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1. INTRODUCTION

Zn0O is very interesting material among the wide gap semiconductors. The obtaining of
impurity defect holes conductivity in ZnO is especially problematic due to the native properties of
7ZnO [1]. Accordingly, conductivity type inversion in wide gap semiconductors is a problem from
the technological point of view [2,3].

Doping limitations in wide gap semiconductors exist due to one of the following reasons:
(a) too low dopant solubility, (b)too deep dopant energy level within the gap, and (c) self-
compensation by intrinsic defects. Using of the low growth temperatures can reduce the self-
compensation effect. On the other hand, formation of dopant—defect complexes may possess lower
activation energies. In particular, the DX and AX centers have barriers of the order of only half of
eV [4,5]. The formation energy of the DX and AX centers much depends on the properties of the
dopants [3], so in principle one can always improve material dopability by optimal choice of
dopant. In this respect (a) and (b) categories are often the practical restraints for high carrier
concentrations at low growth temperatures.

Theoretical calculation predicted that nitrogen (N) impurity is the best candidate for producing
shallow acceptor levels in ZnO [6,7]. Nitrogen can be incorporated into ZnO to the concentration of
more than 10" cm™ [8]. In other experiments, electron paramagnetic resonance measurements
demonstrate that N substitutes O in the ZnO lattice [9—11].

We investigated possibilities of control of electrical and optical properties of ZnO layers
doped by nitrogen. Healing of radiation defects takes place by method of radical beam quasi-
epitaxy (RBQE). We have selected nitrogen as an acceptor to obtain impurity p-type ZnO layers, as
it is regarded as the most active acceptor for ZnO crystals [12].

We carried out following experiments: initial ZnO samples were implanted by N with
concentration 10" cm'3, at the energy 110 keV, dose 10" cm'z, and current density 15 mA / cm?.
Implantation follows by treatment in the atmosphere of singlet oxygen radicals by RBQE with
concentration 10" — 10" cm™. Analysis of experimental results show that p-type ZnO:N layers
with resistivity 5.4 Q - cm were obtained.

2. EXPERIMENTAL

2.1. Radical beam quasi-epitaxy

The RBQE enables us to obtain new quasi-epitaxial layers on the surface of binary
compounds such as ZnO, ZnS, ZnSe. The RBQE serves for regulation of electrical and optical
properties of II-VI wide band gap semiconductors in basic crystal as well as in new grown layers
[13]. During the RBQE, basic crystal undergoes treatment in the atmosphere of singlet oxygen
radicals obtained by RF discharge with operational power (40 — 80) W and pressure (0.1 — 10) Pa.
The RF oscillator converts molecular oxygen stream into plasma containing ions, electrons, and
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oxygen radicals. Between the plasma and the basic crystal a special filter exists through which only
oxygen singlet radicals with n, = (10" —5-10")cm™ concentration are passed. The growth of new

layers is carried out by non-metal components adsorbed from the gas phase and metals extracted
from the basic crystal. Accordingly, it produces V7, defects in basic crystals. Basic crystal is placed
in the area of maximum temperature of the reactor. Temperature in other areas of the reactor is
much lower. This profile of temperature distribution promotes movement of uncontrollable
impurities towards cooled areas of the reactor. It should be mentioned that formation of new layers
takes place in the wide temperature range (from 300 to 1100 K).

The treatment temperature is constant during one technological cycle under the RBQE
method. Treatment temperature, at which obtained layers have stoichiometric character, we call the
critical temperature. Below this temperature, the obtained ZnO layers have p-type conductivity
under RBQE treatment. Above the critical temperature, obtained ZnO layers have n-type
conductivity. So, the RBQE method enables obtaining of n- and p-type stoichiometric layers of
Zn0.

In our case under the RBQE method, growth of the ZnO layers on the basic of ZnO takes
place. Experimental critical temperature is 7, =700°C. The RBQE gives us the possibility to

control the electrical and optical properties of new layers over a wider range. Thickness of epitaxial
layers varies from several atomic layers up to 15 um.

2.2. Treatment of implanted ZnO crystals by RBQE method

In order to obtain impurity p-type conductivity in ZnO we carried out following experiment:
n-type ZnO (of wurtzite structure) was implanted with N* ions at the concentration 10" cm™ at the
energy 110 keV and at the dose 10" cm™. The density of the current was 15 A / cm®. Healing of
the created defects in the implanted ZnO crystals carried out by RBQE method in the atmosphere of
singlet oxygen radicals by RF-discharge with power 80 W at temperature 400 °C. The duration of
RBQE treatment and concentration of oxygen radicals was 4h and n, = (10" —5-10") cm™,

respectively. As a result we obtained ZnO:N new layers.
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Fig. 1. PL spectra of ZnO layers obtained by RBQE.

According to Hall measurement epitaxial ZnO:N layers showed p-type conductivity. We
studied photoluminescence (PL) spectra of obtained ZnO:N layers at 77 K. Nitrogen Laser was used
as an excitation source (A, =337.1nm). In the PL spectrum of ZnO:N layers, the following peaks
were observed: 371.5, 381.2 and 387.4 nm (Fig. 1a). According to the van der Paw measurement,
holes mobility, their concentration and resistivity were found as 23 cm®/V -s, 5-10'° cm™ and
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5.4 Q - cm, respectively. For structural characterization of ZnO:N layers X-Ray diffraction was
used (CuKa line, step size 0.02 °).

For comparison and discussion of the obtained results, we carried out RBQE treatment of the
non-implanted ZnO samples. The non-implanted n-type ZnO crystal was treated under the RBQE

method in similar conditions (7 =400°C, r=4h, n,= (10" —5-1015)cm_3). Then were
investigated electro-optical characteristics of obtained epitaxial ZnO layers. In the PL spectra of
Zn0O epitaxial layers the peaks at 369.1 nm and 374.5 nm were observed. The investigation with
van der Paw method showed that a high-ohmic p-type ZnO layers were obtained (mobility
15cm?/V - s, carriers concentration 3 - 10" cm_3, resistivity 1.4 - 10°Q - cm).

3. RESULTS AND DISCUSSION

In [1] authors calculated energy of defects’ formation. Energy of formation of Vz, is lower
than the energy of formation of other intrinsic defects in p-type ZnO. According to mechanism of
defects’ creation under the RBQE method the concentration of Vz, increases in basic samples. The
concentration of Vo before RBQE treatment is high in basic ZnO and remains unchanged under
RBQE process. Respectively, the probability of transfer of the electrons from Vo' to Vz, is also
high. As a result of calculations it was found that the formation energy of Vo' is lower than for Vg
and Vo' in p-type ZnO [1]. Consequently, concentration of native defects Vz, Vo'' and
(Vzu = Vo'™) prevailed in the nonimplanted basic crystal.

Under implantation with N, the creation of radiation defects occurs in n-type ZnO basic
crystal. Under RBQE two processes take place: healing of the created defects and formation of new
epitaxial layers. Because of the specific nature of the RBQE, the diffusion of nitrogen in the new
Zn0 layers occurs. During diffusion of N atoms, creation of Np and N;j defects takes place in new
grown layers.

Fig. 1a and b show PL spectra of ZnO:N layers and nonimplanted ZnO. In the PL spectra of
nonimplanted ZnO layers we observed peaks at 369.1 and 374.5 nm (Fig. 1b).
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Fig. 2. X-ray diffraction of ZnO:N layers obtained by RBQE.

The peak at 369.1 nm can be attributed to the neutral donor-bound exciton [14,15] and
374.5 nm corresponds to acceptor bound excitons [16,17]. Observation of the acceptor bound
exciton in p-type ZnO layers obtained by RBQE confirms a high purity and perfect structure and
significantly reduced number of residual defects, which is one of the most important issues.

In PL spectrum of ZnO:N layers the peaks 371.5, 381.2 and 387.4 nm were observed
(Fig. 1a). In PL spectrum of ZnO:N sample, the peak at 371.5 nm can be attributed to the acceptor-
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bound exciton (A°X) related to the nitrogen acceptor [18]. The peak at 371.5 nm recorded in PL
spectrum of ZnO:N is connected with the emission of N relaxed defect bound exciton [19-22].

Emission with maximum at 381.2 nm observed in PL spectrum which has low intensity band
of 387.4 nm. The peaks at 381.2 and 387.4 nm are linked to No and donor-acceptor pear (DAP)
emission, respectively.

In [23], the No (N >10"cm™) acceptor energy was estimated from optical data, and
according to the estimations it may vary in the range of (170 —200) meV. From Hall-effect
measurements, the authors of [23] have found an energy of about 150 meV, and also Zeuner et al
[24] have suggested an energy of (165 + 400) meV for No. In [25-28] the donor-acceptor pear was
connected with emission at 387.4 nm in PL spectrum.

According to the X-ray diffraction new layers of ZnO:N are characterized by the hexagonal
structure. X-ray diffraction analysis indicated that the ZnO:N layers had the preferred c-axis
orientation of crystallites. Peak positioned at 34.4 ° observed for the layers grown at the RBQE
corresponds to the (002) plane diffraction of ZnO:N with hexagonal wurtzite structure (Fig. 2).

4. CONCLUSION

So, our investigation shows that by using the RBQE method on the basis of ZnO (implanted
by nitrogen) the quasi-epitaxial ZnO:N layers were obtained. According van der Pauw measurement
the ZnO:N layers have following characteristics: mobility 23 cm®/V -s, hole concentration
5.10% cm'3, resistivity 5.4 Q - cm. In PL spectra of ZnO:N the maxima at 371.5, 381.2, and
387.4 nm were observed. 371.5 nm is linked to acceptor-bound exciton (A°X) related to the
nitrogen acceptor, 381.2 and 387.4 nm are linked to No and donor-acceptor pear (DAP) emission
respectively.

Hence, the RBQE enables us to control the electro-optical properties of implanted ZnO. In the
result we obtained p-type ZnO:N grown layers.
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1. INTRODUCTION

Wide gap type II-VI compounds are characterized by n-type conductivity. The production of
stoichiometric p-type samples presents a serious problem connected to the strong compensation and
self-compensation caused by residual impurities and point defects [1-3]. The manufacture of a p-n
junction in wide gap semiconductors with intrinsic defects to determine conductance type is very
difficult [4]. ZnO is a direct gap (3.37 eV at room temperature) semiconductor with properties
similar to GaN [5]. However, holes conductivity in ZnO is especially problematic due to the natural
strong tendency to self-compensation [6,7].

Radial beam quasi-epitaxy (RBQE) [8] was developed to solve this problem. In this study we
investigate the electrical and optical properties of ZnO samples obtained by RBQE. The p-type ZnO
growth process was conducted at 400 °C, and electrical and optical investigation was based upon
photoluminescence, thermo-electromotive force and Hall measurements. We also used X-ray
diffraction to investigate the structural characterization of ZnO.

By the RBQE technological method p-type ZnO epitaxial layers were obtained at 400 °C. Hall
measurements performed at 77 and 300 K, where resistivity was measured as 5 - 10~ and
3.1-107 Q- cm, respectively. At 77 K, the holes concentration and mobility was 5 - 10'® cm™ and
22 cm®/V s, respectively, becoming 8-10"cm™ and 250cm?/V-s at 300K. In the
photoluminescence (PL) spectrum of p-type ZnO layers at A=2369.1, 374.5, 383.5, 392.5 and
401 nm, bands are observed and identified (at 70 K).

2. RADICAL BEAM QUASI-EPITAXY METHOD

RBQE enables the growth of quasi-epitaxial layers on the surface of binary compounds such
as ZnO, ZnS and ZnSe. The difference between RBQE and well-known gaseous-phase epitaxy is
that during the formation of new layers, the non-metal component comes from the gaseous phase
and the metal-component from the basic crystal. In our case, the concentration of atomic oxygen is
increased externally. The second significant difference is that the basic crystal is placed in the area
of maximum temperature of the reactor. This profile of temperature distribution promotes the
movement of uncontrollable impurities towards the colder areas of the reactor. The formation of
new layers takes place in the temperature range from 300 to 1100 K, and experiment shows that
p-type ZnO is obtained from thermal treatment at temperatures bellow 650 °C [9].

The RBQE method produces single crystalline layers of ZnO on the basic crystal of ZnO. But
generally it can be used for other binary compounds too. Fig. 1 shows the scheme for the RBQE
technology. During the RBQE, where the basic crystal (3) undergoes treatment in an atmosphere of
singlet oxygen radicals, obtained by RF discharge at an operating power (40 — 80) W (6). The RF
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oscillator converts the molecular oxygen stream into plasma containing ions, electrons etc in
addition to oxygen radicals. Due to their activity, such oxygen radicals interact with the basic
crystal and the growth of new layers is carried out by non-metal components adsorbed from the gas
phase and metals extracted from the basic crystal. Singlet oxygen radicals are highly active when
they reach the surface of the basic crystal. During the process, oxygen radicals stimulate the
extraction of the Zn atom from the basic crystal and create a new ZnO quasiepitaxial layer on the
surface. Meanwhile, a number of Zn vacancies are created in the surface area of the basic crystal. A
narrow temperature distribution profile (11) is maintained by a water-cooling system in both the
upper (1) and lower (2) parts of the reactor. The magnetic (0.3 T) and electric fields (5000 V / m)
(7) control the distance between the plasma and basic crystal. The experiment shows that the
effective distance is from d =1 to 2.5 cm, since for d <lcm, crystal evaporation (ion etching)
takes place, while at d > 2.5 cm, the radicals can unify as molecules reducing the efficiency of layer

growth. The concentration of oxygen radicals was about n, = (10" —=5-10")cm™ [10].

p— S | R

S {]
n I _
I _|
P | m—
]_ f -~
71 [ 1 11
s | b ~
?:E E
4 — —_
EIIV’ E\B L
| g —l . . .,
300 600 T' O+
-2 :
10 _;_
P

=

Fig. 1. Scheme of RBQE technology: (1) and 2) cooling systems, (3) basic crystal, (4) heater,
(5) vacuum pump, (6) RF device, (7) magnetic and electric fields which separates only oxygen
radicals from oxygen plasma, (8) thermocouple, (9) platinum coil, (10) potentiometer, and
(11) temperature distribution in the reactor.

Increasing temperature increases the concentration of Zn atom extracted from the basic crystal
during RBQE. At the fixed concentration of oxygen radicals, the intensity of metal extraction decreases
with decreasing growth temperature, and consequently metal concentration in the ZnO epitaxial layers
decreases. This results in an increase of the concentration of Vz,in the new epitaxial layers.

Accordingly of defect creation mechanism under RBQE method, the concentration of Vz,
increases in the basic crystals. It is known that the concentration of oxygen vacancies in the basic
n-type ZnO crystal was very high. As the temperature of the treatment processing is rather high,
oxygen vacancies will mainly be ionized, and so the concentration of Vg is low. Due to the increase
of Vy, the Fermi level decreases to the valence band edge and a transfer of electrons from Vo© to
V2, takes place, resulting in the creation of Vz,~ and Vo'". With increased the concentration of Vz,
and Vo™ the probability of creation of (Vz, — Vo'") increases too. This model agrees with
available experimental data [9].
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By means of the RBQE method it is possible to produce n- and p-type stoichiometric layers of
Zn0O with thickness from a few atomic layers to 25 pm. The size of basic crystals in the RBQE
reactor changes from 1 to 4 cm” and with modernized of the RBQE reactor can be increased.

The RBQE method provides control of the defect creation mechanism in the production of
Zn0O wide-gap semiconductors, and consequently the determination of the electrical and optical
properties of the samples. In particular, the RBQE method has the following important advantage:
for fixed oxygen concentration it is possible to regulate the concentration of Zn extracted from the
basic crystal by variation of its temperature. The method allows control of the stoichiometric
composition both in the growing of ZnO layers and in the basic ZnO crystal.

3. EXPERIMENTAL RESULTS

Monocrystalline layers of ZnO were grown on ZnO crystals using RBQE. As initial crystal
was used of high quality n-type ZnO (p =9.4-107Q - cm) monocrystal (produced by Cermet,
Inc.). In order to obtain p-type ZnO epitaxial layers, the basic crystal (n-type ZnO) was treated at
400 °C in an atmosphere of activated oxygen obtained by RF-discharge at 80 W for 4 h. The
concentration of oxygen radicals was (10" = 10") em™. According to thermo-electro-move-force
(EMF) measurement, the epitaxial ZnO layers showed p-type conductivity. We have studied
photoluminescence (PL) spectra of the initial n-type ZnO crystals and new epitaxial p-type ZnO
layers obtained by RBQE method at temperatures of 70 and 300 K with a FS920 luminescence
spectrometer from Edinburgh Instruments. A xenon tube was used as an excitation source
(A, =313nm). Fig. 2 shows the PL spectra of the initial n-type and manufactured p-type samples

recorded at 300 K. In the PL spectrum of initial n-type sample, a maximum occurs at 4 =378.5nm
(Fig. 2b), while for p-type ZnO layers, maxima were observed at 378.5 and 394.5 nm (Fig. 2a).

Ire=nsiny (a1

250 400 450 500 550 L
Wavelength nm

Fig.2. ------ (a) p-type ZnO treated RBQE;
————— (b) n-type initial ZnO;
(c) RBQE treated ZnO.

13



T. Butkhuzi et al... Nano Studies, 1, 11-18, 2010

The PL spectrum (recorded at 70 K) for the initial n-type ZnO gave maxima at 369.1, 374.5,
383.5 and 392.5 nm (Fig. 3a), while the quasiepitaxial p-type ZnO layers had maxima at 369.1,
374.5, 383.5, 392.5 and 401 nm with different intensities (Fig. 3b). Fig. 4a and b highlights the PL
spectra of p-type ZnO layers recorded at both 300 and 70 K. Bands recorded at 70 K are shifted into

the short wavelength area by 20 nm.

T=TO K
Ex=313 nm

Irie res ity | au)
"

260 410 460 510 580 810 6D
Wavelkngth nm
Fig.3. ----- (a) n-type ZnO;
(b) p-type ZnO.
Ex=212 nm
b
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Fig.4. ------ (a) p-type ZnO, 300 K;

(b) p-type ZnO, 70 K.
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Fig. 5. X-ray diffraction of the ZnO.
Table 1.
Material ~ Temperature ~ Carrier mobility  Carrier concentration Resistivity
T,K ,u,cmZ/V-s n,cm> P, -cm
p-type ZnO 77 22 -25 (5-6)-10" (5.0-4.2)- 107
p-type ZnO 300 230 - 250 (7-8)-10" (3.9-3.1)-107°

The structural characterization of the ZnO new layers was checked with a Siemens D5000
XRD (X-ray diffraction) spectrometer (CuKa line, step size 0.02 °) (Fig.5). The van der Pauw
method was used to measure the Hall Effect. The measurement was performed at 300 and 70 K
(Table. 1).

4. DISCUSSION

In order to identify the defects responsible for the bands observed in the PL spectra we
considered the specific mechanism of defect creation in ZnO under RBQE.

The maximum 401 nm band in the PL spectrum at 70 K must be connected to the Vz, level.
The low intensity of this line may be explained by the low electron capture cross-section [11]. The
392.5 nm band could be connected to the Vo' level, while the 383.5 nm band is connected to the
associated (Vz, — Vo'™) level [12,13], which for p-type conductivity is in good agreement with
theoretical estimations for acceptor centers [9]. The high intensity 374.5 nm band observed
corresponds to acceptor bound excitation (Fig. 3a). The peak at 369.1 nm in the PL spectrum of
initial n-type ZnO samples is more intensive than that at 374.5 nm (Fig. 3a). The peak positions at
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369.1 and 374.5 nm correspond to donor bound excitons [14,15] and acceptor bound excitons
[16,17], respectively. Results for the acceptor bound exciton in p-type ZnO layers obtained by
RBQE demonstrate the high purity and perfect structure and a significantly reduced number of
residual defects.

According to the X-ray diffraction, the new layers of ZnO are characterized by a hexagonal
structure. X-ray diffraction shows agreement with the a and ¢ parameters with known parameters
of ZnO (a =3.24982 and ¢ = 5.20661 A), while analysis indicates that the prepared ZnO thin films
had the preferred c-axis orientation of the crystal. The peak positioned at 34.4 © was observed for
the films grown using RBQE, and correspond to the (0002) plane diffraction of ZnO with hexagonal
structure (Fig. 5). The intensity of the (0002) peak decreased with increasing distance between the
oxygen plasma and crystal surface. This fact suggests that the crystalline quality of the ZnO thin
films had degraded from the single-oriented crystal to polycrystalline one with an increase of the Zn
content. Increasing the distance between oxygen plasma and the crystal surface causes the O,
molecules created by association of oxygen radicals, and the concentration of oxygen in the surface
layers, to decrease and results in the degradation of the ZnO crystalline quality. Experiments have
shown that the optimal distance between the plasma and the crystal surface is from 2 to 2.5 cm. The
PL spectrum recorded at 300 K by samples grown using RBQE with greater distance (>3 cm)
between plasma and crystal surface show a weak maximum at 379.5 nm (Fig. 2c).

The Hall-effect and thermo-EMF measurements were made and show the holes conductivity
of the ZnO layers. Hall measurements are summarized in Table 1.

Increasing in temperature from 77 to 300 K results in carrier mobility increasing by an order
of magnitude. It is known that carrier scattering occurs on the lattice defects and by phonons. At
300 K, the scattering by the phonons dominates and is directly proportional to the temperature. At
lower temperatures, the carrier scattering mostly occurs on the defects from charged points at low
temperatures. A similar effect of temperature vs. mobility dependence (from 50 to 350 K) has been
observed in p-type ZnO:P samples [18]. From 250 to 350 K, the scattering by the phonons
dominates, while below 120 K, the scattering by ionized impurities take place. Between 120 and
250 K both mechanisms coexist [19]. Schmidt investigated the electrical properties of ZnO:Cu
where the mobility of the samples treated in a vacuum changed unexpectedly. In particular, the
mobility increased by an order of magnitude from 10 to 350 K, and the author supposed that this
was due to impurity diffusion in the bulk crystal at low temperatures. Hence similarly, in ZnO, with
a low concentration of impurities in the temperature range from 10 to 350 K, a proportional
relationship between mobility and temperature takes place. For the RBQE produced samples, the
mobility can be explained by the fact that there is a low concentration of residual impurities due to
the manufacturing technique. Thus, the RBQE method enables control of the component
concentration ratio and consequently the electrical and optical properties.

Fig. 6. ZnO layers growing.
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The photograph (Fig. 6) shows the construction of layers during the RBQE process and shows
that new layers avoid formation above the surface of a defective area.

IV after anneal (j8S th1)

Current (A}

Fig. 7. I —V characteristic of ZnO structures obtained by the RBQE method
(measured by Cermet Inc.).

The I —V characteristic measured by Cermet Inc. is show in Fig. 7.

5. CONCLUSION

The acceptor bound exciton in the p-type ZnO layers obtained by RBQE exhibit high purity
and perfect structure, which is one of the most important issues in the production of wide band gap
type II-VI materials.

The concept implemented in RBQE has the potential for future applications where compounds
with two components like ZnS [9], ZnSe, GaN, Al,O3 etc (one metal, another non-metal) are
required. By the RBQE method were obtained the blue light emitting diode on the basis of
Au — ZnO — ZnSe — In system [20].
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1. INTRODUCTION

One of the topical problems of optical electronics is to obtain and investigate wide-band-gap
II-VI semiconductors, namely ZnSe, ZnO and ZnS. These semiconductors have absorption and
emission ability in the visible and ultraviolet part of PL spectrum. However, their use in modern
optical electronic industry is quite restricted because of the difficulties of controlling their optical
and electrical properties. In equilibrium conditions the inversion of conductivity type is connected
to the great difficulties [1]. The thermodynamic analysis of concentration relationship of intrinsic
defects in II-VI wide gap semiconductors shows, that for the closed system ABY — BIVZ (vapor)
deviation of stoichiometry towards the B component (or obtaining the samples with intrinsic-defect
holes conductivity) is theoretically possible in the certain pressure and temperature ranges. In [2]
using theoretical calculations we defined the critical point of temperature 7, , below of which
inversion of the conductivity type is possible after thermal treatment of a non-metal vapor
(deviation of stoichiometry towards the B component), but in this case so high level of pressure is
required, which is impossible to obtain in real conditions. Thermal treatment below the critical
temperature does not cause variation of stoichiometry, because any diffusion processes slow down
at such a low temperature. ZnO and ZnSe are direct-band-gap semiconductors with 3.4 and 2.8 eV
band-gap energies. The self-compensation [3,4] and residual impurity [5-7] effects prevent from
obtaining of the good p-type conducting materials. To solve the problem we worked out
modernized technology for obtaining binary semiconducting compounds.

2. RADICAL BEAM QUASI-EPITAXY

Original method, which enable us to create new quasiepitaxial semiconducting layers on the
surface of binary compound like that on the basic crystal have been elaborated. One component of
grown layer (metal) comes from the basic crystal; another component (non-metal) comes from the
gas phase. The metal component, coming from the basic crystal, freely diffuses in the layer, while
the non-metal component almost does not enter the layer. Consequently, surface layers become
poor with A component, so it becomes possible to control the relationship between A and B
components, which means to control their properties in basic crystal as well as in new layers. This
method resembles gas-phase epitaxy with the difference that in this method both components are
adsorbing from gas phase. The second significant difference is that basic crystal is placed in the
area of maximal temperature of the reactor. Temperature in other areas of the reactor is much less.
This profile of temperature distribution promotes movement of uncontrollable impurities towards
colder areas of reactor. It should be mentioned that formation of new layers takes place in the wide
temperature range (from 300 to 1100 K). This method was called radical beam quasi-epitaxy
(RBQE) [8,9].

19



T. Butkhuzi et al... Nano Studies, 1, 19-25, 2010

In our case RBQE method enables us to obtain single crystalline layers of ZnO on the basic
crystal of ZnSe but generally it might be use for other binary compounds. Fig. 1 shows the scheme
of RBQE technology. Technological process took into consideration the following characteristics of
oxygen molecule. Oxygen atom is in the triplet ground state and, consequently, it is chemically non-
active. Furthermore, it does not participate in the reaction, where it should act as electron pair
acceptor. To cope with this problem, oxygen has to be transformed into singlet state. This process is

connected with the energy absorption.
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Fig. 1. Scheme of RBQE technology.

During RBQE, the basic crystal undergoes treatment in the atmosphere of singlet oxygen
radicals obtained by RF discharge. The RF oscillator converts the molecular oxygen stream into
plasma containing ions, electrons etc in addition to oxygen radicals. The applied electric
(5000 V / m) and magnetic (0.3 T) fields cause “filtration”, after which only oxygen radicals reach
the basic crystal. Due to their activity such oxygen radicals interact with the basic crystal and the
growth of new layers is carried out by nonmetals adsorbed from the gas phase and metals extracted
from the basic crystal. Oxygen singlet radicals are highly active when they reach surface of basic
crystal and they react with the basic crystal. During the process oxygen radicals stimulate extraction
of Zn atom from the bulk and creation of new ZnO quasiepitaxial layer on the surface. Meanwhile,
a number of Zn vacancies are created in the surface area of the basic crystal. The narrow profile of
temperature distribution is maintained with water-cooling system in upper and lower parts of the
reactor.

The magnetic and electric fields control the distance between the plasma and basic crystal.
The experiment shows that the effective distance is d from = 10 to 25 mm. At d <10mm the

20



T. Butkhuzi et al... Nano Studies, 1, 19-25, 2010

crystal evaporation (ion etching) takes place; at d > 25 mm, radicals can unify as molecules
reducing the efficiency of layer growth.

Concentration of oxygen radicals was measured using several different techniques, which all
provided almost similar results. Here we focus on the most convenient one — Elias method of
catalytic sample heating [10]. Our measurements show that concentration of oxygen radicals is
about n, = (10" —5-10" yem™. It is practically impossible to obtain such a concentration in the

equilibrium condition.

3. EXPERIMENT

By means of RBQE method the single crystal layers of ZnO were grown on the basic of ZnSe.
The n-type ZnSe samples (1 x 2 x 3 mm) with p =10>Q - cm grown by gas phase epitaxy were
used as initial basic crystals (Fig. 2a). To obtain new single crystal layers of ZnO the treatment was
carried out in the atmosphere of activated oxygen obtained by RF-discharge of (40 — 80) W. The
temperature of treatment was (300 — 800) °C and duration was from 45 min to 6 h. Quasiepitaxial
layers are formed by metal component that because of diffusion comes out of the volume of basic
crystal onto the surface and oxygen singlet radicals from gas phase.

- T=80 K
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Fig. 2. a — PL spectra of initial ZnSe crystal; PL spectra of basic ZnSe crystals
after removing a new ZnO layers: b — nonimplanted, ¢ — implanted by O ions.

The treatment in activated atmosphere of oxygen always causes discussion about oxygen
introduction into a basic crystal [11,12]. That is why it is very important to consider what is the
degree of incorporation of this active acceptor in the investigated object (crystal) that is, how much
is the possibility of inversion of conductivity type by means of this acceptor. On the one hand,
radical beam quasiepitaxy is the method for obtaining of single crystal layers with high purity and
perfection. On the other hand, it can be considered as an effective mechanism for controlling defect
concentrations in crystal. Therefore the method of RBQE gives the possibility to understand
profoundly the mechanisms of defect creation in basic crystal as well as in new epitaxial layers. In
its turn this makes easy interpretation of bands observed in PL spectra. Such consideration of the
problem requires strict defining whether non-metal component adsorbed from vapor phase
penetrates into basic crystal or it only takes part in formation of new crystalline layers. If B
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component (oxygen) penetrates into basic crystal (ZnSe) it creates impurity centers and leads to
more difficulty in identification of defects responsible for the bands observed in PL spectra.

To understand the sense of the problem we carried out the following experiment. We also
investigated nonimplanted and preliminary oxygen implanted ZnSe single crystals treated by
RBQE. ZnSe samples were implanted by O ions (E =120keV); the density of ion current was
I =(03-2)uA/ cm?; doses were D = (10" —10" )cm_z. Following treatment was carried out in

atmosphere of oxygen singlet radicals at (300 — 800) °C temperature ranges; duration of treatment
was from 45 min up to 6 h.

We have studied spectrums of photoluminescence (PL) and photoconductivity (PC) of the
basic crystals and new quasiepitaxial layers. PL measurements were made at 80 K. N, laser

(A,,.337.1nm) was used as an excitation source. The emitted light was dispersed by a grating

monochromator with 1200 Groove / mm and detected with a photomultiplier. 600 W Globar

(quartz—tungsten) was used for photoconductivity measurements. The type of conductivity was
determined by measuring of thermo-EMF.

PL Intensity (Rel. Un)

350 400 450 500 A.nm

Fig. 3. Photoluminescence spectra of ZnO quasiepitaxial layers grown at different
temperatures.

PL spectra of obtained ZnO layers were investigated. We measured PL of ZnO /ZnSe

quasiepitaxial layers grown at various temperatures: 300, 450 and 600 °C (Fig.3). The experiments
showed that there exists some experimental critical temperature 7,,”*. When the temperature of
treatment is below 7. the obtained samples are of p-type conductivity, while above 7. the
semiconducting layers with sharply expressed n-type conductivity were obtained. Layers of ZnO
grown near 7.7 reveal insulator properties. The value of 7, defined experimentally for carriers

concentration in ZnO layers grown on nonimplanted ZnSe at 600 °C.
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At T.® =600°C insulator layers of ZnO (p >10"Q - cm) were obtained. In the PL
spectrum exciton part was observed (367 — A-exciton; 371 — bound exciton; 374, 383.4, 392 and
401 nm — phonon replicas of A-exciton) with visible part completely vanished (Fig. 3a). During the
treatment at 450 °C weak holes conductivity (p = (10> —10°)Q - cm) was observed. In the PL
spectrum the exciton emission is partially covered by the emission band with maximum at 390 nm
(Fig. 3b). At 300 °C ZnO layers with resistivity 10> Q - cm were obtained. In the PL spectrum of
this crystal 390 nm band completely covers the exciton part (Fig. 3c). The quasiepitaxial layers of
ZnO grown on the basis of implanted by O" ions and nonimplanted ZnSe in the same condition are
qualitatively identical, which speaks about the same growth mechanism. There is only one

difference: in the case of implanted substrate 7,7 = 650 °C for ZnO layers.

After removing quasiepitaxial layers of ZnO we studied electrical and luminescence properties
of ZnSe basic crystals. According to thermo-EMF measurement in all cases near-surface layers of
ZnSe basis revealed p-type conductivity (p =(10° —10°)Q - cm). In the PL spectra of implanted

and nonimplanted ZnSe basic crystals treated in identical conditions by the method RBQE, the
bands with maxima at 480, 540 and 720 nm were observed (Fig.2b). In the PL spectrum of
implanted ZnSe new band with maximum at 628 nm was additionally observed (Fig. 2c¢).

Orel T=80K

480.5

|
400 600 800 1000 A, nm

Fig. 4. Photoconductivity spectrum of basic ZnSe crystals.

We also studied photoconductivity (PC) spectra of ZnSe basic crystals. In the PC spectrum a

low intensity peak at A=1059.41m (€ =117 ¢V) and two high intensity peaks at 541 nm (2.3 eV)
and 480.5 nm (2.58 eV) are observed (Fig.4).

4. RESULTS AND DISCUSSION

In order to identify defects responsible for the bands observed in the PL spectra we consider
the mechanisms of defects creation in ZnSe. As it was mentioned n-type ZnSe was taken as an
initial basic crystal. It is obvious that quality of donor type defects such as Vg, Vs." and Zn; should
be high in it. As the temperature of thermal processing is rather high selenium vacancies mainly
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must be ionized and, consequently, the concentration of Vg, is low and it can be neglected. In our
opinion according to the mechanism of RBQE method at the initial stage of growth interstitial zinc
atoms mainly take part in the formation of new layers; at the next stage the zinc atoms set in the
lattice point. The probability of creation of zinc vacancy is high in the area where defect already
exists, in particular near to Vs.". According to mechanism of RBQE method, with increasing the
temperature increases the rate of zinc atoms extraction from the basic crystal, which causes the
increase of the concentration of Vz,; the concentration of V. remains constant and to maintain local
electro-neutrality it must occur recharging of single-charged selenium vacancies into double-
charged ones. As a result V2, and Vs, " are obtained. With the following increase of temperature
the concentrations of Vz,~ and Vs, ' increase and when they find themselves close to each other
they associate at the expense of coulomb interaction creating Vz,~ — Vs, . The presenting model is
in a good agreement with experimental data.

As experimental data show in the PL spectra of implanted samples opposite to nonimplanted
ones 628 nm band was observed. In our opinion this peak is connected to the incorporation of
oxygen into the basic crystal. As in initial n-type ZnSe samples the concentration of Vg, is high and
oxygen is isoelectronic impurity for ZnSe [13—-15], it is obvious that the implanted oxygen atoms
substitute Vg.. As a result Og, is obtained.

As for difference between the experimental values of critical temperature of new layers

obtained on the implanted (7.7 = 650 °C) and nonimplanted (7.. = 600 °C) ZnSe basic crystals, it

is conditioned by the chemical properties of oxygen. Because of high electro-negativity of oxygen
with respect to selenium during processing, the adsorption of zinc from the basic crystal is reduced.
Proceeding from this, in the case of implantation by oxygen atoms temperature that is needed for
extracting the same quality of zinc is higher than in the case of nonimplanted samples. Thus, during

processing of implanted samples in RBQE 7 ™

. turned out to be higher than that for nonimplanted
samples.

In our opinion from the technological peculiarities the maximum at 541 nm in the PC
spectrum and 540 nm bands in PL spectrum must be connected to the single ionized zinc vacancy
Vz, . The 540 nm band in PL spectrum and maximum at 541 nm in the PC spectrum are connected
with electron transition from the conductivity band to this level (Vz, ) and from this level to
conductivity band accordingly. At high Vz,~ concentration a donor defect Vs." converts into an
acceptor center V. . The maximum at 1059.4 nm in the PC spectrum and 720 nm bands in PL
spectrum must be connected with the Vg."". The 720 nm band in PL spectrum and maximum at
1059.4 nm in the PC spectrum are connected with electron transition from the conductivity band to
the virtual level of Vs, and from valence band to this level accordingly. The growth of Vz,~ and
Vse' " must stimulate formation of their complex Vz,~ — Vs, . The 480 nm band in the PL spectrum
and 480.5 nm maximum in the PC spectrum is connected to associate Vz, — Vs.''. The 480 nm
band in the PL spectrum and 480.5 nm maximum in the PC spectrum are connected with electron
transition from the conductivity band to the level of associate Vz,~ — Vs.'', and from this level to
conductivity band accordingly.

5. CONCLUSION

On the basis of obtained results we concluded that during treatment of samples in atmosphere
of oxygen singlet radicals by the method of RBQE the incorporation of oxygen atoms into basic
ZnSe crystals does not take place.
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1. INTRODUCTION

The fabrication of optoelectronic devices operating in the visible or ultraviolet regions is one
of the major tasks of optical electronics. The semiconductors having direct gaps, high efficiency of
radiative recombination and wide gaps are essential for using in optoelectronic devices [1].
Obtaining such semiconductors and investigation of their electrical and optical properties is very
important and urgent problem. The control of electrical and optical properties of wide gap
semiconductors is very problematic because of strong compensation and self-compensation caused
by residual impurities and point defects. For this reason the inversion of conductivity type is
problematic too [2].

Zn0O is very interesting material among the wide gap semiconductors. The obtaining of
intrinsic defect hole conductivity in ZnO is especially problematic [3] but necessary for clarifying
the native properties of ZnO. At the same time in optoelectronic devices the structures with intrinsic
point defects are advantageous because these defects are more stable against different influences as
compared to impurity defects. It is well known that ZnO is naturally characterized by n-type
conductivity. Regardless of this fact the general viewpoint about donor defect interpretation is not
formed [4]. Besides, the information about the control of ZnO’s electrical properties with intrinsic
defects is not available in literature.

In some compounds the ion implantation with intrinsic component results at n- or p-type
semiconductor. In I[I-VI wide gap semiconductors n-type doping by this method is not complicated
problem, while p-type doping is very difficult [5]. Explaining reasons of these difficulties,
particularly, are low ionization energies of native donor defects existing in wide gap
semiconductors, presence of compensating vacancy defects, low degree of dissolution of doping
impurities. It is also possible that some doped atom stimulate formation of low energy self-
compensating defects, which significantly decreases the doping effect.

The thermodynamic analysis of concentration relationship of intrinsic defects in A"BY! wide
gap semiconductors shows, that for the closed system ABVI - BVIZ (vapor) 1nclination of
stoichiometry towards the B component (or obtaining the samples with intrinsic-defect holes
conductivity) is theoretically possible in the certain pressure and temperature range. In [6] using
theoretical calculations we defined the critical point of temperature 7, below of which inversion
of conductivity type is possible after thermal treatment of a non-metal vapor (inclination of
stoichiometry towards the B component), but in this case so high level of pressure is required,
which is impossible to be obtained in real conditions. Thermal treatment below the critical
temperature does not cause variation of stoichiometry, because any diffusion processes slow down
at such a low temperature.

Doping of II-VI wide gap semiconductors with an intrinsic non-metal component is not
effective, because thermal treatment of the crystal to heal of radiation defects formed during the
implantation takes place above the critical temperature. For the above-mentioned reasons low
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resistivity p-type conductivity in ZnS and ZnSe is not observed, and as it is known from the
literature inversion of conductivity type in ZnO was not achieved.

The analysis of defect formation in compounds of II-VI group shows that for formation of the
same concentration of vacancy defects in metal and non-metal sub-lattices, partial pressure of non-
metal atomic component must be equal or comparable with total pressure of non-metal. Obtaining
of an atomic non-metal is impossible by equilibrium thermal dissociation. Indeed, if we manage to
increase the level of dissociation in the non-metal vapor surrounding the crystal, so that partial
pressure of atomic component to be equal or comparable with the total pressure of the non-metal,
then enthalpies of formation of vacancy defects in both sub-lattices will become almost equal to

each other. For example, obtaining of atomic oxygen with partial pressure p(O)=10°atm at

1000 K is possible only if the pressure of molecular oxygen is p(O,)=10°atm. In order to obtain

atomic non-metal usage of some nonequilibrium method such as discharge at ultrahigh frequency,
ultraviolet light etc should be used. In these circumstances the hyper-stoichiometric composition of
the non-metal is formed in the crystal, which results in intrinsic defect holes conductivity.

To solve this problem new original method — radical beam quasi-epitaxy (RBQE) was
elaborated. It enables us to create new quasiepitaxial layers on the surface of a binary compound
like that on the basic crystal. Section 2 demonstrates implication and possibilities of RBQE method
in detail. Section 3 examines electrical and luminescence properties of p-type ZnO obtained by
RBQE method.

2. RADICAL BEAM QUASI-EPITAXY

We have elaborated new original method, which enable us to create new quasiepitaxial
semiconducting layers on the surface of binary compound like that on the basic crystal. One
component of this layer (metal) comes from the basic crystal; another component (non-metal)
comes from the gas phase. The metal component, coming from the basic crystal, freely diffuses in
the layer, while the non-metal component almost does not enter the layer. Consequently, surface
layers become poor with A component, so it becomes possible to control the relationship of A and
B components, which means to control their properties in basic crystal as well as in new layers.
This method resembles gas-phase epitaxy, with the difference that in this method both components
are adsorbing from gas phase. The second significant difference is that basic crystal is placed in the
area of maximal temperature of the reactor. Temperature in other areas of the reactor is much less.
This profile of temperature distribution promotes movement of uncontrollable impurities towards
colder areas of reactor.

It should be mentioned that formation of new layers takes place in the wide temperature range
(300 to 1500 K). This method was called radical beam quasi-epitaxy (RBQE).

In our case RBQE method enables us to obtain monocrystalline layers of ZnO on the basic
crystal of ZnO, but generally it might be used for other binary compounds. Fig. 1 shows the scheme
of RBQE technology. The oxygen molecule has the following characteristics, which were
considered during the technological process: the oxygen molecule is chemically non-active. To
avoid this problem turning of electron spin is necessary, which is connected with absorption of
energy. In RBQE method the crystal is treated in the atmosphere of singlet oxygen radicals, which
are formed with RF discharge. The RF oscillator converts the molecular oxygen stream into plasma
containing ions, electrons etc in addition to oxygen radicals. The applied electric and magnetic
fields cause ‘“filtration”, after which only oxygen radicals reach the basic crystal. Due to their
activity such oxygen radicals interact with the basic crystal and the growth of new layers is carried
out by nonmetals adsorbed from the gas phase and metals extracted from the basic crystal. The
magnetic and electric fields control the distance between the plasma and basic crystal.
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Fig. 1. Scheme of RBQE technology: (1) and (2) cooling systems, (3) substrate,
(4) heater, (5) vacuum pump, (6) RF devise, (7) filter which separates only
oxygen radicals from oxygen plasma, (8) thermocouple, (9) platinum coil,

(10) potentiometer, (11) temperature distribution in the reactor.

Concentration of oxygen radicals was determined with heating of catalytic samples (platinum
coil) [7] and it was from 10 t0 510" cm™. The experiment shows that the effective distance is
from 10 to 25 mm. In the atmosphere of oxygen singlet radicals the treatment of II-VI basic
crystals is possible at temperatures in the range of (300 — 1400) K.

Under RBQE new ZnO layers were formed on basic crystals. The thickness of epitaxial layer
was from several atomic layers to 25 um. As we mentioned above, under RBQE the concentration
of singlet radicals of oxygen is 10" — 10" cm™. Under equilibrium conditions at temperature
1000 K, a pressure p(0O,)=1.5-10"atm is needed to obtain the same concentration of oxygen
singlet radicals. Under the RBQE 7, is the temperature at which equality of concentrations Zn and

O components takes place in new epitaxial layers. In this way we will obtain the isolated new quasi-
epitaxial ZnO layers on the basic II-VI compounds. At temperatures 7 <7, the concentration of
Zn is lower than the concentration of O in new epitaxial layers. As a result, obtained ZnO layers
have p-type conductivity. At temperatures 7" >7  new quasi-epitaxial ZnO layers have n-type

conductivity. Our research shows that 7. equals 600 °C. For obtaining of p-type ZnO epitaxial

cr

layers was carried out no equilibrium treatment at 400 °C by RBQE method.

3. RESULTS

The initial basic crystal was n-type ZnO ( p =10’Q - cm) grown by the vapor-phase epitaxy

method, 1 x1x0.2 cm in size. PL measurements were made at 77 K. N, laser (A =337.1nm)

exc
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was used as an excitation source. The emitted light was dispersed by a grating monochromator with
1200 Groove / mm and detected with a photomultiplier.

The photoluminescence spectrum of n-type initial ZnO contains exciton area (367 —
A-exciton; 369 — bound exciton; 374, 383.4, 392 and 401 nm — phonon replicas of A-exciton) and a
non-structural line with maximum on 505 — 510 nm (Fig. 2).

i T=77 K
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Fig. 2. Photoluminescence spectrum of initial basic crystal ZnO.

During the RBQE method basic crystal (ZnO) undergoes treatment at 400 °C (time of
treatment was 4 h) in the atmosphere of active oxygen radicals with concentration 10" — 10" cm™.

The basic crystal after RBQE treatment always demonstrated p-type conductivity and its
resistivity was depended from treatment temperatures.

We had investigated the photoluminescence spectra of the basic crystal after removing new
grown layers of ZnO.

T=77K
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Fig. 3. Photoluminescence spectrum of basic p-type ZnO after treatment at 400 °C under
RBQE.
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The relationship of luminescence in exciton area and in long line area for initial n-type ZnO
(Fig. 2) and p-type ZnO (Fig. 3) obtained by the RBQE are different. In PL spectra of p-type ZnO
(Fig. 3) the exciton luminescence is intensive and long line luminescence is reduced.

Van der Pauw method was used for investigation of electrical properties of basic p-type ZnO
layers after removing new grown layers of ZnO. The basic p-type ZnO had holes concentration of
10" cm™, mobility 3.4 cm’/V - sand resistivity 1.8 - 10°Q - cm, respectively.

We also were investigated the spectra of photoluminescence of new grown layers of ZnO. In
the PL spectra of new grown layers the peak at 395 nm completely overlaps exciton part, intensity
of 510 nm line is significantly reduced and a new line with maximum at 460 nm is formed (Fig. 4).

10
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PL Intensity (Rel. Un.)

350 200 450 300 o

Fig. 4. Photoluminescence spectrum of obtained p-type new layers of ZnO
after treatment at 400 °C under RBQE.

Van der Pauw method was used for investigation of electrical properties of new p-type ZnO
layers too. The new p-type ZnO layers had holes concentration 10" cm™, mobility 14 cm”*/V - s
and resistivity 4.5 - 10> Q - cm, respectively.

4. DISCUSSION

The advantage of RBQE method is that it allows not only obtaining ZnO with p-type
conductivity, but also identifying point defects responsible for peaks in PL spectra. The high
chemical potential of oxygen radicals in the gas phase stimulates extraction of zinc atoms from the
basic crystal and a new epitaxial layer was formed on the surface.

According to the mechanism of RBQE method Zn diffused from the basic crystal takes part in
the formation of new layers. With the growth of new layers the concentration of Zn atoms extracted
from basic crystal increases and consequently the concentration of Vz, in the basic crystal increases
too. Under treatment by RBQE oxygen vacancies mainly must be ionized, consequently the
concentration of Vg is low. The concentration of Vo' remains constant and transfer of the electrons
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from Vo to Vz, takes place (the probability of creation Vz, near Vo' defect is high). As a result
Vz,~ and Vo' are obtained. Following construction of new layers of ZnO the concentrations of
Vz,~ and Vo' increase as well and was created their associate (Vz, — Vo'). Taking into account
the mechanism of quasi-epitaxial layer growth, Vo' and (Vz,  — Vo'") are the predominant defects
in basic p-type ZnO crystal. The presented model is in a good agreement with available
experimental data.

Considering RBQE method specifications the peaks 385 and 395 nm might be connected with
defect creation mechanisms under RBQE. Consequently, the peaks 385 and 395 nm observed in PL
spectrum of basic p-type ZnO might be connected with (Vz,~ — Vo' and Vo', respectively.

In PL spectrum of new grown layers were observed the peaks at 395, 460 and 510 nm (Fig. 4).
The 395 nm line is characterized with wide half-width and it changes the shape according to the
excitation conditions. It indicates that the line does not have the elementary structure. We disintegrated
the line and received two elementary peaks with maxima at 385 and 400 nm wavelengths.

Fig. 5. Photo of new grown layers of ZnO.

Due to the peculiarities of the processes taking place under RBQE growth of layers develops
under non-embryo growth mechanism (in contrast from gas-phase epitaxy) and each formed layer
becomes the base for new layers’ growth (Fig. 5).

In the photoluminescence spectrum the peak at 460 nm might be connected with Vz,~ defect.
The low intensity of this line may be explained with the low electron capture cross-section.
Energetic state of Vz,” obtained from these results perfectly coincides with the results given in [8].

The Vo'" center has a wide capture cross-section, and consequent peak growth must be
observed in the PL spectrum. Indeed, the growth of 400 nm lines and the reduction of 510 nm lines
define this process. Radiation of 400 nm line is connected with electron transition from the
conductivity band to the Vo™ center. Radiation of 510 nm line is connected with transition of
electron from conductivity band to Vo level. This result perfectly agrees with Vo energetic states
theoretically calculated in [9].

The growth of Vz,” and Vo' must stimulate formation of their complex (Vz,~ — Vo'), which
plays the role of a shallow acceptor in low resistivity crystals. The 385 nm line in PL spectrum is
connected with transition to this center from the conductivity band [10]. Nonexistence of peak
connected with electron transition from the valence band to this level is explained by the fact that at
the room temperatures, at which these spectra are taken, (Vz, — Vo'') levels are completely
occupied.

5. CONCLUSIONS

The analysis of literature data shows that ZnO is a very promising material for optoelectronic
devices, but obtaining of ZnO with p-type conductivity is very problematic. This paper reports on a
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new original method of RBQE, which enables us to obtain purest monocrystalline ZnO with p-type
conductivity. We investigated electrical and optical properties of the p-type ZnO crystals obtained
with the RBQE method. We determined that Vz,”, Vo', (Vza — Vo'™) are the dominated defects in
p-type ZnO and we observed corresponding peaks 460, 395 and 385 nm in the PL spectrum.
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1. INTRODUCTION

The wide band gap semiconductor A™BY' compounds are characterized by n-type
conductivity [1]. The obtaining of stoichiometric compounds as well as the samples in which the
stoichiometry is shifted to nonmetallic component is a serious problem. The study of the formation
of intrinsic defects allows one to investigate in more detail both the structure of acceptor centers and
the physical-chemical mechanisms of intrinsic defects formation. Besides, the properties related to
intrinsic defects and the structures based on them are more radiation-resistant than the impurity
structures [2]. Owing to this, intrinsic-defect structures are promising materials for optoelectronics.

It is known that the electrical and optical characteristics of semiconductors, dissolution and
degree of doping of a particular impurity are determined by the properties of crystal lattice
components [3,4]. Accordingly, obtaining the inversion of conductivity type in wide-band
semiconductors poses a problem from the technological point of view [5,6]. In the case of impurity
doping, complex defects connected with the impurity are formed inhibiting further dissolution of
impurity of the basic crystal.

The theoretical estimations of the process of phosphor implantation in A"™'B! have shown that
ZnS is characterized by the lowest energy of AX" center formation (the reaction is endothermic,
E =0.95¢eV) and hence the probability of AX" center formation is at a maximum [7]. In the case of
high electronegativity of the impurity (as compared to the electronegativity of a substituted atom in
the matrix) the formation of acceptor center (acceptor-bound exciton) takes place [8,9]. The more is
the difference between the electronegativites of the impurity and intrinsic substituted component
(0.4 eV) the more is the probability of the formation of impurity-bound excitons [10,11].

The existence of AX" complex defects in matrix inhibits the dissolution crystal lattice of
acceptor impurity that, in its turn, excludes the possibility of the obtaining of conductivity-type
inversion in A"BY! wide band samples [7]. In our opinion, less dissolution of S in ZnO — S system,
as compared to the dissolution of oxygen in ZnS — O system is probably caused by the formation of
complex defects in ZnO lattice.

2. THERMODYNAMICS OF POINT DEFECT

The investigation of equilibrium heat treatment of A"BY' — B"", system showed that in wide-band

compounds the shift of stoichiometry to nonmetallic component is connected with the suppression of
self-compensation mechanism. In case of formation of intrinsic or impurity acceptor defect in wide-
band crystal, a self-compensation takes place by creation of intrinsic donor defect [12]. For creation of
more acceptor defects as compared to donor centers, it is necessary to suppress the mechanism of self-
compensation, i.e. the mechanism of compensating defect formation.

The thermodynamic analysis of intrinsic defects in A"BY! (crystal) — B"", (gas) system showed
that the formation of intrinsic defect p-type conductivity in the crystal is possible at definite values of
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pressure and temperature. The inversion of conductivity type cannot be expected above the so-called
critical temperature 7T, . It is the temperature at which the existence of donor and acceptor defects of
equal concentrations corresponds to the minimum of the free energy of crystal. At temperature below
T, it is energetically favorable for the crystal to shift the stoichiometry to nonmetal component. The
value of 7, estimated theoretically for ZnS and ZnO crystals is so small (from 200 to 500 K) that at
T <T, the diffusion processes are inhibited, and for this reason any appreciable changes of defect
concentration can not be expected under the technological treatment of samples [12].

Thus, when the heat treatment of A"B"! crystal is carried out under equilibrium conditions the
shift of stoichiometry to nonmetallic component in A'BV compounds is theoretically possible; this can
be achieved by controlling the intrinsic defect in case of stimulation of the diffusion at low
temperatures.

3. EXPERIMENT

As it is known, the method of ion implantation is effectively used for stimulation of diffusion
[13]. In order to obtain ZnS samples with intrinsic defect p-type conductivity we carried out the
following experiment: Both Ar" inert gas and S™ ions were implanted in ZnS n-type samples
(p= (10° =10°)Q - cm) at energy 150 keV and dose of implantation (1014 - 1016) cm 2. The range
of current density was from 0.3 to 5 A / cm’. The subsequent heat treatment of doped samples was
carried out over the temperature range from 300 to 500 °C in vacuum and saturated S, vapor. The
duration of heat treatment was from 4 to 8 h. The ZnS n-type samples (p = (5-10> —=10°)Q - cm)
were obtained under the heat treatment in vacuum over the temperature interval from 300 to 500 °C
after the implantation of Ar" and S* ions.

The ZnS p-type samples were obtained by implantation of Ar" and S* ions, (0.3 —5) LA / cm?,
under subsequent heat treatment at (420 — 460) °C in saturated S, vapor (p = (10° —107) and 10* - 10°
Q - cm at implantation of Ar" and S™ ions, respectively). The n-type samples were obtained under heat
treatment at 7" > 460 °C in S, saturated vapor (with resistivity (108 - 109) and (106 - 107) Q-cm at
implantation of Ar* and S* ions, respectively). The inversion of the conductivity type at the implantation
of S* and Ar" ions did not take place for the ion current density J =2 pA / cm’. By investigation of the
thermally stimulated conductivity the acceptor levels with ionization energies (0.14 £0.04) and

(0.57£0.03) eV were observed in ZnS p-type samples [14]. The type of conductivity of the samples
and the relative degree of conductivity were determined by measuring the thermal electromotive force.
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Fig. 1. Photoluminescence spectrum of ZnS implanted by S* and treated in S, at (420 — 460) °C.
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Fig. 2. Photoconductivity spectrum of p-type ZnS implanted by S™ and treated at (420 — 460) °C.

In photoluminescence spectra of n-type ZnS sample the peaks at 340, 405, 430, 520 and
630 nm were observed (Fig. 1). In photoconductivity spectrum of the same sample the maxima
3.30, 3.05, 2.88, 1.25, 0.95 and 0.85 eV were registered (Fig. 2).

Ar* and S* ions were implanted in ZnO samples (p = (10> —=10°) Q - cm) at energy 300 keV
and doses from 10" to 10'° cm™. The range of current density was from 0.3 to 5 pA / cm’. The
subsequent heat treatment of doped samples was carried out within the temperature interval from
300 to 500 °C in vacuum and oxygen atmosphere. After implantation of Ar" and S* ions n-type
samples (p = (10°-2-10°)Q - cm) were obtained by heat treatment in vacuum over the
temperature range from 300 to 500 °C. After dealing successfully with the problem of ZnS
conductivity type inversion the following experiment was made for obtaining p-type conductivity in
ZnO sample by means of ion implantation.
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Fig. 3. Photoluminescence spectrum of ZnO implanted by S*
and treated under RBQE at (300 — 350) °C
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Fig. 4. Photoconductivity spectrum of ZnO implanted by S*
and treated under RBQE at (300 — 350) °C.

When ZnO was implanted with Ar" and S*ions (J =(0.3-5)uA / cm?) n-type samples were
obtained with p = (10" -10") and 10" - 10" Q - cm, respectively (by heat treatment in O, at
temperatures from 300 to 350 °C). Low resistive n-type samples (p = (10> -=5-10’) Q - cm were

obtained by heat treatment at 7 >350°C in the atmosphere of O,, When Ar" and S* ions were
implanted in ZnO at the density of ion current J =2 yuA / cm?, n-type samples were obtained having
the resistivity p = (10’ -2-10°)Q - cm.

The study of the temperature dependence of thermally stimulated conductivity in ZnO
(p=(010"-10")Q - cm) samples after annealing at temperatures from 300 to 350 °C showed the
existence of (0.2 = 0.03) and (0.3 £ 0.03) eV acceptor levels and (0.4 + 0.03) eV donor level.

In photoluminescence spectra of ZnO samples obtained by implantation of S*
(p=(010"-10")Q - cm; T =(300-350) °C in O,) 369, 390 (385 and 400), 440, 460 and 505 nm
peaks were observed (Fig.3). In our opinion these peaks correspond to So— So defect-bound
exciton, (Vzo = Vo), Vo', AX", Vz~ and Vo', respectively. By using the Alentsev—Fock
method, the broad 390 nm peak was separated in to 385 nm and 400 nm peaks [14]. To investigate
the nature of 440 nm peak observed in PL spectrum of ZnO we carried of the implantation of O*
atoms in ZnS monocrystal (E =150keV, D = (10" —=10"7)cm™, J = (0.3—5)UA / cm?). The heat
treatment of doped ZnS monocrystal was carried out in saturated S, vapor. The analysis of PL
spectrum has shown that in addition to the peaks characteristic of ZnS, the peak 440 nm was also
observed. When a hot (400 °C) target is used the radiation corresponding to 440 nm peak is
predominant.

In photoconductivity spectrum of ZnO 3.21, 2.72, 2.45, 0.97 and 0.70 eV, maxima were
registered (Fig. 4). We observed the same peaks in ZnS and ZnO samples obtained by heat
treatment of ZnS — Au and ZnO — Au systems in nonmetallic vapor [15].
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4. RESULTS AND DISCUSSION

According to our theoretical analysis in case of establishing the thermodynamic equilibrium in
A"BY' - BY!, system at low temperature, the samples with intrinsic defect p-type conductivity
should be obtained [12]. The investigation has shown that when ZnS doped with Ar" and S ions
undergoes heat treatment under similar conditions we obtain ZnS samples with almost identical
properties. We think that the inversion of conductivity type in original n-type ZnS samples is
responsible by establishing low-temperature, (410 —460) °C, thermodynamic equilibrium in
ZnS — S; system.

In the process of heat treatment below 410 °C the diffusion in inhibited and as a result the
thermodynamic equilibrium is not established between the crystal and gaseous phase.

As for the 460 °C we think that it is the value of critical temperature obtained experimentally
[12]. Therefore, ZnS sample obtained by heat treatment at 7 > 460 °C has the properties of original
ZnS. Thus, the critical temperature for ZnS — S, system is 460 °C.

The inversion of conductivity type did not take place in ZnS samples at the density of ion
current above 2 LA / cm?. In our opinion this is responsible by heating the sample in the process of
implantation and by self-annealing of radiation defects.

In fact, the evaporation of the crystal takes place at the moment of implantation, i.e. the
thermodynamic equilibrium is established between the crystal and vacuum. Thus, the heat treatment
after implantation is not enough for stimulation of diffusion. We can explain similarly the negative
result obtained under heat treatment in vacuum after implantation of Ar" and S* ions

(J =(03-5)puA /cm?, D =(10" -10")cm™, T = (300 —500) °C).
As for the temperature of heat treatment 7 =(410-460)°C it proved to be enough for

stimulation of diffusion in ion-implanted crystal. The formation of radiation defect after irradiation
causes the stimulation of low-temperature diffusion. The establishment of thermodynamic
equilibrium between the crystal and nonmetallic saturated vapor at this temperature determines in
our opining the following: the stimulation of Zn extraction takes place from the basic crystal; Zn
extracted on the crystal surface enters into reaction with sulfur adsorbed from the gaseous-phase.

Thus, we can say that Vg, is responsible for p-type conductivity in ZnS crystals. With due
account of the fact that the concentration of Vs* in original samples is from 10'” to 10" cm™, and
besides the concentration of Vz, increases, it is obvious that there is a great probability of forming
Vz, in the region of close range interaction with Vs*. Hence, the mechanism of self-compensation
will be developed to maintain the local electrical neutrality of the crystal by transition of electron
from Vs to Vz, level resulting in Vz,~ and V. It is obvious that the probability of forming the
associative defects (Vz, — Vs*™") in ZnS crystal is also great. The activation energy of this associate
will be small as compared that of Vz,. Hence, we think that the predominant defects are Vz,~, Vs'"
and (Vz,_ — Vs™) [15].

We suppose that the peak 340 nm observed in PL spectrum of ZnS is related to the existence
of associate (Vzn~ — Vs*), 405 nm is related to V' center [16], 430 nm is related to the irradiation
initiated by Vz,~ defect [17—19], 520 nm is related to the existence of Vs**. As for the peak 630 nm
it is probably connected with the existence of uncontrollable impurity defects.

In PC spectrum of ZnS the following maximums were registered: 3.30, 3.05, 2.88, 1.25, 0.95
and 0.85 eV (Fig. 2). The maximum 3.30 eV is likely to be connected to the transition of electron
from (Vz,  — Vs™) level to the conduction band. The maxima 3.05 and 0.85 eV are connected with
V" defect — at the transition of electron from the valence band to Vs' level and from Vs to the
conduction band, respectively. The maximum 2.88 eV is related to the transition of electron from
Vz, level to the conduction band. The peak in PC spectrum corresponding to 0.95 eV and the value
0.57 eV are connected with the transition of electron from valence band to Vg, level (with
corresponding values of optical and thermal activation energies). The maximum 1.25 eV is
connected with the transition of electron from valence band to Vs level.
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The low intensity of 430 nm peak in PL spectrum of ZnS (Fig. 1) is caused by small electron
cross-section of Vz, . The half-width of 520 nm peak observed in PL spectrum at 77 K is 0.24 eV.
The shift of the peak takes place towards short-wavelength region (from 526 nm at 300 K to 520 nm
at 77 K). We think that these data prove the elementary nature of this spectral band.

The investigation of ZnO samples showed that the samples obtained at Ar® and S*
implantation have identical properties, with the difference that when S™ ions are implanted the
peaks 369 and 440 nm were observed in PL spectrum (Fig. 3).

We think that the extreme difficulty in obtaining the inversion of conductivity type in original
n-type (p=(10°-10°)Q-cm) ZnO samples is caused by the fact that the establishment of
thermodynamic equilibrium in ZnO — S, system is limited (as the critical temperature of ZnO is
from 200 to 400 K).

When ZnO crystal was doped at the density of ion current more than 2 UA / cm? n-type
samples of p = (10> —5-10%)Q - cm resistivity were obtained. As it was mentioned above, this is
caused by self-annealing of radiation defects in the process of implantation.

The temperature of heat treatment 7 = (300 —350) °C was found to be enough for stimulation
of diffusion in the crystal after ion implantation. And the obtaining of high-resistivity ZnO samples
(p=(010"-10")Q - cm) corresponds to the establishment of equilibrium between the crystal and
oxygen atmosphere at this temperature.

The formation of defects in ZnO crystal follows the above-described mechanism. Hence, we
can say that Vz,~, Vo'" and the associate (Vz,  — Vs'') are the predominant acceptor defects in ZnO
samples obtained at 7" = (300 —350) °C. The 385 nm limes in PL spectrum and 3.21 eV maximum

in PC spectrum and the value thermal ionization energy (0.2 + 0.03) eV are related to (Vz, — Vs'™).
400 nm in PL spectrum and the value thermal ionization energy (0.3 + 0.03) eV are connected with
Vo' level. The peak 460 nm registered in ZnO PL spectrum and the maxima 2.72 and 0.70 eV in
PC spectrum can be related to Vz, level of acceptor defect. As for the peak of radiation 505 nm and
maxima 0.97 and 2.45 eV in PC spectrum, they probably are connected with the existence Vo© of
donor defect.

Besides, we think that the implantation of sulfur in ZnO samples causes the formation of
relaxed So — So defect bound exciton and of AX™ centers. This is proved by the existence of 369
and 440 nm peaks in PL spectrum. The peak 369 nm registered in PL spectrum of ZnO is probably
connected with the radiation of relaxed So— So defect-bound exciton [20]. The peak 440 nm
registered in PL spectrum and the value of thermal ionization energy (0.4 £0.03) eV are connected
with the formation of AX" complex defect center initiated by interstitial sulfur. Our suggestion is
based on the fact that at hot and cold implantation of oxygen atoms in ZnS 440 nm peak was
registered in PL spectrum.

The mechanism of formation of complex defect initiated by impurity center at implantation of
sulfur in ZnO can be presented as follows. When sulfur occupies the interstitial site AX" center
should be formed in case of S; relaxation [7]. First S; captures the valence electron (from valence
band) causing the formation of anion—cation O — Zn pairs, and as a result S; releases two electrons
into conduction band and charges sulfur positively.

Thus, sulfur implanted in ZnO acts as a donor. We think that the obtained AX" complex defect
[7] first captures a free hole and then a free electron from the valence band resulting in the
formation of center bound exciton.

The extreme difficulty in inversion of conductivity type in ZnO is connected with the large
value of oxygen electronegativity. The minimum of ZnO free energy corresponds to high
concentration of Zn and low concentration of oxygen. The heat treatment of ZnO under equilibrium
conditions is not enough for extraction of Zn, especially as there is no possibility to make heat
treatment at temperature below 7 .
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S. CONCLUSION

So, our investigation has shown that under low-temperature heat treatment after the ion
implantation it is really possible to obtain the inversion of conductivity type in ZnS and ZnO
compounds. The role of ion implantation in the solution of the mentioned problem is the stimulation
of low-temperature diffusion. The properties of the obtained samples mainly depend on the
conditions of heat treatment following the implantation, on the temperature of nonmetal, on the
pressure and only slightly on the conditions of ion implantation.
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1. INTRODUCTION

Due to their interesting, less studied and sometimes controversial properties rare earth (RE)
antimonides represent a class of electronic materials perspective for applications [1-5]. Within the
framework of present study, for the first time, there has been developed the technology for
preparation of thin films HosSbs followed by the study of temperature dependences of their electro-
physical properties, like the resistivity, Hall constant, thermo-EMF in temperature interval
(95 -700) K.

2. EXPERIMENTAL DETAILS

Single-phase HosSbs thin films were prepared by thermal vacuum evaporation from two
independent sources Ho and Sb in the vacuum 1.3 - 107 Pa on fused sapphire, polycrystalline
pyroceramic and monocrystalline silicon substrates. The components used in the compounds
contained basic materials 99.9 % Ho and 99.999 % Sb, respectively. The films were prepared at the
substrate temperature (1110 — 1120) K. The angles between the substrate normal and evaporator
were similar and made up 25 °. The distances of Nd and Sb evaporators from the substrate were 45
and 50 mm for NdsSb;. The temperature of Ho and Sb evaporators was 1175 and 870 K,
respectively. The thickness of the films was from 0.9 to 1.8 pum. The rate of evaporation was
~55 A /s for HosSbs.

The X-ray microanalysis revealed that the films contained 62.6 at % Ho and 37.4 at % Sb.
Films’ phase compositions were defined by X-ray method. Roentgenograms were taken using
CuKo irradiation and nickel filter, in conditions of the constant regime at the rate
(0.5 — 1) degree / min. Identification of the roentgenograms was performed by comparing the
obtained X-ray diffractogram with the relevant diagram for the bulk HosSb; crystal plotted up
according to the reference data. The substrate material does not have any significant effect on the
phase composition and crystallinity of the films. Keeping the samples in the open air for
(3 — 4) days results changes in their color, while roentgenogram shows additional maxima, which
are not related to HosSbs. All points to instability of the HosSbs thin films in the air.

It is known that, the HosSbs bulk crystal has hexagonal lattice with parameters a = 8.851 and
a=6234A [1]. The lattice parameter calculated from experimental roentgenogram for HosSbs thin
films made up @ =8.85 and a =6.24 A, which correspond to the values for bulk crystals.

In thin HosSbs films the temperature dependence of the resistivity, Hall constant and thermo-
EMF were studied. The study interval was from 100 to 700 K. In order to measure resistivity by
means of the compensation method, Hall effect-using constant current and constant magnetic field
(17.5 kOe), and Seebek effect by the absolute method with correction for thermo-EMF of cupper
[3], two layered islands were deposited on the samples. For the lower layer Cr (to improve
adhesion) and for upper layer Cu was used.
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3. RESULTS AND DISCUSSION

The temperature dependences of the electro-physical parameters for HosSbs are shown in
Fig. 1.The resistivity in the temperature interval (100 — 700) K is linear with a positive temperature
coefficient. The dependence is weak.
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Fig. 1. Temperature dependence of resistivity (1),
Hall constant (2) and thermo-EMF (3) of HosSbjs thin films
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The magnitude of the resistivity and character of the temperature dependence is similar to the
data for the SmS thin films “golden” phase [6], the same is observed in TmSb, YbSb,, SmSb, PrSb
films [7,8].

As shown in Fig.1.2 and Fig. 1.3, in the whole temperature interval, the Hall constant and the
thermo-EMF coefficient are negative. The absolute value of the Hall constant decreases non-
linearly, while the absolute value of the thermo-EMF increases with increasing temperature.

Results of the measurements were used for evolution basic parameters — carriers’ mobility and
concentration — in the one-band approximation (Fig. 2). When the temperature rises, the mobility
decreases (Fig. 2,), while concentration increases (Fig. 21).

4
T

HosSb :

H, cm*Vsec

N ,_'_'_-,_’I-J"-"x‘ 1

HosSb 3

n, 104"%m~

1 1 L L

100 300 500 700 TK

Fig. 2. Temperature dependence of the electron concentration (1)
and mobility (2) in HosSbs thin films.

The character of the temperature dependence of the electro-physical parameters and their
absolute values enable us to assume that HosSbs is a metal.

4. CONCLUSION

The technology for preparation of the HosSbs thin films by vacuum thermal evaporation from
two independent sources of Ho and Sb on glass-ceramics, silicon monocrystal and leucosapphire
substrates was developed. The X-ray microanalysis revealed that HosSbs films contain 62.6 at % Ho
and 37.4 at % Sb.
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It was measured the temperature dependence of resistivity, Hall constant and thermo-EMF

coefficient in the temperature interval from 100 to 700 K. On the basis of this measurements, in on-
band approximation, there were assessed the basic parameters as are carriers’ mobility and
concentration. It was assumed that NdsSbs is a metal.

N =
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1. INTRODUCTION

Irradiation with various particles or photons in a wide range of energies is used in radiation
technology of solid-state electronics. In particular, irradiation of single-crystal or amorphous silicon
with high-energy protons makes it possible to intentionally affect the electrical properties of these
materials [1-4].

In the case of irradiation with high-energy particles, complex structural imperfections appear
in the semiconductor bulk; these imperfections are referred to as disordered regions (DRs), which
represent the cause of specific variations in the electrical and galvanomagnetic properties. In [5]
Hall and photo-Hall measurements were used to study the effect or irradiation with 30 and
660 MeV protons on the Hall mobility of majority charge carriers g, and efficiency of

introduction 77 of various RDs intro the n- and p-type silicon crystals. Measurements have shown
that the mobility x, and electron concentration N decrease as the integrated proton flux @ is

increased. Infrared (IR) illumination or isochronous annealing of irradiated samples bring about an
increase in #,; and N, which is accounted for by ionization and annealing of secondary RDs in the

peripheral parts of the regions of defect buildup (RDBs).
In [6] it was studied the efficiency of introduction 77 and nature of RDs formed in n-Si as a

result of irradiation with 640 MeV protons at various temperatures, 7, = (30—700) °C.

An increase in T, leads to an increase in £, which is accounted for by a decrease in 7 for
secondary RDs in the peripheral part of an RDB and, correspondingly, by a decrease in the size of
these agglomerations.

The results reported in [5] and [6] are complementary. An analysis of experimental data [5]
and [6] made it possible to assume that RDBs consist of two parts: a central part (the core) and a
peripheral part (the shell). The RDB cores consist of intrinsic structural defects (vacancy or
interstitial associations), while the peripheral part of RDBs is formed of complexes of intrinsic
defects with impurity atoms, i.e. the secondary RDs (E-centers, A-centers, the oxygen + divacancy
center, and so on).

If in [5,6] it had been used IR illumination, an increase in the temperature of isochronous

annealing 7, , or irradiation 7, to completely release the RDB cores of the effect of the impurity—

defect shell, the temperature dependence of mobility u, =, (T) would shift to larger values of

M . To this end, it is necessary that the RDB cores be in fact agglomerations of interstitial atoms or

their associations and not be annealed before annealing of secondary RDs in the shell (the annealing
temperature 7, = 600°C).
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If a crystal contains nanoscale inclusions that are not penetrable for conduction electrons
(“dielectric” inclusions), one may expect a decrease in the effective value of mobility of majority
charge carriers 4, due to a decrease in the real volume of the sample [7].

In the other limiting case where one can disregard the conductivity of the medium in
comparison of the conductivity of inclusions (“metallic” inclusions), 4, is an ascending function

of volume fraction f of these inclusions.

“Dielectric” inclusions represent vacancy-type defects, while “metallic” inclusions belong to
interstitial-type defects [7,8].

The radiation defects of the vacancy and interstitial types in silicon crystals interact with each
other. Heat treatment at temperatures of (200 — 300) °C brings about the removal of all vacancy
complexes. According to [9], this happens owing to decomposition of interstitial complexes and
annihilation of them with vacancy defects.

The efficiency of the introduction and the nature of RDs in silicon crystals are mainly
determined by the impurity composition and the energy of irradiation [10].

The aim of study is to gain insight intro the effect of irradiation with 25 MeV protons on the
RD nature in n-Si crystals.

2. EXPERIMENTAL

We studied the n-Si samples obtained by zone melting with phosphorus concentration
N, =6-10" cm™, oxygen concentration Ny =2-10" cm™, and density of growth dislocations no
higher than (10° — 10%) cm™. The samples under study had sizes of 1 x 3 x 10 mm and were
irradiated with 25 MeV protons. The proton-flux density was ¢ = 10"/ cm? - s. Irradiated samples
were annealed at a temperature 7, =90 °C; the annealing duration was 10 min.

The electron concentration N, the Hall coefficient Ry, and the electrical conductivity o
were measured in the temperature range 7 =(77—-300)K. The Hall electron mobility was
calculated using the formula g, = o R ;. In highly compensated samples, the energies of the defect

levels AE were determined from the slope of dependences N = N(1/T) in logarithmic coordinates.
The error in determining these quantities was no larger than 10 %.

3. RESULTS

In the initial samples, the dependence N = N(1/T) in the range T = (77 —300) K, corresponds to

the complete ionization of shallow donors (phosphorus atoms): N = 6-10" cm™ = const (Fig. 1, Curve 1).

After irradiation with protons with the dose ® =8.1-10" cm™, the temperature dependence of the
electron concentration corresponds to depletion of acceptor centers with a level at £, —0.38 eV (Fig. 1,
Curve 2).

A rectilinear section is observed in the dependence N = N(1/T) for the same sample
annealed at 90 °C and aged for 30 days at 300 K; this section corresponds to depletion of acceptor
centers with the level at E. —0.13eV (Fig. 1, Curve 3). In Fig. 2, we show the corresponding
temperature dependences of the Hall mobility of electrons in the initial and proton-irradiated

crystals (Curves 1, 2, and 3, respectively).
In Fig. 2, Curve 1 corresponds to scattering of electrons by phonons in the initial crystal. Curves 2

and 3 in Fig.2 represent the dependences g, = ,(T) in the samples irradiated with the dose

®=8.1-10"cm™. Immediately after irradiation, the Hall mobility is noticeably higher than in the initial
sample (compare Curves 1 and 2) and increases drastically as temperature is decreased. After low-
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temperature heat treatment at 90 °C and aging of the sample for 30 days at 300 K, the curve p,; = 1, (T)
runs below the curve for the initial material and descends sharply as temperature is decreased (Curve 3).
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Fig. 1. Temperature dependences of the electron concentration in n-Si (1) before and (2,3)

after irradiation with 25 MeV protons with the dose ® =8.1-10">cm™ (2) immediately after
irradiation and (3) after annealing at 90 °C and aging of the sample for 30 days at 300 K.
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Fig. 2. Temperature dependences of the Hall electron mobility in n-Si (1) before and (2,3)

after irradiation with 25 MeV protons with the dose ® =8.1-102 cm™ (2) immediately after
irradiation and (3) after annealing at 90 °C and aging of the sample for 30 days at 300 K.
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4. DISCUSSION

The temperature dependence of the electron Hall mobility in the initial sample indicates that
the phonon mechanism of scattering of charge carriers is dominant within the temperature range
(77 - 300) K. Therefore, a shift of the dependence i, = t£;(T) upward or downward as a result of
irradiation cannot be accounted for by a variation in the concentration of some scattering centers in
the crystal. Large values of mobility obtained in the Hall experiments are indicative of the
formation of inclusions with relatively high conductivity in the sample; these inclusions feature
nonrectifying junction at interfaces with the semiconductor matrix. If the high-conductivity
inclusions are spherical, the effective mobility is given by

yo of 1+ 3f

Hy 1_6f’
where 4, is the Hall mobility in the matrix and f is the total volume fraction of inclusions [8],

Y]

e.g. agglomerations of interstitial atoms. If the Hall mobility in the initial material (equal
approximately to 1.4 - 10° cm?/ V - s) is used as the parameter M, and the postirradiation room-

temperature Hall mobility (nearly equal to 4.4 - 10° cm? / V - s) is used as the parameter (., we

obtain f =0.1.
The obtained value of f is a reasonable estimate of the total volume fraction of

agglomerations of interstitial atoms characteristic of a real silicon structure after irradiation with
light ions [11].

Vacancy-type disordered regions, which are undoubtedly present in a small amount in the
samples under study, consist of a core saturated with multivacancy complexes and a shell
containing complexes of monovacancies with impurity atoms. The DR shells are formed as a result
of diffusion of monovacancies from the core to the matrix and as a result of interaction of these
monovacancies with impurity atoms. The depth of penetration of monovacancies into the matrix
and, consequently, the sizes of the DR shells are determined by the impurity concentration in the
matrix [12]. In our experiment, the irradiated samples were subjected to heat treatment in order to
increase the depth of penetration of monovacancies into the matrix beyond the shell. The heat-

treatment temperature (7, =90°C) was limited by the onset of annealing of the E-centers and DRs

eff 2

(100 and 200 °C, respectively [13]). Apparently, in the course of heat treatment and aging of
irradiated samples at 300 K, monovacancies emerge from the DR shell and move toward
agglomerations of interstitial atoms, which give rise (like dislocations in the crystal lattice) to
elastic stresses around them. Vacancies become involved in a quasi-chemical reaction with impurity
atoms, which are located around agglomerations of interstitial atoms; as a result, screening
impurity—defect shells consisting of the A-centers, E-centers, divacancies, and other acceptor-type
RDs and also of the atoms of doping (phosphorus) and background (oxygen, carbon) impurities are
formed around these agglomerations. Some fraction of vacancies undergoes annihilation with
interstitial atoms of “metallic” inclusions.

At temperatures of 300 K and below, the majority of acceptor-type RDs in n-Si crystals is
charged negatively. Consequently, agglomerations of interstitial atoms become impenetrable for
conduction electrons and act as “dielectric” inclusions along with agglomerations of vacancies. As a
result, we experimentally observe a decrease in the effective value of mobility of majority charge
carriers after aging of irradiated samples (Fig. 2, Curve 3).

A drastic decrease in the mobility with a minimum in the curve u, =4, (T) was also

observed in plastically deformed n-Si crystals irradiated first with 25 MeV protons and then with
2.3 MeV electrons [14]. Exposure to IR radiation reduces the depth of the minimum. The observed
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effect is accounted for by a buildup of secondary point defects at dislocations and RDs in the course
of isochronous annealing, irradiation with electrons, and natural aging of the samples under study.
In order to assess the volume fraction of quasi-dielectric inclusions f;, we can use the

following expression in the crude approximation and in analogy with formula (1):
H oy _ 1-f, 1

My 1+ .
Substituting experimental values of x4, and uy (7- 10> and 1.4-10°cm?/V -s,

2)

respectively), we obtain f; = 0.3 at 300 K.

The obtained value of f, are larger than that of f, since quasi-dielectric inclusions are
formed on the basis of agglomerations of interstitial atoms.

As the sample temperature is decreased, the concentration of charged RDs in the impurity—
defect shell of quasi-dielectric inclusions increases. This brings about an increase in the degree of
screening of these inclusions and, consequently, an observed decrease in 4, as temperature is

decreased (Fig. 2, Curve 3).

At a temperature of 240K, u, =20 cm’/ V- s; consequently, we have f, =0.9. As
temperature is decreased further, the resistance of the sample drastically increases, so that it
becomes impossible to carry out electrical measurements.

Taking into account the above-said, we may assume that agglomerations of interstitial atoms
(in addition to vacancy-type DRs) are also formed in silicon samples as a result of irradiation with
high-energy particles. Agglomerations and DRs affect differently the effective value of the Hall

mobility of majority charge carriers g . The vacancy-type DRs (“dielectric” inclusions) bring

about a decrease in the value of u while agglomerations of interstitial atoms (“metallic”

eff °
inclusions) lead to an increase in 4, . The value and the form of the temperature dependence of
U depend on the quantitative relation between these inclusions. Agglomerations of interstitial

atoms are predominantly formed in the n-Si crystals as a result of irradiation with 25 MeV protons,
which brings about an increase in 4, . In the course of natural aging, negatively charged shells

impenetrable for electrons form around “metallic” inclusions, which brings about a decrease in
H o -

In Fig. 1, Curve 2 corresponds to depletion of the E-centers or divacancies (E,. —0.38¢eV),
while Curve 3 corresponds to depletion of the A-centers ( E. —0.13eV), the deionization energy of

which is changed owing to electrostatic interaction between negatively charged centers in the
impurity—defect shell; these centers are formed around a DR in the course of natural aging of
irradiated samples at 300 K [14].

Finally, let note that significant fractions of nanoscale inclusions in semiconductor materials
really are known to be possible controlling their electro-physical properties [15].

5. CONCLUSIONS

Thus, a drastic increase in the value of # . is observed in the n-Si crystals after irradiation
with 25 MeV protons (4, is the effective mobility of the majority charge carriers). This effect is

direct proof that “metallic” inclusions are predominantly formed in the samples under study as a
result of irradiation. It appears that “metallic” inclusions are agglomerations of interstitial atoms or
associations thereof.
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Presumable, in the course of annealing (at 7,, =90°C) and natural aging of irradiated

samples for 30 days at 300 K, negative charged impurity—defect shells, which are impenetrable for
electrons, are formed around “metallic” inclusions; this result in a drastic decrease in the effective
value of electron mobility /.

Apparently preferential formation of “dielectric” or “metallic” inclusions depends on the

energy and type of particles incident on the crystal.

N =

ok Ww

11.

12.
13.

14.
15.
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1. INTRODUCTION

Because the electron mass is negligible in comparison with masses of atomic nuclei,
substances, i.e. atoms and polyatomic bound systems — molecules or condensed matters — can be
considered as one-electron systems in almost stationary self-consistent electric field generated by
nuclei fixed at their equilibrium positions and space-averaged electron charge density. For this
reason, electronic structure, which includes both electron energy spectrum and electron density
space distribution, determines practically all principal physical properties of a substance. From its
part, theoretical prediction of the substance electronic structure should be primarily based on the
inner electric field potential, so that appropriate choice of the initial potential for such kind
calculations greatly increases their accuracy.

When isolated atoms associate forming molecular or condensed forms of substance only part
of electrons (called as valence electrons) redistributes. And what is more, corresponding changes in
the electron density distribution are so weak that usually a simple superposition of the free atom’s
radial potentials centered at the corresponding sites of the atomic structure serves as a good initial
approximation of the inner potential in any polyatomic system. At the worst, initial inner electric
field potentials can be presented by superposition of the atomic-like radial potentials with different
centers. Thus, in this line the key problem consists in construction of the effective atomic potentials
in relevant functional form.

Relatively recently, with that end in view we have proposed piece-wise analytical and, in
particular, step-like radial atomic potentials obtained within initial quasi-classical, i.e., semiclassical
approximation. They have been successfully used in binding energy and electronic structure
calculations carried out for some polyatomic systems like the sodium diatomic molecule and
crystals [1], boron-containing diatomic molecules [2,3], and mainly for boron nitride molecular,
crystalline, and nanostructures [3—16]. In addition, semiclassical interatomic boron—boron pair
potentials explained some ground-state parameters of the boron nanotubes [17-19], as well as main
features of the isotopic effects in boron-rich solids [20-23].

But, above cited studies exploited semiclassical potentials only of certain, namely, some light
atoms, whereas full-scale calculations performed for any wide class of material need a quantity of
appropriate effective atomic potentials. Present work aims to build up semiclassical atomic
potentials for the stable chemical elements in most convenient form of radial step-like functions.

The paper is organized as follows. At first, sense of the semiclassicality for the substance
electron system is clarified. Then, a semiclassical parameterization scheme is introduced for charge
distributions in atoms and atomic potentials as well. Next section presents results and brief
discussion of the performed numerical calculations based on fitting of the semiclassical electron-
energy spectra with these obtained from first principles. And finally, accuracies of the constructed
step-like radial atomic potentials are estimated for energy and expansion parameters of a material.
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2. SUBSTANCE AS A SEMICLASSICAL ELECTRON SYSTEM

Beginning from Bohr’s fundamental work [24] semiclassically describing electronic spectrum
of the one-electron hydrogen-like atom with Coulomb potential up to nowadays, similar analysis is
widely used for light atoms. Due to exact quantum-mechanical solvability of the Coulomb potential,
exact wave functions of electron-states in a hydrogen-like atom can be obtained directly from the
corresponding classical orbits [25]. And therefore, quantum dynamics of the electron in a hydrogen-
like atom is wholly expressed by its classical dynamics.

Classically a two-electron helium-like atom can be represented as a pair of electrons placed at
the opposite ends of the straight line with nucleus at the midpoint (see e.g. [26]). This classical
model added with quantization condition for electron orbital moment leads to the almost hydrogen-
like electron energy spectra, where atomic number Z for the reduced value Z —1/4 (it means that
another electron effectively screens nuclear electric charge). Ground state energies calculated from
the obtained relation for some helium-like systems differ from the experimental ones only by
3-6% [27]. Even entirely classical model of helium atom can be successfully explored
numerically to obtain its possible configurations [28]: most of the orbits are found to cause auto-
ionization via chaotic transients. As for the modern semiclassical approach based on the conception
of periodic classical orbits, it allow visually interpret physical meaning of special quantum numbers
inherent to this three-particle system between ground and fragmented states [29].

For many-electron atoms, a reasonable accuracy can be achieved in terms of the self-
consistent-field approximation, within which a minimum of the total energy is sought in the class of
quasi-classical wave functions [30]. As is well known, many-electron systems such as atoms are
characterized by some quantum properties like the electron-shell effects, fluctuations in parameters’
values, discrete electron energy spectrum etc, which are averaged and, therefore, invisible in
semiclassical atomic models. However, it was demonstrated that semiclassical treatment of the
atomic many-electron system, when it is combined with information-theory-method, reveals
resources to describe such kind effects as well [31].

It was demonstrated how based on purely classical notions it is possible to reproduce general
trends in inelastic scattering atomic form-factors dependences upon quantum numbers [32].
Besides, starting from classical relations together with energy conservation law and classical-
quantum correspondence principle, it was found expressions of intensity-distribution and line-width
of the electron—ion recombination x-ray spectrum, which is in unexpectedly good agreement with
these resulted from the accurate quantum-mechanical calculations [33].

Semiclassical quantization rule leading to the exact electron energies in a hydrogen-like atom
with Coulomb potential at the same time provides good accuracy of the valence electron energy
value in a many-electron atom with model potential in form of sum of the nucleus Coulomb
potential and a screening term [34]. Substitutions of the electron quantum numbers for their
analogues in Thomas—Fermi semiclassical statistical model of atom can be applied for investigation
of the excited and ionized electron states [35]. Semiclassical electron energy spectrum of Thomas—
Fermi atom, which was described in terms of an effective kinetic energy, which was obtained from
the corresponding quantization rule formulated in momentum space, was found to agree essentially
with that in the standard formalism employing an effective potential energy [36].

Semiclassical evaluation of sums over quantum numbers of electron states in many-electron
atoms is known to be an effective tool of obtaining of the integrated atomic characteristics (see e.g.
[37]) like the shell and subshell electron densities [38] or averaged electron momentum density [39]
in atoms etc. Introducing of the semiclassical self-consistent intra-atomic electric field yields the

relative error of ~1/7°n” in determining of the electronic energies, where n is the principal
quantum number of the highest occupied electron state [40]. Then, accuracy of the semiclassical
approximation should quite satisfactory even for light atoms.
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Effectiveness of the Bohr-type analytical models to the description of the periodic motion of
electrons in small-sized molecules also was demonstrated [41]. For a long time, semiclassical
asymptotic form was known to provide a fundamental device for studying quantum systems in
which non-perturbative effects play an essential role. But, the crucial step was advanced for the
bound-state quantization of fermions few-body systems such as molecules. Semiclassical
quantization rules were successfully applied to describe elastic interatomic scattering [42] in
spectroscopy of diatomic molecules [43]. Using path integration as a relevant mathematical tool for
semiclassical asymptotic form it was obtained semiclassical quantization rule for the periodic mean-
field solutions [44]. Therm energies of diatomic K, molecule calculated by the semiclassical
method showed absolute deviations of only ~ 0.05 cm™ from the quantum-mechanical results [45].
Same approach was found to be a strong method for generating the interatomic potential energy
curve for diatomic molecules. It was provided a semiclassical description of the shell-structure in
fermions-system: level densities and shell-corrections were obtained from the periodic orbit theory
[46]. The semiclassical quantification method has raised increasing interest in relation to
approximated method in various physical systems such as not only atoms, but molecules etc. It
would serve as a general device for evaluating the bound-state spectra, once the exact or
approximate solutions for the mean-field equation are known. Usually, different methods all use
only periodic and/or non-closed quasi-periodic classical orbitals as basis for the quantization.
Contrary to them, in [47] it was introduced an adapted version of the semiclassical quantization
method applied to molecular orbitals into path integrals formalism, and it also gives an alternative
procedure for the calculation of the electronic correlation energy of a molecular system.

Primitive semiclassical treatment even reveals existence of a classical contribution to the
chemical bond in small molecules: ground state electron is found to be exchanged classically
between two nuclei [48]. Proceeding classical limit for a one-electron orbital model of such many-
electron systems with electron periodic motion leads to visualization of its quantum description
[49]. Quantum description also can be introduced starting from the formal correspondence between
classical harmonics of an electron periodic motion and its quantum jumps, i.e. Fourier-analysis
added by the simple quantization condition directly yields steady-state electron energies [50]. Even
formation of the electron spin, which is considered as essentially quantum characteristic, can be
explained within a classical model [51].

In case of multidimensional systems, the globally uniform semiclassical approximation for
energy eigenstates can be derived explicitly [52]. This is a true semiclassical approximation
producing almost accurate wave functions providing with considerable degree of overlap (more
than 0.98) between semiclassical and exact quantum eigenstates. Semiclassical method of
calculation was used to describe electronic super-shells in metallic clusters [53]. Later, it was
supposed a general method of the quasi-classical spectral analysis useful for central potentials with
Coulomb singularity or finite value at the center which are characteristic for isolated atoms and
spherical clusters, respectively [54]. Atomic clusters and condensed phases can be calculated in
framework of the density-functional theory (DFT) using a quasi-classical expansion of the energy
functional [55].

However, as substance is considered as a non-relativistic electron system affected by the
external field of nuclei fixed at the sites in structure, its inner potential do not satisfy the standard
Wentzel-Kramers—Brillouin (WKB) quasi-classical condition on spatial smoothness due to
singularities at nuclear sites and electron shell effects. The success of the above approaches can be
explained on the basis of the quasi-classical expressions obtained by Maslov [56] for the energies of
bound electronic states. It follows from these expressions that the exact and quasi-classical spectra

are similar to each other irrespective of the potential smoothness at 2® R; >>1, where @, and R,

are the characteristic values of the potential and its effective range, respectively (hereafter, all
relationships will be given in the atomic system of units (au)).
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3. SEMICLASSICAL PARAMETERIZATION OF THE ELECTRIC CHARGE
DENSITY AND ELECTRIC FIELD POTENTIAL DISTRIBUTIONS IN AN ATOM

The semiclassical parameterization of the atomic electric charge density and electric field
potential distributions (see e.g. [57]) can be performed in analytical form if the effective fields
acting on any ith electron in a neutral atom (i.e. i =1,2,3,...,Z with Z as the nucleus charge) are

represented by Coulomb-like potentials

o (=", (1)

r
where

Z. =n.21E,| (2)

is the effective charge of the nucleus screened by other electrons’ cloud dependent on the electron-
state principal quantum number 7, and its energy E, <0.

Electron charge equals to —1. Therefore, classical turning points radii r” and r” (r;<r) of
the i th electron with orbital quantum number /, can be found as the roots of the equation
L +1)

rr
As a result, we obtain

,on—+n} =1 +1)
= : )
J21E, |
4+ n? =1 +1
r~”: nl nl 1(1 ) (5)

’ J2I1E, |

Let CTDi(r) be the potential of the effective electric field induced by the ith electron. Then,

E =-® (r)+ 3)

potential ®(r) of the electric field induced by the whole electron cloud can be written as the sum of

the potentials o ((r):
()= "d,(r). (6)

Potential of the electric field acting on an arbitrary i th electron of the atom is equal to the sum
of the potentials of the nucleus Coulomb field and the field induced by all the electrons, except for
the potential of the electron under consideration:

Z. 7Z ~ ~

S 2B -D,(r). (7

roor

Now, we sum up such potentials over electrons. As a result, the terms independent of the
electron number on the right-hand sides are multiplied by the total number Z of electrons in the

atom and the sum of the potentials CTDi(r) gives &D(r) . The solution of the obtained equation with

respect to &D(r) has the form

2 i=Z
&(r)=— 4 Zizl Z, 1 ’ (8)
Z -1 r
1.e. in this case, effective field of the interaction between nucleus and electron cloud also turns out
to be a Coulomb-like field.
Nucleus charge equals to +Z and in the ground state its relative (to the electron cloud)
motion corresponds to a zero orbital quantum number. Therefore, the radius of one classical turning
point for nucleus is equal to 0 and the radius 7 of another classical turning point is a root of the
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equation
E=73(r), 9)

where E is the eigenvalue of the energy associated with the relative motion electron cloud and
nucleus. Under the assumption that the nucleus has an infinite mass the reduced mass of the system
nucleus — electron cloud with Z electrons equals to the cloud total mass Z . Therefore, energy and,
consequently, turning point radius for the nucleus motion with respect to the electron cloud are
given by the formulas

3,72 i=Z 2
_ Z(Z - Zi:l Z)
2Z -1)?

_2AzZ-) an

i=Z :
YAVAEDIA
The semiclassical, i.e., initial quasi-classical approximation implies that exponentially
decaying partial electron densities are disregarded in the classically forbidden regions and that
oscillations of these densities are ignored in classically allowed regions. As a result, the radial
dependence of the direction-averaged partial charge density of the ith electron state in atom is
represented by a piecewise constant function:

tn

(10)

9

i

’

p:(r)=0 r<r,
3 / ”
=0 r’<r. (12)

A similar averaging for the nucleus motion with respect to the electron cloud nucleus is

equivalent to averaging the nuclear charge over a sphere of radius 7 :
3Z
Az’
=0 r<r. (13)

Summation of similar contributions gives the distribution of the total density of the electric

charge in the atom in the form of a step radial function
~ i=Z
p(r)=pr)+Y.  p,(r)=p, R, <r<R, k=123,..q, (14)

where p, are constants determined from the radii of the classical turning points and R, coincide

0<r<r

p(r) =

with these radii. Here, 0=R, <R, <R, <---<R <R, =c0 and g <2Z is the number of layers
with uniform charge densities. Parameter R, plays the role of the quasi-classical atomic radius (the
charge density is equal to zero at r > R ). Mathematically, this representation is equivalent to the
volume averaging in layers R, | <r <R,.

Next, we calculate the fields induced by the charged layers with densities p, on the basis of

the Gauss theorem and sum these fields. Then, the atomic potential can be written in the form of the
continuously differentiable piecewise analytical function

0(r) =2 1+ +e, R_ <r<R, k=123,....q,
r
AT —i=k-1 4
Ay =— 2., Pi (R} =R —— PR,
3 3
2
b, = _? Py
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¢, =27y ' p.(R?—R%)+271p,R;. (15)

However, since the energy of the electronic system is a single-valued functional of the
electron density, it is expedient to approximate the above potential by a step function too.
Averaging over the volume can adequately perform this:
3a, (R —R.)  3b (R —R}))

2R} -R.)  S(R{-R.)

(16)

Q(r)= R, <r<R, k=123,..4q.

¢ =@

4. TABLES

The numerical values of parameters R, , p,, and ¢, can be found by fitting quasi-classical
energetic levels E, to the Hartree—Fock (HF) ab initio ones [58]. Results of calculation are

presented in Table 1 below for each chemical element taken separately. Origin of a radial layer
radius is identified in parenthesis after the layer number: is it classical turning point radius of
nucleus or an electron-state? Note that inner turning points of nucleus and s-electron states coincide
with effective atomic electric field center, i.e. their radii equal to 0. Radii of inner and outer
classical turning point for rest electron-states are distinguished by single and double priming,
respectively.

Values are shown with seven significant digits in accordance with the input data (HF
energies) accuracy. Such high accuracy is useful in interim calculations. As for the final results,
they should be expressed in round numbers to the three significant digits because the relative errors
of the semiclassical calculations aiming to found structural and energy parameters for polyatomic
systems make up a few percents.

Table 1. Calculated semiclassical parameters of the atoms.

k 1(1H) 1 (1s)

R, | 1.000000 E+00 | 2.000000 E+00

p. | 2088909 E+01 | —2.984155 E-02

o, | 4875000 E-01 | 5.892857 E-02

k 1 (2 He) 2 (1s)

R, | 3875716 E-01 | 1.476061 E+00

p. | 8052884 E+00 | —1.484666 E-01

o, | 4187991 E+00 | 3.082284 E-01

k 1 3 Li) 2 (1s) 3 (25)

R, | 1349014E-01 | 8984357 E-01 | 6.383510 E+00
p. | 2910724 E+02 | -6.593034 E-01 | —9.177675 E-04
o, | 2312713 E+01 | 2.009273 E+00 | 4.311415 E-02
k 1 (4 Be) 2 (1s) 3 (25)

R, | 5.596220E-02 | 6.500727 E-01 | 5.086001 E+00
p. | 5446885 E+03 | —1.741653 E+00 | —3.629210 E-03
o, | 8057431 E+01 | 4.887950 E+00 | 1.097914 E-01
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k 1(5B) 2 (1s) 3(2p) 4 (25) 52p")
R, | 2758476 E-02 | 5.098016 E-01 | 7.441219 E-01 | 4.021346 E+00 | 4.337060 E+00
p. | 5.686514 E+04 | -3.610951 E+00 | —7.342212 E-03 | —1.028341 E-02 | ~2.941197 E-03
o, | 2105468 E+02 | 8.882329 E+00 | 3.652920 E+00 | 2.060720 E-01 | 6.135348 E-04
k 1(6C) 2 (1s) 3(2p) 4 (25) 52p")
R, | 1542721 E-02 | 4.202289 E-01 | 6.292303 E-01 | 3367110 E+00 | 3.667423 E+00
p. | 3901153 E+05 | —6.446545 E+00 | —1.250747 E-02 | —2.223623 E-02 | -9.728757 E-03
o, | 4578818 E+02 | 1.399183 E+01 | 5.842260 E+00 | 3.410756 E-01 | 1.835877 E-03
k 1 (7N) 2 (1s) 3(2p) 4 (25) 52p")
R, | 9.446222E-03 | 3.577244E-01 | 5.498034 E-01 | 2.909074 E+00 | 3.204489 E+00
p. | 1982589 E+06 | —1.044967 E+01 | —1.939444 E-02 | —4.126981 E-02 | —2.187537 E-02
o, | 8784581 E+02 | 2.022523 E+01 | 8.464698 E+00 | 5.096684 E-01 | 3.993358 E-03
k 1(80) 2 (1s) 3(2p) 4 (25) 52p")
R, | 6.103946E-03 | 3.110705E-01 | 5.210723 E-01 | 2.535595 E+00 | 3.037032 E+00
p. | 8397857 E+06 | —1.589154 E+01 | —2.928881 E-02 | —6.355156 E-02 | —3.426275 E-02
o, | 1559999 E+03 | 2.773984 E+01 | 1.102222 E+01 | 7.898878 E-01 | 1.796550 E-02
k 19F) 2 (1s) 3(2p) 4 (25) 52p")
R, | 4176561 E-03 | 2.753309 E-01 | 4.847945 E-01 | 2255511 E+00 | 2.825589 E+00
p. | 2949151 E+07 | ~2.291743 E+01 | —4.161086 E-02 | —9.479146 E-02 | —5.318060 E-02
o, | 2.571045E+03 | 3.638866 E+01 | 1.405815E+01 | 1.114922 E+00 | 3.595575 E-02
k 1 (10 Ne) 2 (1s) 3(2p) 4 (2s) 52p")
R, | 2985142E-03 | 2470362 E-01 | 4.491695E-01 | 2.035740 E+00 | 2.617951 E+00
p. | 8974622 E+07 | -3.172744 E+01 | —5.659451 E-02 | —1.368319 E-01 | ~8.023741 E-02
o, | 4002938 E+03 | 4.617305 E+01 | 1.754276 E+01 | 1.481199 E+00 | 5.649046 E-02
k 1 (11 Na) 2 (1s) 3(2p)
R, | 2333813E-03 | 2222812 E-01 | 3.361773 E-01
p. | 2065883 E+08 | —4.357330 E+01 | —9.895069 E-02
o, | 5.636078 E+03 | 5.702576 E+01 | 2.540262 E+01
4 (25) 52p") 6 (3s)
1.691207 E+00 | 1.959385 E+00 | 9.942100 E+00

—2.903333 E-01

—-1.916255 E-01

—2.429277 E-04

2.264005 E+00

4.264542 E-01

2.565704 E-02

109




L. Chkhartishvili & T. Berberashvili. Nano Studies, 1, 103-144, 2010

k 1 (12 Mg) 2 (1s) 3(2p)
R, | 1.833883E-03 | 2.019651 E-01 | 2.741860 E-01
p. | 4.644914 E+08 | -5.811295 E+01 | —1.551165 E-01
o, | 7829429 E+03 | 6.933347 E+01 | 3.379468 E+01
4 (2s) 5(2p") 6 (3s)
1.457155 E+00 | 1.598073 E+00 | 8.433944 E+00
~5.078705 E-01 | —=3.535498 E-01 | —=7.958830 E—04
3.315594 E+00 | 9.711561 E-01 | 6.118891 E—02
k 1 (13 Al 2 (1s) 3(2p) 4 (3p)
R, | 1.462229E-03 | 1.848984E-01 | 2.308930 E-01 | 5.466816 E-01
p. | 9.926781 E+08 | =7.576501 E+01 | —2.311670 E-01 | —8.218780 E-01
o, | 1.064293 E+04 | 8299728 E+01 | 4.322824 E+01 | 1.753508 E+01
5 (2s) 6 (2p") 7(3s) 8 3p")
1.276364 E+00 | 1.345743 E+00 | 6.764067 E+00 | 8.712604 E+00
~8.222391 E-01 | —5.926148 E-01 | —1.903885 E-03 | —3.610562 E-04
3.600567 E+00 | 1.684978 E+00 | 1.386415E—01 | 2.846971 E-03
k 1 (14 Si) 2 (1s) 3(2p) 4 (3p)
R, | 1.177767E-03 | 1704832 E-01 | 2.007802 E-01 | 4.595484 E-01
p. | 2045794 E+09 | -9.668486 E+01 | =3.248175 E-01 | —1.223166 E+00
o, | 1423563 E+04 | 9.804605 E+01 | 5346299 E+01 | 2.372269 E+01
5(2s) 6 (2p") 7 (3s) 8 (3p")
1.139926 E+00 | 1.170233 E+00 | 5.774354 E+00 | 7.323940 E+00
—1.224381 E+00 | —9.020437 E-01 | —3.695549 E-03 | —1.215666 E-03
5.013770 E+00 | 2.545996 E+00 | 2.317236 E-01 | 6.068273 E-03
k 1 (15P) 2 (1s) 3(2p) 4 (3p)
R, | 9593563 E-04 | 1581438 E-01 | 1.782334E-01 | 4.002321 E-01
p. | 4055672 E+09 | —1.211595 E+02 | —4.380049 E-01 | —1.722228 E+00
o, | 1.873096 E+04 | 1.144569 E+02 | 6.457731 E+01 | 3.040964 E+01
5(2s) 6 (2p") 7 (3s) 8 (3p")
1.032033 E+00 | 1.038820 E+00 | 5.083961 E+00 | 6.378601 E+00
—1.724988 E+00 | —1.290617 E+00 | —=6.393927 E-03 | —2.760347 E-03
6.608240 E+00 | 3.548359 E+00 | 3.396463 E-01 | 9.624267 E—03
k 1(16 S) 2 (1s) 3(2p) 4 (3p)
R, | 787314TE-04 | 1.474384E-01 | 1.602340 E-01 | 3.787647 E-01
p. | 7.826836 E+09 | —1.495490 E+02 | -5.752957 E-01 | —2.342732 E+00

2435211 E+04

1.322761 E+02

7.674520 E+01

3.528555 E+01
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S (2p") 6 (25) 73s) 8 (3p")
9.339120 E-01 | 9.425845 E-01 | 4.523887 E+00 | 6.036469 E+00
—2.347074 E+00 | —5.796381 E-01 | -9.499509 E-03 | —4.342400 E-03

8.375741 E+00 | 4.756158 E+00 | 5.098488 E~01 | 2.058169 E-02
k 1(17 CI) 2 (1s) 3(2p) 4 (3p)
R, | 6532226 E-04 | 1.380891 E-01 | 1.457901 E-01 | 3.520031 E-01
p. | 1456052 E+10 | —1.820631 E+02 | —7.359436 E-01 | —3.082461 E+00
o, | 3.119221 E+04 | 1.514459 E+02 | 8.983302 E+01 | 4.146700 E+01
52p") 6 (25) 7 (3s) 8 (3p")
8.497267 E~01 | 8.684381 E-01 | 4.095949 E+00 | 5.609963 E+00
—3.089224 E+00 | —7.427061 E-01 | —1.371081 E=02 | —6.762524 E-03
1.047479 E+01 | 6.101408 E+00 | 6.943084 E-01 | 3.204793 E-02
k 1 (18 Ar) 2 (1s) 3(2p) 4 (3p)
R, | 5474781 E-04 | 1.298535E-01 | 1.338860 E-01 | 3.258315 E-0l
p. | 2618688 E+10 | —2.189839 E+02 | -9.217434 E-01 | —3.951462 E+00
o, | 3.941303 E+04 | 1.719603 E+02 | 1.038562 E+02 | 4.862917 E+01
5(2p") 6 (25) 7 (3s) 8 (3p")
7.803446 E-01 | 8.057526 E~01 | 3.753883 E+00 | 5.192860 E+00
~3.961694 E+00 | =9.319752 E-01 | —1.925783 E~02 | —1.023175 E-02
1.282209 E+01 | 7.582522 E+00 | 8.919572E~01 | 4.376578 E-02
k 1 (19K) 2 (2p) 3 (1s) 4 (3p) 52p")
R, | 4727958 E-04 | 1.220427E-01 | 1.223829E-01 | 2.564030 E-01 | 7.113169 E-01
p. | 4291847 E+10 | -2.616615 E+02 | —2.656616 E+02 | —5.178522 E+00 | —5.199519 E+00
o, | 4817966 E+04 | 1.942944 E+02 | 1.195273 E+02 | 6.680192 E+01 | 1.623827 E+01
6 (25) 7 (3s) 8 (3p") 9 (4s)
7.430389 E-01 | 3.208255 E+00 | 4.086360 E+00 | 1.473043 E+01
—1.199407 E+00 | —3.553070 E-02 | —2.107182 E~02 | —7.469050 E-05
9.178612 E+00 | 1.258072 E+00 | 2.068058 E-01 | 1.499003 E-02
k 1 (20 Ca) 2 (2p) 3(1s) 4 (3p) 52p")
R, | 4088020 E—04 | 1.121988E-01 | 1.157157 E-01 | 2.163349 E-01 | 6.539423 E-01
p. | 6.988798 E+10 | -3.096286 E+02 | —3.147766 E+02 | —6.625287 E+00 | —6.660246 E+00
o, | 5.866054 E+04 | 2246811 E+02 | 1.363192E+02 | 8373755 E+01 | 1.982931 E+01

6 (2s)

7 (3s)

8 3p")

9 (4s)

6.895990 E-01

2.831339 E+00

3.447784 E+00

1.279289 E+01

—1.512189 E+00

—-5.622245 E-02

—-3.518632 E-02

—2.280529 E-04

1.103673 E+01

1.726474 E+00

4.329498 E-01

3.507845 E-02
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k 1(21S¢) 2 (2p) 3(1s) 4 (3p)
R, | 3.495658 E-04 | 1.046439 E-01 | 1.097974 E-01 | 1.996252 E-01
p. | 1.173664 E+11 | =3.625008 E+02 | —3.688463 E+02 | —8.130180 E+00
o, | 7203863 E+04 | 2552117 E+02 | 1.537630 E+02 | 9.620138 E+01
52p") 6 (25) 7 3d) 8 (3s)
6.099095 E-01 | 6.475133E~01 | 1.529288 E+00 | 2.647865 E+00
—8.174672 E+00 | —1.829179 E+00 | —7.046518 E-02 | —7.177448 E—02
2333772 E+01 | 1.310249 E+01 | 5.350410 E+00 | 1.412970 E+00
9 (3p") 10 (4s) 11 (3d")
3.181477 E+00 | 5.707379 E+00 | 1.234108 E+01
—4.605550 E-02 | —1.563323 E-03 | —2.540280 E-04
5766749 E-01 | 2.237779 E-01 | 2.179856 E-02
k 1(22Ti) 2 (2p) 3(1s) 4 (3p)
R, | 3.013518E-04 | 9.820236 E-02 | 1.044639 E-01 | 1.869609 E-01
p. | 1919167 E+11 | —4.209588 E+02 | —4.286367 E+02 | -9.801412 E+00
o, | 8755133 E+04 | 2.872142E+02 | 1.721800 E+02 | 1.087104 E+02
52p") 6 (25) 7 3d) 8 (3s)
5723653 E-01 | 6.110909 E-01 | 1.908091 E+00 | 2.502871 E+00
—9.855572 E+00 | —2.177684 E+00 | —8.538408 E-02 | —8.673223 E-02
2709414 E+01 | 1.537353 E+01 | 4.186494 E+00 | 1.335356 E+00
9 (3p") 10 (3d") 11 (4s)
2.979643 E+00 | 7.121092 E+00 | 8.521671 E+00
~5.627954 E-02 | —2.119704 E-03 | —7.715554 E-04
7476607 E-01 | 1.196428 E~01 | 3.156347 E-03
k 1(23V) 2 (2p) 3(1s) 4(3p)
R, | 2.601095E-04 | 9.256893 E-02 | 9.962640 E-02 | 1.762791 E-01
p. | 3.120117 E+11 | —4.853546 E+02 | —4.945213 E+02 | —1.166471 E+01
o, | 1.060522 E+05 | 3.209083 E+02 | 1.916313 E+02 | 1.217554 E+02
52p") 6 (2s) 7 3d) 8 (3s)
5395313 E-01 | 5.788639E~01 | 1.867140 E+00 | 2.377964 E+00
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—1.172932 E+01

—2.562651 E+00

—-1.010817 E-01

—1.032399 E-01

3.114340 E+01 | 1.785930 E4+01 | 4.730460 E+00 | 1.618205 E+00
9 (3p") 10 (3d") 11 (4s)
2.809404 E+00 | 6.968261 E+00 | 7.924130 E+00

—6.773191 E-02

—3.117812 E-03

—9.595919 E-04

9.784493 E-01

1.402956 E-01

1.832263 E-03
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k 1(24 Cr) 2 (2p) 3(1s) 4 (3p)
R, | 2257520E-04 | 8758647 E-02| 9.521818 E-02 | 1.670378 E-01
p. | 4979986 E+11 | -5.559828 E+02 | —5.668046 E+02 | —1.373243 E+01
o, | 1275136 E+05 | 3.562990E+02 | 2.121004E+02 | 1.353698E+02
52p") 6 (25) 7 3d) 8 (3s)
5.104914 E-01 | 5.500740 E-01 | 1.831115E+00 | 2.268075 E+00
—1.380838 E+01 | —2.986651 E+00 | —1.179983 E-01 | —1.210491 E-01
3.546478 E+01 | 2.053528 E+01 | 5.299796 E+00 | 1.929230 E+00
9 (3p") 10 (3d") 11 (4s)
2.662124 E+00 | 6.833814 E+00 | 7.498190 E+00
~8.012597 E—02 | —4.183420 E-03 | —1.132588 E-03
1.243684 E+00 | 1.661301 E-01 | 1.045829 E-03
k 1 (25 Mn) 2 (2p) 3(1s) 4 (3p)
R, | 1.970173E-04 | 8315498 E-02 | 9.118571 E-02 | 1.590773 E-01
p. | 7804374 E+11 | -6.331017 E+02 | —6.457474 E+02 | —1.600771 E+01
o, | 1.522077E+05 | 3.933287 E+02 | 2335698 E+02 | 1.494468 E+02
52p") 6 (25) 7 3d) 8 (3s)
4.846627 E-01 | 5.242371 E-01 | 1.800835 E+00 | 2.171677 E+00
—1.609563 E+01 | —3.449931 E+00 | —1.358885 E-01 | —1.398977 E-01
4.004232 B+01 | 2.339427 E+01 | 5.880152 E+00 | 2.258767 E+00
9 (3p") 10 (3d") 11 (4s)
2.535256 E+00 | 6.720807 E+00 | 7.077436 E+00
—9.327942 E-02 | —5.355993 E-03 | —1.346833 E-03
1.535328 E+00 | 1.929413 E-01 | 3.586332 E-04
k 1 (26 Fe) 2 (2p) 3 (1s) 4 (3p)
R, | 1728400 E—04 | 7.911165E-02 | 8.747507 E-02 | 1.512669 E-01
p. | 1202131 E+12 | -7.171896 E+02 | =7.318750 E+02 | —1.854820 E+01
o, | 1.804475E+05 | 4323994 E+02 | 2561417 E+02 | 1.647530 E+02
52p") 6 (2s) 7 3d) 8 (3s)
4.610965 E-01 | 5.005045 E-01 | 1.764513 E+00 | 2.077770 E+00
—1.865046 E+01 | —=3.965039 E+00 | —1.568596 E-01 | —1.619738 E-01
4495410 B+01 | 2.645283 E+01 | 6.529329 E+00 | 2.639717 E+00
9 (3p") 10 (3d") 11 (4s)
2410779 E+00 | 6.585254 E+00 | 7.033322 E+00

—1.087447 E-01

—6.486578 E-03

—1.372334 E-03

1.883139 E+00

2.331049 E-01

5.767085 E-04




L. Chkhartishvili & T. Berberashvili. Nano Studies, 1, 103-144, 2010

k 1 (27 Co) 2 (2p) 3(1s) 4 (3p)
R, | 1.524057E-04 | 7.547369 E-02 | 8.405654 E—02 | 1.444711 E-01
p. | 1.820837 E+12 | -8.083521 E+02 | —8.252652 E+02 | —2.131927 E+01
o, | 2125211 E+05 | 4731134 E+02 | 2797123 E+02 | 1.805247 E+02
52p") 6 (25) 7 3d) 8 (3s)
4398029 E-01 | 4.789933 E-01 | 1.733761 E+00 | 1.994624 E+00
—2.143665 E+01 | —4.523643 E+00 | —1.790090 E-01 | —1.852988 E—01
5011827 E+01 | 2.969002 E+01 | 7.183303 E+00 | 3.034107 E+00
9 (3p") 10 (3d") 11 (4s)
2302473 E+00 | 6.470483 E+00 | 6.883165 E+00
—1.251318 E-01 | —=7.753902 E-03 | —1.464120 E-03
2.253930 E+00 | 2.716290 E-01 | 5.219691 E~04
k 1 (28 Ni) 2 (2p) 3(1s) 4 (3p)
R, | 1350222E-04 | 7.216906 E-02 | 8.089558 E-02 | 1.383599 E-01
p. | 2715524 E+12 [ -9.069139 E+02 | -9.262582 E+02 | —2.434036 E+01
o, | 2487756 E+05 | 5.155529 E+02 | 3.043036 E+02 | 1.969151 E+02
52p") 6 (25) 7 3d) 8 (3s)
4206321 E-01 | 4.593284 E-01 | 1.705828 E+00 | 1.919013 E+00
—2.447399 E+01 | —5.129635 E+00 | —2.027591 E-01 | —2.103064 E-01
5555121 E+01 | 3.311022 E+01 | 7.853485 E+00 | 3.448915 E+00
9 (3p") 10 (3d") 11 (4s)
2.205076 E+00 | 6.366238 E+00 | 6.728001 E+00
—1.427436 E-01 | —9.115030 E-03 | —1.567773 E-03
2.654621 E+00 | 3.114798 E-01 | 4.295498 E-04
k 1(29 Cu) 2 (2p) 3 (1s) 4 (3p)
R, | 1.220837E-04 | 6.915185E-02 | 7.796404 E-02 | 1.328183 E-0l
p. | 3.804836 E+12 | —1.013164 E+03 | ~1.035152 E+03 | —2.762119 E+01
o, | 2.849738 E+05 | 5.586503 E+02 | 3.288432E+02 | 2.128615 E+02
52p") 6 (2s) 7 3d) 8 (3s)
4.030465 E-01 | 4.412704 E-01 | 1.042111 E+00 | 1.849776 E+00
—2.777226 E+01 | —5.783729 E+00 | —2.269000 E-01 | —2.641396 E~01
6.017921 E+01 | 3.563878 E+01 | 1.517850 E+01 | 4.534901 E+00
9 (3p") 10 (3d") 11 (4s)

114

2.116759 E+00

3.889212 E+00

1.060109 E+01

—1.887026 E-01

—-3.764039 E-02

—4.007654 E-04

2.139620 E+00

6.068395 E-01

3.377457 E-02
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k 1 (30 Zn) 2 (2p") 3 (1s) 4 (3p")
R, 1.093014 E-04 | 6.639125 E-02 | 7.523854 E-02 | 1.278388 E-01
0. 5.484732 E+12 | —1.127357 E+03 | —1.152204 E+03 | -3.116592 E+01
o, 3.292847 E+05 | 6.042967 E4+02 | 3.552648 E+02 | 2.302047 E+02
5(2p") 6 (25) 7 (3d") 8 (3s)
3.869566 E-01 | 4.246594 E-01 | 1.013522 E+00 | 1.786819 E+00
-3.133533 E+01 | —6.488273 E+00 | —2.535231 E-01 | -2.985017 E-01
6.593855 E+01 | 3.922154 E4+01 | 1.655417 E+01 | 5.018828 E+00
9 3p") 10 (3d") 11 (4s)
2.037400 E+00 | 3.782514 E+00 | 1.045940 E+01
—2.148067 E-01 | —4.539589 E-02 | -4.172736 E-04
2411364 E+00 | 6.624929 E-01 | 3.470547 E-02
k 1 (31 Ga) 2 (2pY) 3 (1s) 4 (3p") 5 (2p")
R, 9.999056 E-05 | 6.354192 E-02 | 7.266068 E-02 | 1.183149 E-01 | 3.703495 E-01
P 7.402800 E+12 | —1.251794 E+03 | —1.280136 E+03 | —3.549781 E+01 | —=3.571151 E+01
o, 3719511 E+05 | 6.541462 E+02 | 3.827763 E+02 | 2.556463 E+02 | 7.203164 E+01
6 (4p") 7 (2s) 8 (3d) 9 (3s)
4.000629 E-01 | 4.075339 E-01 | 8.207280 E-01 | 1.677752 E+00
—=7.369772 E+00 | =7.369910 E+00 | -3.156732 E-01 | —4.003778 E-01
4.294966 E+01 | 4.044939 E+01 | 2.158163 E+01 | 5.860955 E+00
10 (3p") 11 (3d") 12 (4s) 13 (4p")
1.885615 E+00 | 3.062999 E+00 | 8.681390 E+00 | 1.198854 E+01
-2.992761 E-01 | —8.557296 E-02 | —8.683064 E-04 | —1.385572 E-04
2.525737 E+00 | 9.701396 E-01 | 8.953004 E-02 | 3.130941 E-03
k 1 (32 Ge) 2 (2p") 3 (ls) 4 (3p") 5 (4p")
R, 9.152975 E-05 | 6.091629 E-02 | 7.025164 E-02 | 1.102557 E-01 | 3.407788 E-01
ol 9.962644 E+12 | —1.385189 E+03 | —1.417356 E+03 | —4.023520 E+01 | —4.049928 E+01
o, 4.194475 E+05 | 7.062215 E+02 | 4.114887 E4+02 | 2.818673 E+02 | 8.232897 E+01
6 (2p") 7 (2s) 8 (3d) 9 (3s)
3.550461 E-01 | 3.916665 E-01 | 7.011994 E-01 | 1.582128 E+00
—4.049972 E+01 | —8.332968 E+00 | —3.861721 E-01 | -5.219974 E-01
5.031343 E+01 | 4.588502 E4+01 | 2.635623 E+01 | 6.739995 E+00
10 (3p") 11 (3d") 12 (4s) 13 (4p")
1.757173 E+00 | 2.616912 E+00 | 7.604480 E+00 | 1.021199 E+01

—4.014337 E-01

—1.373594 E-01

—1.534117 E-03

—4.483593 E-04

2.784645 E+00

1.339787 E+00

1.525060 E-01

6.312235 E-03
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k 1 (33 As) 2(2p) 3 (1s) 4 (3p) 5 (4p)
R, | 8390709 E-05 | 5.848880 E-02 | 6.799527 E-02 | 1.032950 E-01 | 3.005274 E-01
p. | 1.333612E+13 | —1.527877 E+03 | —1.564217 E+03 | —4.540040 E+01 | —4.572154 E+01
o, | 4718582E+05 | 7.604931 E+02 | 4.413606 E+02 | 3.089537 E+02 | 9.868202 E+01
6 (2p") 7 (2s) 8 (3d) 9 (3s)
3.408977 E-01 | 3.769232 E-01 | 6.168400 E-01 | 1.497231 E+00
—4.572252 E+01 | —9.382132 E+00 | —4.658747 E-01 | —6.653952 E-01
5.747501 E+01 | 4.960630 E+01 | 3.109604 E+01 | 7.683508 E+00
10 (3p") 11 (3d") 12 (4s) 13 (4p")
1.646238 E+00 | 2.302078 E+00 | 6.830392 E+00 | 9.005793 E+00
—5.231378 E-01 | —2.019994 E-01 | —2.478899 E-03 | —9.805796 E—04
3142610 E+00 | 1.769067 E+00 | 2.236234 E-01 | 9.621769 E-03
k 1 (34 Se) 2(2p) 3 (1s) 4 (3p) 5 (4p)
R, | 7701127E-05 | 5.622750 E-02 | 6.587597 E-02 | 9.705244 E-02 | 2.878107 E-01
p. | 1777164 E+13 | ~1.680309 E+03 | —1.721213 E+03 | 5.104387 E+01 | —5.143105 E+01
0. | 5296960 E+05 | 8.171156 E+02 | 4.724217 E+02 | 3.373356 E+02 | 1.075189 E+02
6 (2p") 7 (25) 8 (3d) 9 (3s)
3277179 E-01 | 3.631299 E-01 | 5.508007 E-01 | 1.419578 E+00
—5.143254 E+01 | —1.052897 E+01 | —5.575898 E—01 | —8.378243 E-01
6.232486 E+01 | 5.356944 E+01 | 3.603637 E+01 | 8.745636 E+00
10 (3p") 11 (3d") 12 (4s) 13 (4p")
1.546749 E+00 | 2.055616 E+00 | 6.181776 E+00 | 8.624716 E+00
~6.709217 E-01 | —2.837442 E-01 | —3.509678 E-03 | —1.488515 E—03
3.616572 E+00 | 2.303229 E+00 | 3.376347 E-01 | 1.833763 E-02
k 1 (35 Br) 2(2p) 3 (1s) 4 (3p) 5 (4p")
R, | 7.079964E-05 | 5413089 E-02 | 6.388372E—-02 | 9.159978 E-02 | 2.701979 E-01
p. | 2.354433E+13 | —1.842653 E+03 | —1.888496 E+03 | —5.714848 E+01 | —5.760900 E+01
0. | 5931226 E+05 | 8.758716 E+02 | 5.046158 E+02 | 3.665159 E+02 | 1.196651 E+02
6 (2p") 7 (25) 8 (3d) 9 (3s)
3.154980 E-01 | 3.502848 E-01 | 4.996283 E-01 | 1.350318 E+00
~5.761125 E+01 | —1.176836 E+01 | —6.593011 E-01 | —1.034761 E+00
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6.833061 E+01 | 5.776175 E4+01 | 4.103985 E+01 | 9.882824 E+00
10 (3p") 11 (3d") 12 (4s) 13 (4p")
1.459849 E+00 | 1.864638 E+00 | 5.676813 E+00 | 8.096922 E+00

—8.408365 E-01

—-3.803189 E-01

—4.858655 E-03

—2.248732 E-03

4.163553 E+00

2.892445 E+00

4.591730 E-01

2.713501 E-02
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k 1 (36 Kr) 2 (2p) 3(1s) 4 (3p) 5 (4p)
R, | 6520398E-05 | 5218195E-02 | 6.200750 E-02 | 8.678239 E-02 | 2.523121 E-0l
p. | 3.100213 E+13 | —2.015226 E+03 | —2.066399 E+03 | —6.373287 E+01 | —6.427441 E+01
o, | 6.624313E+05 | 9.367502E+02 | 5379329 E+02 | 3.965350 E+02 | 1.337821 E+02
6 (2p") 7 (25) 8 (3d) 9 (3s)
3.041387 E-01 | 3.382960 E-01 | 4.584139 E-01 | 1.288048 E+00
—6.427773 E+01 | —1.310405 E+01 | —7.715564 E-01 | —1.257663 E+00
7503190 E+01 | 6.217318 E+01 | 4.615233 E+01 | 1.109493 E+01
10 (3p") 11 (3d") 12 (4s) 13 (4p")
1.383073 E+00 | 1.710824 E+00 | 5.268325 E+00 | 7.560943 E+00
—1.034231 E+00 | —4.926861 E-01 | —6.579293 E-03 | —3.313988 E~03
4773982 E+00 | 3.534833 E+00 | 5.868131 E-01 | 3.586672 E-02
k 1 (37 Rb) 2 (2p) 3(1s) 4 (3p) 5 (4p))
R, | 6.070802E-05 | 5.026544 E-02 | 6.022254E-02 | 8.132292E-02 | 2.029644 E-01
p. | 3.947980 E+13 | —2.200059 E+03 | —2.257313 E+03 | —7.124147 E+01 | —7.189957 E+01
o, | 7312598 E+05 | 1.001329E+03 | 5.724190 E+02 | 4.312196 E+02 | 1.753015 E+02
6 (2p") 7 (25) 8 (3d) 9 (3s) 10 (3p")
2.929685E-01 | 3.264912E~01 | 4.121461 E-01 | 1.218004 E+00 | 1.296064 E+00
~7.190594E+01 | —1.465283 E+01 | —9.336976 E-01 | —1.602583 E+00 | —1.338345 E+00
8.859241E+01 | 6.646259 E+01 | 5.220725 E+01 | 1.238409 E+01 | 5.373080 E+00
11 (3d") 12 (4s) 13 (4p") 14 (55)
1.538150 E+00 | 4.582967 E+00 | 6.082158 E+00 | 1.904387 E+01
~6.802465 E-01 | —1.136136 E-02 | —6.401139 E-03 | —3.456575 E~05
4252708 E+00 | 8.138172E-01 | 1.393163 E~01 | 1.057707 E-02
k 1 (38 Sr) 2 (2p) 3(1s) 4(3p) 5 (4p)
R, | 5.649045E-05 | 4.848135E-02 | 5.853622E-02 | 7.657762E-02| 1.743202 E-01
p. | 5.032339E+13 | -2.396022 E+03 | —2.459831 E+03 | —7.933502 E+01 | —8.012319 E+01
o, | 8.071016 E+05 | 1.068257 E+03 | 6.081450 E+02 | 4.667447 E+02 | 2.124328 E+02
6 (2p") 7 (2s) 8 (3d) 9 (3s) 10 (3p")
2.825700 E-01 | 3.154582E~01 | 3.757189 E-01 | 1.155770 E+00 | 1.220437 E+00
—8.013324 E+01 | —1.632401 E+01 | —1.114481 E+00 | —1.997390 E+00 | —1.688127 E+00

1.001483 E+02

7.106794 E+01

5.837499 E+01

1.384092 E+01

6.125594 E+00

11 (3d")

12 (4s)

13 (4p")

14 (5s)

1.402202 E+00

4.107361 E+00

5.223789 E+00

1.673859 E+01

—-8.999501 E-01

—1.704132 E-02

—-1.015079 E-02

—1.018086 E-04

5.104113 E+00

1.102047 E+00

2.781945 E-01

2.447504 E-02
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k 139Y) 2 (2p") 3 (1s) 4 (3p")
R, 5.236921 E-05 | 4.685108 E-02 | 5.694566 E-02 | 7.275406 E-02
0. 6.482580 E+13 | —=2.602725 E+03 | -2.673430 E+03 | —8.784124 E+01
o, 8.935358 E4+05 | 1.136812 E+03 | 6.450321 E+02 | 5.017009 E+02

5 (4p"H 6 (2p") 7 (2s) 8 (3d)
1.601441 E-01 | 2.730681 E-01 | 3.053329 E-01 | 3.490053 E-01
—8.876033 E+01 | —8.877329 E+01 | —1.806852 E+01 | —1.295142 E+00
2.395223 E+02 | 1.095471 E+02 | 7.606533 E+01 | 6.442781 E+01

9 (3s) 10 (3p") 11 (3d") 12 (4d")
1.104356 E+00 | 1.159500 E+00 | 1.302505 E+00 | 1.337515 E+00
—2.396705 E+00 | —2.042206 E+00 | —1.123117 E+00 | —2.155444 E-02
1.542110 E+01 | 7.004576 E+00 | 6.043694 E+00 | 5.413486 E+00

13 (4s) 14 (4p") 15 (4d") 16 (5s)
3.841116 E+00 | 4.798980 E+00 | 1.143536 E+01 | 1.414640 E+01
—2.171434 E-02 | —1.328936 E-02 | —3.285598 E-04 | —1.686566 E-04
1.360085 E+00 | 3.863704 E-01 | 6.436441 E-02 | 2.580686 E-03

k 1 (40 Zr) 2 (2p") 3 (1s) 4 (3p")
R, 4.854586 E-05 | 4.533534 E-02 | 5.543996 E-02 | 6.942112 E-02
ol 8.346702 E+13 | —2.820873 E+03 | —2.898909 E+03 | —9.688049 E+01
o, 9.886325 E+05 | 1.207368 E+03 | 6.830739 E+02 | 5.371539 E+02

S (4p"H 6 (2p") 7 (2s) 8 (3d)
1.497748 E-01 | 2.642337 E-01 | 2.958863 E-01 | 3.270379 E-01
—9.793841 E+01 | =9.795425 E+01 | —=1.991792 E+01 | —1.486163 E+00
2.648215 E+02 | 1.187383 E+02 | 8.135216 E+01 | 7.060441 E+01

9 (3s) 10 3p") 11 (3d") 12 (4d'")
1.058841 E+00 | 1.106382 E+00 | 1.220522 E+00 | 1.301045 E+00
—2.824948 E+00 | —2.422741 E+00 | —1.364817 E+00 | —2.603216 E-02
1.711908 E+01 | 7.983580 E+00 | 7.073825 E+00 | 6.258831 E+00

13 (4s) 14 (4p") 15 (4d") 16 (5s)
3.636969 E+00 | 4.488245 E+00 | 1.112355 E+01 | 1.218499 E+01
—2.637962 E-02 | —1.645480 E-02 | —6.113773 E-04 | -2.639161 E-04
1.634497 E+00 | 5.108769 E-01 | 6.803978 E-02 | 6.220605 E-04

k 1 (41 Nb) 2 (2p") 3 (1s) 4 (3p")
R, 4.501991 E-05 | 4.391736 E-02 | 5.401178 E-02 | 6.643865 E-02
P, 1.072707 E+14 | =3.050890 E+03 | —=3.136732 E+03 | —1.064995 E+02

1.092722 E+06

1.280030 E+03

7.222732 E+02

5.733900 E+02
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5 (4p)

6 (2p")

7 (2s)

8 (3d)

1.412630 E-01

2.559691 E-01

2.870219 E-01

3.082248 E-01

—1.077064 E+02

—1.077253 E+02

—2.188346 E+01

-1.690672 E+00

2.899560 E+02 | 1.280690 E+02 | 8.690561 E+01 | 7.697269 E+01
9 (3s) 10 (3p") 11 (3d") 12 (4d")
1.017632 E+00 | 1.058850 E+00 | 1.150311 E+00 | 1.272790 E+00
—-3.289871 E+00 | —2.836797 E+00 | —1.629909 E+00 | —3.070995 E-02
1.893695 E+01 | 9.059018 E+00 | 8.198586 E+00 | 7.145154 E+00
13 (4s) 14 (4p") 15 (4d") 16 (5s)
3.464973 E+00 | 4.233175 E4+00 | 1.088198 E+01 | 1.109917 E+01

-3.126663 E-02

—-1.978928 E-02

—9.058751 E-04

-3.491964 E-04

1.940829 E+00

6.632702 E-01

7.957632 E-02

3.449854 E-05

k 1 (42 Mo) 2 (2p") 3 (ls) 4 (3p")
R, 4.178552 E-05 | 4.258720E-02 | 5.265520 E-02 | 6.374337 E-02
P 1.374305 E+14 | =3.293107 E+03 | —=3.387246 E+03 | —1.167202 E+02
o, 1.206027 E+06 | 1.354802 E+03 | 7.626188 E+02 | 6.104650 E+02
5 (4p) 6 (2p") 7(2s) 8 3d)
1.340394 E-01 | 2.482164 E-01 | 2.786829 E-01 | 2.918330 E-01
—1.180867 E+02 | —1.181088 E+02 | -2.396970 E+01 | —1.909450 E+00
3.152121 E+02 | 1.376027 E+02 | 9.271058 E+01 | 8.354308 E+01
9 (3s) 10 (3p") 11 (3d") 12 (4d")
9.800179 E-01 | 1.015894 E+00 | 1.089135 E+00 | 1.249745 E+00
—=3.793542 E+00 | =3.286271 E+00 | —1.919725 E+00 | -3.563374 E-02
2.086513 E+01 | 1.021983 E4+01 | 9.409282 E+00 | 8.064772 E+00
13 (4s) 14 (4p") 15 (5s) 16 (4d")
3.316004 E+00 | 4.016708 E+00 | 1.031409 E+01 | 1.068495 E+01
-3.641780 E-02 | —=2.332308 E-02 | —1.219220 E-03 | —7.840598 E-04
2272332 E+00 | 8.374436 E-01 | 1.059247 E-01 | 2.258214 E-04
k 1 (43Tc) 2 (2pY) 3 (1s) 4 (3p")
R, 3.882324 E-05 | 4.133751 E-02 | 5.136509 E-02 | 6.129718 E-02
P, 1.754303 E+14 | =3.547815 E+03 | —=3.650753 E+03 | —1.275539 E+02
o, 1.328965 E+06 | 1.431661 E+03 | 8.041074 E+02 | 6.483741 E+02
5 (4p) 6 (2p") 7(2s) 8 3d)
1.278604 E-01 | 2.409326 E-01 | 2.708275 E-01 | 2.774215 E-01
—1.290906 E+02 | —=1.291161 E+02 | -2.617834 E+01 | —2.142288 E+00
3.405277 E+02 | 1.473462 E+02 | 9.876592 E+01 | 9.031936 E+01
9 (3s) 10 (3p") 11 (3d") 12 (4d")
9.455719 E-01 | 9.769087 E-01 | 1.035351 E+00 | 1.231746 E+00
—4.335521 E+00 | =3.770769 E+00 | —2.234002 E+00 | —4.076921 E-02

2.289872 E+01

1.146057 E+01

1.070110 E+01

9.005113 E+00
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13 (4s)

14 (4p")

15 (5s)

16 (4d")

3.186168 E+00

3.831546 E+00

9.587477 E+00

1.053106 E+01

—4.179288 E-02

—2.703122 E-02

—1.565457 E-03

—-1.023670 E-03

2.622872 E+00 | 1.028803 E+00 | 1.492681 E-01 | 2.032708 E-03

k 1 (44 Ru) 2 (2p) 3(1s) 4 (3p)
R, | 3.611369E-05 | 4015578 E-02 | 5.013584 E-02 | 5.902079 E-02
p. | 2230224 E+14 | -3.815532 E+03 | -3.927828 E+03 | —1.390723 E+02
o, | 1461909 E+06 | 1.510763 E+03 | 8.467422 E+02 | 6.874083 E+02

5(4p) 6 (2p") 7(2s) 8 (3d")
1.220143 E-01 | 2.340450 E-01 | 2.633820E~01 | 2.643215E-0l
—1.407939 E+02 | —1.408232 E+02 | —2.852738 E+01 | —2.394761 E+00
3.673248 E+02 | 1.575063 E+02 | 1.050439 E+02 | 9.734860 E+01

9 (3s) 10 (3p") 11 (3d") 12 (4d)
9.133153 E-01 | 9.406294 E-01 | 9.864613 E~01 | 1.209399 E+00
—4.930517 E+00 | —4.303789 E+00 | —2.582260 E+00 | —4.650346 E~02
2.504522 E+01 | 1.278456 E+01 | 1.208312 E+01 | 1.002162 E+01

13 (4s) 14 (4p") 15 (55) 16 (4d")

3.062729 E+00 | 3.656358 E+00 | 9.373947 E+00 | 1.034000 E+01
—4.780123 E-02 | —3.118181 E-02 | —1.877428 E-03 | —1.297767 E-03
3.014346 E+00 | 1.252608 E+00 | 1.818008 E-01 | 2.533380 E-03

k 1 (45 Rh) 2 (2p) 3(1s) 4 (3p)
R, | 3363296 E-05 | 3.904164 E-02 | 4.896407 E-02 | 5.693585 E-02
p. | 2823766 E+14 | —4.096380 E+03 | —4.218567 E+03 | —1.512420 E+02
o, | 1.605423E+06 | 1.591948 E+03 | 8.905132 E+02 | 7.273057 E+02

5 (4p) 6 (2p") 7 (3d) 8 (2s)

120

1.169241 E-01

2.275514 E-01

2.526218 E-01

2.563458 E-01

—1.531597 E+02

—1.531930 E+02

-3.100646 E+01

—-3.391110 E+01

3.942567 E+02

1.678941 E+02

1.127274 E+02

1.045915 E+02

9 (3s)

10 3p")

11 (3d")

12 (4d")

8.835513 E-01

9.074011 E-01

9.427974 E-01

1.191622 E+00

-5.567006 E+00

—4.874783 E+00

—-2.957121 E+00

-5.247938 E-02

2.720889 E+01 | 1.418261 E+01 | 1.354179 E+01 | 1.105142 E+01
13 (4s) 14 (4p") 15 (5s) 16 (4d")
2.953454 E+00 | 3.503823 E+00 | 9.043605 E+00 | 1.018801 E+01

-5.406222 E-02

—-3.552900 E-02

—2.228368 E-03

—1.582837 E-03

3.420811 E+00

1.490568 E+00

2.257527 E-01

4.333491 E-03
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k 1 (46 Pd) 2 (2p) 3(1s) 4 (3p)
R, | 3.135993E-05 | 3.798848 E-02 | 4.784571 E-02 | 5.501025 E-02
p. | 3560771 E+14 | —4390715 E+03 | —4.523348 E+03 | —1.640911 E+02
o, | 1760059 E+06 | 1.675240 E+03 | 9.354178 E+02 | 7.681297 E+02
5(4p) 6 (2p") 7 (3d) 8 (2s)
1.123683 E-01 | 2.214131 E-01 | 2.420456 E-01 | 2.496303 E-01
—1.662173 E+02 | —1.662548 E+02 | —3.362176 E+01 | —3.692404 E+01
4216182 E+02 | 1.785547 E+02 | 1.209265 E+02 | 1.120601 E+02
9 (3s) 10 (3p") 11 (3d") 12 (4d)
8.558870 E~01 | 8.767124 E-01 | 9.033265 E-01 | 1.176168 E+00
—6.248755 E+00 | —5.487216 E+00 | —3.361044 E+00 | —5.876710 E-02
2.945320 E+01 | 1.565481 E+01 | 1.507872 E+01 | 1.210346 E+01
13 (4s) 14 (4p") 15 (55) 16 (4d")
2.854421 E+00 | 3.367301 E+00 | 8.721407 E+00 | 1.005589 E+01
~6.064830 E-02 | —4.011839 E-02 | —2.600952 E~03 | —1.881202 E-03
3.846500 E+00 | 1.746075 E+00 | 2.771911 E-01 | 6.997619 E-03
k 1 (47 Ag) 2 (2p) 3(1s) 4 (3p)
R, | 2952782E-05 | 3.699131 E-02 | 4.677718 E-02 | 5.322435 E-02
p. | 4358279 E+14 | —4.698854 E+03 | —4.842505 E+03 | —1.776379 E+02
o, | 1.909909 E+06 | 1.759912 E+03 | 9.807244 E+02 | 8.091657 E+02
54p) 6 (2p") 7 (3d) 8 (2s)
1.082510 E-01 | 2.156012 E-01 | 2.324222 E~01 | 2.433561 E-01
—1.799854 E+02 | —1.800274 E+02 | —3.637649 E+01 | —4.010617 E+01
4487302 B+02 | 1.887680 E+02 | 1.286466 E+02 | 1.190270 E+02
9 (4d) 10 (3s) 11 (3p" 12 (3d")
7.049601 E-01 | 8.300820 E-01 | 8.482500E—01 | 8.674116 E-01
~6.976692 E+00 | —6.986521 E+00 | —6.151728 E+00 | —3.804267 E+00
3.908188 E+01 | 1.891337 E+01 | 1.646990 E+01 | 1.596332 E+01
13 (4s) 14 (4p") 15 (4d") 16 (55)
2763928 E+00 | 3.243917 E+00 | 6.027200 E+00 | 1.387693 E+01
—7.458398 E-02 | —5.197082 E-02 | —1.000752 E—02 | —1.786739 E-04
4.016741 E+00 | 1.410594 E+00 | 3.639316 E-01 | 2.123996 E-02
k 1 (48 Cad) 2 (2p) 3 (1s) 4 (3p)
R, | 2764401 E-05 | 3.604624 E-02 | 4.575532E-02 | 5.156591 E-02
p. | 5424374 E+14 | -5.022756 E+03 | -5.176336 E+03 | —1.918938 E+02
2.083482 E+06 | 1.853729 E+03 | 1.034221 E+03 | 8.581836 E+02
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S (4p) 6 (2p") 7(3d) 8 (25)
1.045398 E-01 | 2.100929 E-01 | 2.236414 E-01 | 2.373506 E-01
—1.944751 E+02 | —1.945217 E+02 | -3.927316 E+01 | —4.345964 E+01
4.832583 E+02 | 2.063170 E+02 | 1.436819 E+02 | 1.332878 E+02
9 (4d) 10 (3s) 11 (3p") 12 (3d")
6.778536 E-01 | 8.059884 E-01 | 8.218190 E-01 | 8.346412 E-01
—5.182215 E+00 | —7.763532 E+00 | —6.851616 E+00 | —4.270299 E+00

4.795679 E+01 | 2.494971 E+01 | 2.186001 E+01 | 2.135897 E+01
13 (4s) 14 (4p") 15 (4d") 16 (5s)
2.681445 E+00 | 3.132706 E+00 | 5.795447 E+00 | 1.373979 E+01

—8.382595 E-02

-5.906115 E-02

—1.246825 E-02

—1.840775 E-04

6.073621 E+00 | 2.658194 E+00 | 1.097410 E+00 | 3.335212 E-01
k 1 (491In) 2 (2p) 3(1s) 4(3p) 5 (4p)
R, | 2611485E-05 | 3.511143E-02 | 4.477062 E-02 | 4.972748 E-02 | 9.754386 E-02
p. | 6568177 E+14 | -5.360185 E+03 | —5.528167 E+03 | —2.075506 E+02 | —2.104289 E+02
o, | 2251429E+06 | 1.938178 E+03 | 1.075775E+03 | 8.976829 E+02 | 5.220315 E+02
6 (2p") 7 3d) 8 (25) 9 (5p) 10 (4d)
2.046444 E-01 | 2.137762E~01 | 2.314069 E-01 | 3.250338 E-01 | 5.745003 E-01
—2.104863 E+02 | —4.250458 E+01 | —4.729780 E+01 | —8.766608 E+00 | —8.766671 E+00
2.130830 E+02 | 1.462519 E+02 | 1.349310E+02 | 9.904672 E+01 | 4.714387 E+01
11 (3s) 12 (3p") 13 (3d") 14 (4s)
7794883 E-01 | 7.925194 E-01 | 7.978237 E-01 | 2.535737 E+00
—8.786849 E+00 | —7.778728 E+00 | —4.900401 E+00 | —1.071865 E-01
2418580 E+01 | 1.920578 E+01 | 1.889586 E+01 | 4.776507 E+00
15 (4p") 16 (4d") 17 (55) 18 (5p")
2.923061 E+00 | 4.911808 E+00 | 1.158315 E+01 | 1.559485 E+01
~7.790259 E~02 | —2.054839 E-02 | —3.701749 E—-04 | —6.294652 E-05
1.688160 E+00 | 5.692079 E-01 | 5.639479 E-02 | 2.097238 E-03
k 1 (50 Sn) 2 (2p) 3(1s) 4 (3p) 5 (4p))
R, | 2467213E-05 | 3.422326 E-02 | 4.382713E-02 | 4.802160 E-02 | 9.169330 E-02
p. | 7948065 E+14 | -5.714333 E+03 | —5.895736 E+03 | —2.240491 E+02 | —2.272451 E+02
o, | 2431725E+06 | 2.031427 E+03 | 1.125036 E+03 | 9.447684 E+02 | 5.671729 E+02
6 (2p") 7 (3d) 8 (25) 9 (5p) 10 (4d)
1.994678 E-01 | 2.048100 E-01 | 2.257492E~01 | 2.804256 E-01 | 5.062632 E~01
—2.273142 E+02 | —4.591169 E+01 | —5.136238 E+01 | —9.860977 E+00 | —9.861173 E+00
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11 (3s) 12 (3d") 13 3p") 14 (4s)
7.547442 E-01 | 7.643613 E-01 | 7.653325 E-01 | 2.409355 E+00
-9.890659 E+00 | —8.780099 E+00 | —3.329406 E+00 | —1.333130 E-01
2.747505 E+01 | 2.064088 E+01 | 2.044099 E+01 | 5.225673 E+00

15 (4p") 16 (4d") 17 (5s) 18 (5p")
2.747739 E+00 | 4.328401 E+00 | 1.024433 E+01 | 1.345458 E+01

-9.917492 E-02

-3.012673 E-02

—6.401462 E-04

—1.960355 E-04

1.880047 E+00

7.646722 E-01

9.464658 E-02

4.190133 E-03

k 1 (51 Sb) 2 (2p") 3 (1s) 4 (3p") 5 (4p")
R, 2.332088 E-05 | 3.337787 E-02 | 4.292223 E-02 | 4.643023 E-02 | 8.664807 E-02
0. 9.599455 E+14 | —6.083905 E+03 | —6.279443 E+03 | -2.414227 E+02 | -2.449588 E+02
o, 2.624084 E+06 | 2.126981 E4+03 | 1.175481 E+03 | 9.929617 E+02 | 6.127320 E+02
6 (2p") 7 (3d") 8 (2s) 9 (5p) 10 (4d)
1.945405 E-01 | 1.965963 E-01 | 2.203544 E-01 | 2.495391 E-01 | 4.559489 E-01
—2.450406 E+02 | —4.950237 E+01 | =5.566519 E+01 | —1.104041 E+01 | —1.104083 E+01
2.399941 E+02 | 1.653418 E+02 | 1.520799 E+02 | 1.300246 E+02 | 7.044826 E+01
11 (3s) 12 (3d") 13 3p") 14 (4s)
7.315308 E-01 | 7.337072 E-01 | 7.399704 E-01 | 2.297336 E+00
—1.108120 E+01 | —=9.861523 E+00 | —=3.698705 E+00 | —1.625863 E-01
3.066017 E+01 | 2.227480 E4+01 | 2.209584 E+01 | 5.720609 E+00
15 (4p") 16 (4d") 17 (5s) 18 (5p")
2.596551 E+00 | 3.898228 E+00 | 9.270607 E+00 | 1.197267 E+01
—1.232070 E-01 | —4.138160 E-02 | —=1.016576 E-03 | —4.173142 E-04
2.112967 E+00 | 9.840578 E-01 | 1.370464 E-01 | 6.326601 E-03
k 1 (52 Te) 2 (2p") 3 (1s) 4 (3p") 5 (4p")
R, 2.205345 E-05 | 3.257040 E-02 | 4.205326 E-02 | 4.492876 E-02 | 8.208538 E-02
0. 1.157405 E+15 | —6.469406 E+03 | —6.679851 E+03 | —2.597405 E+02 | -2.636431 E+02
o, 2.829311 E+06 | 2.224939 E4+03 | 1.227111 E+03 | 1.042414 E+03 | 6.598953 E+02
6 (3d) 7(2p") 8 (2s) 9 (5p) 10 (4d)
1.889628 E-01 | 1.898342 E-01 | 2.151935E-01 | 2.406710 E-01 | 4.149085 E-01
—2.637394 E+02 | -2.776199 E+02 | —6.023488 E+01 | —1.232182 E+01 | —1.232244 E+01
2.550619 E+02 | 1.753634 E+02 | 1.606489 E+02 | 1.377109 E+02 | 8.029383 E+01
11 (3d") 12 (3s) 13 3p") 14 (4s)
7.052189 E-01 | 7.095263 E-01 | 7.160411 E-01 | 2.194126 E+00
—1.237601 E+01 | —=5.435748 E+00 | —4.099042 E+00 | —1.964236 E-01
3.412204 E+01 | 2.401900 E4+01 | 2.376272 E+01 | 6.286788 E+00
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15 (4p") 16 (4d") 17 (5s) 18 (5p")
2459822 E+00 | 3.547345 E+00 | 8.448161 E+00 | 1.154719 E+01
—1.512217 E-01 | =5.497902 E-02 | —1.412092 E-03 | —6.202203 E-04
2405228 E+00 | 1.258944 E4+00 | 2.074935 E-01 | 1.204640 E-02
k 1(831) 2 (2p") 3 (1s) 4 (3p") 5 (4p")
R, 2.086803 E-05 | 3.180051 E-02 | 4.121852 E-02 | 4.352442 E-02 | 7.808259 E-02
0. 1.392332 E+15 | —6.870988 E+03 | =7.097090 E+03 | -2.789775 E+02 | -2.832702 E+02
o, 3.047541 E+06 | 2.325207 E+03 | 1.279941 E+03 | 1.092975 E+03 | 7.075875 E+02
6 (3d) 7(2p") 8 (2s) 9 (5p) 10 (4d)
1.819331 E-01 | 1.853470 E-01 | 2.102648 E-01 | 2.273653 E-01 | 3.822704 E-01
—-2.833820 E+02 | =2.911583 E+02 | —6.505592 E+01 | -1.369398 E+01 | —1.369489 E+01
2731331 E+02 | 1.857106 E+02 | 1.685551 E+02 | 1.479557 E+02 | 9.094124 E+01
11 (3d") 12 (3s) 13 3p") 14 (4s)
6.789834 E-01 | 6.888415E-01 | 6.936597 E-01 | 2.101721 E+00
—-1.376339 E+01 | =5.987138 E+00 | —4.526363 E+00 | —2.336622 E-01
3.772690 E+01 | 2.586681 E+01 | 2.548103 E+01 | 6.899952 E+00
15 (4p") 16 (4d") 17 (5s) 18 (5p")
2.339872 E+00 | 3.268298 E+00 | 7.803381 E+00 | 1.090880 E+01
—1.822322 E-01 | =7.041664 E-02 | —1.924337 E-03 | -9.195065 E-04
2.730047 E+00 | 1.556790 E+00 | 2.824270 E-01 | 1.830144 E-02
k 1 (54 Xe) 2 (2p") 3 (1s) 4 (3p") 5 (4p")
R, 1.976032 E-05 | 3.106561 E-02 | 4.041604 E-02 | 4.220737 E-02 | 7.452533 E-02
0. 1.670796 E+15 | =7.288990 E+03 | —=7.531521 E+03 | —=2.991585 E+02 | -3.038657 E+02
o, 3.279111 E+06 | 2.427739 E+03 | 1.333923 E+03 | 1.144606 E+03 | 7.559227 E+02
6 (3d) 7(2p") 8 (2s) 9 (5p) 10 (4d)
1.754323 E-01 | 1.810636 E-01 | 2.055529 E-01 | 2.134902 E-01 | 3.554090 E-01
-3.039943 E+02 | =3.126674 E+02 | =7.013605 E+01 | -1.516040 E+01 | -1.516174 E+01
2916489 E+02 | 1.963378 E+02 | 1.766887 E+02 | 1.594076 E+02 | 1.021463 E+02
11 (3d") 12 (3s) 13 3p") 14 (4s)
6.547224 E-01 | 6.693523 E-01 | 6.726696 E-01 | 2.018208 E+00
—1.524696 E+01 | —6.573828 E+00 | —4.981703 E+00 | —2.744835 E-01
4.139147 E+01 | 2.780050 E+01 | 2.727882 E4+01 | 7.550129 E+00
15 (4p") 16 (4d") 17 (5s) 18 (5p")
2.233273 E+00 | 3.038641 E+00 | 7.276186 E+00 | 1.024308 E+01

124

—-2.164013 E-01

—8.779759 E-02

—2.572283 E-03

—1.332830 E-03

3.079605 E+00

1.873818 E+00

3.598366 E-01

2.419956 E-02




L. Chkhartishvili & T. Berberashvili. Nano Studies, 1, 103-144, 2010

k 1 (55 Cs) 2 (2p") 3 (ls) 4 (3p") 5 (4p")
R, 1.882567 E-05 | 3.034583 E-02 | 3.964060 E-02 | 4.085289 E-02 | 7.021561 E-02
P 1.967990 E+15 | =7.725818 E+03 | =7.986020 E+03 | —3.208696 E+02 | —3.260607 E+02
o, 3.505658 E+06 | 2.533596 E+03 | 1.388984 E+03 | 1.198794 E+03 | 8.156654 E+02
6 (3d) 7 (5p") 8 (2p") 9 (2s) 10 (4d)
1.687565 E-01 | 1.746273 E-01 | 1.768685 E-01 | 2.009346 E-01 | 3.222227 E-01
-3.262145 E+02 | =3.359582 E+02 | —3.359606 E+02 | —7.575875 E+01 | —1.690460 E+01
3.125647 E+02 | 2.091124 E4+02 | 2.029666 E+02 | 1.847288 E+02 | 1.168266 E+02
11 (3d") 12 (3s) 13 (3p") 14 (4s) 15 (4p")
6.298078 E-01 | 6.493185E-01 | 6.510829 E-01 | 1.918350 E+00 | 2.104125 E+00
—1.701896 E+01 | —7.275268 E+00 | —5.531181 E+00 | -3.400614 E-01 | —2.724285 E-01
4.560922 E+01 | 2.963468 E+01 | 2.894976 E+01 | 8.178919 E+00 | 3.407417 E+00
16 (4d") 17 (5s) 18 (5p") 19 (6s)
2.754908 E+00 | 6.371605 E+00 | 8.378469 E+00 | 2.412889 E+01
—1.186612 E-01 | —4.298250 E-03 | —2.452407 E-03 | —1.699414 E-05
2.230443 E+00 | 5.019411 E-01 | 9.493183 E-02 | 7.804349 E-03
k 1 (56 Ba) 2 (2p") 3 (ls) 4 (3p") 5 (4p")
R, 1.792580 E-05 | 2.965819 E-02 | 3.889412 E-02 | 3.958653 E-02 | 6.648555 E-02
P, 2.320937 E+15 | —8.179920 E+03 | —8.458643 E+03 | —3.436230 E+02 | —3.493284 E+02
o, 3.748586 E+06 | 2.641857 E+03 | 1.445293 E+03 | 1.254123 E+03 | 8.757556 E+02
6 (5p") 7 (3d) 8 (2p") 9 (2s) 10 (4d)
1.518527 E-01 | 1.626049 E-01 | 1.728606 E-01 | 1.965160 E-01 | 2.961243 E-01
—3.495095 E+02 | —=3.495132 E+02 | -3.604051 E+02 | -8.168176 E+01 | —1.876769 E+01
3.578978 E+02 | 2.377281 E+02 | 2.187389 E+02 | 1.930848 E+02 | 1.294398 E+02
11 (3d") 12 (3s) 13 3p") 14 (4s) 15 (4p")
6.068497 E-01 | 6.304911 E-01 | 6.309005 E-01 | 1.829902 E+00 | 1.992348 E+00
—-1.891503 E+01 | —=8.023115 E+00 | —6.118073 E+00 | —4.126575 E-01 | -3.347359 E-01
4.988457 E+01 | 3.163095 E+01 | 3.077654 E+01 | 8.913591 E+00 | 3.824103 E+00
16 (4d") 17 (5s) 18 (5p") 19 (6s)
2.531775 E+00 | 5.749176 E+00 | 7.285766 E+00 | 2.137902 E+01
—-1.536089 E-01 | —6.265215 E-03 | —3.752607 E-03 | —4.886279 E-05
2.660332 E+00 | 6.818691 E-01 | 1.877558 E-01 | 1.790125 E-02
k 1 (57 La) 2 (2p") 3 (1s) 4 (3p") 5 (4p")
R, 1.692451 E-05 | 2.902829 E-02 | 3.818004 E-02 | 3.859718 E-02 | 6.475144 E-02
O, 2.806973 E+15 | —8.648024 E+03 | —8.945288 E+03 | —3.663737 E+02 | —3.725292 E+02
4.041273 E+06 | 2.750477 E+03 | 1.502852 E+03 | 1.307546 E+03 | 9.178818 E+02
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6 (5p) 7 (3d) 8 (2p") 9 (2s)
1.492569 E-01 | 1.579506 E-01 | 1.691893 E-01 | 1.924604 E-01
—3.727252 E+02 | =3.727291 E+02 | -3.846125 E+02 | —8.734805 E+01
3.729340 E+02 | 2.494777 E+02 | 2.300989 E+02 | 2.021814 E+02
10 (4d") 11 (3d") 12 (3p") 13 (3s)
2.863917 E-01 | 5.894798 E-01 | 6.151331 E-01 | 6.155785 E-01
—2.037232 E+01 | =2.053520 E+01 | —8.651790 E+00 | —2.496299 E+00
1.372805 E+02 | 5.348854 E+01 | 3.393667 E+01 | 3.292557 E+01
14 (4s) 15 (4p") 16 (4/) 17 (4d")
1.785570 E+00 | 1.940382 E+00 | 2.298301 E+00 | 2.448564 E+00
—4.494250 E-01 | =3.655542 E-01 | -1.694816 E-01 | —1.702380 E-01
9.680064 E+00 | 4.253781 E+00 | 3.240094 E+00 | 2.588716 E+00
18 (59) 19 (4") 20 (5p") 21 (6s)
5.648357 E+00 | 6.894903 E+00 | 7.161220 E+00 | 2.121609 E+01

—7.356273 E-03

—4.706705 E-03

—-3.950365 E-03

—4.999715 E-05

7.526164 E-01

2.064493 E-01

1.488919 E-01

1.818341 E-02

k 1 (58 Ce) 2 (2p) 3 (Ls) 4(3p) 5 (4p)
R, | 1599118 E-05 | 2.842692 E-02 | 3.749201 E-02 | 3.767547 E-02 | 6.322577 E~02
p. | 3386083 E+15 | -9.133412 E+03 | —9.449945 E+03 | —3.900092 E+02 | —3.966276 E+02
o, | 4352190 E+06 | 2.861066 E+03 | 1.561513 E+03 | 1361690 E+03 | 9.593886 E+02
6 (5p) 7 (3d) 8 (2p") 9 (25)
1472617 E-01 | 1.536583E-01 | 1.656842E-01 | 1.885836 E-0l
~3.968383 E+02 | —3.968423 E+02 | —4.097497 E+02 | —9.321721 E+01
3.867739 E+02 | 2.608374 E+02 | 2.416580 E+02 | 2.115025 E+02
10 (4d) 11 3d") 12 3p") 13 3s)
2781337 E-01 | 5.734605E-01 | 6.004435E-01 | 6.016325 E-01
—2.202548 E+01 | —2.220331 E+01 | —9.295950 E+00 | —2.677542 E+00
1449479 E+02 | 5.710741 E+01 | 3.630382 E+01 | 3.511709 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")
1746119 E+00 | 1.894663 E+00 | 2.055460 E+00 | 2.377961 E+00
—4.850018 E-01 | —3.953169 E-01 | —1.847051 E-01 | —1.868198 E-01
1.043088 E+01 | 4.660491 E+00 | 3.931914 E+00 | 3.110304 E+00
18 (55) 19 (47" 20 (5p") 21 (63)
5.566603 E+00 | 6.166379 E+00 | 7.065490 E+00 | 2.108081 E+01
—8.994719 E-03 | —6.226691 E-03 | —4.112028 E-03 | —5.096590 E-05
7.995669 E—01 | 2.456582 E—01 | 1.710934 E—01 | 1.840633 E-02
k 1 (59 Pr) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | L512190E—05 | 2.785126 E-02 | 3.680808 E-02 | 3.682849 E-02 | 6.183397 E~02
p. | 4073279 E+15 | -9.636514 E+03 | —9.973082 E+03 | —9.980179 E+03 | —4.216776 E+02
4681737 E+06 | 2.973704 E+03 | 1.621891 E+03 | 1.416684 E+03 | 1.000719 E+03
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6 (5p") 7 (3d") 8 (2p") 9 (2s)
1.455508 E-01 | 1.496529 E-01 | 1.623291 E-01 | 1.848684 E-01
—4.219028 E+02 | —4.219070 E+02 | —4.358787 E+02 | -9.931069 E+01
4.001429 E+02 | 2.720948 E+02 | 2.534467 E4+02 | 2.210478 E+02
10 (4d") 11 3p") 12 (3d") 13 (3s)
2707756 E-01 | 5.585121 E-01 | 5.866197 E-01 | 5.884677 E-01
—2.373995 E+01 | =2.393267 E+01 | —-9.960942 E+00 | —2.863529 E+00
1.526084 E+02 | 6.078199 E+01 | 3.872898 E+01 | 3.736104 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")

1.709870 E+00

1.852956 E+00

1.908274 E+00

2.315051 E+00

-5.205225 E-01

—4.250118 E-01

—1.998558 E-01

-2.038198 E-01

1.118484 E+01 | 5.061475 E+00 | 4.525381 E+00 | 3.569309 E+00
18 (59) 19 (41" 20 (5p") 21 (6s)
5.494347 E+00 | 5.724821 E+00 | 6.983402 E+00 | 2.095775 E+01

—1.110054 E-02

—8.221864 E-03

—4.257831 E-03

-5.186893 E-05

8.379122 E-01

2.752646 E-01

1.889244 E-01

1.860202 E-02

k 1 (60 Nd) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | 1.429845E-05 | 2.729903 E-02 | 3.598534 E-02 | 3.618805E-02 | 6.052815 E-02
p. | 4899993 E+15 | —1.015774 E+04 | —1.051515 E+04 | —1.052275 E+04 | —4.477293 E+02
o, | 5.035292E+06 | 3.088887 E+03 | 1.688947 E+03 | 1.473064 E+03 | 1.041376 E+03
6 (5p) 7 (3d) 8 (2p") 9 (25)
1.439487 E-01 | 1.458807 E-01 | 1.591104 E-01 | 1.813003 E-01
—4.479693 E+02 | —4.479737 E+02 | —4.630575 E+02 | —1.056481 E+02
4.139305 E+02 | 2.838705 E+02 | 2.659183 E+02 | 2.312467 E+02
10 (4d) 11 3d") 12 3p") 13 (3s)
2.639634 E-01 | 5.444343 E—01 | 5.735075 E—01 | 5.759484 E—01
—2.552730 E+01 | —2.573532 E+01 | =1.065151 E+01 | —3.056072 E+00
1.608111 E+02 | 6.497240 E+01 | 4.165075 E+01 | 4.009460 E+01
14 (4s) 15 (4p") 16 (4d") 17 (4f)
1.675726 E+00 | 1.813825 E+00 | 1.832209 E+00 | 2.256809 E+00
~5.569315 E-01 | —3.168863 E-01 | —2.154176 E-01 | —2.213890 E-01
1.238404 E+01 | 5.893310 E+00 | 5.410196 E+00 | 4.318720 E+00
18 (55) 19 (5p") 20 (4f") 21 (65)
5.426173 E+00 | 5.496626 E+00 | 6.906539 E+00 | 2.083995 E+01
~1.336062 E-02 | —1.037207 E-02 | =4.400710 E-03 | —5.275352 E-05
1.059656 E+00 | 4.268438 E—01 | 3.170839 E-01 | 6.749257 E-02
k 1 (61 Pm) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 1355498 E-05 | 2.676874 E-02 | 3.520315E-02 | 3.556952E-02 | 5.929694 E-02
p. | 5847159 E+15 | —1.069743 E+04 | —1.107650 E+04 | —1.108461 E+04 | —4.748046 E+02

5.400008 E+06

3.205363 E+03

1.756347 E+03

1.529583 E+03

1.081710 E+03
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6 (3d) 7(p) 8 (2p") 9 (2s)
1.423181 E-01 | 1.424408 E-01 | 1.560196 E-01 | 1.778704 E-01
—4.750599 E+02 | —4.913051 E+02 | —=4.913096 E+02 | —1.122356 E+02
4.272666 E+02 | 2.949123 E+02 | 2.776764 E4+02 | 2.408401 E+02
10 (4d") 11 (3d") 12 3p") 13 (3s)
2.576158 E-01 | 5.311385E-01 | 5.610415E-01 | 5.640176 E-01
—2.738987 E+01 | =2.761365 E+01 | —1.136849 E+01 | —3.255421 E+00
1.683087 E+02 | 6.842279 E+01 | 4.381140 E4+01 | 4.205992 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")
1.643422 E+00 | 1.776930 E+00 | 1.784150 E+00 | 2.202538 E+00
-5.943078 E-01 | —4.867371 E-01 | -2.314269 E-01 | -2.395107 E-01
1.277106 E+01 | 5.915201 E+00 | 5.450483 E+00 | 4.332152 E+00
18 (41" 19 (5s) 20 (5p") 21 (6s)
5.352450 E+00 | 5.361529 E+00 | 6.834191 E+00 | 2.072706 E+01

—1.572286 E-02

—7.639086 E-03

—4.541128 E-03

-5.362020 E-05

9.264694 E-01

3.046666 E-01

2.061615 E-01

1.896759 E-02

k 1(62 Sm) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | 1.284936E-05 | 2.625936 E-02 | 3.446021 E-02 | 3.497183E-02 | 5.814608 E-02
p. | 6976837 E+15 | —1.125583 E+04 | —1.165740 E+04 | —1.166605 E+04 | =5.029050 E+02
o, | 5.789945E+06 | 3.324344E+03 | 1.825273E+03 | 1.587449 E+03 | 1.122785 E+03
6 (3d) 7(5p) 8 (2p") 9 (25)
1.389563 E-01 | 1.410812 E-01 | 1.530507 E-01 | 1.745725 E-01
~5.031758 E+02 | —5.206288 E+02 | —5.206335 E+02 | —1.190690 E+02
4468028 E+02 | 3.063691 E+02 | 2.878084 E+02 | 2.510747 E+02
10 (4d) 11 (3d") 12 (3p") 13 (35)
2517731 E-01 | 5.185918 E-01 | 5.492012 E-01 | 5.526584 E-01
—2.932322 E+01 | —2.956295 E+01 | —1.210992 E+01 | —3.460731 E+00
1.762967 E+02 | 7.236629 E+01 | 4.645429 E+01 | 4.450105 E+01
14 (4s) 15 (4f) 16 (4p") 17 (4d")
1.613085 E+00 | 1.732378 E+00 | 1.742442 E+00 | 2.152586 E+00
~6.321350 E-01 | —5.183802 E-01 | —5.289767 E-01 | —2.582047 E-01
1.358776 E+01 | 6.391937 E+00 | 5.920541 E+00 | 4.697597 E+00
18 (4f") 19 (55) 20 (5p") 21 (63)
5.197135 E+00 | 5.301955 E+00 | 6.768956 E+00 | 2.062113 E+01
—1.847299 E-02 | —=7.876521 E-03 | —4.672957 E—-03 | —5.445075 E-05
1.005250 E+00 | 3.186345E-01 | 2.091799 E-01 | 1.913206 E-02
k 1 (63 Eu) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | 1.219082E-05 | 2.576970 E-02 | 3.375364 E-02 | 3.439396 E-02 | 5.706899 E-02
p. | 8301428 E+15 | —1.183327 E+04 | —1.225816 E+04 | —1.226736 E+04 | —5.320452 E+02

6.201154 E+06

3.445400E+03

1.895290 E+03

1.646235 E+03

1.164159 E+03
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6 (3d)

7(p)

8 (2p")

9 (2s)

1.357784 E-01

1.398620 E-01

1.501968 E-01

1.713991 E-01

—=5.323316 E+02

-=5.510390 E+02

—=5.510438 E+02

—1.261507 E+02

4.666162 E+02

3.178006 E+02

2.979675 E+02

2.615256 E+02

10 (4d")

11 (3d")

12 3p")

13 (3s)

2.463879 E-01

5.067318 E-01

5.379403 E-01

5.418307 E-01

-3.132728 E+01

-3.158308 E+01

—1.287570 E+01

-3.671886 E+00

1.843447 E+02

7.637629 E+01

4.915445 E+01

4.699317 E+01

14 (4s)

15 (4f)

16 (4p")

17 (4d")

1.584561 E+00

1.676329 E+00

1.710165 E+00

2.106543 E+00

—6.703014 E-01

-5.502921 E-01

-5.639366 E-01

—2.775422 E-01

1.440904 E+01 | 6.931056 E+00 | 6.421800 E+00 | 5.042089 E+00
18 (41" 19 (5s) 20 (5p") 21 (6s)
5.028988 E+00 | 5.247153 E+00 | 6.710462 E+00 | 2.052170 E+01

—2.174508 E-02

—8.100574 E-03

—4.795583 E-03

-5.524607 E-05

1.093016 E+00

3.350770 E-01

2.119955 E-01

1.928248 E-02

k 1 (64 Gd) 2 (2p") 3(3p") 4 (1s) 5 (4p")
R, 1.157214 E-05 | 2.529679 E-02 | 3.306830 E-02 | 3.383459 E-02 | 5.597565 E-02
0. 9.859391 E+15 | —1.243045 E+04 | —1.287962 E+04 | —1.288941 E+04 | -5.623746 E+02
o, 6.636392 E+06 | 3.568843 E+03 | 1.966987 E+03 | 1.706333 E+03 | 1.207276 E+03
6 (3d) 7(5p") 8 (2p") 9 (2s)
1.327075 E-01 | 1.383863 E-01 | 1.474405 E-01 | 1.683315 E-01
—5.626781 E+02 | —5.827144 E+02 | —5.827193 E+02 | —1.335489 E+02
4.871441 E+02 | 3.299331 E+02 | 3.087194 E+02 | 2.722655 E+02
10 (4d") 11 (3d") 12 3p") 13 (3s)
2408313 E-01 | 4.952712 E-01 | 5.270179 E-01 | 5.313159 E-01
—-3.344636 E+01 | =3.372027 E+01 | —1.368393 E+01 | —3.895931 E+00
1.929045 E+02 | 8.062657 E+01 | 5.201204 E+01 | 4.963145 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")
1.555765 E+00 | 1.677401 E+00 | 1.696154 E+00 | 2.059036 E+00
—7.125924 E-01 | —5.857953 E-01 | —2.822890 E-01 | —2.973424 E-01
1.534610 E+01 | 7.325831 E+00 | 6.736773 E+00 | 5.441206 E+00
18 (41") 19 (5s) 20 (5p") 21 (6s)
5.088462 E+00 | 5.185206 E+00 | 6.639659 E+00 | 2.041409 E+01
—2.342792 E-02 | —8.374598 E-03 | —-4.949733 E-03 | -5.612436 E-05
1.110918 E+00 | 3.285374 E-01 | 2.153353 E-01 | 1.946442 E-02
k 1 (65 Th) 2 (2p") 3 (3p) 4 (1s) 5 (4p")
R, 1.099388 E-05 | 2.484157 E-02 | 3.241524 E-02 | 3.329320E-02 | 5.495105 E-02
P, 1.167810 E+16 | —1.304731 E+04 | —1.352163 E+04 | —1.353202 E+04 | —5.937848 E+02

7.094619 E+06

3.694361 E+03

2.039781 E+03

1.767355 E+03

1.250692 E+03
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6 (3d) 7(5p") 8 (2p") 9 (2s)
1.297977 E-01 | 1.370587 E-01 | 1.447873 E-01 | 1.653759 E-01
—=5.941056 E+02 | —6.155199 E+02 | —6.155250 E+02 | —1.412059 E+02
5.079517 E+02 | 3.420359 E4+02 | 3.194925 E+02 | 2.832223 E+02
10 (4d") 11 (3d") 12 3p") 13 (3s)

2.357027 E-01

4.844117 E-01

5.166100 E-01

5.212751 E-01

—-3.563983 E+01

-3.593202 E+01

—1.451773 E+01

—4.126144 E+00

2.015240 E+02 | 8.494418 E4+01 | 5.492782 E+01 | 5.232165 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")
1.528655 E+00 | 1.646698 E+00 | 1.695881 E+00 | 2.015188 E+00

—7.552868 E-01

—6.216232 E-01

-3.008211 E-01

-3.177642 E-01

1.628864 E+01

7.862463 E+00

7.114606 E+00

5.792547 E+00

18 (47")

19 (5s)

20 (5p")

21 (6s)

5.087643 E+00

5.128200 E+00

6.575961 E+00

2.031322 E+01

—2.557768 E-02

—8.634514 E-03

-5.094160 E-03

-5.696462 E-05

1.149220 E+00

3.282643 E-01

2.184604 E-01

1.963136 E-02

k 1 (66 Dy) 2(2p) 3 (3p) 4 (1s) 5 (4p)
R, 1.045269 E-05 2.440289 E-02 | 3.179110 E-02 | 3.276889 E-02 | 5.398232 E-02
PO, | 1.379658 E+16 | —1.368419 E+04 | —1.418455 E+04 | —=1.419557 E+04 | —6.263047 E+02
@, | 7576753 E+06 | 3.821960 E+03 | 2.113703 E+03 | 1.829316 E+03 | 1.294514 E+03
6 (3d) 7(5p") 8 (2p") 9 (2s)
1.270311 E-01 | 1.358371 E-01 | 1.422305 E-01 | 1.625253 E-01
—6.266431 E+02 | —6.494872 E+02 | —6.494924 E+02 | —1.491312 E+02
5.290553 E+02 | 3.541427 E4+02 | 3.303080 E+02 | 2.943813 E+02
10 (4d") 11 (3d") 12 3p") 13 (3s)
2.309114 E-01 4.740864 E-01 | 5.066629 E-01 | 5.116604 E-01
—-3.791227 E+01 | —3.822303 E+01 | —1.537886 E+01 | —4.363147 E+00
2.102216 E+02 | 8.932320 E+01 | 5.788990 E+01 | 5.505145 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")
1.502929 E+00 1.617668 E+00 | 1.686402 E+00 | 1.974224 E+00
—7.986697 E-01 | —6.580243 E-01 | —3.196398 E-01 | —3.387848 E-01
1.722567 E+01 8.385086 E+00 | 7.508497 E+00 | 6.148345 E+00
18 (41") 19 (5s) 20 (5p") 21 (6s)
5.059205 E+00 | 5.074819 E+00 | 6.517351 E+00 | 2.021750 E+01
—2.803033 E-02 | —8.885350 E-03 | -5.232098 E-03 | =5.777754 E-05
1.178608 E+00 | 3.118441 E-01 | 2.048830 E-01 | 1.315337 E-02
k 1 (67 Ho) 2 (2p") 3(3p") 4 (Ls) 5 (4p")
R, | 9945252 E-06 | 2.397961 E-02 | 3.119218 E-02 | 3.226082 E-02 | 5.305342 E-02
p, | 1.626068 E+16 | —1.434149 E+04 | —1.486882 E+04 | —1.488048 E+04 | —6.599750 E+02

8.084010 E+06

3.951747 E+03

2.188906 E+03

1.892339 E+03

1.339029 E+03
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6 (3d) 7(p) 8 (2p") 9 (2s)
1.243882 E-01 | 1.346577 E-01 | 1.397634 E-01 | 1.597724 E-01
—6.603314 E+02 | —6.846629 E+02 | —6.846682 E+02 | —1.573397 E+02
5.505829 E+02 | 3.664274 E+02 | 3.413134 E+02 | 3.058120 E+02
10 (4d") 11 (3d") 12 3p") 13 (3s)
2.263474 E-01 | 4.642232 E-01 | 4971177 E-01 | 5.024187 E-01
—4.027217 E+01 | —4.060211 E+01 | —1.627070 E+01 | —4.608181 E+00
2.191267 E+02 | 9.384923 E+01 | 6.097224 E+01 | 5.789403 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")

1.478214 E+00

1.589832 E+00

1.680044 E+00

1.935203 E+00

—8.433617 E-01

—6.955431 E-01

-3.390715 E-01

-3.603710 E-01

1.823287 E+01 | 8.969195 E+00 | 7.941848 E+00 | 6.547806 E+00
18 (59) 19 (41" 20 (5p") 21 (6s)
5.023137 E+00 | 5.040132 E+00 | 6.460761 E+00 | 2.012445 E+01

—-3.043672 E-02

—2.666954 E-02

-5.370063 E-03

-5.858267 E-05

1.254156 E+00

3.325995 E-01

2.233961 E-01

1.994078 E-02

k 1 (68 Er) 2 (2p") 3 (3p) 4 (1s) 5 (4p")
R, 9.469073 E-06 | 2.357091 E-02 | 3.061683 E-02 | 3.176825E-02 | 5.216126 E-02
0. 1.912044 E+16 | —1.501953 E+04 | —1.557477 E+04 | —1.558710 E+04 | —-6.948161 E+02
o, 8.617273 E+06 | 4.083653 E+03 | 2.265324 E+03 | 1.956354 E+03 | 1.384176 E+03
6 (3d) 7(5p") 8 (2p") 9 (2s)
1.218603 E-01 | 1.335162 E-01 | 1.373813 E-01 | 1.571122 E-01
—6.951912 E+02 | —=7.210684 E+02 | =7.210739 E+02 | —1.658366 E+02
5.724670 E+02 | 3.788218 E4+02 | 3.524393 E+02 | 3.174441 E+02
10 (4d") 11 (3d") 12 3p") 13 (3s)
2.219906 E-01 | 4.547890 E-01 | 4.879482 E-01 | 4.935263 E-01
—4.272134 E+01 | —4.307108 E+01 | —1.719384 E+01 | -4.861411 E+00
2281714 E+02 | 9.845260 E+01 | 6.410479 E+01 | 6.077933 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")
1.454434 E+00 | 1.563097 E+00 | 1.676339 E+00 | 1.897953 E+00
—8.894001 E-01 | —7.342118 E-01 | -3.591345 E-01 | —-3.825247 E-01
1.924028 E+01 | 9.544839 E+00 | 8.344504 E+00 | 6.920616 E+00
18 (59) 19 (41" 20 (5p") 21 (6s)
4.973004 E+00 | 5.029016 E+00 | 6.405994 E+00 | 2.003387 E+01
-3.278073 E-02 | —=3.272135 E-02 | -5.508257 E-03 | -5.938094 E-05
1.310607 E+00 | 3.202432 E-01 | 2.122952 E-01 | 1.541445 E-02
k 1 (69 Tm) 2 (2p") 3 (3p) 4 (1s) 5 (4p")
R, 9.022326 E-06 | 2.317622 E-02 | 3.006476 E-02 | 3.129052 E-02 | 5.131126 E-02
P, 2.242874 E+16 | —1.571857 E+04 | —1.630266 E+04 | —1.631569 E+04 | —7.308296 E+02

9.176975 E+06

4.217696 E+03

2.342943 E+03

2.021375 E+03

1.429839 E+03
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6 (3d) 7(p) 8 (2p") 9 (2s)
1.194452 E-01 | 1.324514 E-01 | 1.350809 E-01 | 1.545411 E-01
—7.312236 E+02 | —7.587025 E+02 | —7.587081 E+02 | —1.746181 E+02
5.947097 E+02 | 3.912844 E+02 | 3.636650 E+02 | 3.293243 E+02
10 (4d") 11 (3d") 12 3p") 13 (3s)
2.178790 E-01 | 4.457756 E-01 | 4.791497 E-01 | 4.849797 E-01
—4.525532 E+01 | —4.562524 E+01 | —1.814636 E+01 | —5.122005 E+00
2.373568 E+02 | 1.031677 E4+02 | 6.733126 E+01 | 6.375168 E+01
14 (4s) 15 (4p") 16 (4f) 17 (4d")

1.431713 E+00

1.537626 E+00

1.667520 E+00

1.862801 E+00

-9.362794 E-01

—7.735846 E-01

-3.795567 E-01

—4.053003 E-01

2.029026 E+01 | 1.015463 E4+01 | 8.798674 E+00 | 7.337621 E+00
18 (59) 19 (4/") 20 (5p") 21 (6s)
4.925525 E+00 | 5.002560 E+00 | 6.354907 E4+00 | 1.994718 E+01

—-3.538065 E-02

-3.138504 E-02

-5.641505 E-03

—6.015851 E-05

1.391601 E+00

3.364342 E-01

2.255136 E-01

2.023324 E-02

k 1 (70 Yb) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 8.533454E-06 | 2279488 E-02 | 2.953483 E-02 | 3.082698 E-02 | 5.050267 E-02
p. | 2689273 E+16 | —1.643892 E+04 | —1.705282 E+04 | —1.706656 E+04 | —7.680314 E+02
o, | 9843350 E+06 | 4.356263 E+03 | 2.424143E+03 | 2.089788 E+03 | 1.478365 E+03
6 3d) 7(5p) 8 (2p") 9 (25)
1.171367 E-01 | 1.314809 E-01 | 1.328583 E-01 | 1.520552 E-01
—7.684410 E+02 | =7.975768 E+02 | =7.975825 E+02 | —1.836854 E+02
6.196960 E+02 | 4.061612 E+02 | 3.773473 E+02 | 3.438525 E+02
10 (4d) 11 3d") 12 3p") 13 (3s)
2.140080 E-01 | 4.371600 E-01 | 4.707041 E-01 | 4.767629 E-01
—4.787355 E+01 | —4.826391 E+01 | —1.912814 E+01 | —5.390067 E+00
2.490679 E+02 | 1.103905 E+02 | 7.305095 E+01 | 6.921061 E+01
14 (4s) 15 (4p") 16 (4d") 17 (4f)
1.410030 E+00 | 1.513395 E+00 | 1.652496 E+00 | 1.829705 E+00
~9.841722 E-01 | —8.138557 E-01 | —4.005970 E-01 | —4.046665 E-01
2.378244 E+01 | 1.319903 E+01 | 1.171609 E+01 | 1.020663 E+01
18 (55) 19 (5p") 20 (65) 21 (4f")
4.880889 E+00 | 4.957488 E+00 | 6.308344 E+00 | 1.986459 E+01
—1.430803 E-02 | —=1.020179 E-02 | —6.132236 E-03 | —4.263839 E-04
3.435089 E+00 | 1.892657 E+00 | 1.467032 E+00 | 1.425577 E—01
k 1 (71 Lu) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 8266763 E-06 | 2241482 E-02| 2.895126 E-02 | 3.037472E-02 | 4.909457 E-02
p. | 3.000290 E+16 | —1.718498 E+04 | —1.783064 E+04 | —1.784522 E+04 | -8.077731 E+02

1.030606 E+07

4.493213 E+03

2.505109 E+03

2.156018 E+03

1.536383 E+03
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6 (3d) 7(5p") 8 (2p") 9 (2s) 10 (4d)
1.145729 E-01 | 1.230806 E-01 | 1.306431 E-01 | 1.495764 E-01 | 2.060470 E-01
—8.082229 E+02 | —8.393586 E+02 | —8.393656 E+02 | —1.937087 E+02 | -5.103228 E+01
6.427891 E+02 | 4.323445 E4+02 | 3.989907 E+02 | 3.527581 E+02 | 2.592397 E+02

11 (3d") 12 (3p") 13 (3s) 14 (5d") 15 (4f)
4.275920 E-01 | 4.614035 E-01 | 4.677554 E-01 | 9.189539 E-01 | 1.362795 E+00
-5.146966 E+01 | —=2.033393 E+01 | —5.748237 E+00 | —1.082878 E+00 | —1.082977 E+00

1.129170 E+02 | 7.322243 E+01 | 6.907144 E+01 | 3.719560 E+01 | 1.636277 E+01
16 (4s) 17 (4p") 18 (4d") 19 (41"
1.374502 E+00 | 1.471199 E+00 | 1.761641 E+00 | 4.088386 E+00

—1.133767 E+00

-9.498991 E-01

-5.000522 E-01

—6.267649 E-02

1.166921 E+01 | 1.081014 E+01 | 8.408322 E+00 | 1.930121 E+00
20 (5s) 21 (5p") 22 (5d") 23 (6s)
4.645356 E+00 | 5.905303 E+00 | 1.341504 E+01 | 1.902817 E+01

—1.188695 E-02

—7.123908 E-03

—1.682207 E-04

—6.930276 E-05

5.542266 E-01

3.295314 E-01

6.708647 E-02

4.500897 E-03

k 1 (72 Hf) 2 (2p) 3(3p) 4 (1s) 5 (4p')
R, | 7.942153E-06 | 2204711 E-02 | 2.838944 E-02 | 2.993548 E-02 | 4.777245 E-02
p. | 3431067 E+16 | —1.795337 E+04 | —1.863188 E+04 | —1.864735 E+04 | —8.488828 E+02
o, | 1087839 E+07 | 4.634963 E+03 | 2590096 E+03 | 2.225943 E+03 | 1.597709 E+03
6 (3d) 7(5p) 8 (2p") 9 (25) 10 (4d)
1.121167 E-01 | 1.166256 E-01 | 1.285000 E-01 | 1.471763 E~01 | 1.987707 E-01
—8.493792 E+02 | —8.825983 E+02 | —8.826065 E+02 | —2.041024 E+02 | —5.433133 E+01
6.689327 E+02 | 4.589846 E+02 | 4.212568 E+02 | 3.644445E+02 | 2.720719 E+02
11 (3d") 12 (3p") 13 (35) 14 (5d) 15 (4f)
4.184252 E-01 | 4.524498 E-01 | 4.590678 E-01 | 7.958842 E-01 | 1.182512 E+00
~5.481852 E+01 | —2.159127 E+01 | —6.122393 E+00 | —1.187123 E+00 | —1.187427 E+00
1.181039 E+02 | 7.603467 E+01 | 7.156347 E+01 | 4.406821 E+01 | 2.099441 E+01
16 (4s) 17 (4p") 18 (4d") 19 (47"
1.340888 E+00 | 1.431579 E+00 | 1.699431 E+00 | 3.547535 E+00
—1.265168 E+00 | —1.067123 E+00 | —5.788844 E-01 | —9.169640 E-02
1.329924 E+01 | 1.101342 E+01 | 8.611454E+00 | 2.453383 E+00
20 (55) 21 (5p") 22 (5d") 23 (63)
4454872 E+00 | 5.595599 E+00 | 1.161845 E+01 | 1.856056 E+01
—1.395547 E-02 | —8.554943 E-03 | —3.792083 E—04 | —7.467376 E-05
7.626280 E-01 | 4.153868 E-01 | 9.719603 E-02 | 7.325306 E-03
k 1 (73 Ta) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | 7.631713E-06 | 2.169085 E-02 | 2.784660 E-02 | 2.950866 E-02 | 4.651300 E-02
p. | 3.920741 E+16 | —1.874457 E+04 | —1.945706 E+04 | —1.947345 E+04 | ~8.914216 E+02

1.147814 E+07

4.779089 E+03

2.676727 E+03

2.297139 E+03

1.660270 E+03
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6 (3d) 7(5p") 8 (2p") 9 (2s) 10 (4d")
1.097535 E-01 | 1.111061 E-01 | 1.264236 E-01 | 1.448492 E-01 | 1.919797 E-01
—8.919505 E+02 | -9.273707 E+02 | —-9.273802 E+02 | —2.148920 E+02 | -5.778574 E+01
6.957360 E+02 | 4.852762 E+02 | 4.430852 E+02 | 3.764243 E+02 | 2.852119 E+02
11 (3d") 12 (3p") 13 (3s) 14 (5d") 15 (4f)
4.096055 E-01 | 4.437983 E-01 | 4.506598 E-01 | 7.279785 E-01 | 1.052722 E+00
—-5.832648 E+01 | —2.280348 E+01 | —6.515035 E+00 | —1.298346 E+00 | —1.298943 E+00
1.234953 E+02 | 7.900383 E+01 | 7.420106 E+01 | 4.903137 E+01 | 2.527371 E+01
16 (4s) 17 (4p") 18 (4d") 19 (41"

1.308684 E+00

1.393838 E+00

1.641369 E+00

3.158166 E+00

—-1.409128 E+00

-1.196100 E+00

—6.671165 E-01

—-1.263770 E-01

1.484975 E+01 | 1.131803 E+01 | 8.915607 E+00 | 3.000450 E+00
20 (5s) 21 (5p") 22 (5d") 23 (6s)
4.287157 E+00 | 5.330777 E+00 | 1.062715 E+01 | 1.819478 E+01

-1.619138 E-02

—1.013193 E-02

—6.761963 E-04

—7.926851 E-05

9.792991 E-01

5.038921 E-01

1.234208 E-01

9.712115 E-03

k 1 (74 W) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 7335294E—06 | 2.134557E-02 | 2.732218 E-02 | 2.909372 E-02 | 4.531461 E-02
p. | 4476005 E+16 | —1.955890 E+04 | —2.030652 E+04 | —2.032387 E+04 | —9.354103 E+02
o, | 1210557 E+07 | 4.925515E+03 | 2764911 E+03 | 2369521 E+03 | 1.723925 E+03
6 (5p) 7 (3d) 8 (2p") 9 (25) 10 (4d)
1.062835 E-01 | 1.074799 E-01 | 1.244111E-01 | 1.425921E-01 | 1.856389 E-0I
~9.359824 E+02 | —9.359932 E+02 | —9.737090 E+02 | —2.260828 E+02 | —6.139738 E+01
7.309494 E+02 | 5.113910 E+02 | 4.618265 E+02 | 3.886275 E+02 | 2.985765 E+02
11 3d") 12 3p") 13 3s) 14 (5d) 15 (4f)
4011205 E-01 | 4.354405E—01 | 4.425243E-01| 6.785347 E—01 | 9.535360 E-01
~6.199545 E+01 | —2.427965 E+01 | —6.926302 E+00 | —1.416575 E+00 | —1.417558 E+00
1.290182 E+02 | 8.205992 E+01 | 7.691620 E+01 | 5.342073 E+01 | 2.945134 E+01
16 (4s) 17 (4p") 18 (4d") 19 (4f")
1.277873 E+00 | 1.357926 E+00 | 1.587157 E+00 | 2.860608 E+00
~1.565828 E+00 | —1.337016 E+00 | —7.649445 E-01 | —1.668816 E-01
1.633277 E+01 | 1.168801 E+01 | 9.286319 E+00 | 3.565638 E+00
20 (55) 21 (5p") 22 (5d") 23 (63)
4137164 E+00 | 5.099395 E+00 | 9.905362 E+00 | 1.789615 E+01
~1.861103 E-02 | —1.186834 E-02 | —~1.066182 E-03 | —8.330332 E-05
1.197595 E+00 | 5.905312 E-01 | 1.466285E-01 | 1.066271 E—02
k 1 (75 Re) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 7.052590E—06 | 2.101090 E-02 | 2.681617 E-02 | 2.869023 E-02 | 4.417950 E-02
p. | 5104189 E+16 | -2.039662 E+04 | —2.118055 E+04 | —2.119890 E+04 | —9.808544 E+02

1.276098 E+07

5.074261 E+03

2.854636 E+03

2.443103 E+03

1.788532 E+03
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6 (5p") 7 (3d") 8 (2p") 9 (2s) 10 (4d")
1.020708 E-01 | 1.052952 E-01 | 1.224605 E-01 | 1.404029 E-01 | 1.797421 E-01
-9.814717 E+02 | —=9.814839 E+02 | —1.021596 E+03 | -2.376730 E+02 | —6.516340 E+01
7.738094 E+02 | 5.373127 E+02 | 4.779253 E+02 | 4.011031 E+02 | 3.121685 E+02
11 (3d") 12 (3p") 13 (3s) 14 (5d") 15 (4f)
3.929669 E-01 | 4.273761 E-01 | 4.346616 E-01 | 6.321120 E-01 | 8.751885 E-01
—6.582227 E+01 | =2.570976 E+01 | —=7.355407 E+00 | —1.541238 E+00 | —1.542757 E4+00
1.347099 E+02 | 8.524797 E+01 | 7.975271 E+01 | 5.819505 E+01 | 3.383441 E+01
16 (4s) 17 (4p") 18 (4d") 19 (41"
1.248527 E+00 | 1.323911 E+00 | 1.536742 E+00 | 2.625565 E+00

—1.734519 E+00

—1.489190 E+00

—8.718813 E-01

-2.130049 E-01

1.778149 E+01 | 1.212521 E+01 | 9.722206 E4+00 | 4.151119 E+00
20 (5s) 21 (5p") 22 (5d") 23 (6s)
4.003368 E+00 | 4.897269 E+00 | 9.227675 E4+00 | 1.766722 E+01

—2.124345 E-02

—1.380188 E-02

—-1.606236 E-03

—8.658389 E-05

1.415530 E+00

6.732158 E-01

1.719958 E-01

1.225940 E-02

k 1 (76 W) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | 6782561 E-06 | 2.068583 E-02 | 2.632472E-02 | 2.829760 E-02 | 4.307877 E-02
p. | 5814921 E+16 | —2.125837 E+04 | —2.207983 E+04 | —2.209924 E+04 | —1.027866 E+03
o, | 1.344595E+07 | 5.225432E+03 | 2946108 E+03 | 2.517994 E+03 | 1.854817 E+03
6 (5p) 7 3d) 8 (2p") 9 (25) 10 (4d)
9.799526 E-02 | 1.031804 E-01 | 1.205659 E-01 | 1.382751 E-01 | 1.740920 E-01
—1.028532 E+03 | —1.028545 E+03 | —=1.071175 E+03 | —2.497110 E+02 | —6.911444 E+01
8.191251 E+02 | 5.643502 E+02 | 4.943785 E+02 | 4.138285 E+02 | 3.261744 E+02
11 (3d") 12 (3p") 13 (35) 14 (5d) 15 (4f)
3.850746 E-01 | 4.195437 E-01 | 4.270153 E-01 | 6.193245E~01 | 8.085513 E-01
~6.983957 E+01 | —2.720979 E+01 | —7.808158 E+00 | —1.676031 E+00 | —1.677970 E+00
1.405995 E+02 | 8.855556 E+01 | 8.269640 E+01 | 6.040299 E+01 | 3.733654 E+01
16 (4s) 17 (4p") 18 (4d") 19 (47"
1.219978 E+00 | 1.290925 E+00 | 1.488435E+00 | 2.425654 E+00
—1.921159 E+00 | —1.658201 E+00 | —9.923529 E-01 | —2.672200 E-01
1.927409 E+01 | 1.264124 E+01 | 1.024084 E+01 | 4.810809 E+00
20 (55) 21 (5p") 22 (5d") 23 (63)
3.872806 E+00 | 4.701730 E+00 | 9.041002 E+00 | 1.736408 E+01
—2.403135 E-02 | —1.581149 E-02 | —2.030086 E-03 | —9.119816 E-05
1.678574 E+00 | 7.911883 E-01 | 1.919439 E~01 | 1.255294 E-02
k 1(771r) 2 (2p) 3(3p) 4 (1s) 5 (4p')
R, | 6.524992E-06 | 2.037057 E-02 | 2.585066 E-02 | 2.791552E-02 | 4.203832 E-02
p. | 6.617015E+16 | -2.214417 E+04 | —2.300436 E+04 | —2.302485 E+04 | —1.076373 E+03
o, | 1416063 E+07 | 5.378885E+03 | 3.039060 E+03 | 2.594036 E+03 | 1.921907 E+03
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6 (5p") 7 (3d") 8 (2p") 9 (2s) 10 (4d)
9.440459 E-02 | 1.011485E-01 | 1.187284 E-01 | 1.362102 E-01 | 1.688400 E-01
—-1.077089 E+03 | —1.077105 E+03 | —1.122356 E+03 | -2.621587 E+02 | —7.322356 E+01

8.638821 E+02 | 5.912136 E+02 | 5.111503 E+02 | 4.268041 E+02 | 3.403589 E+02
11 (3d") 12 (3p") 13 (3s) 14 (5d") 15 (4f)
3774915 E-01 | 4.119886 E-01 | 4.196280 E-01 | 5.983490 E-01 | 7.535920 E-01
—7.401849 E+01 | —=2.876770 E+01 | —8.279000 E+00 | —1.817282 E+00 | —1.819790 E+00
1.466288 E+02 | 9.197084 E+01 | 8.573813 E+01 | 6.355893 E+01 | 4.117309 E+01
16 (4s) 17 (4p") 18 (4d") 19 (41"
1.192849 E+00 | 1.259747 E+00 | 1.443532 E+00 | 2.260776 E+00
-2.120161 E+00 | —1.838851 E+00 | —1.122330 E+00 | -3.274016 E-01
2.075273 E+01 | 1.320819 E4+01 | 1.080825 E+01 | 5.489014 E+00
20 (5s) 21 (5p") 22 (5d") 23 (6s)
3.755672 E+00 | 4.529453 E+00 | 8.734797 E+00 | 1.712980 E+01

—2.703104 E-02

—1.801785 E-02

—2.603355 E-03

-9.499142 E-05

1.938918 E+00

9.033696 E-01

2.149277 E-01

1.326012 E-02

k 1 (78 Pt) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 6279256 E-06 | 2.006461 E-02 | 2.539271 E-02 | 2.754356 E-02 | 4.104965 E-02
p. | 7521102 E+16 | -2.305439 E+04 | —2.395454 E+04 | —2.397616 E+04 | —1.126414 E+03
o, | 1490592 E+07 | 5.534636 E+03 | 3.133523 E+03 | 2.671247 E+03 | 1.989927 E+03
6 (5p) 7 (3d) 8 (2p") 9 (25) 10 (4d)
9.115679 E—02 | 9.919285 E-02 | 1.169451 E-01 | 1.342048 E-01 | 1.639215 E-01
~1.127184 E+03 | —1.127201 E+03 | —1.175181 E+03 | —2.750300 E+02 | —=7.749827 E+01
9.087151 E+02 | 6.181979 E+02 | 5.282418 E+02 | 4.400267 E+02 | 3.547585 E+02
11 3d") 12 3p") 13 (3s) 14 (5d) 15 (4f)
3.701928 E-01 | 4.046900 E-01 | 4.124811 E-01 | 5.775879 E-01 | 7.069320 E—01
—7.836692 E+01 | —3.038651 E+01 | —8.769163 E+00 | —1.965711 E+00 | —1.968898 E+00
1.528042 E+02 | 9.549197 E+01 | 8.887572E+01 | 6.694126 E+01 | 4.511803 E+01
16 (4s) 17 (4p") 18 (4d") 19 (41"
1.166953 E+00 | 1.230120 E+00 | 1.401430 E+00 | 2.120796 E+00
~2.332757 E+00 | —2.032301 E+00 | —1.262751 E+00 | —3.940994 E-01
2.224029 E+01 | 1.382535 E+01 | 1.142476 E+01 | 6.196621 E+00
20 (55) 21 (5p") 22 (5d") 23 (63)
3.648215 E+00 | 4.373626 E+00 | 8.431724 E+00 | 1.692784 E+01
~3.024032 E-02 | —2.040700 E-02 | —3.285504 E-03 | —9.843213 E-05
2.205280 E+00 | 1.017173 E+00 | 2.390923 E-01 | 1.402244 E—02
k 1 (79 Au) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | 6.044821 E-06 | 1.976755E-02 | 2.495013 E-02 | 2.718132E-02 | 4.010913 E-02
p. | 8538629 E+16 | -2.398938 E+04 | —2.493072 E+04 | —2.495351 E+04 | —1.178013 E+03
o, | 1.568253E+07 | 5.692682 E+03 | 3.229489 E+03 | 2.749620 E+03 | 2.058871 E+03
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6 (5p") 7 (3d") 8 (2p") 9 (2s) 10 (4d)
8.819474 E-02 | 9.730951 E-02 | 1.152137 E-01 | 1.322567 E-01 | 1.593048 E-01
—1.178838 E+03 | —1.178857 E+03 | —1.229677 E+03 | —2.883314 E+02 | —8.194135 E+01
9.537326 E+02 | 6.453641 E+02 | 5.456497 E+02 | 4.534934 E+02 | 3.693735 E+02
11 (3d") 12 (3p") 13 (3s) 14 (5d") 15 (4f)
3.631640 E-01 | 3.976366 E-01 | 4.055643 E-01 | 5.576508 E-01 | 6.666796 E-01
—8.288773 E+01 | —=3.206721 E+01 | -9.278955 E+00 | —2.121442 E+00 | —2.125426 E+00
1.591232 E+02 | 9911578 E+01 | 9.210602 E+01 | 7.048931 E+01 | 4.916488 E+01
16 (4s) 17 (4p") 18 (4d") 19 (41"
1.142212 E+00 | 1.201935 E+00 | 1.362009 E+00 | 2.000039 E+00
—2.559251 E+00 | —2.238845 E+00 | —1.413880 E+00 | —4.674971 E-01
2.374419 E+01 | 1.448861 E+01 | 1.208641 E4+01 | 6.934115 E+00
20 (5s) 21 (5p") 22 (5d") 23 (6s)
3.548987 E+00 | 4.231509 E+00 | 8.140679 E+00 | 1.675164 E+01
—-3.367208 E-02 | —2.299068 E-02 | —4.085500 E-03 | —1.015709 E-04
2477770 E+00 | 1.132656 E+00 | 2.642118 E-01 | 1.480553 E-02
k 1 (80 Hg) 2(2p) 3 (3p) 4 (1s) 5 (4p)
R, 5.821331 E-06 | 1.947908 E-02 | 2.452258 E-02 | 2.682846 E-02 | 3.921587 E-02
0. 9.681318 E+16 | —2.494941 E+04 | —=2.593320 E+04 | —2.595720 E+04 | —1.231179 E+03
o, 1.649075 E+07 | 5.852996 E+03 | 3.326914 E+03 | 2.829128 E+03 | 2.128635 E+03
6 (5p") 7 (3d") 8 (2p") 9 (2s) 10 (4d)
8.550357 E-02 | 9.549643 E-02 | 1.135324 E-01 | 1.303637 E-01 | 1.549764 E-01
—1.232061 E+03 | —1.232082 E+03 | —1.285853 E+03 | —3.020634 E+02 | —8.655148 E+01
9.986890 E+02 | 6.726233 E+02 | 5.633633 E4+02 | 4.671986 E+02 | 3.841763 E+02
11 (3d") 12 3p") 13 (3s) 14 (5d") 15 (4f)
3.563975 E-01 | 3.908226 E-01 | 3.988730 E-01 | 5.364145E-01 | 6.316740 E-01
—8.757939 E+01 | =3.380894 E+01 | —9.807862 E+00 | —2.284060 E+00 | —2.289033 E+00
1.655741 E+02 | 1.028348 E+02 | 9.542193 E+01 | 7.446016 E+01 | 5.345713 E+01
16 (4s) 17 (4p") 18 (4d") 19 (41"
1.118616 E+00 | 1.175167 E+00 | 1.325003 E+00 | 1.895022 E+00
—2.799053 E+00 | —2.457940 E+00 | —1.575308 E+00 | —5.473941 E-01
2.525985 E+01 | 1.518807 E4+01 | 1.278284 E+01 | 7.692339 E+00
20 (5s) 21 (5p") 22 (5d") 23 (6s)
3.457738 E+00 | 4.102389 E+00 | 7.830668 E+00 | 1.660763 E+01
—=3.737423 E-02 | —2.582468 E-02 | —5.077650 E-03 | —1.042362 E-04
2748177 E+00 | 1.242705 E+00 | 2.904978 E-01 | 1.570841 E-02
k 1 (81 TI) 2 (2p") 3 (3p) 4 (1s) 5 (4p")
R, 5.631103 E-06 | 1919370 E-02 | 2.408164 E-02 | 2.648346 E-02 | 3.815887 E-02
0. 1.082969 E+17 | =2.593836 E+04 | —=2.696669 E+04 | —2.699203 E+04 | —1.287055 E+03
1.726094 E+07 | 6.016522 E+03 | 3.427957 E+03 | 2.910757 E+03 | 2.206990 E+03
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6 (5p)

7 (3d")

8 (2p")

9 (2s)

10 (4d)

8.031193 E-02

9.362289 E-02

1.118691 E-01

1.284905 E-01

1.497224 E-01

—1.288013 E+03

—1.288038 E+03

—1.345102 E+03

—3.167747 E+02

-9.168218 E+01

1.076702 E+03 | 7.126970 E+02 | 5.811842 E+02 | 4.805848 E+02 | 4.007574 E+02

11 (6p) 12 3d") 13 (3p") 14 (3s) 15 (5d))
2725184 E-01 | 3.494054 E-01 | 3.837952 E—01 | 3.919803 E-01 | 4.606925 E—01
~9.283934 E+01 | —9.283937 E+01 | —3.577581 E+01 | —1.043203 E+01 | —2.504302 E+00
2.239451 E+02 | 1.331430 E+02 | 1.062121 E+02 | 9.835883 E+01 | 8.594225 E+01

16 (4f) 17 (4s) 18 (4p") 19 (4d") 20 (4f")
5.879686 E-01 | 1.091020 E+00 | 1.143493 E+00 | 1.280082 E+00 | 1.763906 E+00
—2.512153 E+00 | —3.144570 E+00 | —2.776912 E+00 | —1.818884 E+00 | —6.789137 E-01
6.298976 E+01 | 2.677704 E+01 | 1.566437 E+01 | 1.330955 E+01 | 8.455896 E+00

21 (5) 22 (5p") 23 (5d") 24 (65) 25 (6p")
3.290193 E+00 | 3.853299 E+00 | 6.725264 E+00 | 1.412034 E+01 | 1.907240 E+01
—4.649650 E-02 | —3.309118 E-02 | —8.054966 E-03 | —2.040033 E-04 | —3.441097 E-05
3.011126 E+00 | 1.344876 E+00 | 4.063141 E-01 | 4.104365E—02 | 1.751860 E-03

k 1 (82 Pb) 2 (2p) 3(3p) 4 (1s) 5 (4p)
R, | 5.446139E-06 | 1.891640 E-02 | 2.365590 E-02 | 2.614717 E-02 | 3.716302 E-02
p. | 1211879 E+17 | -2.695329 E+04 | —2.802751 E+04 | —2.805425 E+04 | —1.344635 E+03
o, | 1.806752E+07 | 6.182652E+03 | 3.530814 E+03 | 2.993822 E+03 | 2.286416 E+03

6 (5p) 7 (3d) 8 (2p") 9 (25) 10 (4d)
7597637 E-02 | 9.182064 E-02 | 1.102529 E-01 | 1.266693 E-01 | 1.448622 E-01
~1.345673 E+03 | —1.345702 E+03 | —1.406192 E+03 | —3.319748 E+02 | —9.705096 E+01
1.152549 E+03 | 7.516774 E+02 | 5.995861 E+02 | 4.944771 E+02 | 4.177411 E+02

11 (6p) 12 3d") 13 (3p") 14 (3s) 15 (5d))
2.363917 E-01 | 3.426793 E-01 | 3.770100 E—01 | 3.853153 E-01 | 4.103508 E—01
~9.830956 E+01 | —=9.830967 E+01 | —3.656100 E+01 | —1.108269 E+01 | —2.736410 E+00
2.626870 E+02 | 1.476785 E+02 | 1.099514 E+02 | 1.016395 E+02 | 9.572883 E+01

16 (4f) 17 (4s) 18 (4p") 19 (4d") 20 (4f")
5512161 E-01 | 1.064871 E+00 | 1.113650 E+00 | 1.238529 E+00 | 1.653648 E+00
—2.747520 E+00 | —3.515059 E+00 | —3.119646 E+00 | —2.082518 E+00 | —8.239171 E-01
7.198222 E+01 | 2.843751 E+01 | 1.631844 E+01 | 1.400474 E+01 | 9.341751 E+00

21 (5) 22 (5p") 23 (5d") 24 (65) 25 (6p")
3.144858 E+00 | 3.645282 E+00 | 5.990369 E+00 | 1.256250 E+01 | 1.654404 E+01
~5.637821 E-02 | —4.102715 E-02 | —1.145567 E-02 | —3.462747 E-04 | —1.054431 E—04
3.352336 E+00 | 1.507360 E+00 | 5.508261 E-01 | 7.615331 E-02 | 8.271020 E-03

k 1 (83 Bi) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 5267517TE-06 | 1.864675E-02 | 2.324413E-02 | 2.581923E-02| 3.621949 E-02
p. | 1355725 E+17 | -2.799461 E+04 | ~2.911610 E+04 | —2.914429 E+04 | —1.403968 E+03
1.890800 E+07 | 6.350799 E+03 | 3.634919 E+03 | 3.077735 E+03 | 2.366467 E+03
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6 (5p)

7 (3d")

8 (2p")

9 (2s)

10 (4d)

7.223220 E-02

9.008357 E-02

1.086812 E-01

1.248974 E-01

1.403309 E-01

—1.405088 E+03

—1.405122 E+03

—-1.469179 E+03

—3.476971 E+02

—1.026175 E+02

1.227014 E+03 | 7.896532 E+02 | 6.179590 E+02 | 5.082587 E+02 | 4.345629 E+02
11 (6p") 12 (3d") 13 3p") 14 (5d") 15 (3s)

2.112757 E-01 | 3.361965 E-01 | 3.704476 E-01 | 3.729908 E-01 | 3.788601 E-01

—-1.040020 E+02 | —1.040023 E+02 | —=3.994503 E+01 | —1.176188 E+01 | —1.177667 E+01

2973142 E+02 | 1.598732 E4+02 | 1.134465 E+02 | 1.058330 E+02 | 1.041921 E+02
16 (4f) 17 (4s) 18 (4p") 19 (4d") 20 (41"
5.195699 E-01 | 1.039970 E+00 | 1.085376 E+00 | 1.199788 E+00 | 1.558710 E+00
-2.996468 E+00 | =3.912972 E+00 | —3.488471 E+00 | -2.368161 E+00 | -9.836598 E-01
7.975377 E+01 | 2.998141 E+01 | 1.692876 E4+01 | 1.466289 E+01 | 1.019026 E+01
21 (5s) 22 (5p") 23 (5d") 24 (6s) 25 (6p")
3.015721 E+00 | 3.465640 E+00 | 5.444982 E+00 | 1.142401 E+01 | 1.478628 E+01

—6.715624 E-02

—4.974748 E-02

—1.533498 E-02

-5.417898 E-04

—2.215426 E-04

3.671547 E+00 | 1.654114 E+00 | 6.797461 E-01 | 9.922407 E-02 | 5.196575 E-03

k 1 (84 Po) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 5.095296E-06 | 1.838415E-02| 2.284414E—02 | 2549928 E-02 | 3.531330 E-02
p. | 1515942 E+17 | -2.906291 E+04 | —3.023315 E+04 | —3.026284 E+04 | —1.465158 E+03
o, | 1978261 E+07 | 6.521627 E+03 | 3.741011 E+03 | 3.163157 E+03 | 2.448223 E+03

6 (5p) 7 (3d) 8 (2p") 9 (25) 10 (4d)
6.882406 E-02 | 8.840121 E-02 | 1.071507 E-01 | 1.231708 E-01 | 1.360348 E—01
—1.466366 E+03 | —1.466406 E+03 | —1.534191 E+03 | —3.639455 E+02 | —1.084297 E+02
1.303240 E+03 | 8.282144 E+02 | 6.368902 E+02 | 5.224940 E+02 | 4.519226 E+02

11 (6p) 12 3d") 13 (5d) 14 3p") 15 3s)
2.045601 E-01 | 3.299178 E-01 | 3.421651 E-01 | 3.640728 E-01 | 3.725819 E-01
~1.099496 E+02 | —=1.099499 E+02 | —4.216539 E+01 | —4.218455 E+01 | —1.249489 E+01
3.129964 E+02 | 1.665250 E+02 | 1.227033 E+02 | 1.145045 E+02 | 1.080188 E+02

16 (4f) 17 (4s) 18 (4p") 19 (4d") 20 (4f")
4914529 E-01 | 1.015959 E+00 | 1.058221 E+00 | 1.163057 E+00 | 1.474359 E+00
~3.263310 E+00 | —4.346290 E+00 | —3.890974 E+00 | —2.682186 E+00 | —1.162327 E+00
8.517735 E+01 | 3.167914 E+01 | 1.768496 E+01 | 1.546277 E+01 | 1.116042 E+01

21 (5) 22 (5p") 23 (5d") 24 (65) 25 (6p")
2.895913 E+00 | 3.302120 E+00 | 4.994982 E+00 | 1.045849 E+01 | 1.431629 E+01
~7.934737 E-02 | =5.968732 E-02 | ~1.990520 E-02 | —7.428305 E—04 | —3.254479 E—04
4069538 E+00 | 1.863615 E+00 | 8.616566 E-01 | 1.512522E-01 | 1.001409 E-02

k 1 (85 At) 2 (2p) 3 (3p) 4 (1s) 5 (4p)
R, | 4929304E-06 | 1.812867 E-02 | 2.245721 E-02 | 2518711 E-02 | 3.445433 E-02
p. | 1.694235E+17 | -3.015826 E+04 | —3.137868 E+04 | —3.140993 E+04 | —1.528148 E+03

2.069223 E+07

6.694841 E+03

3.848706 E+03

3.249791 E+03

2.530919 E+03
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6 (5p)

7 (3d")

8 (2p")

9 (2s)

10 (4d)

6.582751 E-02

8.677911 E-02

1.056616 E-01

1.214902 E-01

1.320200 E-01

—1.529450 E+03

—1.529495 E+03

—-1.601152 E+03

-3.807308 E+02

—1.144638 E+02

1.378805 E+03 | 8.664323 E+02 | 6.561698 E+02 | 5.369996 E+02 | 4.694943 E+02
11 (6p") 12 (5d") 13 (3d") 14 (3p") 15 (3s)

1.939460 E-01 | 3.175547 E-01 | 3.238641 E-01 | 3.579063 E-01 | 3.665007 E-01

—1.161265 E+02 | —1.161270 E+02 | —1.161510 E+02 | —4.449385 E+01 | —1.324299 E+01

3.353806 E+02

1.784503 E+02

1.320728 E+02

1.212027 E+02

1.114760 E+02

16 (4f) 17 (4s) 18 (4p") 19 (4d") 20 (41"
4.667582 E-01 | 9.930914 E-01 | 1.032480 E+00 | 1.128732 E+00 | 1.400275 E+00
—3.544209 E+00 | —4.808334 E+00 | —4.320835 E+00 | =3.019366 E+00 | —1.356588 E+00

9.060509 E+01 | 3.343021 E+01 | 1.851219 E4+01 | 1.633090 E+01 | 1.218294 E+01

21 (5s) 22 (5p") 23 (5d") 24 (65) 25 (6p")
2.788332 E+00 | 3.158349 E4+00 | 4.635715 E+00 | 9.699037 E+00 | 1.357345 E+01
—9.246300 E-02 | —7.043840 E-02 | —2.497244 E-02 | —1.000628 E-03 | —4.773224 E-04
4.494278 E+00 | 2.090926 E+00 | 1.054350 E+00 | 2.052684 E-01 | 1.478681 E-02

k 1 (86 Rn) 2 (2p") 3 (3p) 4 (1s) 5 (4p")
R, 4769549 E-06 | 1.788001 E-02 | 2.208269 E-02 | 2.488243 E-02 | 3.363837 E-02
P, 1.892247 E+17 | =3.128103 E+04 | —=3.255308 E+04 | —3.258594 E+04 | —1.592970 E+03
o, 2.163691 E+07 | 6.870439 E+03 | 3.958003 E+03 | 3.337632 E+03 | 2.614581 E+03

6 (5p") 7 (3d) 8 (2p") 9 (2s) 10 (4d)
6.315705 E-02 | 8.521389 E-02 | 1.042124 E-01 | 1.198537 E-01 | 1.282556 E-01
—1.594368 E+03 | —1.594420 E+03 | —1.670099 E+03 | —3.980492 E+02 | —1.207251 E+02
1.454103 E+03 | 9.045132 E+02 | 6.757912 E4+02 | 5.517678 E+02 | 4.872843 E+02

11 (6p") 12 (5d") 13 (3d") 14 3p") 15 (3s)
1.827134 E-01 | 2.972194 E-01 | 3.180226 E-01 | 3.519374 E-01 | 3.606068 E-01
—1.225386 E+02 | —1.225393 E+02 | —1.225686 E+02 | —4.688983 E+01 | —1.402182 E+01
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3.609342 E+02

1.970565 E+02

1.411953 E+02

1.252675 E+02

1.150441 E+02

16 (4f)

17 (4s)

18 (4p")

19 (4d")

20 (41"

4.448261 E-01

9.712752 E-01

1.008029 E+00

1.096547 E+00

1.334478 E+00

-3.839664 E+00

-5.300143 E+00

—4.779051 E+00

—-3.380558 E+00

—1.567028 E+00

9.605300 E+01 | 3.523383 E+01 | 1.940236 E+01 | 1.725978 E+01 | 1.325438 E+01
21 (5s) 22 (5p") 23 (5d") 24 (6s) 25 (6p")
2.690776 E+00 | 3.030222 E+00 | 4.338857 E+00 | 9.076378 E+00 | 1.278733 E+01
—1.065487 E-01 | —8.204064 E-02 | -3.056008 E-02 | —1.323616 E-03 | —6.850532 E-04

4.942307E+00 | 2.332955 E+00 | 1.257017 E+00 | 2.607116 E-01 | 1.945779 E-02

From the presented results one can drew following conclusions. In accordance with well-
known ionization potential — atomic number relationship, quasi-classical atomic radius R, reveals a
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quasi-periodic dependence upon the parameter Z with maxima at hydrogen H and typical metals
(including all alkali elements) Li, Na, Al, K, Ga, Rb, Ag, In, Cs, Tl corresponding to the atomic
ionization potentials’ minima.

~
N

~
QU

Fig. 1. Schematic-plot of the electric-charge-density step-like radial distribution in atoms.

~
~
~
S-
I

Fig. 2. Schematic-plot of the electron-potential-energy step-like radial distribution in atoms.

Schematic-plots of the obtained p(r) and — ¢@(r) functions in the step-like form are shown
in Figs. 1 and 2, respectively. Electric-charge-density reveals main sharp positive maximum in the
vicinity of center, which corresponds to the nucleus vibrations’ region, broad negative minimum,
which corresponds to the main electron-density maximum located at relatively short distance from
the center, and a few extremes at relatively long distance, which are characteristic for the shell-
structure of atoms. As for the electron-potential-energy-function, anywhere it is negative and
monotonously rises. Thus, it posses only minimum at the center (an additional minimum may be
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revealed in effective-potential-function). Of course, behind the atomic radius both o(r) and — ¢(r)
functions in the step-like presentation are null equations.

5. ACCURACY OF BINDING-ENERGY AND ELECTRONIC-STRUCTURE
CALCULATIONS BASED ON RADIAL STEP-LIKE ATOMIC POTENTIALS

In conclusion, it is not out of place to consider accuracy of the binding energy and
electronic-structure calculations carried out within the semiclassical approximation, i.e. on the basis
of above introduced radial step-like atomic potentials.

It is most convenient to estimate method accuracy for the Thomas—Fermi (TF) statistical

semiclassical atomic model starting from only analytical solution
817°
8r!
of the TF equation. Here F is the Fermi-energy for intra-atomic electron gas, i.e. higher occupied
electron level. Electron charge density corresponding to the potential ¢@(r) is expressed by the
function

p(r) =

p(r)= -F (17)

2437
8rf
As electron charge equals to —1 its potential in atom energy U (r) = —@(r) = —1/r* — —o

when r — 0. Then, inner turning point radius " =0 for any electron in bound in TF “atom”. As
for the outer turning point radius r” of the electron with energy E < F , it can be found as only real

positive root of the equation E=U ,(r), where U (r)=U(r)+I(+1)/ 2r* is the effective

(18)

potential energy of the electron with orbital quantum number [, i.e.
81z  I(I+1)

+ .
8r 2r?

Because differences between semiclassical electron energies are negligible if compared with
their depth, one can suppose that approximately all of them coincide with Fermi-energy E = F . In
that case, the product [(/+1) also should be substituted for its standard semiclassical expression
(I+1/2)*. As aresult, we get

,_ Iz
r’= . 20
20 +1 (20)
Consequently, averaged partial charge density of a [ -electron-subshell equals to

E=F-

(19)

-1 QI +1)°
r) = - 21
pi(r) 4" o727t D

3
and 0, respectively, inside and outside the r” -sphere.

As is known, when summation over the principal and orbital quantum numbers »n and [
characterizing electron motion in central-symmetric electric field is substituted for semiclassical
integration the combinations v=n—-1/2 and A=1[1+1/2 serve as integration variables. As
[<n—1 the limit of integration over A should be taken equal to n—1+1/2=v. As for the
degeneracy factor, it equals to 2(2/+1) =4A . Note that partial electron charge density takes on a

nonzero value —2A4°/243z* if r<r”=97/2A. Consequently, A <97z/2r.But, v, =A__ and,

then, the ratio 97 /2r should serve as the limit of integration over v too.
Now we can found total electron charge density by means of semiclassical integration:
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oz

o 22 7297°
o (r)=—|dv|dA 42 =— . (22)
pSemtclamzcal ( ) v([ '([ 2437[4 80]"6
It yields semiclassical atomic potential in following form
8172 (907%)""?
¢ Semiclassical(r) = ( ) - F N (23)

80r*
Variable parts of the obtained semiclassical expressions reveal same radial dependences

(~=1/r° and ~1/r°, respectively, for electron charge density and potential) as corresponding
exact analytical solutions, but differ from them by the multipliers 37/10 and (37/10)*".

Therefore, semiclassically determined structural and energy parameters are expected to be
distinguished from their exact values by the multipliers of order of magnitude

~(10/37)"? =1.02 ~1 and ~ (37/10)*”* =0.96 ~ 1, respectively. Thus the estimated errors of the

semiclassical approach make up a few percent. This conclusion is actually proved by the above
cited calculations performed for some one-, two-, and three-dimensional real polyatomic structures.
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1. INTRODUCTION

Quantum wells are considered as the most reliable low-dimensional systems for
thermoelectrics [1]. However, improvements in thermoelectric properties over bulk materials are
insufficient for most applications. In this work, we present ridged quantum wells (RQWs) having
advanced thermoelectric properties. RQW layer has periodic ridges on the surface. Its operation is
based on the effect of quantum state depression (QSD). Periodic ridges impose additional boundary
conditions on the electron-wave function. Supplementary boundary conditions forbid some
quantum states for free electron, and the quantum state density in the energy o (E) reduces.

According to Pauli’s Exclusion Principle, electrons rejected from the forbidden quantum states have
to occupy the states with higher E. Thus, chemical potential # increases. In semiconductors, QSD
reduces o (E) in all energy bands including the conduction band (CB). Electrons rejected from the
filled bands occupy the quantum states in the empty bands, and the electron concentration in the CB
increases [2]. This corresponds to donor doping (we will refer to it as QSD doping). The QSD
transfers electrons to higher energy levels. If initially the semiconductor is intrinsic, then the QSD
doping will modify it to n-type. It is comparable with a conventional donor doping from the point of
increase in 4. However, there are no donor atoms. QSD doping does not introduce scattering
centres and consequently allow high electron mobility. There are distinctions and similarities
between the QSD forbidden quantum state and a hole. State is forbidden by the boundary conditions
and cannot be occupied. However, it is not forbidden in an irreversible way. If the boundary
conditions change (e.g., owing to charge depletion), then it can recombine with the electron (like
the hole recombines with the electron). As the QSD forbidden state is confined to the boundary
conditions (macroscopic geometry), it is not localized in the lattice and cannot move like a hole.

RQW layer w

_:—ﬁr_r—\Jrl—lT

[ L

/s

Substrate

Fig. 1. Cross-section of a ridged quantum well.

Density of states in RQW (Fig. 1) reduces G times p(E) = p,(E)/ G, where p,(E) is the

density of states in a conventional quantum well layer of thickness L (a=0) and G is the
geometry factor. In the first approximation, for the case L, w>>a and within the

range S < G < 10, the following simple expression can be used
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G=Lla . (1)
where a=0 is the ridge height and L is the RQW Ilayer thickness (Fig. 1). Density of QSD
forbidden quantum states is

Pror (E) = po(E) = py(E)/ G = py(E)1-G ™). )

To determine the number of rejected electrons n, (2) should be integrated over electron
confinement energy range

n= [dEpg (E)=(1-G™") [dEp,(E)=(1-G ngsy . 3)

CON CON
Here, neon = [dEpP,(E) is the number of quantum states (per unit volume) within electron
CON
confinement energy range (which depends on RQW and substrate band structures). RQW retains

quantum properties at G times more widths with respect to the conventional quantum well.
Previously, QSD was studied experimentally [3] and theoretically [4] in ridged metal films.

p-doped semiconductor
or metal layer Depletion region

’ v_]v

la' 72

—> Y

Fig. 2. RQW with series of periodic junctions grown at the top of the ridges.

Thermoelectric materials are characterized in terms of dimensionless figure of merit Z7T [5].
Here, T is the temperature and Z is given byZ =0 S 2 /(k, + k), where S is the Seebek

coefficient, 0 is electrical conductivity, X, is electron gas thermal conductivity, and X is lattice
thermal conductivity. The difficulty in increasing ZT is that materials having high S usually have
low 0. When o is increased, it leads to an increase in x,, following Wiedemann—Franz law, and
ZT does not improve much. Another approach is to eliminate the lattice thermal conductivity by
introducing vacuum nanogap between the hot and cold electrodes [6—8] and using electron
tunnelling. Cooling in such designs was observed in [9] and theoretically studied in [10,11].
However, vacuum nanogap devices appear extremely difficult to fabricate. In this work, we present
a solution that allows large enhancement of § without changes in ¢, k., and X . It is based on
RQW having series of p*—n" or metal-n* junctions on the top of the ridges RQW (Fig. 2).
Depletion region width d(7T") depends rather strongly on temperature. The ridge effective height
au (T)=a—-d(T) and consequently the geometry factor of RQW becomes temperature-

dependent, G = G(T') . All parameters of RQW including & become stronger functions of 7 than
it will be in an RQW without the junctions. Seebek coefficient and thermoelectric figure of merit
increase.

The objective of this work is to calculate ZT of RQW with series of p'—n* and metal-n"
junctions and compare it with Z,T of reference RQW (RRQW), in whichG # G(T'), and bulk
material. Analysis was made using the Boltzmann transport equations. First, we calculate Vu for
the system of RQW and junctions and express it as

Vu=Vu, +Vu,. 4)
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Here, Vy, is the chemical potential gradient in an RRQW and Vu, is introduced by the
junctions. Next, we insert V4 in Boltzmann transport equations and calculate S for the system of
RQW and junctions, expressing it as S =S, +S,, where S, is Seebek coefficient of RRWQ and
S, is introduced by the junctions. Finally, the reduced figure of merit ZT'/Z,T is calculated and

M dependences are presented for such traditional thermoelectric materials as Si and Ge. Analysis

was made within the parabolic bands approximation and the abrupt junction’s approximation. Since
only heavy QSD doping was considered, we neglected the holes contribution in this transport.

2. CHARGE AND HEAT TRANSPORT IN THE RWQ WITH JUNCTIONS

Cross-section of the system of RQW and periodic junction is shown in Fig. 2. We assume that
there is a temperature gradient VT in the Y -dimension. Consequently, depletion depth depends on
the Y -coordinate, and geometry factor gradient VG appears in the Y -direction. Presence of VG
and VT modifies the electron distribution function and causes electron motion from the hot side to
the cold side. This motion is compensated by thermoelectric voltage. Let us write Boltzmann
transport equations [12] for the system of RQW and periodic series of junctions

J=L"(E+Vule)-L2VT
and
J¢=L*(E+Vule)-L=VT . (5)
Here, J is the electric current density, J 2 s the heat current density, L Y are coefficients,
& is the electric field, and e is the electron charge. Within the parabolic bands approximation,

L '/ are the functions of integrals of type
a i 2 a

QW (E)= [ dE(-0f,/0E)p(EYT(E)vy” (E—- )" (©6)
where f, is the electron distribution function, 7(E) is the electron lifetime, vy is the electron
velocity in the Y -direction, and « =0,1,2 [13]. Let us find how QSD affects Q' (E). The QSD
does not change dispersion relation and consequently v, . It reduces density of states (3D density)
G times, ie. P(E)=p,(E)/G and increases the transport lifetime G times [2], i.e.,
T(E)=G1,(E) (the latter follows from Fermi’s golden rule). Here, p,(E)and 7,(E)are the
density of states and carrier lifetime, respectively, in the case a=0. Consequently, product

P(E)T(E) vy2 in the RQW is the same as in the conventional quantum well of the same width (3D
case) and in the bulk material. This product does not depend on G and consequently it becomes
independent of depletion depth. The QSD changes the distribution function f,, since it increases
M . The QSD influences integrals Q' (E) by changing x alone. Therefore, integrals are the same
as in the bulk material having the corresponding chemical potential

L7=L,". 7

where Loij are the coefficients of bulk material having the value of 4 obtained by the

conventional doping (for instance).
Further, we have to find 4 for the system of RQW and junctions and insert it in (5) together

with (7). Chemical potential of degenerated semiconductor (—2 < #* < 2 where (*= p/kyT ) can
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be written as (note that frequently Fermi energy is used instead of chemical potential in
semiconductor literature)

=k, T n(n/ NG #2772 (/N ). ®)
where n is the electron concentration and N is the effective conduction band density of states
[14]. In the case of heavy QSD doping (n >>n,, where n, is intrinsic concentration), we can use
(3) for n. Density of states reduces G times in RQW, i.e. No = N5 /G, where N g is the CB
effective density of states for bulk semiconductor. Inserting this and (3) in (8), we get

s =k T(In[n, (G=1D/Ney|+27"[n,,,(G -1/ Ngy]). ©)

Fig. 3 shows the reduced chemical potential dependence on geometry factor in RQW, plotted

according to (9), for Si and Ge materials for different 7 .gy . The reason for choosing 7.,y values
will be discussed in Section 4.

0.75

0.50 o oo

0.25

n/x T

0.00

-0.25

-0.50 ———+—

Fig. 3. Chemical potential dependence on geometry factor in RQW

for Siat noy=4.5- 10" cm™ (upper line) and Ge at 1oy = 1.4 - 10" cm™ (lower line).

Further, we rewrite (9) as

p= 1y +kT([(G = 1IG, -]+ 272 (G~ Gy ) ngpy /Ny (10)
where G, is constant. Introduction of g, = #(G,) defines reference material as n'-type
semiconductor with electron concentration of Ny =n.o(G —1) or RRQW having constant
geometry factor (0G/dT)=0 and G =G,. Next, we calculate the gradient of (10) taking into

account that N g o< T°'* . The result is

Vu=Vu,+6VT, (11)
where
G-1 1 1 oG
O=kylln -—6\G-G, )J+T| —+¢ | — 12
B{ G i ,6(6-Gy) (G_l fjaT} (12)

148



A. Tavkhelidze. Nano Studies, 1, 145-154, 2010

and £=27""n_, /Ny. Inserting (11) and (7) in Boltzmann equations, we find charge and heat
currents in the system of RQW + J:

J=L(E+Vuyie)-(L2-L Y gre) v (13a)
and
JC =L (E+Vuyie)-(LP2-L2 6/e) VT . (13b)

Further, Seebek coefficient, electrical conductivity, and electron gas heat conductivity can be
found from (13a) and (13b) in a conventional way.

S=(L012—L0”9/ej JLy =5,—(67e) (14)
K, = L2 - L021(¢9/e)—(L012— L G/ej L2 /L) = ke, (15)
oc=L, =0,. (16)

Electrical and thermal conductivity in the system of RQW and junctions remain unaffected
(with respect to RRQW or bulk material having the same & value) by a series of junctions, and S

change according to (14). To calculate 6 and then S, we have to find dG /9T first (12).

3. GEOMETRY FACTOR TEMPERATURE DEPENDENCE
IN RQW WITH p*-n* AND METAL-n" JUNCTIONS

Depletion region reduces the effective height of the ridge from a to

a, (T)=a—d(T). (17)

Here, d(T') is the depletion region depth. Differentiating (17), inserting (1), and taking into
account that G = G(T) , we find

(0G/0T)=(dG1dT)=(G/ay )|dd(T)/ar]. (18)
Let us find 0G/0T in RQW with series of p'—n" junctions first (Fig. 4). Within the abrupt
junction approximation, d(7") has the following form [15]:

1/2
2e N 2k, T
d, ,(T)= |: > A (¢bi_ > H . (19)
e Ny(N,+Np) e

Here, & is the dielectric permissibility of the material, ky is the Boltzmann constant,

@i = Puin T @y is the built-in potential, N, is the acceptor concentration in p-type layer, and

N, is the QSD doping concentration.

Fig. 4. Energy diagram of p*—n" junction at the top of the ridge.
Ridge (left) is QSD-n doped and additional layer (right) is acceptor doped.
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The built-in potential is (Fig. 4)

P 5= @ pinT P vip= (Eg +u+ 7) e, (20)
where E, =E.—E, and 7 is the chemical potential of p'-type layer. For the case shown in
Fig. 4, both # and y are negative as 4 is measured from the RQW conduction band bottom and
7 is measured from the p*-type layer valence band top. Parameter ¥ is determined using the
formula similar to (8) for p'-type semiconductor. Inserting (20) in (19) and introducing
v=n, /N,, wewrite

2es (B, +u+y=2k,T) \'"
d,.,(T)= o o
A1-GH[l+v(1-G )]
Differentiatmg (21) and inserting du/dT found from (9) and dy/dT found from formula
analogical to (8), and further inserting result in (18) gives

0G/OT), , =E,, [(u/T)+(y/T)=5ky —(3/2)ky EG-1)-(3/2)k, 5], (22)

=L, ,

21

con

where 6 =2""(N A/Ny), Ny is the valence band effective density of states in p'-type

layer, and E,_, is the characteristic energy of the system of RQW and p'—n" junctions and equals

to
28 G vG! ( )
E_ =(E,+u+y-2k;T)|—+ + -k — 23
po = (B a2 ){G (G-1) G1+v(G—1J 2Tt )
where B =a. /d.
‘%I mlo ) [e@ 0
E, .
NN W 7777 AR
VIl

) do
E

v

Fig. 5. Energy diagram of metal-n" junction at the top of the ridge.
Ridge (left) is QSD-n doped.

In the case of metal-n*, Schottky junction will be formed at the top of the ridges (Fig. 5).
Within abrupt junction approximation, the metal-n" junction depletion layer depth is [15]

f2e 1 (0 kT
dm—n (T) - ¢bi . (24)
e Np e

Here, ¢, =®  —x+ule where ®_  is the metal work function and exis the

semiconductor electron affinity measured from the bottom of conduction band. Repeating the
above-described steps for metal-n" junction, we found

@G/T),,_, = En, [(w/T)=(5/2) ky - (3/2) ky £(G -1)]. (25)

Here,
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G (G-) G-1
Investigation of (22) and (25) shows that both (0G/9T)

-1
Em_n=(ed>m—ez+ﬂ—kBT){%+ o i|_kBT(i+§)' (26)

and (dG/0dT) . strongly depend

p—n

on G, and this can be used to increase Seebek coefficient considerably. However, (BG/BT)p_n

diverges and changes the sign for the value of G for which E_, =0 (the same happens in the case

of metal-n* junction). Care should be taken to keep G far enough from the divergence point and
avoid the change of (0G/9T)

be chosen so that —(dG/dT), ,
value. Additionally, ¥ (acceptor doping of p-type layer) can be varied to attain the desired
(dG/ aT)p_n

Equations (22) and (25) are obtained on the basis of (1) describing dependence of G on the
dimensions. However, (1) is valid only for a range of geometry factors 5 < G <10 and for a << w.
Let us try to find G for the arbitrary geometry. This requires solving of the time-independent
Schrédinger equation in the ridged geometry [4]. Unfortunately, there is no analytical solution in
the ridged well (solution contains infinite sums). However, there are fairly accurate numerical
methods. Mathematically, there is no difference between QSD and the electromagnetic mode of
depression, and Helmholtz equation and the same boundary conditions are used in both the cases.
Helmholtz spectrum calculation can be found in the literature related to Casimir effect. Casimir
energy exhibits strong dependence on the photon spectrum and consequently on the geometry of the
vacuum gap [16]. A number of geometries, including double-side ridged geometry [17] and double-
side corrugated geometry [18], were investigated. New, optical approach for arbitrary geometry was
also developed [19]. Unfortunately, none of the above-described methods allows simple analytical
solution like (1). Consequently, we have to accept the limit5 <G <10 for further analysis.
However, the above-listed numerical methods allow one to go well beyond those limits.

p-n Sign (S will also change its sign). At the same time, G should

is positive and high enough to obtain large enhancement in §

value. In the case of metal-n" junction, @ can be varied instead of } .

4. SEEBEK COEFFICIENT
OF RQW WITH p'-n" AND METAL-n" JUNCTIONS

It is reasonable to calculate Seebek coefficient of RQW with junctions relative to RRQW, in
which geometry factor is constant (dG/dT)=0. This will allow comparison of dimensionless

figure of merit ZT with Z,T, using similarity of electric (16) and heat conductivities (15). In
(10-12) G, is arbitrary. To simplify the comparison, we choose G, so that RWQ with junctions

and reference RRQW have the same 4 value. Equation of chemical potentials leads to G, =G (9).

Inserting this in (12) and further inserting the obtained result in (14), we obtain for Seebek
coefficient of RQW with junctions

k., T 1 oG
S =S, ——2—| —+& || —
p—n, m—n 0 e (G _1 éj ( aT jp_n’ L . (27)

Here, S, and S,_, are the Seebek coefficients of RQW with p*—n" and metal-n" junctions,

respectively. 3D Seebek coefficient of reference RRQW do not differ from Seebek coefficient of
the bulk material, and within the parabolic bands approximation it is equal to [20]

ky |:r+5/2 oo (11%) _ﬂ*}

So=—
e | r+3/2 F, ,(u*)

(28)

151



A. Tavkhelidze. Nano Studies, 1, 145-154, 2010

Here, r refers to scattering parameter and it is assumed that electron lifetime 7(E) o< E",

M= pulky T is the reduced chemical potential, and F(4*) are Fermi integrals. In the case of no
impurities (QSD doping) and low energies, acoustic phonons are responsible for electron scattering
and r =0. It should be noted here that RQW has G times more width [2] with respect to the
conventional quantum well. As 3D p(E) in wide quantum wells tends to p(E) of the bulk

material of the same width, using (28) for RRQW is a good approximation. However, in the case of
thin layers oscillatory behaviour of transport coefficients should be considered [21].

To find the ratio Z/Z,, we use relations (15) and (16) and obvious relation between lattice
thermal conductivities &, = k;,, all together leading to

Zp—n, men ! Zo = (Sp—n, m-n /So)2 . (29)

Fig. 6 shows the dependence S,(#) according to (28). The S,_,(#) in the same figure is
determined by first, calculating S,_, (G) by inserting (22) in (27), and then (9) was used to convert
X -axis so that S, (#) was obtained from S, (G). The ratio Z, ,(#)/Z,(1) in the same
figure is calculated according to (29). We present & dependences as they allow the understanding
of possible 4 ranges, within which real devices can operate without changing sign of (9G/ aT)p_Il
(22) and (23) and consequently S

p-n SIZN.

10
8 -
6) e
m 61 N
5 -
~ ~
I I
VJQ 4 4 Nm
24
1.5

Fig. 6. S, _, () —solid lines, S, () —dotted line and Z,_, (#)/ Z (1) — dashed lines (belong to
right Y -axis). Dependences S,_, (#) and Z,,_, (#)/Z, () are calculated for Si and Ge materials.

Traditional thermoelectric materials Si and Ge are chosen as examples. Dependences are
plotted for the following parameters: (1) material Si, nqo=4.5 - 10®%em™, ¢ =20nm, y=3.3,

B=0.1, T=300K; (2) material Ge, ngo=14-10"cm™, a=35nm, y=-1, =025,
T =300 K. For both Si and Ge, we choose ng,y so that, for value G =10, # was close to the
optimum value Hopp /kgT =r+1/2 [19]. Figs.3 and 5 allow finding of S, ,(G) and

Zp_n (G)/Z,(G) dependences as well. For this, & should be determined from the desired point in

Fig. 5 and next G can be found using Fig. 3. Next, L can be found by first determining d from
Neon and G values using (21) and next, determining a,, from (17) and inserting it in (1) instead of

a . For the above parameter values and G =10, we got L =18 nm for Si and L =75 nm for Ge. It
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should be noted here that RQW exhibits quantum properties at G times more widths with respect to

the conventional quantum well [2].
Fig. 6 shows large enhancement of figure of merit in p*—n* junction RQW both for Si and Ge
materials. The dependences are quite identical for materials having rather different band gaps (1.12

for Si and 0.66 eV for Ge [22]). This shows that despite Eg entering expressions for depletion
depth (21) and (aG/aT)p_I1 (22), almost similar S, , (#) and Z,_ (#)/Z,(1) dependences can
be obtained by matching such parameters as  and 7 .

Fig. 7 shows dependences in the case of metal-n" junctions. The S . () was determined by
first calculating S, _, (G) by inserting (25) in (27) and then using (9) for X -axis to convert

S.,..,(G)toS, . (u).Both S (u) and Z_ (u)/Z,(1) dependences are similar for Si and Ge.
Two curves are not distinguishable on the given scale.

10
8_
—
L
o 6
N
S~
g
&
v 4
] . Ge T A ()
| z,0z, s S T ,
15 1.0 05 0.0 0.5 1.0

n/kT
Fig.7. S, _, (&) —solid lines, S,(4) — dotted line, and Z _, (u)/Z,(u) — dashed lines.

Curves are plotted for the following parameters: (1) material Si, n o =4.5 - 10" em™,
a=15nm, =055, (®,—x) =113k, T/e, T =300K; (2) material Ge, nooy=1.4-10" cm™,
a=28nm, =04, (®_-x)=15k,T/e, T=300K. RQW width L determined in the above-

described way are L = 60 for Si and 85 nm for Ge.

As the analysis shows, high thermoelectric figure of merit can be obtained in both p'™—n*
junction and metal-n" junction cases. Metal-n" junction RQW seems to be simple in fabrication
when compared with p*—n" junction RQW, since metal film deposition is more straightforward than
epitaxial growth of the semiconductor layer. However, p'—n" junction allows more precise
regulation of (dG/dT), as it can be done by matching the acceptor concentration (¥ value), which

is less complex than finding metal with required work function (®  value in the case of metal-n*

junction).
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S. CONCLUSIONS

Thermoelectric transport coefficients were investigated in the system of ridged quantum wells
and periodic series of p*—n" and metal-n" junctions at the top of the ridges. Analysis was made on
the basis of Boltzmann transport equations. It was shown that the Seebek coefficient increases
considerably. At the same time, electrical and thermal conductivities remain unaffected by the
series of junctions. This allows large enhancement of thermoelectric figure of merit. Dependence of
Seebek coefficient on geometry factor G and junction parameters was investigated and the
analytical expression was obtained. Seebek coefficient changes sign for some value of G.

Dependences of S and ZT on chemical potential were presented for both p*—n" and metal-n"
junction RQW (separately for Si and Ge materials). Calculations show one order of magnitude
increase in thermoelectric figure of merit with respect to the bulk material.
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1. INTRODUCTION

The wave properties of electrons inside a solid are well known and understood. There are
some nanoelectronic devices, such as resonant tunneling diodes and transistors, super lattices,
quantum wells and others that are based on the wave properties of the electron [1]. Under certain
conditions an electron in a solid can be regarded as a planar wave. The main requirement that
should be satisfied is that at least one dimension of the solid should be equal to or less than the
mean free path of the electron inside the solid. In this case, the electron can move without scattering
and could be regarded as de Broglie wave. It is difficult to satisfy this requirement because the
electron mean free path in most solids is in the range of (1 — 10) nm at room temperature. Transport
properties of solids (current and heat transport) are defined by electrons, having energies close to
the Fermi level, and the mean free path is given for those electrons. Other free electrons inside
solids, for example electrons having energies below Fermi level in metals, do not participate in
current and heat transport, because it is quantum mechanically forbidden for them to exchange
energy with the environment (all quantum energy levels nearby are occupied), and hence the mean
free path of such electrons is formally infinite. Such electrons will remain ballistic inside relatively
large structures [2]. In this work we use wave properties of such electrons to change electronic
structure of solid in the way, that work function of solid could be reduced and regulated precisely.
Such materials will find many applications in devices based on electron emission, electron
tunneling [3] and in semiconductor industry.

Assume a solid with the surface geometry, as shown in Fig. 1a, in which periodic indents are
introduced in the flat surface of the solid. Let us consider an electron traveling towards the border of
the solid as planar wave 1. Wave 1 will reflect back from the border of the solid because the
electron does not have enough energy to leave the solid. Because of the geometry of the surface
there will be two reflected waves. One will reflect from the top of the indent (wave 3) and other will
reflect from the bottom of the indent (wave 2). If the indent depth is one quarter of the de Broglie
wavelength of the electron, waves 2 and 3 will interfere destructively and there will be no reflected
wave. As a result, an electron of certain energy cannot reflect back from the surface because of its
wave nature. On the other hand, the electron cannot leave the solid and enter the vacuum because it
does not have enough energy to overcome the potential barrier. For obvious reasons, the electron
cannot simply stop near the surface either [3]. From the quantum mechanical point of view, we can
say that all possible final quantum states for that particular electron are forbidden. As all the final
quantum states are forbidden, then the initial quantum state is also forbidden. As a result, the
density of the quantum states inside the solid will be reduced. A 3D drawing of the solid is shown
on Fig. 1b. If we regard the solid as potential energy box, there will be standing de Broglie waves
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inside the solid. Each standing wave corresponds to the quantum state which could be occupied by
the free electron. The number of standing waves inside such a 3D structure is lower than in the case
in which there were no indents and all the walls of the solid were plain.

Solid Vacuum

e A

a) b)

Fig. 1. a) de Broglie wave interference diagram,;
b) Geometry of modified potential energy box.

a) b)

Fig. 2. Energy diagram of a) metal having plain walls;
b) metal having periodic indents on one of the walls.

A theoretical analysis that starts with the Schrédinger equation and then calculates the density

of the quantum states and diameter of the Fermi sphere in k -space shows that the density of the
quantum states is dramatically reduced when indents are introduced [4,5]. The calculation was
made within the limit of the theory of free electron gas in the metal (later a similar method was used
in [6]), and the result is shown on Fig. 2. The indents in the wall cause the density of quantum states
to be reduced in whole energy region below the Fermi level (Fig. 2b). Once the number of quantum
states is reduced, given that there is no reduction in the number of free electrons, electrons are
forced to occupy higher energy levels. As a result we have an increase of the Fermi level and a
corresponding reduction of the work function.

Some authors have named the effect as the Avto effect (note made by Avto Tavkhelidze).

In practice there are two limiting factors in achieving the Avto effect. First, the surface
roughness should be less than the de Broglie wavelength of the electron, in order to avoid the
scattering of de Broglie waves on the surface and reducing the effect. Secondly, it is ideal for the
solid to be amorphous or single crystalline in order to allow electrons to remain ballistic while
moving between the indented wall and the opposite wall. Polycrystalline structure of the material
will destroy the effect because of scattering of the electrons on the grain boundaries.
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It was the objective of this work to reduce the work function and correspondingly increase the
emission from various solids, in the way of modifying geometry of the surface of the solid.
Materials with reduced work function will find broad applications in devices working on the basis
of electron emission and electron tunneling. Besides, such materials will be useful in semiconductor
industry, particularly for the structures in which contact potential difference between two layers
play important role.

Au film

SiOz2

Au layer 1 Au layer 2

b) s

Fig. 3. Schematic cross-section of test samples made at TSU (a) and Nanostructures, Inc. (b).
Adhesion layers between SiO; and Au film are omitted for simplicity.

2. SAMPLE PREPARATION AND EXPERIMENTAL RESULTS

At Thilisi State University (TSU) thin gold films, having indents on both sides, were prepared
to observe the Effect (Fig 3a). Gold was the material of choice because it does not form natural
oxide on the surface and allows exposure of the films to the atmosphere. Au film was deposited on
a Si/Si0; (dry thermal oxide) substrate, and, after a conventional cleaning procedure, a layer of
photoresist S1813 of thickness 0.4 wm was attached at 4000 rpm (photoresist was solved prior to
attachment). Optical microscope MII-4 was used for thickness control. Periodic lines 0.8 um wide
were created in the photoresist using UV photolithography, and the SiO, was etched using
NH4F + HF + H,O, at a rate of 1 nm/sec to a depth of (10 —50) nm. In the next step, the
photoresist was removed using acetone followed by a conventional cleaning procedure. A further
layer of photo resist was attached, and another photolithographic step was used to form large
structures using a lift-off process. The substrate was then placed in deposition chamber, and after a
vacuum 107 torr was obtained, heated to 80 °C to remove water from the surface. The substrate
was cooled to temperatures between —16 and —22 °C, and a thin film of (2 — 3) nm thickness,
evaporated from a mixture of Au and Cr, was deposited on SiO, to form an adhesion layer (not
shown on Fig. 3a for simplicity). Following deposition, the wafer was moved rapidly (maximum
5's) to another location, where Au film of thickness of 60 nm was deposited using fast thermal
evaporation of Au wire (99.999 % purity). The substrate was heated up to room temperature and the
wafer was taken out of deposition chamber. The final step was a conventional lift off process to
form large structures.

Measurements of the work function were made using Kelvin Probe (KP) method. All
measurements were comparative to exclude absolute inaccuracies: the difference between KP
reading on a flat region of the gold film was compared to the reading from the indented region of
the film. The structure of the films was analyzed using X-ray diffraction (Fig. 4).
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Fig. 4. X-ray diffraction patterns (Co source 1.78 A): solid line — Au film deposited on cold
substrate; dot line —Au film deposited on room temperature substrate; dash line — Au film

containing Ca atoms.

For all samples measured, the indented regions showed a reduced work function (WF)
compared to the flat regions. The magnitude of this reduction of WF depended on the structure of
the gold film and the depth of the indents. Films having an amorphous structure show much higher
reduction in WF than films having a polycrystalline structure. All polycrystalline films show a WF
reduction less than 0.1 eV whilst for amorphous films the reduction of WF is in the range of
(0.2 -0.5) eV. Amorphous films were obtained using deposition of gold on cooled substrate (as
described above), and polycrystalline ones were obtained by deposition of gold on room
temperature substrate (Fig. 4). No other technological parameter except substrate temperature was
different in the two deposition processes. The difference in WF was more pronounced for samples
that were deposited in a cleaner environment (by plasma cleaning the deposition chamber prior to
deposition), because for the cooled wafer the residual gas pressure and composition has
considerable influence on the structure of the film. The difference in WF reduction up to 10 times,
shows that structure of the film has principal importance for observation of Avto effect. This
experimental result is in full agreement with theory.

One further unplanned experiment confirmed the importance of the structure of the film.
When the Au film was fabricated in a deposition chamber previously used for Ca, it unexpectedly
showed a reduction of WF of 0.06 instead of the expected 0.5 eV. Subsequent X-ray analysis
(Fig. 4) revealed the presence of Ca atoms inside the Au film, and also the Au film was
polycrystalline instead of amorphous. It was obvious that Ca contamination changed the film
structure to polycrystalline, resulting in the Effect almost vanishing. After the deposition chamber
was cleaned, new samples were fabricated which showed better amorphousness on X-ray analysis,
and the WF difference increased to 0.2 eV. Fabrication of samples following further cleaning of the
chamber, by dismantling followed by chemical and mechanical treatment to remove the thin layer
of Ca completely from the parts of deposition chamber, yielded Au films showing a WF reduction
of 0.4 eV and having amorphous structure by X-ray analysis.

It was observed that the strength of the effect depends on the depth of the indents. Samples
having Au film thickness of 60 nm, and indent depth of 50, 20 and 10 nm show WF reduction of
0.16, 0.25 and 0.56 eV, respectively. This experimental result is in quantitative agreement with the

prediction of the theory. In theory Fermi level increases as Ef = Ep(L/d)*® where Ej is the

Fermi energy of the indented film, E} is the Fermi energy of plane film, L is the thickness of the
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film and d is the depth of the indent (formula could be used for real sample description only for the
case d > Ra, where Ra is surface roughness). Formula shows that the less d is (for L = const)

the more increase of Fermi level and consequently the reduction in WF (Fig. 2) should be, and the
same thing is observed experimentally. Other possible explanations of the observed dependence
could be the increase of the roughness of the indents in SiO, films with increasing etching depth, or
the increase of under photoresist etching with increasing indent depth. AFM measurements show
that there is no increasing roughness with increasing indent depth, but there is some increase of
under photoresist etching with increasing etching depth.

Reduction of WF of 0.2 eV was observed on indented area of SiO,. The measurement was
made on several samples and yielded almost identical results.

Test samples in Nanostructures, Inc. were prepared using conventional optical lithography and
etching techniques to demonstrate the work function reduction of indented gold surfaces. The sample
geometry was a little different from ones made in TSU. Indents (more precisely protrusions) in Au were
made only on the surface of the film, while film base remained flat (Fig. 3b). First 50 nm Au film was
deposited on plane Si/ SiO, substrate at room temperature (layer 1). Next photoresist was attached to the
gold film and 0.8 um lines were opened. Afterwards (7 — 10) nm thick gold film was deposited at room
temperature (layer 2). Finally lift off of second layer of gold was made to form periodic lines. AFM was
used to verify the height, width, and period of the protrusions, and to evaluate the surface and edge
roughness of the indented patterns.

WF reduction of 0.1 eV was observed in these samples. Low value of WF reduction could be
explained by the fact that Au films were deposited on room temperature substrate. Another explanation is
the difference in geometry. As mentioned above films had indents on one side only, unlike TSU films
having indents on both sides.

Measurements made on one of the Nanostructures’ sample provided more information for
understanding the Avto effect. One of the samples was prepared so that it contained five areas each
having different surface geometry. The first area was plain and the other four areas had various
indent widths of 0.8, 0.6, 0.4, 0.2 um, but the same depth and length. Comparative measurements
made between 1 —2, 1 —3, 1 —4, 1 — 5 show that WF difference increases with reduction of indent
width. Theory does not predict such dependence in the case of ideal structure of the film (i.e. single
crystal or amorphous). But in reality the film will always contain crystals, and the electrons mean
free path will be limited, even for electrons below the Fermi level.

In PSU images were collected using high-resolution photoelectron microscope [7]. Fig. 5.
shows PEEM image of 16 squares of dimensions of 20 x 20 wm each. Some squares have indented
surfaces and others have plain surfaces. Indented and plain areas are placed like chess desk.
Intensity on the image is proportional to the electron emission. Indented areas appear brighter,
corresponding to more electron emission and consequently to less WF.

Fig. 5. PEEM image of Avto effect. Rectangular areas placed like chess desk.
Bright squares correspond to indented areas exhibiting
Avto effect and darker squares corresponding to flat gold film.
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In Ohio University the PEEM images were collected using a Bauer—Telieps style
LEEM / PEEM instrument [8]. The acceleration voltage was 15 kV, the illumination source an
HBO 100 mercury short arc lamp incident on the sample surface at a glancing angle of 15 degrees
from horizontal. The lamp spectrum was filtered using a 280 nm low pass filter, corresponding to a
photon energy of 4.4 eV. The final image was projected onto a microchannelplate image intensifier
and recorded with a video camera. Pictures captured in Ohio University also show that indented
areas appear brighter corresponding to more electron emission.

3. CONCLUSIONS

New quantum interference effect in solids has been predicted theoretically and observed
experimentally by several groups (TSU, PSU, Nanostructures Inc., Ohio University). Work function
decrease was observed in such materials as Au and SiO,. Experimental results are in good
qualitative agreement with predictions of the theory. In order to achieve quantitative agreement,
structure of the solid should be made single crystal or close to ideally amorphous that has not been
realize in experiments so far, and is the subject of future experiments. It is expected that magnitude
of the effect will increase dramatically, with improving structure of the solid and reducing the width
of indents. First could be realized by improving thin film deposition technology and reducing the
contamination. Second could be achieved by moving to more advanced technologies such as e-
beam and ion-beam lithography. Magnitude of the effect should be higher for solids with low value
of Fermi energy and low value of work function. For example such a material as LaBg is expected
to allow work functions less than 0.5 eV. In that case it will find application in thermionic and
thermotunnel refrigerators and energy generators operating at room temperature.
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With transition from micro- to nanostructures, it is especially actual carrying out of
technological processes at low temperatures. Decrease of temperatures of annealing, necessary for
updating physical properties of thin nanolayers of semiconductor materials, enables to avoid
uncontrollable diffusion in a matrix. One of effective methods of updatings of properties of the
semiconductor materials used in microelectronics is ionic implantation in a combination with pulse
laser annealing (PLA). The same method is represented especially actual for technology of
nanoelectronics. Post-implantation PLA provides activation of the introduced impurity and
annealing accompanying radiating defects and, in case of high doses of implantation which causes
amorphization of a semiconductor material, its further re-crystallization. Because of short duration
(nanosecond and less) of laser influence, processes of annealing can be carried out only through
melting of thin superficial layers of the semiconductor absorbing laser radiation (energy of more
width of the forbidden band) [1]. Such process is accompanied by a high degree of generation of
electron—hole pairs. For development of effective modes of annealing (spectral structure, duration,
energy of a laser pulse) research of the nature and understanding of mechanisms of carrying out of
these processes is necessary.

Despite of a great number of articles on laser annealing (LA), the mechanism of this process
has not been uniquely established yet. The suggested mechanisms of LA can be divided
conditionally into two groups: the thermal mechanism (it is considered that the energy of the laser
pulse is transferred as heat to the lattice by the photo-excited carriers) and the non-thermal one
taking into account the stimulating role of the high level of photo-ionization in the PLA process
[1-3]. In both cases, melting is an intermediate stage of re-crystallization.

Today, the considerable number of the experimental works showing obviously non-thermal
character of pulse laser annealing has been collected [4—18]. At the same time there is number of
theoretical models of non-thermal laser annealing [19-21]. However, they do not explain all results
of experimental works on LA. Namely:

e really observable concentration of the electron—hole pairs generated by light,

n=(10"-10")cm™, is significantly lower than the theoretically obtained value
n=(10" -10")cm™;

e experiment has shown that critical concentration of the light-generated electron-hole pairs,
necessary for fusion, depends only on a semiconductor material (for example, for GaAs
n=~10" cm™, while for Ge and Si n=10"cm™).

We offer a model non-thermal mechanism of melting of the thin semiconductor layers, which
explains results of the available experiments on PLA [22,23]. Our model for low-temperature PLA
of semiconductors is based on concept of changes in quantum states of the valence electrons
realizing chemical bonds. An electron-transition from the valence band (bonding state) to the
conduction band (anti-bonding state) results in the creation of two anti-bonding particles — an
electron in the conduction band and a hole in the valence band, and, hence, in the modification of
the power and the type of bonding (isotropization of bonds). For example, in semiconductors with a
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diamond structure (Ge, Si etc) and in ABY compounds (GaAs etc) the electron transition from the
bonding p-state in the valence band (directed bonding) to the anti-bonding symmetric s-state in the
conduction band. Within its bounds, it seems as completely natural the existence of some critical
concentration n,, such that if the concentration of the anti-bonding quasi-particles is n >n_, , the
initial state of the semiconductor can become unstable, depending on the conditions of the
experiment — the power and the duration of PLA. And there will be a start of low-temperature
melting, accelerated diffusion, re-crystallization of the amorphous layer, structural phase transition
into a metal state and etc [11,14-18,20-23]. n_ is a value of the anti-bonding quasi-particles
concentration, at which their local weakening actions are replaced by collective ones. The anti-
bonding quasi-particle does not weaken bond locally, at any lattice point, but in the entire region of
its delocalization, i.e. in the region with the linear dimension of the order of its de Broglie
wavelength A, =h/p (h is the Planck constant, p is the pulse of the particle). Let introduce a

cr

sphere with the diameter A, i.e. with volume V,, = 74, /6. If for the quasi-particles concentration
n volume Vp contains more than one quasi-particle, then nV, =1. At such concentration in the
entire volume of the crystal, the anti-bonding quasi-particles weaken the bonds between all the
atoms. In this case the crystal can be considered as if it was a gigantic molecule with the weakened
bonds between all its atoms.

However, in order to be occurred “melting by the electronic mechanism” the degree of
weakening and isotropy of bonds should reach a certain critical value. Here we introduce our basic
hypothesis reasoning from the experimental fact that melting is the result of weakening and isotropy
of the bonds between all the atoms of the substance. We assume that the concentration of the anti-
bonding quasi-particles is critical at which

n,V,(T,) =1, V,(T,) =74, (T,)/6. (1)
It means that melting by the electronic mechanism occurs at such concentration of anti-
bonding quasi-particles when in the spherical volume of the crystal of diameter equal to the

de Broglie wavelength at the melting point 7, , there is at least one quasi-particle. It should be
emphasized that A,(7,,) and V,,(T,) are fixed, as formally designated length and volume which in

any way have not been connected with the real temperature of a crystal at “melting by the electronic
mechanism”. For a simple isotropic law of quasi-particle dispersion within the framework of

classical non-degenerate statistics p =+/3mkT (m is the quasi-particle effective mass of

conductivity, T is the absolute temperature, k is the Boltzmann constant). Then, from equation (1),
we obtain:

(n,)., =9V3N,, /z2x)** =03N,,, )
(n,)., =03N,_, =4.82:10°(m_,T,)**[cm™]. (3)
Here N_, is the effective density of states in the conduction band (c) and in the valence band

(v), respectively; m_ and m, are the effective masses of conductivity of the electron and the hole in
the units of a free electron mass, respectively. It should be noted that, generally, the effective
density of states in bands N,_, known from the semiconductor physics differs from above
mentioned value (in the formula (3) there is given the effective mass of conductivity, not the
effective mass of density of states in the bands). Coincidence takes place only for the scalar
effective mass and the presence of only one extreme in bands. Therefore, while estimating n,, it is
necessary to take into account this circumstance.

At the simultaneous presence of both types of carriers, in the assumption of equality of their
concentration (band-band transitions), for n_, it is obtained
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(ncr )c + (ncr )v
Concerning formulas (1-4) it is necessary to make the following notes:
1. Above, at definition of de Broglie wavelength we used classical statistics. As it is known,
the equilibrium concentration of electrons n,, in the conduction band and holes n,, in the valence

“)

cr

band, in the case of validity of the classical non-degenerative statistics, are expressed by the
following formulas

E,-E, E -E
n,, :NC exp(%}, nop :Nv exp(‘k—TFj (5)

Here, E, and E are the energies corresponding to the bottom of the conduction band and the
top of the valence band, respectively; E, is the Fermi level. If the concentrations of quasi-particles
are n, <N, and n, <N, (which is fulfilled for critical concentrations (2)) according to (5), the

Fermi level is in the band-gap, and the non-degenerate statistics is approximately applicable. It is
interesting to note that for the product of critical concentrations we have

(n,),(n,),=009N N,
which can be formally presented as “the mass action law” for critical concentrations:
(n,),(n,),=NN, exp(-E, /kT,)

with a band-gap reduced to E, ~ (2—3)kT,,.

2. In formulae (1-5) it is assumed, that in the volume V(T ), there is one quasi-particle.

However, for crystals of a diamond and zinc blende types, with a tetrahedral base unit with four
bonds, it is obviously reasonable to extend our hypothesis to presence of i =1-4 particles in
V,(T,). As aresult, in formulae (2) and (5), the additional factor i will appear: (n,),, =0.3iN_,.

The values of m_., m, and T, are: for Ge — 0.17, 0.2 and 1210 K; for Si — 0.26, 0.37 and

1688 K; for GaAs — 0.067, 0.34 and 1511 K, respectively. By using these parameters and formulae
(2—-4), the calculated values (n,, )., are (extreme values of n, correspond to i =1 and 4): for Ge -

(2.2-9.6) - 10"®, for Si — (0.8 - 3.3) - 10" and for GaAs — (1.4 - 5.5) - 10"* cm™.

From these values it is seen that for one anti-bonding quasi-particle there is “weakening” of
10° bonds. There are risen questions: What kind of mechanism is for such collective weakening of
bonds? Why do electrons of the conduction band and holes of the valence band weaken bonds
between atoms of a crystal?

Because of the big mathematical difficulties, it is hardly possible to construct a strict
quantitative theory of these phenomena, proper to the multielectronic problem. We shall try to
answer these questions qualitatively, on an example of covalent crystals, basing on the following
two model conceptions:

1) As it is known, covalent bonds “are localized” between atoms of a crystal and are realized
by paired electrons i.e. by electrons in one coordinate state with the opposite spins. We shall
consider interaction of a band electron with any of these paired electrons. Number 1 designates a
band electron, and numbers 2 and 3 designate bond electrons. A spin of the band electron will be
parallel to a spin of one (let us suppose 2), and antiparallel to the other one (i.e. 3) from the paired
electrons. Spin wave function of such system should be described by Young’s scheme, in which it
should be antisymmetric in relation to the rearrangement of a spin of bond electrons 2 and 3 (a
singlet state) and symmetric concerning rearrangement of spin variables of band electron 1 and
bond electron 2. To satisfy Pauli principle symmetry of coordinate wave function of system, it
should be defined by so-called transposed Young’s scheme. This scheme describes coordinate wave
function, which is antisymmetric to coordinates of a band electron 1, and a bond electron 2. But,
wave function antisymmetric by spatial coordinates corresponds to a situation, when they rarely get
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between positive nucleuses because of the movement correlations of 1 and 2 electrons. As a result,
band electron 1 is weakening bonds due to the exchange interaction with bonds electrons.

2) In the following model the answer to the risen questions is based on the analogy to a
problem of an inelastic scattering of an electron by para-helium atom. Electrons of para-helium
represent an analogue of paired electrons of bond, and a band electron — scattered electron with
some additional reasons related to the scattering process. Being based on a principle of identity of
electrons, we consider that electron of the conduction band (it is anti-bonding quasi-particle)
replaces in the bonding orbital (on this orbital there are two electrons with opposite directed spins)
one of the electrons and is settling with the “remained” electron with parallel spin transforming a
bonding orbital into a loosing one (break of bond). Then, a liberated electron does the same thing
with the following bond etc. Similarly, a moving hole of the valence band represents a broken bond,
and an electron having been occupied a place of the hole (movement of the hole) can transform a
new orbital into a loosing one “having sit” on empty bond with the remained electron having a
parallel spin. At presence of both types of quasi-particles both mechanisms are released
simultaneously. We assume that the loosing orbital is occupied by the electron during a very short
interval of time (At =10"s, which is of the order of the electron flight time on inter-nuclear
distance, i.e. time of states’ exchange) and it is an intermediate virtual state of electron. According
to the uncertainty principle for energy we have: AE ~ hi/At =1eV. Therefore, the energy is not
conserved at transition of the electron to an anti-bonding orbital. Its conservation takes place for the
process as a whole, i.e. for a chain of transitions: band electron — an intermediate virtual state —
band electron (the similar mechanism is released for holes, and also at the presence of both types of
quasi-particles). The concentration of anti-bonding quasi-particles is critical, when the chain of
replacement of a binding orbital by an anti-bonding one covers the whole crystal (or its
macroscopic area) simultaneously and the crystal assimilates to one huge molecule with all
weakened bonds. Thus A,(7,,) it is a correlation length in a problem of collective relaxations of

bonds in a crystal.

As to the criterion of “photomelting” for the defects annealing case, it is necessary to note the
following: a physical size, on which our hypothesis is based, is the de Broglie wavelength of anti-
bonding quasi-particles corresponding the temperature of melting of a semiconductor. According to
the definition A, = h/ p. It requires the quasi-momentum p to be a good quantum number. On a

hypothesis, 4,(T,) and corresponding volume V,(T,) (see formula (1)) are fixed, as formally
designated length and volume. As a result, the critical concentration contains parameter
n .~ (mT,)"?, where m is the effective mass of conductivity of quasi-particle. While A, (T, ) or

m and T, have their sense, formulas (2-4) for n , are correct, to the same extent as for a crystal

with defects (or even amorphously macroscopical areas) is maintained a concept of quasi-
momentum, as a “good” quantum number. Everything will depend on a violation degree of a basic
matrix of a crystal. If, thus de Broglie wavelength of the particle, expressed as a function of
coordinate x, A, (x) =h/ p(x) is a smooth function of the coordinate, i.e. the condition of a state

quasi-classicality ‘ dAld x | << 1 is satisfied, then formulas (2—4) for n _ are approximately right.

As it is known, in amorphous semiconductors, generally, quasi-momentum is not a “good”
quantum number, there are no Bloch waves, but nevertheless, despite lacking the distant order, a
band scheme (the “expanded” states, the band gap, the gap mobility, concepts of electron and holes
as quasi-particles, exciton etc) is maintained. For an example, we shall consider Ge and Si. It is
known, that both in crystal and amorphous states their basic structural element is the tetrahedron
with four atoms in bonds. The basic difference between a crystal and an amorphous form is that in
the amorphous phase tetrahedrons are oriented to each other in a random way. Thus, it is very
important that the near order is saved and the breaking of a chemical bond does not depend on the
distant order. Breaking of a chemical bond means the release of an electron from the bond and the

164



N.D. Dolidze et al... Nano Studies, 1, 161-165, 2010

appearance of a hole which can participate in conductivity as a quasi-particle. Therefore, if the
semiconductor is a material in which for breaking of the bond is required the energy
AE ~ (1—-2)eV, the same definition can be used for amorphous semiconductors. Melting means the

breaking of a tetrahedral structure and the occurring of a denser packaging. Hence, from a position
of chemical bonds the concept of “melting temperature” and quasi-particle with a corresponding
de Broglie wavelength is saved. So, for example, in amorphous semiconductors often there are

phenomena, in which participate electrons with kL <1, i.e. 4,2 L (k is the wave vector, L the
free path of electron) [24]. In such cases formulae (1) and (2) for n _, should be applied as
estimation.

Proceeding from the above-mentioned facts it is possible to draw a conclusion, that a degree
of really achievable photoionization in experimental conditions of PLA and making for Si and

GaAs, n<10*cm™ [3], can quite provide realization of annealing processes without high-
temperature heating of a crystal.
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One of the basic methods of updating of properties of thin superficial layers of
semiconductors in nanoelectronics, as well as in microelectronics, is impurity doping process by
the ion-implantations method. However, radiation defects formation process accompanying this
method results in undesirable change of electro-physical, optical and mechanical properties of a
crystal. Elimination of these defects, in some cases incomplete, is achieved with thermal or pulse
photon annealings.

At researches of processes of annealing of defects and activation of an implanted impurity,
more strict way is to put a question about penetration of mobile radiation defects from area of
generation in the semiconductor bulk. The layers of the semiconductor, which are taking place
directly behind implanted area, in many respects define characteristics of ready devices. Therefore,
effective annealing should be carried out only in that case when conditions of annealing are realized
not only on ions introducing depths, but much deeper, on depths corresponding the point defects
penetration.

With transition on nanosizes, especially actual there are undestroying methods of
measurement. Such methods are optical methods (measurement of spectra of photoluminescence,
optical reflection and absorption) giving the information not only on optical properties, but also on
electro-physical, mechanical and structural characteristics [1-6].

In this work, the results of studies on changes in spectra of exciton absorption of light in the
region of direct transitions in n-type germanium (n = 5.10”cm™) irradiated with B* jons (with
energy E=100keV and doses @ =(10"-6.25-10")cm™ at temperature T =300K) are
presented. The samples represented plane-parallel plates, which thickness with the help of
mechanical polishing and chemical etching has been achieve up to (3.5 —11) um. The technique of
preparation of samples provided absence of residual mechanical pressure in a crystal. At
measurements the sample was in the “free” condition excluding occurrence of mechanical
pressure due to fastening. Optical absorption spectra were measured at 7 =77 K before ion-
implantation and at different stages of the isochronous thermal annealing. Isochronous and
isothermal annealings were carried out in the inert atmosphere (argon) in temperature range
T =(100-600) °C. In the experimental conditions amorphous layer is formed at ion-implantation
doses of ® >10"cm™ and its thickness is (0.4 —0.5) pm [7].

Fig. 1 shows spectra of optical absorption of samples with different thickness before and
irradiation with doses @ = 6.25-10"° cm™. From curves it is clear that after irradiation on the optical
absorption spectrum one can accurately observe an exciton peak. The irradiated ions cause
reduction of absorption in the exciton regions of spectrum with simultaneous broadening and
displacement of exciton peak toward higher energies. Dependence of the exciton absorption line
form from the thickness of the tasted samples is also observed. The exciton absorption form peak
of the sample with thickness d =11 pum is found to be close to that for initial sample.
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Fig. 1. Spectral dependence of exciton absorption coefficient in n-Ge.
(1) — before irradiation (d = 3.5um); and after B™-ion implantation

(®=625-10"cm™): (2)—d =11, (3) -9, (4) — 3.5 um.

With reduction of thickness of a sample the line of exciton absorption spectra becomes less
expressed and at 3.5 wm the peak is completely absent. At the same time, there is more significant

density-of-states “tail” (Fig. 1, Curve 4).
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Fig. 2. Spectral dependence of exciton absorption coefficient in n-Ge
after B*-implantation (® = 6.25-10" cm™). (1) — before annealing
and after isochronous (¢ = 30 min) annealing at: (2) — T =450 and (3) — 500 °C
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Dependence of the optical absorption spectra of samples with thickness 11 pwm implanted by

B* ions (P =6.25-10" cm™) on the isochronous annealing temperature is shown in the Fig. 2. In
process of annealing, it is observed reduction, broadening and shift of exciton peak to the short-
wave region.

Thus, experiment has shown that at B* ions implantation and subsequent annealing, the line
form and energy position of the exciton peak in Ge depends on:

e thickness of the tested sample;

e annealing temperatures.

Observable in spectrum broadening and reduction of the exciton peak, and its total
disappearance, can be caused by:

e presence of free carriers in samples, which are screening a Coulomb interaction
between electron—hole pairs. Free carriers concentration is determined by the concentration of
electrically active boron atoms, which maximal value is achieved directly after the implantation
and does not exceed 20 % [7];

e the electric field local fluctuations destroying exciton states. Such fields can be created by
the charges localized on the ionized impurities centers or the charged radiation defects created at
the ion-implantation.

Analyzing observed absorption spectral picture, it can be imagined by two pieces — non-
degenerate matrix of thickness d, =3.0pum (for a sample with d =3.5um) and with absorption

coefficient () characteristic for a germanium crystal, and a layer of thickness d, =0.5um with
absorption coefficient (¢,) characteristic for the amorphous germanium. Thus, the obtained
spectrum & (hv) should insignificantly differ from a spectrum of the unirradiated sample within

the exciton peak area and distinction should be more significant in the lower energy region at

values of & <10°cm™.

Thus, considered absorption spectrum sharply differs from the experimentally obtained
spectrum of a sample (Fig. 1, Curve 4). This difference testifies that the part of the crystal lattice
faulted in result of implantation weakens exciton interaction and it is presented together with “not
faulted” part of a crystal.

Consequently, observed in spectrum exciton peak’s broadening and a reduction and its full
disappearance, most likely, arises from all possible mechanisms [2]: they can be caused by the
electric fields created by the fluctuating clusters of charged point radiation defects and disordered
regions.

Shift of the exciton maximum, observable experimentally, can be caused by changes
both in Ge band gap width and exciton binding energy. However, as it has been shown [2]
the second factor in applied experimental conditions should be insignificant.

On account of presence of a plenty of radiation defects there is an increase in volume of an
implanted layer. In a transition layer “amorphous layer — crystal substrate”, there is strong
mechanical pressure because of different densities of amorphous and crystal materials. In the
irradiated samples, the increase in absorption intensity and peak displacement becomes significant
at T, =(300-350)°C and is maximal at 7, ~450°C corresponding recrystallization

temperature of the Ge amorphous layer [7].

As concentration of the electrically active boron atoms Ge achieves the maximal value
directly after implantation and after annealing no thermal diffusion of boron has place [7], it is clear
that observed effects are connected with changes in intensity and exciton absorption peak position
caused both by the radiation defects annealing and reorganization and their diffusion in depth of the
crystal’s unimplanted part. About increase in defects number in unfaulted layer testifies observed
(Fig. 2, Curves 2 and 3) sprawling of exciton peak in the implanted and annealed samples.
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Concentration of boron atoms after implantation by doses & >10" cm™ s higher than

maximal solubility of B" in Ge.
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Fig. 3. Spectral dependence of exciton absorption coefficient in n-Ge
after B* implantation (® = 10> cm™). (1) — before annealing

and after isochronous (¢ = 30 min) annealing at: (2) 7 =450 and (3) — 500 °C.
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Fig. 4. Spectral dependence of exciton absorption coefficient in n-Ge

after B* implantation (® = 10" cm™). (1) — before annealing
and after isothermal (7 = 450 °C) annealing at: (2) =30 and (3) — 90 min
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Thus, efficiency of the boron activation after annealing at 7, ~ 600°C is (5 —20) % in

dependence on the implantation conditions [7]. It is clear also from the following fact: boron having
the covalent radius (r, =0.87 A) less than covalent radius of Ge (7, =1.22 A) being within the Ge

lattice units causes stretching deformation. Hence, it should be experimentally observed shift of the

exciton maximum in the long-waves part of spectrum. Actually we can notice an inversed picture —

shift toward short-waves, caused by compression deformations created by boron interstitial atoms.
Taking into account that a hydrostatic compression increases Ge band gap width,

dE, /dp=(1.53%£0.05)-10""eV /Pa [8], it is possible to estimate internal pressure of the

deformation field. For doses @ = 6.25- (10" =10'*)cm™ it is ~ 10’ Pa.

As to the samples irradiated with doses less than amorphization doses, both isochronous
(Fig. 3) and isothermal (Fig. 4) annealings shift exciton peak in long-waves part of the spectrum.
From here it is possible to draw a conclusion that in this case activation of the atoms introduced by
implantation determining process is transition of atoms from interstitial states in lattice units. As
shown above, germanium crystal it causes stretching deformation that shifts the exciton peak to
long-waves part of the spectrum.
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T. Butkhuzi, M. Sharvashidze, T. Khulordava, E. Kekelidze, N. Gapishvili, L. Aptsiauri,
N. Bukhsianidze, L. Trapaidze, R. Melkadze, Sh. Mirianashvili, T. Qamishadze, L. Gapishvili,
M. Tigishvili. Nonequlibrium Treatment of ZnO Layers Implanted by N. Nano Studies, 1, 5-9
(2010).

In order to obtain the p-type impurity conduction, ZnO layers were implanted by N* ions with
concentration 10 cm™ at energy 110 keV, implantation dose 10" cm'z, and current density
15 LA / cm®. Healing of the radiation defects created in implanted ZnO crystals was carried out by
radical beam quasi-epitaxy (RBQE) in the atmosphere of active oxygen radicals (7 =400°C,

t=4h, n, = (10" =5-10")cm™). As a result we obtained ZnO:N epitaxial layers. According to the

measurements with van der Pauw method the holes mobility, their concentration, and layers’
resistivity were found as 23cm’/V-s, 5-10°cm™ and 54 Q-cm, respectively. In
photoluminescence (PL) spectra of ZnO:N, the maxima were observed at 371.5, 381.2, and
387.4 nm. Analysis shows that 371.5 nm links to acceptor-bound exciton (A°X) related to the
nitrogen acceptor, 381.2 nm and 387.4 nm link to No and donor—acceptor pear (DAP) emissions,
respectively.

T. Butkhuzi, M. Sharvashidze, T. Khulordava, E. Kekelidze, N. Gapishvili, L. Aptsiauri,
N. Bukhsianidze, L. Trapaidze, R. Melkadze, L. Gapishvili, M. Tigishvili, Sh. Mirianashvili,
T. Qamushadze. Regulation of defect creation in ZnO p-type films by RBQE method. Nano
Studies, 1, 11-18 (2010).

We have investigated ZnO layers obtained by the radical beam quasi-epitaxy (RBQE) method.
By the RBQE technological method p-type ZnO epitaxial layers were obtained at 7 = 400°C. Hall
measurements performed at 7 =77 and 300 K. Resistivity was measured as 5-107 and
3.1-102 Q- cm at 77 and 300 K, respectively. At 77 K, the holes concentration and mobility was
5-10® em™ and 22cm?/V s becoming 8§ - 10" cm™ and 250 cm?/V -s at 300 K. In the
photoluminescence (PL) spectrum of p-type ZnO layers at A =369.1, 374.5, 383.5, 392.5 and
401 nm, bands are observed and identified (at 70 K). Here we show that the RBQE technology
gives to control electrical and optical properties of ZnO samples.

T. Butkhuzi, T. Khulordava, =M. Sharvashidze, E. Kekelidze, N. Gapishvili,
L. Trapaidze, L. Aptsiauri. Originality of technological processes of RBQE method. Nano
Studies, 1, 19-25 (2010).

Original method, which enable us to create new quasiepitaxial layers on the surface of binary
compound like that on the basic crystal have been elaborated. This method was called radical beam
quasi-epitaxy (RBQE). In our case RBQE method enables us to obtain single crystalline layers of
ZnO on the basic crystal of ZnSe. But generally it might be use for other binary compounds. For the
confirmation of mechanism of defects creation under RBQE we carried out following experiment.
We have obtained new layers of ZnO on the ZnSe basic crystal preliminary implanted by oxygen
under RBQE (7 =(300-800) °C). Then, we studied electrical and optical properties of new
quasiepitaxial ZnO layers and of ZnSe basic crystals. New quasiepitaxial layers of ZnO are
characterized by n-type, stoichiometric, or p-type conductivity, which depends on the treatment’s
temperature. According to thermo-EMF measurements of ZnSe basic crystal, pre-surface layers
always have p-type conductivity after RBQE treatment. In the PL spectra of implanted and
nonimplanted ZnSe basic crystals it was observed identical bands, with one difference: in the PL
spectrum of implanted ZnSe additionally A4 =580nm bands were observed, which must be
connected to the existence of oxygen in the ZnSe.
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T. Butkhuzi, M. Sharvashidze, T. Khulordava, N. Gapishvili, E. Kekelidze,
Kh. Gelovani, L. Aptsiauri, N. Bukhsianidze, Sh. Mirianashvili, T. Qamushadze L. Trapaidze,
R. Melkadze, L. Gapishvili, M. Tigishvili. Characters of native defects in p-type ZnO. Nano
Studies, 1, 27-33 (2010).

This paper reports on a new original method of radical beam quasi-epitaxy (RBQE), which
enables us to obtain purest monocrystalline ZnO with p-type conductivity. We investigated
electrical and optical properties of the p-type ZnO crystals obtained with the RBQE method. The
photoluminescence (PL) spectrum of p-type basic sample of ZnO contains exciton area (367 —
A-exciton, 369 — bound exciton, 374 nm — phonon replicas of A-exciton); 385 and 395 nm lines;
and a non-structural line with maximum on 510 nm. In the PL spectra of new grown layers of ZnO
was observed the peaks at 395 and 460 nm, while intensity of 510 nm lines was significantly
reduced. Van der Pauw method was used for investigation of electrical properties of p-type ZnO
layers. The basic p-type ZnO had holes concentration of 10'> cm™, mobility 3.4 cm®*/V - s and
resistivity 1.8 - 10° Q - cm. The new p-type ZnO layers had parameters 10 em™, 14 cm?/ V - s and
45-10°Q - cm, respectively.

T. Butkhuzi, M. Sharvashidze, T. Khulordava,  N. Gapishvili, E. Kekelidze,
Kh. Gelovani, L. Aptsiauri, N. Bukhsianidze, Sh. Mirianashvili, T. Qamushadze,
L. Trapaidze, R. Melkadze, L. Gapishvili, M. Tigishvili. Investigation of ZnS and ZnO
compounds implanted by S ions. Nano Studies, 1, 35-41 (2010).

The obtaining of p-type conductivity in ZnS and ZnO semiconductors depends on the critical

temperature 7, . By treatment above this temperature it is impossible to obtain p-type conductivity.

The doping of ZnS and ZnO samples was carried out with S* ions. Unfortunately, the temperature
of annealing the radiation defects exceeds T, due to which the effect can not be obtained (in ZnO).

ct?

In our experiment we took into account factor of 7.,. Both Ar"inert gas and S* ions were implanted

in ZnS and ZnO n-type samples (p=(10>-10°)Q-cm) at energy 150keV and dose of

implantation from 10" to 10'° cm™. The range of current density was from 0.3 to 5 pA / cm?. The
subsequent heat treatment of doped samples was carried out over the temperature range from 300 to
500 °C in vacuum and saturated S, vapor. The p-type ZnS samples were obtained by implantation of
Ar" and S* ions (current density (0.3 —5)uA/ cm?®) under subsequent heat treatment at
(420 - 460) °C in S, saturated vapor. When ZnO was implanted with Ar" and S* ions (with heat
treatment in O, atmosphere at temperature from 300 to 350 °C) n-type samples were obtained with
resistivity (10° = 10'% and (10" - 10'") Q - cm, respectively.

Z.U. Jabua, L.L. Kupreishvili, A.V. Gigineishvili, T.L. Bzhalava. Preparation of HosSb;
thin films and their electro-physical properties // Nano Studies, 1, 43-46 (2010).

The technology for preparation of HosSbs; thin films was developed. The samples were
prepared by vacuum thermal evaporation from two independent sources of Ho and Sb. Films had a
hexagonal lattice with parameters a = 8.85 and a =6.24 A. Temperature dependence of the specific
resistivity, Hall constant and thermo-EMF coefficient of these samples were measured in the
temperature interval from 100 to 700 K. Based on these measurements the basic electro-physical
parameters carriers mobility and concentration were determined in the one-band approximation.
Obtained results reveal that NdsSbs is a semi-metallic compound.

A. Gerasimov. Physical nature of size-dependence of nano-particles properties. Nano Studies,
1, 47-96 (2010) — in Georgian.

According to their sizes, nano-particles stand between small molecules and compact solids
and possess properties distinguishing from both of them. Properties of solids obey certain rules,
while molecules are characterized with different ones. Nano-particles, like the solids, reveal number
of collective properties (phase states, heat and electric conductions etc). But, these properties were
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found to be size-dependent (Fig. 1. Nano-particles basic parameters in dependence on their sizes: a
— lattice parameter a and unit cell volume V ; b — Au melting temperature 7, ; ¢ — Se thermal

volumetric expansion coefficient; d — V ionization potential /). First results obtained in fields of
nano-particles formation and their investigations have shown that mankind meets with hitherto
unknown form of matter.

At present, properties and governing rules of solids are well studied and there exist physical
conceptions allowing their interpretation. Unfortunately, at the same time there are known number
of experimental facts, which can not be explained based on these conceptions. In particular, size-
dependence of the nano-particles properties is unaccountable in frames of traditional molecular-
kinetic theory. Here we suggest novel conceptions argued both theoretically and experimentally
those are possible to give us an explanation of any experimental fact obtained in solids.

According to these conceptions, all properties of substance are determined by the states of
chemical bonds between constituent atoms in given conditions. It is known that in solids, as well as
in molecules, electrons contributing in chemical bonds can occupy two different kinds of quantum
states, where they are strengthening or weakening the inter-atomic binding. In first case, they
occupy bonding orbitals, while in second case — anti-bonding ones. In solids and their melts atomic
orbitals are combined into bands (Fig.2. Formation of the hybridized orbitals in process of
association of atoms, their splitting into bonding and anti-bonding orbitals and creation of
corresponding bonding and anti-bonding bands: in dielectrics and semiconductors bonding
(valence) and anti-bonding (conduction) bands are separated by the band gap of certain width
characteristic for given substance, while in metals they are overlapped and transition energy
between two states is determined by the energy-difference between the Fermi level and anti-
bonding band’s lower edge, which is called as pseudo-gap; Fig. 3. Bonding (1) and anti-bonding (2)
energy bands: a) semiconductor or dielectric, b) metal, where E, is the Fermi level, E . is the band

gap in semiconductors and E,, is the pseudo-gap in metals).

Free electron created in the anti-bonding band by the transition from bonding one or injection
and corresponding unoccupied state (hole) in the bonding-band are anti-bonding quasi-particles
(ABQPs). Regardless of the way of changing in their number (heating, illumination etc), ABQPs
weaken chemical bonds between neighboring atoms.

According to these conceptions substance energy bands structure, their hierarchy on the
energy scale and population by electrons determine all properties of a substance at given
temperature. Changes in these characteristics, mainly, in numbers of electrons on bonding and anti-
bonding levels induced by any influence leads to changes in various properties of substance
(aggregative state, conductivity, mechanical and optical properties etc).

In condensed matter there is certain probability (for given ABQPs concentration) that several
ABQPs due to their chaotic motion will fall in an atom vicinity, which can distinctly weaken its
chemical bonds simplifying its displacement in lattice. The atomic displacements’ probability has
been expressed by the formula

W, = A(nyp IN'W,,, (1
where n,,,, is the ABQPs concentration, N, is the concentration of atoms in substance, W,

is probability of the excitation of phonon of certain energy near the given atom, A is a almost
temperature-independent coefficient, £ is the number of ABQPs sufficient for causing an atomic
displacement. One can see from stated relation that such probability mainly is determined by the
concentration and not by the temperature unlike the diffused opinions that it should be an
exponential function of temperature:

W, =Bexp(-=U/kT) 2)

(where U is the activation energy of atomic displacements, T is the absolute temperature, k
is the Boltzmann constant, B is another almost temperature-independent coefficient).

Novel mechanism of atomic displacements works for nano-particles too taking into account
their features yielded from their electronic structure, which is a discrete spectrum with quite closely
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packed bonding and anti-bonding levels. In case of nano-particles, electron soever placed on the
anti-bonding level and corresponding hole on the bonding level will be freely move if energy-
difference between these levels is ~ k7", what takes a place even at room temperature.

ABQPs reaching nano-particles surface are reflected. This is a reason why they can not leave
nano-particle unlike to equal volume in the compact solid (Fig. 6. Increasing in ABQSs effective
concentration for fixed real concentration with decreasing in sizes: a) ABQS trajectory in compact
solid’s region with volume equal to the nano-particle volume: two of them are leaving the volume;
b) nano-particle overcomes trajectories of all three ABQSs and then they have more neighboring
atoms than in compact solid; ¢) and d) further decreasing in nano-particle sizes increases number of
neighboring atoms; b), c¢) and d) due to reflection from the nano-particle surface ABQPs have more
neighboring atoms in surface layer). Consequently, ABQSs in nano-particle have more neighboring
atoms than in compact solid, which intensifies their weakening effect on bonds. Such effect can be
described introducing effective concentration, ratio of which with its real value equals to the ratio of
frequencies of ABQSs appearance near the given atom in nano-particle and compact solid during an
atomic vibrations cycle.

Because of small sizes, in nano-particles with the given ABQPs concentration ABQPs more
frequently reach surface and are reflected from it. As a result, inter-atomic bonds in the surface
layer are weakened if compared with those in bulk. Weakening in bonding leads to the decreasing
in energy gap width and intensifies electron transitions at given temperature, which causes an
excess of the ABQP concentration in the surface layer and then further decreasing in energy gap
value. It yields an interesting energy structure of substance, which is characterized by the variable
energy gap: lower near the surface than in bulk (Fig. 7. Energy levels distributions in nano-particle
surface layer and bulk. Due to reflection from surface the probability of ABQPs appearance near an
atoms in surface layer is higher than that in bulk, what a) decreases energy-difference between
bonding and anti-bonding levels in semiconductor; b) in metals these levels are overlapped and
pseudo-gap near the surface is smaller than in bulk and then the concentration is incomparably
higher). Such kind of electronic structure leads to the ABQPs exess in surface layer and,
consequently, to the material softness if compared with that in bulk. From it follows higher mobility
of atoms in surface layer than in nano-particle’s bulk. It is clear that effective concentration
increases with decreasing in nano-particles’ sizes. Consequently, in formula describing atomic
displacements the real concentration should be substituted for effective concentration, which should
be calculated separately for nano-particle’s given size and given process.

For instance, let consider size-dependences for nano-particles melting temperature, diffusion
coefficient and lattice constant values. According to novel conceptions (and it is proved
experimentally), melting process in solid starts at certain critical concentration of ABQPs even
below the substance melting temperature if critical concentration is achieved athermically. When
nano-particles’ sizes decrease, the effective ABQPs concentration at given temperature increases
and when their concentration reaches critical value the melting starts. This reasoning can be argued
by the quite good fit between experimental and calculated curves for Au nano-particles melting
temperature dependences on their sizes. Same reasoning gives a simple explanation why starts
earlier melting process in the nano-particle’s surface region (Fig. 11. Nano-particles melting
temperature in dependence on their sizes: 1 — Si nanoparticles as whole; 2 — Si nano-particle’s
surface layer; 3 — experimental results for Au; 4 — theoretical results for Au).

Diffusion coefficient value is known to be determined by the probability W, of atomic
displacements (2). According to novel conceptions, mentioned probability depends on the ABQPs
concentration (1). In case of nano-particles n,,,, should be replaced by the effective concentration,

which increases with decreasing nano-particles sizes. Accordingly, value of the diffusion coefficient
increases as well, what is an experimentally observed fact.

Novel conceptions give simple explanation why increases lattice parameter when nano-
particle sizes decrease. It is known that weaker inter-atomic chemical bonding leads to the longer
inter-atomic distance. At same time with decreasing in nano-particles sizes it starts increasing in
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ABQPs concentration. This weakens chemical bonds between atoms and, consequently, increase
inter-atomic equilibrium distances, i.e. lattice parameter.

In present work based on above mentioned conceptions there are explained mechanism of
changes in size-dependent lattice constant, Debye and melting temperatures, mechanical properties,
diffusion coefficient, heat capacity and heat conductivity of nano-particles.

T.A. Pagava, N.I. Maisuradze. Scattering of electrons in n-Si crystals irradiated with protons
by nanoscale inclusions. Nano Studies, 1, 97-102 (2010).

The aim of this study was to gain insight into the effect of irradiation with 25 MeV protons on
the Hall mobility of electrons in n-Si crystals. Irradiated crystals with an initial electron
concentration 6 - 10" cm™ were studied using the Hall method in the range of temperatures
(77 -300) K. The studies showed that, in crystals irradiated with the proton dose

® =8.1-10"” cm™, the effective mobility of conduction electrons U 5 increases drastically. This

effect is direct evidence that nanoscale inclusions with relatively high conductivity and with
nonrectifying junction at interfaces with semiconductor matrix are predominantly formed in n-Si
crystals under these conditions. Agglomerations of interstitial atoms or their associations can
represent such nanoscale inclusions.

L. Chkhartishvili, T. Berberashvili. Atoms constituting nanosystems: Quasi-classical
parameterization for binding energy and electronic structure calculations. Nano Studies, 1, 103-144
(2010).

Within the semiclassical approach, intra-atomic electric-charge-densities and electric-field-
potentials are parameterized and tabulated in form of radial step-like functions. In binding energy
and electronic structure calculations performed for nanosystems, their superpositions serve as good
initial approximations of the inner charge-density and potential distributions.

A. Tavkhelidze. Large enhancement of the thermoelectric figure of merit in a ridged quantum
well. Nano studies, 1, 145-154 (2010).

Recently, new quantum features have been observed and studied in the area of ridged
quantum wells (RQWs). Periodic ridges on the surface of the quantum well layer impose additional
boundary conditions on electron wave function and reduce the quantum state density. As a result,
the chemical potential of RQW increases and becomes ridge height dependent. Here, we propose a
system composed of RQW and an additional layer on the top of the ridges forming periodic series
of p'—n" junctions (or metal-n" junctions). In such systems, charge depletion region develops inside
the ridges and effective ridge height reduces, becoming a rather strong function of temperature 7.
Consequently, 7" -dependence of chemical potential magnifies and Seebek coefficient S increases.
We investigate S in the system of semiconductor RQW having abrupt p*—n" junctions or metal-n*
junctions on the top of the ridges. Analysis made on the basis of Boltzmann transport equations
shows dramatic increase in § for both the cases. At the same time, other transport coefficients
remain unaffected by the junctions. Calculations show one order of magnitude increase in
thermoelectric figure of merit ZT' relative to the bulk material.

A. Tavkhelidze, A. Bibilashvili, L. Jangidze, A. Shimkunas, Ph. Mauger, G.F. Rempfer,
L. Almaraz, T. Dixon, M.E. Kordesch, N. Katan, H. Walitzki. Observation of new quantum
interference effect in solids. Nano Studies, 1, 155-160 (2010).

In order to achieve quantum interference of free electrons inside a solid, we have modified the
geometry of the solid so that de Broglie waves interfere destructively inside the solid. Quantum
interference of de Broglie waves leads to a reduction in the density of possible quantum states of
electrons inside the solid and increases the Fermi energy level. This effect was studied theoretically
within the limit of the quantum theory of free electrons inside the metal. It has been shown that if a
metal surface is modified with patterned indents, the Fermi energy level will increase and
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consequently the electron work function will decrease. This effect was studied experimentally in
both Au and SiO; thin films of special geometry and structure. Work function reductions of 0.5 in
Au films and 0.2 eV in SiO, films were observed. Comparative measurements of work function
were made using the Kelvin Probe method based on compensation of internal contact potential
difference. Electron emission from the same thin films was studied by two independent research
groups using Photoelectron Emission Microscopy (PEEM).

N.D. Dolidze, Z.V. Jibuti, B.E. Tsekvava. To the non-thermal mechanism of melting of thin
layers of semiconductors. Nano Studies, 1, 161-165 (2010).

This paper presents a theoretical model of low temperature melting of a crystal at pulse laser
annealing as the electronic mechanism of attenuation and isotropization of chemical bonds between
its atoms. The formula is derived for critical concentration of anti-bonding quasi-particles —
electrons in the conduction band and holes in the valence band, under the increase of which a low
temperature melting of the semiconductor on the electronic mechanism must be occurred.

N.D. Dolidze, Z.V. Jibuti, G.S. Narsia, G.L. Eristavi. About nature of deformation pressure
in germanium thin layers implanted by B* ions. Nano Studies, 1, 167-171 (2010).

In this paper the effect of ion implantation on the exciton absorption in n-Ge thin layers was
studied. It is shown that the observed decrease in the absorption coefficient, broadening of the
exciton peak, and its shift toward higher energies are caused by the electric and compression fields
generated by the radiation-induced defects.
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