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EFFECTS OF PRESSURE ON OXYGEN CONCENTRATION IN SILICON SINGLE CRYSTALS
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Abstract: Study the residual effects after all-round hydrostatic pressure [AHP) af the original
and doped with nickel ond godolinfum silicon somples, ond study the effect of ell-round
hydrostotic compression on the relaxaotion characteristics of metol-semiconductor structures
fobricated based on crystalline silicon with different resistivity. it hos been shown that in n-51 with
N,=8- 107em ™3 AHP vp to 40 kbar will not chonge the peaks of oxygen ond corbon
absorption, while in n-5i<Ni> at Pz30 kbor, the oxygen and corbon absorption peaks gradually
decrease ond completely disappear ot pressure of P=55 kbar; in n-5i<Gd>, the absorption spectro
turmed out to be more resistant to externol pressure.

in the ronge from 12 kbar to 38 kbor, n-5i<Ni> sample under the infiuence of pressure hod
nonmonotonic chonge in resistivity, with the formation of o maoximum ot P =2 35 kbar, which is
associoted with impurity precipitates by two occeptor levels (E~+0.2 eV ond E~0.4 eV]. The
experimentally observed non-manotonicity in the dependences p=f (P} is conseguence of two
counter processes. Mechonical stresses that stimulote the gettering of thermal defects from the
bulk of the semiconductor or impurities localized in the metal-semiconductor transition layer and
interacting with surface staotes con be responsible for chonging the properties of the interfoce
UNder pressure.

Keywords: silicon, oxpgen, diffusion, infrared spectrophotometer, carbon, active atoms,
hydrostotic pressure, precipitates.

INTRODUCTIOM. It is known that silicon single crystals obtained both by the pulling method
and by zone melting contain a significant amount of oxygen atoms (~10'® em™?) and carbon
atoms {wml-" cm'a], which are mainly in an electrically inactive state [1]. At the same time,
various external influences, such as heat treatment, irradiation with lonizing and high-energy
particles, necessary both for obtaining semiconductor structures and inevitable during their
operation, lead to the formation of a number of electrically active centers with the participation
of oxygen and carbon atoms, which play a decisive role. in the degradation of the parameters of
silicon and products based on it. Along with such traditional types of external influences as
illumination, heat treatment, and irradiation with ionizing particles, in recent years there has
been increased interest in studying the effect of high pressures on the properties of
semiconductors, in particular, in the nature of the residual effects of this influence.

The work [1] studied the behavior of oxygen atoms before and after the confining pressure
(HF) P=60--80 kbar in the temperature range 6005-8007°C. The authors point out that as a result of
plastic deformation of silicon single crystals under a pressure of P=70 kbar and a temperature of
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B800°C, all optically active oxygen passes into an optically inactive state, as a result of which the
absorption peak at 9.1 um completely disappears, and after thermal annealing at 1100°C within
110 seconds is restored back.

Also in [2], the authors state that in silicon single crystals grown by the Czochralski method,
oxygen can be found not only as a 5i-0-5i gquasi-molecule, but also in various accumulations
[precipitates) of 5i0: which are formed during the growth of an ingot. It is also shown that in
some crystals grown, the oxygen content in various clusters can reach up to 20% of the total
oxygen concentration. It is also shown that in some crystals grown, the oxygen content in various
clusters can reach up to 20% of the total oxygen concentration.

MATERIAL AND METHODS. To dissolve oxygen accumulations and transfer all oxygen to an
optically active state, it is necessary to anneal the crystal at a temperature of T=1350°C for t=20
hours. Howewver, after such annealing, during crystal cooling, a small part of oxygen is still
complexed on various impurities and lattice defects, which are usually present in silicon single
crystals grown by the Czochralskl method.

On the other hand, high hydrostatic pressure has a significant effect on some physical
parameters of single crystals, as well as on the diffusion coefficient and the solubility of
impurities in them. For example, in [3-5], the authors studied the effect of high-pressure thermal
annealing on the state of optically active aoxygen. It is shown that the heat treatment of a single
crystal of silicon with a high content of oxygen, grown by the Czochralski method, in the range
from B850 + BO0°C at an all-round pressure (up to 70 kbar) for one hour leads to a significant
(more than an order of magnitude) decrease in the intensity of the main (1106 cm) IR bands -
absorption of interstitial oxygen.

Moreover, the results of these experiments did not depend on the method of doping the
silicon single crystal with oxygen. It was also established in these works that the decrease in the
concentration of optically active oxygen atoms mainly depends on the strain rate. 5o far, the
number of such studies devoted to the study of the mechanism of such transformations is
limited.

The aim of this work was to study the residual effects after hydrostatic pressure (RHP) of
the original and doped with nickel and gadolinium silicon samples, as well as to study the effect
of hydrostatic compression on the relaxation characteristics of metal-semiconductor structures
fabricated based on crystalline silicon with different resistivity.

Samples of n-type silicon with initial resistivity p=5+20 Ohme#cm were studied. The n-Si<Ni=
samples were obtained by nickel diffusion into silicon single crystals, and the n-Si<Gd= samples
were obtained by doping during single crystal growth. Nickel diffusion and other technological
cycles were carried out according to the procedure described in [6]. The samples thus obtained
were subjected to all-round compression in the range P=1:70 kbar. The samples were
compressed at the Institute of High Pressure Physics of the Russian Academy of Sciences
(Troitsk). At the same time, the geometric dimensions and surface quality of the samples were
identical.

The IR light transmission spectra of the samples were measured wsing an infrared
spectrometer UR-20. The concentrations of IR-active oxygen (Mo) and carbon (N} were
determined by the magnitude of the absorption peaks at A=9.1 ym and A=16.4 um, respectively,
according to the formulas:

Ny =48- 107 (222) (1)
Ne=11-10" (3 (2)
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Where:

o — Is the absorption coefficient,

d, — is the sample thickness.

Before and after the removal of pressure and appropriate processing of the indicated
samples, the transmission spectra of IR light were studied on an infrared spectrometer UR-20.

Concentration of optically active oxygen atoms at different pressures

Table 1

P, kbar After HT, at T=1550K n-Si N-5i <Ni=

0 8-10Y em™? 810" em™?

4 8-10Y em™? 810" em™3

8 8-10Y em™3 7.8-10Y em

12 7.8-10Y em™ 76-10Y em™
16 7.8 - 107 em~3 7.2 - 10 em™3
20 7.7 - 10 emCm 3 6,6 - 10Y em™3
30 7.6 - 10 em™3 6,3 - 10 em™3
40 6,6 - 10* em 5,3 - 10Y em™3
50 5,3 -10Y em ™3 3,6 - 10Y em™3
58 4,7 - 10 em™3 1,810 em

60 41-10Y em™ 83-10%em™
65 3,3 - 107 em 3 -

Studies have shown that in n-Si samples with N, & 8 - 10" em™ the AHP up to 40 kbar
does not lead to noticeable change in the oxygen and carbon absorption peaks. At the same
time, in n-5i<Ni= samples, it was found that after annealing at P=30 kbar, the oxygen and carbon
absorption peaks gradually decrease and completely disappear at a pressure of P=55 kbar (Table
1.). In contrast to the nickel-doped samples, the absorption spectra of the n-Si<Gd> samples
turned out to be more resistant to external pressure.
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Fig 1. Dependence of the concentration of optically active oxygen atoms on the AHP for sampl
of n=5i [curve 1), n-5i<Gd> (curve 2), n=5i<Ni> [curve 3)
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As can be seen from Fig.1l. with an increase in the value of the external pressure from 20
kbar, the peak at A=9.1 pm gradually decreases to one order of magnitude and at P=65 kbar
almost completely disappears. Comparing the curves of the dependence of the absorption
intensity on P, one can see [Fig. 1) that in the n-Si<Gd> samples, the decrease in the oxygen and
carbon peaks begins at a pressure value of P>10 kbar, while this value of P for n-Si<Ni= is egual to
P=30 kbar. We have carried out a gualitative assessment of the concentration of oxygen and
carbon at various pressures using formulas (1) and (2), which showed that at P=40 kbar the
concentration of optically active oxygen atoms in n-Si<Mi= samples decreases to one order of
magnitude relative to control samples . The concentration of optically active carbon atoms in
these samples in the pressure range P=1+30 kbar practically does not change, and at P=35555
kbar a decrease in N_c by 45+50% was found. Based on the results obtained, the dependence of
changes in oxygen concentration on pressure was compiled (Fig. 1.).

In [B], the decay of Ni and Gd impurity precipitates under the action of external hydrostatic
pressure, where it was shown that the defect formation energy of gadolinium precipitates s
much lower (ES¥ % 2 eV], than the defect formation energy of nickel precipitates (E3" & 4 eV).
This means that the decomposition of gadolinium precipitates begins earlier than the
decomposition of nickel precipitates under external pressure. It can be assumed that the
increase in the concentration of oxygen atoms passing Into the optically inactive state in n-Si<Mi>
samples compared to n-5i is determined by its interaction with Mi and Gd atoms or their silicides
formed after the decomposition of precipitates in the bulk of the crystal.

However, It should be noted that after annealing samples for 30 minutes at a temperature
of 1000°C, the optically active concentration is restored by 80%. The rest (about 20%) of oxygen
is possibly generated on the surface of the single crystal.

Simultaneous changes in resistivity and concentration of optically active oxygen and carbon
atoms, In our opinion, are associated with the following processes:

a) at high value of the all-round hydrostatic pressure, the precipitates simultaneously
disintegrate and new dislocation lines with various defects appear, which partially accelerates
the disappearance of optically active oxygen atoms.

b) the formation of oxygen precipitation with the participation of carbon atoms.

Our experiments have shown that high hydrostatic pressure accelerates the precipitation
of oxygen and carbon atoms. In this case, significant elastic stresses arise at the precipitate-
matrix interface. With an increase in oxygen precipitation, the process of formation of complexes
of the C_0O_ type proceeds. Using the law of acting masses, E_. According to experimental data
[&6] according to the farmula:

[CO] & exp(E,/KT) (3)

E, ®* 1,1 ev was estimated.

These studies are of great practical importance in the field of solid-state physics. With the
help of AHP, it is possible to control the degradation of electrophysical parameters and features
of the interaction of impurities with silicon.

One of the main requirements for semiconductor devices is the reliability of operation and
the stability of their characteristics in relation to various external influences. In this regard, we
hawve studied the effect of all-round hydrostatic compression on the relaxation characteristics of
metal-semiconductor structures fabricated on the basis of crystalline silicon with different
resistivity. To measure electrical resistance, careful temperature control is necessary. And to
measure mobility, before determining changes in carrier concentration, you need to find a way
to accurately correct for changes in mobility. Mobility corrections can be made either by
extrapolating the pressure coefficient for mobility measured at higher temperatures (where the

8
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electron concentration does not change under pressures, since all impurities are ionized [7]), or
by calculating changes in pressure coefficients for parameters describing mobility { if they are
known).

RESULTS AND DISCUSSIOM. The pressure coefficients for lonization, determined from
changes in carrier concentration, are presented in Table-1. These coefficients are small, but they
coincide with the values calculated theoretically and from the pressure coefficients for the
effective mass and dielectric constant found in other studies [8].

Table 2
lonization energy coefficlents of Impurities for silicon [9].
Me System lonization energy, eV Pressure coefficient eV-cmikg
1 Antimany, donar 0,05 ~-510%
2 Alurminum, accepbor 0,06 ~+1-10-#
3 Indium, acceptor 0,16 ~ +5108
4 Gold, acceptor? 0,54 -1, 210%
5 Gold, acceptor? 0,62 0,310
] Gold, donor? 0,35 < |510|

The paper presents the results of an experimental study of the effect of pressure on the
characteristics of Schottky dicdes based on n-SkNi>. Crystalline silicon of the electronic type of
conductivity (KEF-200, with crystallographic orientation <111>) was used as the starting material.
The plates were subjected to heat treatment at a temperature of 1250 °C for 2 hours, followed
by rapid cooling (=200°C/min.). Schottky diodes were fabricated by vacuum sputtering of Au onto
the surface of silicon wafers. The area of the metal contact was 7.1.10-2 cm?®.
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Fig 2. Temperature dependences of capacitance (1) and conductivity (2] of one of the

investigated Schottky diodes before (1.2) and after (3.4) exposure to pressure [6].
]
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Some of the manufactured diodes were subjected to all-round compression up to
pressures of 70 kbar. Changes in the diode parameters were controlled by dark capacitance-
voltage characteristics measured by the bridge compensation method at a frequency of 150 kHz.
The temperature of the diedes during the measurement was stabilized with an accuracy of 0.5°C.
The measurements showed that the measured capacitance of the diodes weakly depends on the
magnitude of the applied voltage, and when cooled to -B0°C, it decreases to the value of the
geometric capacitance Cg.

Figure-2 shows the temperature dependences of capacitance (1) and conductivity (2],
measured in a parallel equivalent circuit of one of the diodes under study at a reverse voltage of
4. Thus, measurements under pressure, first of all, make it possible to separate that part of the
temperature coefficient of the parameter, which is due only to the expansion of the lattice, from
the additional conmtribution, which is the temperature effect proper [9]. Such a behavior of the
capacitance and the presence of a maximum in the temperature dependence of the diode
conductivity, in accordance with the theory developed in [6=12], indicates an overcompensation
of the base region of the diodes under study. In this case, the relation N.> N, between the
concentrations of the acceptor deep center M, and the donor shallow center Nm is satisfied.

Using the assumptions proposed by the authors of [6] and the equivalent circuit of a diode
from an overcompensated semiconductor [12], we can obtain the following expression:

ed E -E
1,15 leA =2 OFC o+ —e s a
kA =23 B2+ = (4)
':--l_c-l
5_

C - is the measured capacitance, Cs - is the barrier capacitance and C; - is the geometric
capacitance of the diode, E-— is the energy corresponding to the bottom of the conduction band,
E.- is the activation energy of the compensating impurity, @ - is the cydic frequency, £ - is the
permittivity of the semiconductor, p, - is the mobility of the main charge carriers, d-

dimensionless parameter.
Meglecting the temperature dependence of the parameter (wrd), which is equivalent to

neglecting the temperature dependence of the mobility of the main charge carriers, using the
tangent of the slope angle (1), we find the activation energy of the compensating deep center. In
[&], the temperature dependences of the parameter - A, for two of the diodes under study are
given, according to which the ionization energy of the compensating center is Ec- 0,27+ 0,03 eV.
The temperature dependence of the parameter A, for the two investigated diodes are shown In
Figures -2, 3.

The solid straight line is a similar dependence according to [7]. In all diodes subjected to all-
round compression to pressures of 1-4 kbar, with a step of 1 kbar, with an exposure of 10 min in
each interval, the temperature dependence of the capacitance weakens, and the maximum on
the temperature dependence of the conductivity gradually smoothes out. When pressure of 4
kbar is reached, the temperature dependence of the capacitance becomes comparable with the
temperature dependence of the diffusion potential (see Fig. 2, dependences 3 and 4).

This behavior of the diode capacitance indicates the removal of compensation and the
fulfillment of the condition Mo>N.. Control measurements using the method of Isothermal
relaxation of the capacitance [8, 9], the applicability of which is possible under the condition
Nm>Ma, showed that in diedes subjected to a pressure of 4 kbar, there is a recharging of two

10
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deep centers with ionization energies E-- 0,27+ 0,03 eV and Ec-0,54 = 0,03 eV. The temperature
dependences of the relaxation time constants for two Schottky diodes subjected to a pressure of
4 kbar are shown in Figure 3. in [7, 8] and in our case, the charge exchange of identical [9]
centers were observed.

T, cex 15
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" DIF
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Fig 3. Temperature dependences of the relaxation time constants for two (1.3 and 2.4) Schottky
diodes subjected to pressure of 4 kbar. Solid line - T[T) dependences according to [7]

Considering that the diodes described in [7] were created using boron diffusion, and in our
case, silicon wafers were subjected to only similar thermal effects, we can draw the following
conclusion. The centers observed in the diodes studied by us and described in [7, 8] are of the
same nature. The impact of pressure, without changing the structure of the center, only leads to
a decrease in its concentration.

Mote that the capture cross section of the majority charge carriers does not change under
pressure, which follows from the invariance of the dependences T(T) in the diodes, both in the
presence of compensation and when it is removed. Under pressure, precipitation of oxygen
atoms occurs, that Is, free interstitial oxygen passes into the second phase with the formation of
510 particles [12] (Fig.-5). Which, on an n-type semiconductor, when exposed to strong electric
fields, many electrans quickly gain enough energy to excite 0.2 eV or more above the edge of the
conduction band. In this case, It is essential to know the position of all higher lows in order to
fully understand the effect.

The application of 12 kbar pressure changes the position of the oxygen atoms to settle on
the 5i0; agglomerations, as result of which they probably lose electrical activity. It can be seen
from the figure that at 12 kbar the saturation of the J-¥ characteristics is less, but at lower
pressure there is saturation. An analysis of the obtained results shows (Fig. 4) that when pressure
up to 12 kbar is applied to the diode structures studied by us based on n-Si<Mi> containing
impurity centers in the bulk of the semiconductor, monotonous increase in resistivity occurs in
them, in contrast to the data work [13]. Hence, we can conclude that the centers we observe are
structural defects of the semiconductor due to its rapid cooling.

1
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Fig 4. CVC of Schottky diodes before and after exposure to confining pressure
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Fig 5. 5train resistance of n-5i<Ni> specimens under all-round hydrostatic compression [11]. (1 -
as P increases, 2 - as P decreases).

However, as the pressure increases in the range from 12 kbar to 38 kbar, the change in the
resistivity of the n-Si<Mi> samples under the influence of pressure (Fig. 5, dependences 1 and 2)
has nonmonotonic character with the formation of a maximum at P=35 kbar. The formation of

this maximum is explained by the fact that, despite the high solubility of Mi atoms in silicon (7.107
T om?) NI atoms (5.10 cm?) is electrically active. These atoms create two acceptor levels in the

5i band gap (E.+0.2 eV and E~0.4 eV). And with further increase in pressure (P>38 kbar), the
resistivity will noticeably decrease.

CONCLUSION. It can be assumed that the experimentally observed nonmonotonicity in the
dependences p=f{P) is the result of two counter processes: the first is a decrease in the band gap
and a change in the ionization energy of deep Mi levels, which leads to an increase in

conductivity, and the second is the decay of impurity precipitates with an increase in the
concentration of electrically active centers, which, under the influence of pressure, are displaced

12
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from the bulk of the semiconductor and changing the surface charge distribution spectrum at the
metal-semiconductor interface. Mechanical stresses that stimulate the pettering of thermal
defects from the bulk of the semiconductor or impurities localized in the metal-semiconductor
transition layer and interacting with surface states can be responsible for changing the properties
of the interface under pressure.
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