice as a result of the partial
replacement of Si-O molecules by Cu-O molecules at the boundary areas between the blocks of doped samples.

In copper-doped samples, the presence of the silicon dioxide (SiO,) impurity phase is indicated by the presence of
a diffraction reflection (110) on the X-ray diffractogram with a slightly lower intensity (11.5%) than the intensity of this
reflection in undoped samples. The characteristic size of the structural fragments - nanocrystals of the impurity phase -
was ~ 75 nm. Such particles can create local elastic stresses around themselves, the magnitude of which is sufficient to
attract rapidly diffusing impurities, in particular copper at elevated temperatures, and initiate processes of their separation
in the form of clusters or nanoparticles. This assumption is confirmed by the presence of diffuse reflection at medium
scattering angles with d/n = 0.1467 nm; 20 = 63.4° and, against the background of this broad maximum, the presence of
three not very narrow structural reflections with weak intensity (Fig. 3-a). Analysis of the nature of these structural lines
showed that all these reflections belonged to the same newly formed impurity phase — CuO, which has monoclinic
symmetry. They are caused by nanocrystals of this phase with average sizes of Lc,o = 14—14.5 nm. The experimental
values of the lattice parameters of this phase were: @cy, = 0.4573, beyy, = 0.3413, Cerp = 0.5239 nm and f = 98.9°, which
differ slightly from the tabulated values (@ = 0.4662, by = 0.3417, crp = 0.5118 nm and = 99.85°, respectively) [14].
The specific volume of the CuO impurity phase is Vc.o = 0.0808 nm?, which is two times less than the specific volume
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of silicon - Vs = 0.160 nm?. The difference in specific volume is one of the factors stimulating the formation of copper

oxide nanoparticles in a silicon environment.
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Figure 3. (a) Section of the X-ray diffraction pattern of single-crystal n-type Si doped with copper. (b) The sample is aligned for
the (111) reflection

The X-ray diffraction pattern of the same sample, but tuned to reflection (333), did not differ significantly from the
X-ray diffraction pattern tuned to reflection (111). Only a strong loss of intensity of the main reflection (111) (~ 3 times)
and the appearance of a new selective reflection from an unknown phase on its right wing (Fig. 3-b). Analysis of the
nature of the new reflection showed that nanocrystals of copper monoxide — Cu,O, which has cubic symmetry, caused it.
The characteristic dimensions of the nanocrystals are ~ 17 nm. The experimentally determined lattice parameter of copper
monoxide was a.., = 0.4354 nm, which slightly exceeds the tabulated value a.,» = 0.4263 nm [15].

CONCLUSIONS

In this work, the structure of single-crystal silicon doped with copper by thermodiffusion at a temperature of 1200°C
was studied using X-ray diffraction. The results showed that when copper atoms are introduced into the silicon crystal
lattice, elastic stresses arise in the surface layers and the interplanar distances change slightly. The study revealed the
formation of new phases - nanocrystals of CuO and Cu,O oxides. Their average sizes were approximately 14 - 15 nm and
about 17 nm, respectively. It was also shown that SiO, oxygen precipitates promote copper diffusion and the formation
of oxide nanophases. The results obtained provide a better understanding of the mechanism of structural transformations
in copper - doped silicon and create a scientific basis for controlling such processes in semiconductor technologies.
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CTPYKTYPHI JOCJUKEHHA MOHOKPUCTAJITYHOI'O KPEMHIIO, IETOBAHOI'O MIJIIO,
METOJIOM JU®Y3Ii
Axpamxon IO. Bodoes!, Illepzon A. Maxmyaon?, Illyxpar K. Maxkamos', Hypitain IO. IOnycasics!,
Mypoaiab:xon M. Xoramos', Moxipadony M. Apa66oeBal
! Anouoicancoruii deporcasruil ynisepcumem imeni 3.M. Babypa, Andusican, Yz6exucman
2Inemumym s0epnoi @izuxu Axademii nayx Pecnyonixu Vz6exucmarn

VY crarTi npeAcTaBiIeHO Pe3YNbTaTH CTPYKTYPHOTO JOCIHIUKEHHS MOHOKPHCTAIIYHOIO KPEMHIIO, JIETOBAHOTO MIAJI0 METOIOM
Tepmoudys3ii 3a Temneparypu 1423 K. O6'ekToM ociiKEHHs OyIH KpUCTAIH N-Si, BUPOIIEHI METO0M HY0XpalibChKOT0, 10 MICTSITh
kucHeBi npeuunitati SiO2. CTPyKTypHUH aHali3 NPOBOAMBCS HAa PEHTICHIBCBKOMY IU(PPAKTOMETPi 3 yIOCKOHAIECHOI ONTHYHOIO
CXeMOI0, 110 IO03BOJMJIO BHSBUTH CJIaOKi JOJATKOBI BiAOMTTS Ta 3MIHM MapaMeTpiB KPUCTAIIYHOI pelIiTKH. BcraHoBieHO, 110
JIETyBaHHS MiJUIIO IPU3BOAMTE A0 MOSBU NPYKHUX HAIIPY>KEHb Y MOBEPXHEBUX IIapaX KPUCTAIY, 3MiHU MIKIUTOIIHHHOI BincTaHi (111)
Ta Mepepo3nOAiITy IHTeHCUBHOCTI BimOUTTA (222) i (333). BusaBneno audys3He po3citOBaHHA Ta OJATKOBI CCICKTHBHI BIIOHUTTS, IO
CBi9aTh TPO YTBOPEHHS HOBUX (ha3. Brepmie mpsiMUM CTPYKTYpHHM METOIOM IoKa3aHO (opmyBaHHs HaHokpucTanis CuO 3
MOHOKITIHIYHOIO CTPYKTYPOIO Ta cepeHiM po3mipom 14—14,5 M, a Takox HaHOKpucTaniB Cuz0 3 KyOI4HOIO CTPYKTYPOIO Ta CEPeaHIM
posmipom 61usbko 17 nm. Ixui mapamerpu pernitku Gynu BUMIpAHi eKCTIEPUMEHTANILHO Ta JEMIO BiPi3HAIOTHCS Bill CTAHAAPTHHX
STAJIOHHHX 3Ha4eHb, 1110 CBIAYMUTH PO BIUIMB KPEMHI€BOI MAaTPHII Ta BHYTPIIIHIX HApPYXKeHb HA iXHIO CTPYKTypy. Byno mokasaHo,
1m0 kucHeBi npeuunitati SiO2 CTBOPIOIOTH JIOKANIbHI MPYXKHI 11014, SKi CIPUsIOTh AU(y3ii, 3ap0oAKOYTBOPEHHIO Ta PO3JUICHHIO MiJli Y
BUDJISA/I OKCHIHUX HaHO(a3. OTpuMaHi pe3yabTaTh yTOYHIOIOTH MEXaHi3M CTPYKTYPHHX IIEPETBOPEHB y KPEMHIl, JIErOBAHOMY Mi UTIO.
KuouoBi ciioBa: penmeeniecoka ougpparyis; cyoxkpucmanim,; HAHOKPUCMAT, 1€208aHUL MIOOI0 KPEeMHILL, MepMIiuHa Ou@y3ist, oKcuou
MIOi; KUcHesl npeyunimamu





