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SAMPLES n-Si<Ni,Cu>"

Nozimjon A. Turgunov, ®Elmurod Kh. Berkinov*, Raymash M. Turmanova
Institute of Semiconductor Physics and Microelectronics at the National University of Uzbekistan, Tashkent, Uzbekistan

*Corresponding Author e-mail: elmurod 8883 @umail.uz
Received May 5, 2023; revised May 23, 2023; accepted June 2, 2023

This paper presents the results of studies of the effect of isothermal annealing at temperatures T = 673+1473 K in the time interval
5+60 minutes on the electrical properties of silicon, simultaneously alloyed with nickel and copper. Samples of n-Si<Ni,Cu> were
obtained on the basis of the starting material - single-crystal silicon, grown by the Czochralski method with the initial resistivity
p = 0.3 Ohm-cm. Diffusion was carried out at a temperature of 1523 K for 2 hours. After that, the samples were cooled at a rate of
0.1 K/s. The morphological parameters of impurity nickel and copper atom clusters formed in the bulk of silicon were measured by
electron probe microanalysis on a modern Superprobe JXA-8800R setup. As it turned out, in the volume of n-Si<Ni,Cu> samples,
clusters of impurity atoms with different geometric shapes are formed, the sizes of which reach up to 500 nm. The electrical
properties of the samples were studied by the Hall effect method using an Ecopia HMS-7000 instrument. It was revealed that under
the influence of thermal annealing (TA) at T>1273 K, impurity clusters decompose, which leads to an increase in the resistivity of
n-Si<Ni,Cu> samples. After exposure to TA at T=1273 K for 15 minutes, the density of impurity nanoaccumulations of acicular and
lenticular shapes sharply decreases in the sample volume. Under the influence of TA at T = 1473 K for 10 minutes in the volume of
the sample, the decay of impurity nanoclusters with a spherical shape is observed. Also presented are the results of changes in the
density of impurity clusters, as well as structural analyzes of the samples before and after exposure to thermal annealing.
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INTRODUCTION

Currently, in the production of electronic devices, the base material is silicon, on the basis of which more than
90% of all semiconductor devices are produced. Therefore, the quality of this material significantly affects the
development of modern semiconductor micro- and nanoelectronics. The manufacture of multifunctional integrated
circuits is mainly carried out on single-crystal semiconductor wafers. Electrical, photoelectric, optical and other
properties of semiconductor materials and structures based on them are determined by the presence of impurities and
structural defects in crystals [1-4]. It should be noted that impurity defects can appear not only at the stage of obtaining
materials, but also in the technological processes of manufacturing semiconductor devices [5-7].

Impurity defects formed during high-temperature diffusion doping of silicon single crystals with transition metal
elements significantly affect their electrical, photoelectric, and optical properties [8-11]. Usually, when a silicon single
crystal is doped with transition metal atoms, its thermal and radiation stability increases. In this direction, special
attention is drawn to the behavior of impurity micro- and nanoinclusions under the influence of external influences. The
state and behavior of impurity atoms of transition metals during heat treatment (HT) is of great interest from the point
of view of controlling the electrophysical properties of silicon single crystals [12-15]. In this regard, this work is
devoted to the study of the effect of HT on the resistivity of silicon doped with nickel and copper, as well as the kinetics
of the decay of impurity nanoclusters under the influence of HT.

RESULTS AND DISCUSSION

Samples of n-Si<Ni,Cu> obtained on the basis of the starting material - single-crystal silicon, with resistivity
p =0.3 Ohm-cm, grown by the Czochralski method with crystallographic orientation (111), which are indicated in
manufacturer's passport. The samples had the shape of a parallelepiped with the corresponding dimensions of
2x5x10 mm. Layers of impurity atoms were deposited on these samples, with nickel atoms 400 nm thick on one side of
the sample and copper atoms 450 nm thick on the opposite side by vacuum deposition from a molybdenum boat heated
to temperatures Tni ~ 1750 K and T¢, ~ 1400 K. Simultaneous diffusion of nickel and copper into silicon was carried
out in vacuum (107 Pa) at a temperature of 1523 K for 2 hours, after which the samples were cooled at a rate of 0.1 K/s.
The results of our previous studies have shown that, at given diffusion parameters, nickel and copper impurity atoms
diffuse into the entire volume of the sample. The resulting samples were subjected to isothermal annealing in vacuum
(10* Pa) at temperatures T=673+1473 K in the time interval 5+60 minutes, followed by rapid cooling. After each stage
of annealing, the electrical properties of the samples were studied. Structural studies were carried out by electron probe
microanalysis on a modern Superprobe JXA-8800R setup. The electrical parameters of the samples were measured by
the Hall effect method on an Ecopia HMS-7000 instrument. When measuring electrophysical parameters by the Hall
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effect method, the surface of the samples had dimensions of 1.8x5x5 mm. From each of the four corners on the sample
surface, ohmic contacts were made using Au and In(50%)Sn(50%).

The resistance values of n-Si<Ni,Cu> samples after diffusion annealing are p= 10* Ohm-cm. Such growth values of p
compared to the original samples are due to the fact that the ejection atoms of impurities, both nickel and copper in silicon,
have an acceptor character. The results of studying the dependence of p/py on the annealing time in the sample show that at an
annealing temperature of 673 K observations do not include significant changes in the value of p (curve 1, Fig. 1). In the
subsequent value of thermal annealing (TA) at and 873 K for 30 minutes, there is a gradual increase in the value of p by
approximately 50% (curve 2, Fig.1). With a further increase in time, the curve of this dependence slightly decreases and the
value of p of the samples is 1.3-10* Ohm-cm. Under the influence of TA at T =1073 K for 15+20 minutes, a significant
increase in the resistivity of the samples is observed, which increases almost 3 times (curve 3, Fig. 1). A further increase in the
annealing time to 60 minutes does not lead to significant changes in the curve of this dependence.

The dependence of p/po on the annealing time in n-Si<Ni,Cu> samples under the influence of TA at T=1273 K is
even more noticeable increase (curve 4, Fig.1). At this annealing temperature, in the initial 15 minutes, a sharp increase
in the value of p/po of the samples is observed, which reaches almost 7 times. With a further increase in time, it passes
through a maximum, after which, over the next 25 minutes, there is a significant decrease in the value of p/po and it is
approximately 50%. Further, in the time interval of 40+-60 minutes, a moderate decrease in the curve of this dependence
is observed and the final value of time, the value of p/py decreases by approximately 40%.

The most significant increase in the dependence curve of p/py on annealing time in n-Si<Ni,Cu> samples is
observed under the action of TA at T = 1473 K (curve 5, Fig.1). During the initial 10 minutes, the value of p/po of the
samples increases by almost 2 orders of magnitude. And over the next 10 minutes, it decreases to approximately its
original value. With a further increase in the annealing time to 60 minutes, it continues to moderately decrease and in
the final time value it decreases, relative to the initial value, by almost 50%.

Therefore, under the influence of TA in the temperature range T=673+1073 K, the dependences of p/po values on
time in n-Si<Ni,Cu> samples show the following trend: in the initial stages, with an increase in the TA temperature, the
maximum of the curves of these dependences occurs ecarlier and the growth rate of the curves increases significantly.
With a subsequent increase in the annealing time, the values of p/po of the samples decrease, and the higher the value of
the TA temperature, the more significantly it decreases.

The reason for such an increase in the curves of the dependences of the value of p/po on the annealing time with an
increase in the annealing temperature from 673 K to 1473 K annealing is associated with an increase in the
concentration of electroactive impurity atoms of nickel and copper, which in turn depends on the decay of impurity
clusters in the bulk of the samples. We have not measured the concentrations of nickel and copper impurity atoms in the
volume of impurity clusters, and we will pay attention to this in our further studies.

In order to elucidate the cause of the origin of this phenomenon, we carried out complex structural analyzes of
samples before and after exposure to TA. The results of analyzes in the n-Si<Ni,Cu> samples before TA exposure
showed that nanoaccumulations of impurity Ni and Cu atoms with different geometric shapes are formed in their bulk
(Fig. 2). Such impurity nanoaccumulations have needle-like, lenticular, spherical, and various polyhedral shapes.
It should be noted that when measuring the morphological parameters of n-Si<Ni,Cu> samples using the Superprobe
JXA-8800R electron probe analyzer, the probe excitation depth was 15-20 pm. The obtained results showed that
impurity accumulations are unevenly distributed over the surface of the samples, their sizes reach from several
nanometers to 500 nanometers, and their average density reaches ~10° cm™. We have not considered the problem of
determining the ratio of quantitative indicators of nickel and copper impurity atoms in the volume of impurity clusters
due to the limited capabilities of the measuring devices used by us, and in our further studies we intend to determine
changes in these indicators before and after exposure to thermal annealing by comparison.
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Figure 1. Dependence of the value of p/po on the annealing time Figure 2. Micrographs of impurity nanoaccumulations in
in n-Si<Ni,Cu> samples at TA: n-Si<Ni,Cu> samples before heat TA
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The results of the structural analysis of the Si<Ni,Cu> samples subjected to thermal annealing in the temperature
range T=673+1073 K showed that the impurity nanoaccumulations formed in their volume after exposure to TA remain
in this temperature range. This shows that impurity nanoaccumulations of Ni and Cu atoms formed in the bulk of
single-crystal silicon are resistant to TA at temperatures T<1073 K.

The obtained results of similar studies with n-Si<Ni,Cu> samples after exposure to TA at T=1273 K for
15 minutes showed that the density of impurity nanoaccumulations with needle-shaped and lenticular shapes in the
sample volume decreases sharply (Fig.3). The micrographs obtained with a microprobe analyzer clearly show that,
under the influence of TA, nanoaccumulations with similar shapes decay. With an increase in the value of TA up to
T =1473 K for 10 minutes, the decay of impurity nanoaccumulations with spherical shapes is observed in the sample
volume (Fig.4). Impurity atoms split off from nanoclusters pass into nodes and interstices of the silicon crystal lattice.
Such a course of the decay process of impurity nanoaccumulations shows that the sequence of decay of
nanoaccumulations mainly depends on their geometric shape. Consequently, it turns out that impurity
nanoaccumulations with a spherical shape are more resistant to external influences.

Figure 3. Micrographs of impurity nanoaccumulations in Figure 4. Micrographs of impurity nanoaccumulations in
n-Si<Ni,Cu> samples after TA at T=1273 K n-Si<Ni,Cu> samples after TA at T=1473 K

CONCLUSION

Thus, on the basis of the experimental results obtained, two stages can be distinguished in the kinetics of changes
in the electrical properties of silicon with impurity nanoaccumulations under the influence of TA in the temperature
range T=673+1073 K. At the first stage of TA, the concentration of vacancies in the crystal structure of silicon increases
and due to this impurity atoms located in the interstices, in an electrically neutral state, begin to move to the nodes of
the crystal lattice. As a result, the value of the resistivity of the samples in the initial period of TA increases and reaches
its maximum value. At the second stage, so if with a further increase in the TA time, due to a decrease in the excess
concentration of vacancies in the crystal lattice, the transition of impurity atoms to lattice sites slows down. And this
leads to a decrease in the resistivity of the samples.

Under the influence of TA at 1273 K for 15 minutes, as well as at 1473 K for 10 minutes, impurity
nanoaccumulations decay, as a result of which the released impurity atoms pass into free lattice sites, so if in an
electroactive state, which leads to a sharp increase in the specific sample resistance. With a further increase in the
annealing time to 60 minutes due to a decrease in the concentration of excess vacancies, this transition is weakened, and
the formation of various silicide complexes such as NisSiy, Cu,Siy, or NiyCu,Si, in the electrically neutral state
gradually becomes predominant, which leads to a significant decrease in the resistivity of the samples.
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BIIVIMB TEPMIYHOTI'O BIAITIAJTY HA EJIEKTPO®I3ZUYHI BJJACTUBOCTI 3PA3KIB n-Si<Ni, Cu>
Hosim:xon A. Typrynos, Eabmypon X. Bepkinos, Paiimamn M. TypmanoBa

Inemumym @izuxu nanienpogionuxie ma mikpoenexmpouixu Hayionanvrnoeo ynieepcumemy Yzoexucmany, Tawkenm, Y3b6exucman
V nawiii poOoTi npeacTaBiIeHi pe3ysbTaTh JOCHIIPKEHb BILTHBY 130TepMIidHOrO Binary npu temieparypax T = 673+1473 K no B inTepBani
yacy 5+60 XBIIMH Ha eJIEKTPUYHI BIACTUBOCTI KPEMHIIO, OJJHOYACHO JISTOBAHOTO HikeseM i Miytio. 3pasku n-Si<Ni,Cu> Oynu oTpuMaHi Ha
OCHOBI BHXIIHOTO MaTepiay - MOHOKPHUCTAIIIYHOTO KPEMHII0, BUPOIIEHOTO 32 MeTo0M YOXpajbCKOro 3 MOYaTKOBHUM MTHTOMHM OIIOPOM
p=0,3 Om-cm audysiro npoBoawu npu temreparypi 1523 K o npotsrom 2 roaus. ITicias mporo 3pa3ki OXOIODKYBAIH 31 MBUIKICTIO
0,1 K/s. MopormorivHi mapameTps KIacTepiB aTOMIB IOMIIIOK HIKEIIO 1 Mifi, 0 YTBOPUIIHCS B 00'€Mi KPEMHII0, Oy BUMIPSIHI METOIOM
CNIEKTPOHHO-30HA0BOT0 MIKpOAHAN3y Ha cydacHiil yctaHoBli Superprobe JXA-8800R. sk BusBmiiocs, B 00'emi 3paskiB n-Si<Ni,Cu>
YTBOPIOIOTECSL KJACTEPU aTOMIB JOMIIIKH Pi3HOI reoMeTprdHOi (OpMH, po3MipH SKuX AocsratoTe 10 500 aM. EnexTpudHi BIacTHBOCTI
3pasKiB BUBYAIM MeTonoM edexry Xommra 3a poromororo npuiaxy Ecopia HMS-7000. BusineHo, 1o i BIUIMBOM TE€PMIYHOTO BiATIAILY
(TA) mpn T>1273 nmo BinOyBaeTbCs PO3KIANAHHS KIACTEPIB JOMIIIOK, IO HMPHU3BOAMTH IO 30UIBIICHHS MHTOMOIO OHOPY 3pa3KiB
n-Si<Ni, Cu>. [Ticnst BrmBy TA npu T = 1273 1o npotsirom 15 XBIWIMH IMIIBHICTS HAHOAKYMYJIILIH JOMILIOK TOTYACTOl 1 JIIH30MOAiOHOT
(dopMm B 00cs3i 3pas3ka pisko 3meHinyeTbes. [1in BrmBoM TA mpu T = 1473 mo mpotsrom 10 XBUIHMH B 00CS31 3paska CIIOCTEPIraeThes
Ppo3maj IOMIIIKOBUX HAaHOKIJIACTepiB cdeprunoi ¢popmu. Takoxk mpezcTaBieHi pe3ysibTaTi 3MiHH IUTBHOCTI KJIAcTepiB JOMIIIOK, @ TAKOX
CTPYKTYpHI aHaJIi31 3pa3KiB JI0 1 MiCIs BIUIUBY TEPMIYHOTO Bimay.
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