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Abstract

The project is aimed at research and development of GalnP/GaAs/Ge triple-junction solar cells. Third generation
of solar cells was chosen as the basis for the structure design. After the specifications of the third generation
solar cell were clearly defined, overall simulation of the structure was performed: physical simulation of the
device, finite element analysis, the electrical simulation and design. Finally, perspectives and application of
GalnP/GaAs/Ge triple-junction solar cells were discussed.

1. INTRODUCTION

A solar cell (or a "photovoltaic" cell) is a device that converts photons from the sun (solar
light) into electricity using electrons. In general, a solar cell that includes the capacity to capture
both solar and nonsolar sources of light (such as photons from incandescent bulbs) is termed a
photovoltaic cell. Fundamentally, the device needs to fulfill only two functions: photogeneration of
charge carriers (electrons and holes) in a light-absorbing material, and separation of the charge
carriers to a conductive contact that will transmit the electricity. This conversion is called the
photovoltaic effect, and the field of research related to solar cells is known as photovoltaics.

Solar cells have many applications. Historically solar cells have been used in situations where
electrical power from the grid is unavailable, such as in remote area power systems, Earth orbiting
satellites or space probes, consumer systems, e.g. handheld calculators or wrist watches, remote
radiotelephones and water pumping applications. Recently solar cells are particularly used in
assemblies of solar modules (photovoltaic arrays) connected to the electricity grid through an
inverter, often in combination with a net metering arrangement.

Solar cells are regarded as one of the key technologies towards a sustainable energy supply.

Third generation solar cells

Third generation photovoltaics are broadly defined as semiconductor devices which do not
rely on a traditional p-n junction to separate photogenerated charge carriers. Third generation solar
cells are able to exceed the Shockley-Queisser limit (efficiency > 31%).

The aim of the approaches of the third generation is to reduce the cost per Watt of “thin film”
second generation technologies by increasing the efficiency of the photovoltaic devices with only a
small increasing in area costs.

Means to overcome this limit have been variously quoted. They are divided into three generic
categories, namely: multiple energy threshold devices; modification of the incident spectrum; and
use of excess thermal generation to enhance voltages or carrier collection.

2. PHYSICAL PRINCIPLES

Multi-junction solar cells

Single-junction devices perform optimally at the wavelength equal to the bandgap, inherently
losing efficiency at all other wavelengths across the solar spectrum. Multi-junction devices stack
different solar cells, with multiple bandgaps tuned to utilize the entire spectrum [1]. Light is first
incident upon a wide bandgap device that can produce a relatively high voltage and thereby make
better use of high-energy photons, then lower-energy photons pass through to narrow bandgap sub-
devices that can absorb the transmitted /R-photons. Maximum efficiencies of 55.9%, 63.8%, and
68.8% are predicted for two- (tandem), three- and four-junction devices. However, costs escalate as
fabrication becomes increasingly problematic with the growing number of interfaces and cells.
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would otherwise be its conventional band gap [2]. The

improvement in efficiency of the cell arises from its potential

to absorb below band gap energy photons and thus produce

additional photocurrent and to inject this enhanced

photocurrent without degrading its output photovoltage by

means of QDs. An IB material is characterized by the

existence of a collection of energy states located within what

would be the forbidden gap of a conventional semiconductor.

To manufacture an IB solar cell the IB material has to be

sandwiched between conventional p and n semiconductors

emitters that isolate the IB from the contact. QDs are means for producing the intermediate band. In
an array of QDs, the IB would arise from the confined electron states of potential wells that are
created by the conduction band between dot and barrier materials.

Hot carrier solar cells

The Hot Carrier Cell tackles the major PV loss mechanism that is the thermalisation of
carriers [1][3]. The underlying concept is to slow the rate of photoexcited carrier cooling, caused by
phonon interaction in the lattice, to allow time for the carriers to be collected whilst they are still
“hot” thus enhancing the voltage of a cell. Hence the reduced dimensionality in nanostructures
offers a promising route for such a role as they restrict the number of acoustic mode phonons
available because of the Brillouin zone folding that occurs as a result of the periodicity of the
superlattice. A superlattice is a material with periodically alternating layers of several substances.
Such structures possess periodicity both on the scale of each layer's crystal lattice and on the scale
of the alternating layers.

3. GalnP/GaAs/Ge TRIPLE-JUNCTION CELL STRUCTURE

In order to understand the architecture of the device, which is developed, single basic solar
cell has to be considered. A simple cell is essentially a p-n junction that, exposed to the sunlight, is
able to collect incident radiations and to convert them in electron-hole pairs that are accelerated
toward the electrodes. According to the material used, and the doping concentration of the junction,
it is possible to have adsorption at certain range of wavelength but reflection or transmission at
other wavelength. The idea is to start from different kind of solar cells with complementary
adsorption spectra and to let them working together to accumulate energy from a wider range of
frequencies.
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The concept of triple-junction solar cell is shown in Fig. 3.1. The
architecture of the device, which is developed, is shown in Fig. 3.2. The
GalnP/GaAs/Ge TJ cell structure has the advantages of the GalnP/GaAs
double-junction tandem solar cell, and has the additional advantage that it is
grown on a low-cost Ge substrate [4]. The n-on-p design provides enhanced
radiation hardness, and allows an elegant upgrade path to a TJ cell simply by
depositing the upper cell layers on a p-type Ge substrate and forming an active
junction in the substrate by in situ arsenic diffusion. Tunnel junctions are used
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4.1.1. Introduction
In order to simplify the problem, the whole TJ structure was divided into three parts. Each of
them is a p-n junction. The optical response and the optical parameters of the first cell have been
investigated. In particular: the first cell absorbs a certain spectral range of the solar spectrum; the
solar spectrum which not absorbed will be transmitted through it and will represent the incident
photon flux of the second cell. Step by step applying the same methodology for each subcell
(simply by defining the incident photon flux of each subcell) the following important parameters
have been calculated:
absorption coefficient a(/l) computation by using quantum physics;

computation of the depletion region width w ;
simple derivation of the optical power P(w);

4. SIMULATION OF THE DEVICE
4.1. Physical simulation

calculation of the primary photocurrent / ,;

reflective coefficient;
internal quantum efficiency;

1
2
3
4
5. external quantum efficiency EQF;
6
7
8

computation of the spectral responsivity SR .
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In the following pages a(4) will be

derived both for direct band gap and
indirect band gap' materials by using
quantum optics.

In the structure, which is developed
in the project, /nGaP and GaAs are direct
band gap semiconductor while Ge is an
indirect bang gap semiconductor.

Clarification: the calculus of the
depletion region width derives from the fact

that the electrons e~ produced by incident
photons are accelerated only in that region
because the built-in potential that arises
from the junction formation is localized in
that region. For the calculation the

reasonable and gsual assumption is made: 04l - - L - 0 - 3
far from that region the semiconductors are T

neutral > zero electric field - constant Fig. 4.1.1. Energy gap as a function of temperature
voltage. for each layer

4.1.2. Absorption coefficient computation

The meaning on direct and indirect band gap in explained with a help of Fig. 4.1.2 and
Fig. 4.1.3.
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Fig. 4.1.2. Direct band gap energy band diagram Fig. 4.1.3. Indirect band gap energy band diagram

As it 1s possible to see from Fig. 4.1.2 [5], direct band gap semiconductor means that £, and

E. are characterized by the same kvalue. So if only edge-edge transitions is considered they
happen with momentum conservation: p=7#-k?. In this case the absorption of a photon with a

. c . )
proper energy, thatiswithE=h-o=h-v= — > E,, causes an increasing of the electron’s energy

that jumps to some free states of the conduction band. In particular it is considered for the extraction
of the absorption coefficient only edge-edge transition in order to simply the problem. However this
approximation is quite reasonable: in fact, except for some multiplicative constants, the behaviour
of the absorption coefficient fits very well the experimental measurements [4].

"In fig. 4.1.1 the temperature dependence of the energy gap for each layer is highlighted. The reason for this insertion is
that all the principal physics parameters are strongly dependent on these curves

Zh= ZL where £ is the Planck constant
- TT



Observation: also in direct band gap semiconductor there will be some not-conservative
k transitions, due to the presence of particles associated to the thermal vibration of the lattice
(called phonons), but the probability that they occur is much lower than conservative transitions.

In indirect band gap semiconductor the absorption of a photon with a proper energy causes the
“promotion” of e~ to the minimum of the conduction band (always supposing edge-edge
transition). However in this transition there is not k conservation, so there is no momentum
conservation. This kind of transition is caused by the absorption or an emission of a phonon with a
proper energy - @, .

4.1.3. Direct band gap semiconductor: absorption coefficient
It is required to define a wave function ¥, which describes the e~ in the 3-D space around

nucleus. Or better: the square modulus of the wave function |‘Pn (r,t)|2 gives the probability to find

the e in the position » at the time instant 7.
E2
hu
F " 10
1 An
Fig. 4.1.4. Electron e'leCtromagn 12l
transition etic wave '

(photons) with a proper energy will
interact with the e~ that lies on the
ground level E,. The photons are 0al
absorbed and the electrons can transit

to the energy level E, (Fig. 4.1.4 [5]). 08}

| [(Wim?)

For the two levels system upset o4
by an electromagnetic wave, the first
energy level E, is described by the 02

following wave function:
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The second one is described by the wave function shown below:
—i-E,
2 Y, (r ) e ”

The wave function that describes this system with
E transitions (so that describes the passage from one stationary
T F ar state to another one), will be solution of the Schrodinger
#/E equation:

i'h'g‘P(r,t):H-‘{’(r,t),

.8

where H is the Hamiltonian operator. Here it is required to
apply the perturbation theory:

H=H,+H,,
Fig. 4.1.6. Representation of a dipole

momentum p in presence of an external
field E
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H,, is the Hamiltonian that takes into account the interaction of the e~ with the electromagnetic

e

2 2 2 2 N
Hy=E +E =- U [6 0 0 ]+V(rj

wave. It represents the energy of interaction of the e~ with the electromagnetic wave - it has to be
read from a quantum point of view.

Now this interaction has to be modelled first classically and then the result will be exported in
quantum. The dipole momentum p is characterized by a positive charge in the origin of the system

of reference (Fig. 4.1.6). An electric field £ in the proximity of the dipole momentum can be
turned on. The energy of interaction of the dipole with the electric field will be:
e=—p-E=e-r-E.
The field E is the field of a plane wave:
E(r,t)=2-E, -cos(k-r—w-t),

where kis the plane wave direction and
w 1s the frequency.

o
It is more convenient to write £ in

the following way:

E(]f’ t) — EO . {ei(k-ra)-t) n e—i(k.H“) }

Hence:

E=—p- E=e-r- Eo . {ei(k.r_w,) +eﬂ-(k,,.,m) }

This equation has to be written in a

4 ——-
quantum way. Only » has a correspondent ;s i i i H ' i 3
] 100 200 300 400 500 600 700 800
Opel‘a‘[OI‘. lambda[nm]
The new Hamiltonian for the

Schrédinger equation is:

H(r,t)=H,+H, =H,+e-r-E(r,t)
So now the Schrodinger equation with this Hamiltonian has to be solved. By making some

approximation the absorption coefficient can be obtained:
1 1

()= const - (ha) —-E, )5 ~ (ha) - E, )5

It is possible to see that a(l) strongly depends on the energy of the incident photons and

from the energy band gap of the material chosen.

In Fig. 4.1.7 there is an example of the absorption coefficient behaviour as a function of
wavelength using the theory result. In particular the strong dependence of o from the energy gap
that depends from temperature is underlined.

In Fig. 4.1.8 the behaviour of the adsorption coefficient for each layer of our device is
represented. It is possible to notice how do the orders of magnitude of the absorption coefficient for
the layers constituting the structure differ: not too much between the first two layers but in
particular for the germanium cell (bottom cell). Temperature dependence of the absorbance

5



properties of the layers is highlighted. To get these curves the model of Shubert and Kurtz has been
used [6].
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Fig. 4.1.8. Absorption coefficient as a function of the wavelength for: InGaP (left) GaAs (right)

4.1.4. Indirect band gap semiconductor: absorption coefficient

alpha |1/m|

10° sssssssa:sssssss:issss-'
104;;;;;;;;;;;;;;;I;;:::::::::: R HH e e
10° e ¢ A=
— 300K 2t
— 400K -
—— 500K sdegee
BOOK} -3-4----
16 —IYDDK : :
800 1000 1200 1400 1600 1800 2000
lambda[nm]

The model for the absorption coefficient that foresees transitions without k conservation, that

Absorption coefficient Shubert

Fig. 4.1.9. Absorption coefficient in the last cell (Ge)
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is with k, # k. has to be developed (here only

the planning of the Hamiltonian and the final
result are written). The lattice vibration has to
be taken into account, that is the atoms due to
thermal energy are not fixed in their
equilibrium position but they move just like a

spring. It means that the e not only interact
with the photons but also with the lattice
vibration. At these lattice vibrations are
associated some particles called phonons.

The way is the following: the
Hamiltonian of a system which is not lighted
but which has to be taken into account the for
the lattice vibrations is:

2 2 2 N
6_+6_+6_ +V|r—R
ox® oyt oz’

m

The first term represents the kinetics energy of e, while the second term is the potential

energy of the e~ that depends on:

N

r represents the effective position of the e~

6



e R represents the position of the reticular sites=>equilibrium position.

It is evident, that the effective position of the atoms depends on the temperature. In fact at
T =0[K] all the atoms are in the lattice sites, so R =const.= R, > R, represents the position of the

reticular sites at the equilibrium.
For T > 0[K] R(t) appears, that is the position of the reticular site changes according to the

time.
h? >
So for T'>0[K], H, =73 A+V(r—R0 —éR},
-m

where OR is a little displacement respect to the equilibrium.
If the material is lit, the Hamiltonian of solid-light interaction has to be added:

H(rt)=H,+H, =H,+e-r-E(rt)

The total Hamiltonian, out equilibrium and at 7' > 0[ K] will be:

n’ - . . .
H,=- A+ V(r— R, — éRj + H,, -> the electrons interact both with the photons and with the

-m
lattice vibrations.
The Hamiltonian can be written in this way:

H (r, t): H,+H, +H,~> H,(T=0[K])is the Hamiltonian of the lattice frozen and to the dark,
so the electrons do not interact neither with photons nor with lattice vibrations; H,, is the

Hamiltonian that models the e - photons interactions; H,, is the Hamiltonian that models the e -

phonons interactions. H,, and H, are perturbations to the equilibrium. Hence:

; 2m A+ V(?— Roj + {V{?— R, — 5RJ - V(?— R, ﬂ te-r E(r,t)}

The second term represents the Hamiltonian of perturbation: H , .

H(r,t)=—

The Schrédinger equation that was solved, making some approximations is:
[HO +p -Hp]‘*l"(r,t)=i'h -%‘P(r,t)

The results which was found is shown below:

The first result « , (A) represents the absorption coefficient
a,,(A)=n -(ha)—E +ha))z , b( ) rep P
aos a § 1 with the absorption of a phonon. The second one a,,, (1)
o ( /1) z(n +1).(ha)_ E —how )Z represents the absorption coefficient with the emission of a
o 1 il 1 honon
p .

These two results have a different dependence on the temperature. The reason is that:

n, ~————1s the Bose — Einstein distribution (it is the energy density but also the number of

Ky T
e —1

phonons at the disposal) that depends strongly on the 7" .
Hence: For T7'=300[K] the indirect absorption coefficient &, ..., ~ Olabs(/l)+ Oteml.s(/i) is

dominated by the emission term, while another one is negligible.



4.1.5. Depletion region width computation

The calculation of the depletion region (SCR)
could be reasonable, since the electrons-holes produced
by the impinging photons are accelerated in this region
(Fig. 4.1.10 [7]).

It is known that from the formation of the
junction the potential drop called built-in potential and
localized at the edge of the SCR arises. Photon

hv=E, [

The built-in potential is: | Photogenerated
I ole

2 2 S Encen:
q- Na : Xp " q- Nd . Xn |+—Depletion region—| Valence band

) 2-¢, 2-¢, . ) . Fig. 4.1.10. Schematic view of carriers in an
The total extension of the depletion region is illuminated sample

w=x, +x,, where x, represents the extension of the

Photogenerated
electron

|
Band gap E, P I
|

Conduction band

Vbi =

SCR in the n-doped layer, while x, is the extension of the SCR in the p-doped layer.

2-¢.-V, N,-N
With few line of calculations: x, = 26V with N, =—< 4
qg-N,, N,+N,

Important consideration: the built in potential V,, can be written also in this way:

K, T

q
a0 In Fig. 4.1.11 it is possible to see effect
of the temperature on the SCR for increasing

v,

1

2
n.

1

N,-N .
ln[ ¢ _d j It means that the SCR width x, depends strongly on the temperature.

il //_' temperatures. As the temperature increases
all the SCR becomes narrower and the adsorbed
intensity will decrease as a consequence.
Ir Instead of having an increasing of the SCR as
B expected from theory, here there is a decrease
£ because of the influence of the intrinsic
: carrier concentration that also depends on the
A | temperature and this effect is higher
g compared to the increasing of K,7T/q .
BOOK
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Fig. 4.1.11. Absorbed intensity as a function of
the variation of the SCR

4.1.6. Optical power P(w)

—a(A)d

The intensity transmitted through a layer of thickness dis ,(d)=1,-e .The region of

interest is the depletion region and intensity absorbed in this region: 1,(d)=1,-(1—e *"?),
where [, represents the incident light intensity (the whole solar spectrum for the simulation was

used) and «(A) is the absorption coefficient.
It is quite simple to pass from the intensity to the optical absorbed power. In fact, in general:



Intensity =

where S is the surface and ¢ is the time.

Energy  Power

S-t

b

S

So, the power absorbed in the depletion region P(w) 1s:

P(w)=P(1-e“"™),
where w is the depletion region width.
From the formula, it is possible to see
that the optical power absorbed P(w)
depends mainly on SCR width and a(A).
But a(4) depends on the energy of incident

photons and on the energy gap. The energy
gap depends on the temperature. Also the
depletion region width, as already said, will
depend strongly on the temperature.

Fig. 4.1.12 clarifies this behaviour. It
is possible to figure out what is the power
adsorbed in each layer and what is the
influence of temperature on it. It is also
possible to notice that the power adsorbed in
the first layer is higher than the in the others
and it is quite more sensitive to temperature
variation.

During the calculations the reflective
coefficient R of the layer was neglected. By
considering it the available optical power
would become:

4
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Fig. 4.1.12. Absorbed power as function of temperature for

different layers

P(w)=P(1-e““")-(1-R).

4.1.7. Primary Photocurrent 1,

The primary photocurrent is

the current produced by the
photons absorbed in the SCR. It
was derived directly from the
P(w). The idea is the following:

in general the current density

vector J is given by the product of

. E-ORN [ SO SRR | AU N2 "1 S JC U M M —
the electron charge ¢ with a flux. 1] SRS EO : : :, : i : i
In the case of the current structure O ]
this flux will be the photon flux 1)) S R RN ) S o : : ]
F(ﬂ) 0_4_._______%__.____ _._____.:.-_ ___.__i__ : T DE SOEEEEPEE
F()= Intensity _ particles _ P(w) S R T

. . . i i I i i I i
Energy 8-t ] % 20 B0 1000 1200 1400 1600 1800

- the flux gives the number of
photons for unit surface for time
unit.

lambda[nm)

Fig. 4.1.13. Primary photocurrent produced as a function of

wavelength for each layer



> q-P(w)
J=q-F(1)=
q-F(4) P
I=(JndsS=1J-8
S
Thus :
; _aPw) _q Pw)2
P h-v h-c

This formula was implemented in MATLAB. As it is possible to see, there is a dependence of
the current produced from:
e the optical power absorbed:
O depends on the absorption coefficient = depends on the energy of the incident
photon and on the energy gap - then on the temperature.
0 depends on the depletion region width that depends on the doping concentration of
the layers and on the built-in potential, so on the temperature.

o the wavelength A of the incident photons.

4.1.8. External quantum efficiency EQE

The EQE is the current obtained outside the device per incoming photon, so it is:

i current
number of e produced electron charge

number of incomin g photons  total incident power
energy of one photon

It is quite simple to obtain it because [, is already knows and also the incident power £, is known:

EQE =

Quanturn efficiency (QE) CQuantum efficiency (QE) CQuanturn efficiency (QE)

QE [%]
QE [%]
QE [%]

: i ; ; ; ; ; ] i 0 I ; r £
a 200 400 GO0 800 1000 1200 200 400 GO0 800 1000 1200 1400 GO0 800 1000 1200 1400 1600 1800
lambda[nm] lambda[nm] lambdalnm]

Fig. 4.1.14. Quantum Efficiency as a function of wavelength for different temperatures:
InGaP (left), GaAs (center), Ge (right)
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QE %]

In Fig. 4.1.14 the temperature dependence of the Quantum efficiency for each cell is shown.
In is possible to notice how the temperature influence is higher for the Germanium cell than in the
others and also that there is a shift for higher wavelength as with the temperature increase.

In order to compute the internal quantum efficiency IQE(A) total device reflectance R(A)

should be known, since:

_ EQE(A)
108)= 2]

As was mentioned previously the device reflectance was neglected.

a0 T

0 —

L L
x] 200 400 500

800

wavelength [nm]

L
1000

InGaP
Gaks ||
Ge

1200 1400 1600

Fig. 4.1.15. Global view of the quantum efficiency at 300K

4.1.9. Computation of the spectral responsivity SE

SE [AMM]

In Fig. 4.1.15 quantum
efficiency for the entire device is
plotted. As it is seen, the most
efficient cell is the InGaP cell (it
presents an higher subtended area
than the other cells) and that the less
efficient is the Ge cell. In particular it
1S possible to point out an overlap
between curves near the bandgap
energy. It means that the first layer
lets residual intensity to pass towards
the second layer for energies near the
energy gap of the first layer.

The ratio between the electrical output 7, and the optical input £, represents the SE .

I
SE =-2[4/W]
P

0

Simply by replacing the values previously found:

SE =

F, h-c-F,
So this parameter is strongly related to the quantum efficiency EQE .

Spectral responsivity (SE)
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Fig. 4.1.16. Spectral Responsivity as a function of wavelength for different temperatures:
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Fig. 4.1.16  shows the
temperature influence on the spectral
responsivity. For Fig. 4.1.15,
showing the EQFE the behavior is

quite similar. As previously said and
mathematically demonstrated, these
2 parameters are strongly related. As
a consequence the electrical output is
higher in the InGaP cell than in the
Ge cell > a possible improvement
can be imagined for the Germanium
cell.

Fig. 4.1.17 gives a global idea
of the SE through direct comparison
at 300K of the curves resulting for
each layer. The comparison between
Fig. 4.1.17 and Fig. 4.1.15 can be
made and results in the strict relation

0.04 -

wavelength [nm)

Fig. 4.1.17. Spectral responsivity of the whole device for each layer

between

these figures, as at 300K

mathematically demonstrated.

4.2.1.

4.2. Finite element analysis

Introduction

Different problems can be solved in either integral or differential form. Finite element method

(FEM) is the most common method for solving problems in differential form.

There are 6 important steps in FEM:
Discretization — the problem domain is discretized into a collection of simple shapes, or

Application of Boundary Conditions — solution cannot be obtained unless boundary
conditions are applied. They reflect the known values for certain primary unknowns.

Develop Element Equations — developed using the physics of the problem

Assembly — the element equations for each element in the FEM mesh are assembled into a
set of global equations that model the properties of the entire system

Solve for Primary Unknowns — the modified global equations are solved for the primary

1.
elements.
2.
Imposing the boundary conditions modifies the global equations
3.
4.
5.
unknowns at the nodes
6.

Calculate Derived Variables — calculated using the nodal values of the primary variables

FEM analysis of TJ solar cell structure, which is developed in the project, is performed using

APSYS by Crosslight Software Inc and the following parameters and properties have been
investigated:

1. band diagrams in different environment conditions (equilibrium, light illumination, voltage
biasing);

2. optical power distribution for the whole structure;
3. optical generation rate;
4. external quantum efficiency;

5. |-V characteristic => filling factor, maximum output power, conversion efficiency.
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4.2.2. Band diagrams

The band diagram in equilibrium (no
light and no voltage biasing) is displayed in
Fig. 4.2.1. The structure is clearly seen and it
is possible to distinguish Ge (left), GaAs
(center), GalnP (right) subcells and how does
the bandgap vary from the top to the bottom.
It is also possible to notice the particular band
diagram behavior near tunnel junctions where
the conduction band electrons could be
aligned with the valence empty states.

Energy bandgaps for Ge, GaAs, GalnP
are 0,67 eV, 1424 eV and 1,86 eV
respectively.

[Nluminating the structure by the light
with a defined profile (Solar AMO spectra)
band diagram under solar irradiation can be
plotted (Fig. 4.2.2). It is possible to notice the
appearance of quasi-Fermi levels and the
lowering of barriers induced by tunnel
junctions, especially for GalnP subcell.

R

Conduction band
—Valence band
quaS|-l—'_erm| levels
! 4 5
Distance Z (um)
Fig. 4.2.2. Band diagram under solar irradiation
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Fig. 4.2.1. Band diagram in equilibrium:
Ge (left), GaAs (center), GalnP (right)
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Fig. 4.2.3. Band diagram under solar irradiation and voltage
biasing of 3V

The band diagram for a structure under solar irradiation and voltage biasing of 3V is plotted
on Fig. 4.2.3. One important note has to be made for this case: in order to solve convergence
problem with heavily doped tunnel junctions, equivalent mobility model during exchange of
electrons and holes is used for these regions. This enables an efficient modeling of TJ solar cell
across the whole solar spectra, where all the spectrum data points are processed by taking into
account the effects of multiple layer optical interference and photon generation.

4.2.3. Optical power distribution

The optical power distribution of the structure can be analyzed by plotting relative energy
density profile (W/m?) scaled to incident light energy density, which is displayed in Fig. 4.2.4. Fig.
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4.2.5 shows 3D optical power distribution
for entire TJ solar cell while Fig. 4.2.6 — its
1D cross-section.

It is possible to notice the behavior of
each subcell in the structure: the high energy
irradiation is mainly absorbed by the wide
band gap GalnP subcell. As far as Ge subcell
1s concerned, it is difficult to obtain correct
behaviour for relative energy density in a
triple-junction stack, since the low-bandgap
Ge cell does not limit the current of the
multi-junction stack as effectively as the

other cells, even when appropriate light bias is

& N \
GalnP cell
GaAs cell
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=
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e
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provided. The relative energy density for the Ge
subcell in Fig. 4.2.6 is a relative measurement

only.
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Fig. 4.2.5. Optical power distribution

Fig. 4.2.4. Optical power distribution profile
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Fig. 4.2.6. Optical power distribution cross-section

Since the Ge cell has far more photogenerated current density than the GalnP and GaAs cells,
the Ge cell typically does not limit the multi-junction cell current, and the absolute current density

of the Ge cell is not a primary concern.

4.2.4. Optical generation rate
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One of the most important phenomena, leading to the losses in solar cell structure, is radiative
(direct band-to-band) recombination, which is simply the inverse of the optical generation process
and is much more efficient in direct band gap semiconductors than in indirect band gap
semiconductors [8]. Recombination rate is solely dependent on the minority carrier (also called the
limiting carrier). This is reasonable since there are far fewer minority carriers than majority carriers
and one of each is necessary for there to be recombination. Plotted in Fig. 4.2.7, optical generation
rate (as well as optical power distribution in p. 4.2.3) reflects the fact, that the high energy
irradiation is  mainly absorbed by the wide band gap GalnP  subcell.
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Ge cell \ =
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Fig. 4.2.7. Optical generation rate




4.2.5. External quantum efficiency

Theoretical description of external quantum efficiency was presented in p. 4.1.8.

The subcell efficiencies were calculated separately for each subcell by taking optical power
density value (ref. p. 4.2.3) at each cell interface (this is especially necessary for overlapping
wavelength regions where absorption by adjacent subcells happens). With all three subcells in
stack, optical power density was calculated at each cell front interface. For the top front power
density, solar spectrum data was used, but transformed into usual optical power density in W/m’.

For most of the region where solar light is absorbed only by one particular subcell, the power
density will be 100% of the solar power density. For the overlap region, the percentage of power
arriving to particular subcell front interface will 100 :
be smaller than 100%. Front reflection losses | _gf::
were considered separately with each subcell — Ge
diode ' '

Running APSYS in series, I-V curves
with short circuit current for each subcell
diode at each wavelength were calculated.
Finally this allowed to evaluate external
quantum efficiency with the total solar power
density, which is plotted in Fig. 4.2.8.

The dependence of the Ge cell QE on
wavelength is very instructive, showing low
response for the shorter wavelengths. This can 0
be explained by high absorption for photon =
energies above the 0,67 el gap of Ge, in the n-
type Ge emitter where minority-carrier lifetime
is short. It is also clearly seen that for each
subcell there are particular wavelengths which
form a region where photons are absorbed and
the efficiency of the subcell is high.

For the TJ solar cell similar to one which
is developed in the project, technically it was
found that the anti-reflection coating (ARC)
layer, the BSF and window layers all help to
improve the quantum efficiency [9]. Introducing
optical coating (MgF, + ZnS) spectrum files to APSYS model, the simulation indicates that better
efficiency occurs with about 135 nm for ARC layer in the front. For the BSF and window layers, the
simulation indicates better carrier transport across the tunnel junction with possible reduced
recombination at the heterointerfaces. The layer thicknesses for each subcell could also be
optimized to enhance the quantum efficiency. The emitter layer thicknesses for the TJ solar cell are
all set as 0.1 um because it is believed that a thinner emitter with thickness less than the minority-
carrier diffusion length allows more photogenerated current to be collected at the contact terminals.

50 =

Quantum Efficiency (%)

._L.\.}ll...,t
0.5

1.0 15
Wavelength (um)

Fig. 4.2.8. Calculated external quantum efficiency

4.2.6. I-V characteristic

4.2.6.1. Defining I-V characteristic of a solar cell

I-V characteristic is one of the most important characteristics aimed at evaluating the
performance and stability of a solar cell.
The general form of the current as a function of the voltage is given by:

1V)=1.0)-1,),
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where the first term is the short circuit current and | 4 .
the second is the dark current. The details will be Isc Ivs.V
exploited further in p. 4.3, but by concept dark
current is a current due to the potential difference
across the load which gives contribution in opposite
direction of the photon current.

To understand the importance of the -V
characteristic, the result for a typical solar cell based
on single junction can be considered. Assuming
fixed environment condition, a typical -V Fig. 4.2.9. Typical I-V characteristic of solar cell
characteristic of a solar cell cab be plotted (Fig.
4.2.9). The operating point on power vs. voltage
curve (P-V curve) will depend on the solar array
characteristic and the load. Assuming that initially
there is no load, the operating point will be at the
far right at the open-circuit voltage, Voc, of the
solar array with zero current (V' = Vo, I = 0). As
the load increases, the operating point will move
up-left, i.e. voltage at the solar array terminal
decreases, while the power increases. As the load
increases further, it will reach the maximum &
power point (MPP), where the power drawn from
the solar cell is maximized. The voltage at this
point is denoted by the maximum-power voltage

»

AY, mp Yoc ”

(mAJe

[x]

(Vmp), and the current (imp). If the load increases 5 ' [Area=1om
beyond this point, the voltage decreases and E‘i"‘;}"égsmﬂ

power drops. Eventually, the operating point will & | P20

reach the far left at the short-circuit current Igc
with zero voltage output (V =0, I = Isc).

4 |FF=91.9 %
Efficiency = 29.9 %

Short circuit current density

0 05 1 15 2 25 3
4.2.6.2. Using FEM for simulation of TJ solar Dpen ciniitvatings. (/olk)
cell electrical behaviour Fig. 4.2.10. I-V characteristic and electrical parameters

By biasing TJ solar cell with a voltage of 3V it is possible to obtain its [-V characteristic.

The simulated short-circuit total current density for GalnP/GaAs/Ge triple-junction solar cell
at 300 K is presented in Fig. 4.2.10.

In order to calculate filling factor FF, the radiation intensity (or Solar Constant) of air mass
zero (AMO) radiation spectrum was considered equal to 1,353 KW/m® [8].

The results correspond to experimental research [4] quite well (simulated efficiency 29,9% vs.
experimental efficiency 26,7% and simulated FF 91,9% vs. experimental 85,15%). This can be
explained by the fact, that during the simulation the absorption effects in all the layers except p-n
junctions of subcells were neglected, equivalent mobility model for tunnel-junction regions was
applied and that the anti-reflecting coating was optimized.

4.3. Electrical simulation
4.3.1. Characteristic equation

The electrical behaviour is one of the most important aspects that characterize a solar cell
device and so, it is important to know what the fundamental equations are and how they are linked
to the physics parameters. Moreover, the equation which characterizes the electrical behaviour,
gives the possibility to build an equivalent electric circuit to easily make simulations that permit to
extract some important figures of merit.
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From the solution of minority-carrier equation it is possible to evaluate the minority-carrier
current density equation and this is used to find the total current in a solar cell made like a p-n

semiconductor junction. So the total current equation is:
qV qV

I=1g _101(eﬁ _1)_[02(em -1,

where, Isc is the short circuit current and /y; Iy, are respectively the dark saturation current due to
recombination in the quasi-neutral region and the dark saturation current due to recombination in
the space charge region.

All these three components have been computed in order to build the equivalent circuit of a
three layer solar cell device which will be presented in the next paragraph. For this moment it is
important to notice that the previous equation corresponds to a current generator with two diodes in
parallel as shown in Fig. 4.3.1.

Isc EI‘Z

“

Fig. 4.3.1. Electrical circuit representation of the total current for a single junction solar cell

The constant component of the diode current is due to the dark saturation currents which are
expressed by the following equations:

W,n,
I, = IOI,p +101,n , 1y, =q4
Ty
Where, 1y;, 1s due to the recombination in the p doped region, /; , is due to recombination in
n doped region, W, is the depletion width and 7, is the carrier life time in the depletion region.

4.3.2. [-V characteristic curve extraction

4.3.2.1. Equivalent electrical circuit Rs1

As said in the previous paragraph electrical |
characteristic is very important to well understand Rsh1
the behaviour of a solar cell in term of device
efficiency. To do that, an equivalent circuit of the TJ
solar cell was built taking in account the total current Rs2
equation seen before with some added limit factor | .,
like serial resistance (Rs) and shunt resistance (Rg;) L] Rsh2
which have been previously neglected.
So, the total current expression becomes: Rs3

Isc3 QF gz %
Rsh3
=1, - IOI(eq(V+IRS)/kT ~1)-1, (eq(V+[RS)/2kT ~1)- @ L . .

The serial and shunt resistances are parasitic effects of the device. In particular, the first one
reduces the short circuit current while the second one reduces the open circuit voltage. The
extraction of these parameters is explained later, but for the moment it sufficient to know how do
they modify the total current equation and the electric circuit.

Fig. 4.3.2 shows the equivalent electrical circuit of TJ solar cell.
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The circuit represents a two-terminal series-connection configuration, where the three current
generators implement the short circuit current of each layer. The diodes in parallel to the generators
are due to recombination factors inside each single layer which have been explained in the previous
paragraph. The serial and shunt resistances are also added to consider the parasitic effect that limits

the short circuit current and open circuit voltage.
4.3.2.2. Open circuit voltage extraction

Assuming Rsh to be huge, it is possible to consider of the value of Rs. In simulation with
proper Isc and lol, all different values of Rs lead to the same open circuit voltage Voc (the voltage

when the output current is zero).

For example, taking GalnP subcell, it is possible to get Voc equal to 1,04 V. Fig. 4.3.3 shows

-V characteristics for different serial resistances.
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is the area where Rs is more important.
In the regime where only Rsh is important,

the equation is:

VOC
RSH

In the regime where only series resistance
Rs is important:

_ _ @Voc | KT
=1, —1e

Open-circuit voltage
vl

Fig. 4.3.4. Short-circuit current versus open-circuit
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Fig. 4.3.2. Equivalent electrical circuit of a TJ solar
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q I,
where 4, is reality factor.

So, it is required to perform calculations and determine the region. Then Rs or Rsh can be
calculated by the equations given.

According to Fig. 4.3.4 Rsh is more important for all three layers. So Rsh has to be calculated
and Rs may be neglected. Taking into consideration that all the current parameters are in fact current

densities, cells area of 1 cm’ is assumed,
so Rsh can be calculated for

corresponding current. After performing |—9¢ - %"
the calculations, Rsh for GalnP is .
1236 Q), for GaAs is 2580Q and for Ge
s 29580Q2.

IV curve

ower 30m

20m

4.3.2.4. Simulation results for the whole

structure

From the I-V curve Isc= 16,53 mA o

and Voc=2.5 .
Considering the power curve, the .

power gets maximum when Vbias=2,35 ol L L E 1i5 L - -

V, and the maximum power is 36,78 mW. ' ' ' ' ' '

DC TRANSFER CURVES (A)

Lomhsipas)

I]\VUEA«‘:]

VBIAS (V)

Fig. 4.3.5. I-V curve for GalnP/GaAs/Ge TJ solar cell
So, the filling factor is:

MaximumPower

FF =0.88

Lge XV

From p. 4.2.6.2 power density of
incident light is 1,353 KW/m’ and for the
area of 1 c¢m’ the power conversion
efficiency is:

77:FF-%-lOO%—M-loo%zzé,sg%

C0.1353W

The results correspond to experimental research [4] very well (simulated efficiency 26,88%
vs. experimental efficiency 26,7% and simulated FF 88% vs. experimental 85,15%).

in

5. TRIPLE-JUNCTION SOLAR CELLS APPLICATIONS AND CHALLENGES

The GalnP/GaAs/Ge lattice-matched system has gained significant attention in recent years
for high-efficiency solar cells in both space and terrestrial applications [4][11]. These TJ solar cells
are fabricated on low-cost, high-strength, Ge substrates, making them highly compatible with large-
volume manufacturing.
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Although multi-junction solar cells are very
efficient, they are also very expensive. Due to their
high cost, multi-junction solar cells are primarily used
in systems in outer space and as concentrator cells
where a large amount of sunlight is reflected onto the
cell. The use of multi-junction solar cells made of III-
V semiconductor materials appears to be restricted to
limited applications while single crystalline silicon
semiconductors have a wider application due to the
lesser cost.

Unlike most space technologies, multi-junction

Fig. 5.2. Example of a concentrator solar cell solar cells, credited with helping scientists gather much
device more data than expected on Mars by dramatically
extending the extraterrestrial lifetimes of the Spirit and
Opportunity space rovers, were initially designed for
earthbound applications. After proving themselves in
space, the high-efficiency cells are finally becoming
cost-effective for generating renewable energy back on
terra firma.
More than 20 years ago, Jerry Olson of the U.S.
National Renewable Energy Laboratory (NREL) and
his colleague Sarah Kurtz developed a type of multi-
junction cell that uses advanced materials — gallium indium phosphide GalnP and gallium arsenide
GaAs — to increase energy efficiency. Olson stresses that the cells were “always envisioned as being
one piece in the puzzle for terrestrial solar photovoltaics”. However, satellite manufacturers were
the first industry to capitalize on the cells' potential.

Fig. 5.1 shows multi-junction solar cells setup made by Pyron Solar, Inc. The concentrator
array cools its multi-junction solar cells by immersing their heat sinks in water. The approach
enhances the ability of concentrators to work with high-efficiency cells. Fig. 5.2 shows another
example of a concentrator cell device.

The table below summarises the past, present and anticipated future trends of high-efficiency
multi-junction solar cells [10].

Table. 5.1. Key issues for realizing high-efficiency multi-junction solar cells

Key issue Past Present Future
Top Cell AlGaAs InGaP AllnGaP
3rd Layer None Ge GalnNAs etc...

Fig. 5.1. Multi-junction solar cells by
Pyron Solar, Inc.
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Substrate GaAs Ge Si

Tunnel Junction DH-GaAs DH InGaP DH wide/narrow Eg
Lattice Matching GaAs Ing01GaAs Lattice mismatch
Carrier Confinement InGaP BSF AlInP BSF Widegap BSF
Photon Confinement None None Bragg reflector, etc.

In the 1980s, much effort was invested in the monolithic Al-GaAs/GaAs tandem solar cell,
but progress was slowed by oxygen contamination of the AlGaAs. Extremely low surface
recombination velocities were observed in the more oxygen tolerant InGaP material [12] and it soon
became the material of choice for multi-junction solar cells, leading to a number of notable
achievements using the Ing3Gag 5:P/GaAs tandem structure and mechanical stack designs. A study
aiming to optimise the Ing43Gagps:P top cell showed that the lowest surface recombination was
obtained using an AlInP window layer and the longest minority lifetime obtained with a buffer layer
and optimised growth temperature [13]. This resulted in a record efficiency 18,5% Ing43Gags:P
solar cell.

The tunnel junction forms another important aspect of the multi-junction structure. It should
be optically transparent and connect the component cells in the multi-junction structure with the
minimum of electrical resistance. The optical absorption in the tunnel junction can be minimised by
using thin layers of wide bandgap material, although care must be exercised as the tunnelling
current decreases exponentially with increasing bandgap energy. A double heterostructure (DH)
was initially proposed for AlGaAs/GaAs tandem cells with the DH layers blocking dopant diffusion
[14]. Similar advantages were found when the DH tunnel junction was applied to the
Ing 48Gag 5o:P/GaAs tandem solar cell. Compared with a plain InGaP tunnel junction, the DH tunnel
junction with AlInP barriers achieved a peak tunnelling current of 2 A/cm’ while the plain InGaP
tunnel junction achieved a peak tunnelling current of only 5 mA/cm’. This improvement is due to
the lower diffusion coefficient of Zn in the AlInP and InGaP materials [15]. An additional benefit of
the DH tunnel junction is the provision of a back-surface-field and window layer for the adjacent p-
n junctions.

By growing the Ing43Gags2P/GaAs device on a Ge substrate it is possible to create a third
junction, thereby marginally increasing the voltage of the multi-junction device. A further
improvement can be made by paying careful attention to the lattice parameter of the Ge substrate. It
is commonly assumed that the 0,08% lattice mismatch between GaAs and Ge is negligibly small,
but it is still sufficient to introduce misfit dislocations when a thick GaAs epilayer is grown. By
replacing the GaAs with Ing;GaAs, a fully lattice-matched cell can be made with a negligible
misfit dislocation density. A further advantage of the Ingo;GaAs layer is a marginal increase in
short-circuit current over the GaAs, on account of the lower bandgap of the Ingy;GaAs [16][17].

Since the Product is mainly aimed at space application, it is required to take into consideration
that in the space environment there are considerable quantities of high-energy radiation, specifically
protons and electrons that penetrate the solar cell and introduce defects that act as carrier traps and
recombination centres [18].

As a typical satellite PV array is expected to last up to 20 years, it is important to understand
the behaviour of radiation induced defects and so to design solar cells that can tolerate the space
environment [19]. Owing to the series connection in the multi-junction solar cell, the radiation
resistance of the cell as a whole will be dominated by the worst performing layer.

When considering the multi-junction cell as a whole, the standard means for maintaining high
efficiency is to design the solar cell such that the Ing;GaAs junction is current rich at the beginning
of life (BOL) and becomes current matched to the Ings9Gags P at the end of life (EOL).
Nevertheless, this compromises the BOL efficiency, so it is desirable to dispense with the
Ing01GaAs junction and consider designing a multi-junction cell around more radiation resistant
materials, such as InGaAsP [20].

6. CONCLUSION
22




During the project the following tasks were performed:

1.

As a starting point, three generations of solar cells were considered: wafers, thin-films, and advanced
thin-films, respectively. Physical principles, schematic representation, advantages and disadvantages
were discussed. Finally the list of scientific laboratories and companies which do R&D projects in the
field of solar cells and also solar cells manufacturers were presented.

Technological and physical principles of multi-junction solar cells were presented. According to recent
achievements and future trends product specifications were developed.

Product architecture was developed. The third generation of solar cells was chosen as the basis for
the Product development. Physical phenomena beyond multi-junction solar cells were investigated.

Overall simulation of the Product was performed: physical simulation of the device, finite element
analysis, the electrical simulation and design. Different mathematical models were developed,
executed and compared with experimental results obtained from theoretical analysis.

Prospective applications and challenges of TJ solar cells were discussed.
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METO/IbI YCTPAHEHMS JIATEPAJIbHBIX HCKAKEHUM, BOSHUKAIOIINX
TP CKAHUPOBAHHUH 30HIOBBIM MUKPOCKOIIOM

Capsbimcaxos P. T'.

Hayunuwtit pyxoeooumens: 0.m.u. npogh. Illaxnoe B.A.
kadenpa Y4, MI'TY um. H.O. baymana, r. Mocksa, Poccus

AHHOTAUUSA
[IpencraBneH cmoco® YCTpaHEHHs JIATEPANbHBIX HCKAXCHHUH, BO3HUKAIOMIMNA TP CKAaHUPOBAHHH 30HIIOBBHIM
MukpockornoMm (C3M).

Abstract

We propose a new method of lateral distortion removal caused by scanning probe microscope.

Jns  KOHTpPOJUPYEMOTro TMEpPEeMEIICHUS WIJbl Ha CBEpXMalbIX paccTosHusix B C3M
UCTONB3YIOTCSA MbE303JeKTpuueckue nBurarenu. Mx 3amaga — oOecneuuTbh NpPEeLM3MOHHOE
MEXaHUUYECKOE CKaHUpPOBAaHUE 30HJOM HCCIEIyeMOoro oOpasna MyTeM IepeMeIleHuss 30Ha
OTHOCHUTEJIBHO HETOABMKHOI0 00paslia WiK nepemMerieHust 00pas3ia OTHOCUTENBHO HETOABUKHOIO
30H7a. PaboTa GONBIIMHCTBA MTbE30IEKTPUUECKUX CKAHEPOB, IPUMEHSIEMBIX B COBpeMeHHbIX C3M,
OCHOBAaHAa HAa HCIOJb30BAaHUU OOPATHOIO Mbe303(PdeKTa, KOTOPHI 3aKIH0YaeTcsi B U3MEHEHUU
pa3MepoB Ibe3oMaTepuana Moj ACHCTBUEM >3JIEKTPUUECKOro IMoJisd. OTH IbE303JEKTPUYECKHE
JBUraTeN 00JalaloT HEIMHEHHOCThIO XapaKTEepPUCTHK Ibe3oMaTepHaia, KOTopas NPUBOIUT K
TOMY, YTO OOBEKTHI OJTMHAKOBOTO pa3Mepa B Hayalle U B KOHIIE CKAHUPYEeMOro n300pakeHust Oy Iy T
UMETb pPa3JInYHbIe pa3Mephl.

Ha puc. 1 u 2 npencraBieHo n300pakxeHHe OJHOMEPHOM PELIETKH C NUCKaKEHUSIMU Y JIEBOTO
Kpasi, BHI3BaHHBIMU OCOOCHHOCTSIMU ITbE30KEPAMUKH.

Il

Puc. 1. COM-u3obpaxenne ogqHomepHoii pemerku [1].  Puc. 2. ACM-ckaH OqTHOMEPHOH pEelIeTKH.
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N3BecTeH 0coOblil crioco0 CKaHWPOBAHMS, KOTOPBIM MO3BOJISIET YMEHbIIATh UCKakeHUs. OH
BKJIIOYAET B ce0s ceyrolue TeXHUYecKe onepaunuu [2]:

1) VYcranaBnuBaeTcs SKCIEpUMEHTAIBHBIN 00pasell.

2) IlpousBoauTcsi CKaHMPOBAHUE BCEro 00IacTH.

3) IlpousBoautcs pacro3HaBaHHE 0COOEHHOCTEN penbeda U BHIUMCICHUE KpaTuyanInx
nyTel MeXAay HUMHU.

4) CkaHep epexouT K TIEpBOH 0COOCHHOCTH U CKaHUPYET €€ OKPECTHOCTb.

5) CkaHep mnepexoauT K cienyromei Omkaiimel 0cOOEHHOCTM M CKaHHpyeT eé
OKPECTHOCTb.

6) Ilo mepeceueHnIo 3TUX OKPECTHOCTEH BHIYUCIISIIOTCS JTOKATbHBIC HCKAXKEHUS.

7) CornacHO 3TUM HCKaKEHUSIM BHOCSITCS UCIIPABJIEHUS B CKaHbl OKPECTHOCTEH.

8) CkanHep mepexouT K CIeAYIOIeii 0COOCHHOCTH U CKaHUPYET €€ OKPECTHOCTD.

9) Ecnu ocobeHHOCTEH HEe OCTaloCch, TO 3aBEpILICHHE Mepexoi K myHKTy 10, mHaue
Mepexo] K MyHKTY 5.

10) Ilpon3Boautcs ckielika BCEX CKAHOB OKPECTHOCTEM BCEX paclO3HAHHBIX
0COOEHHOCTEH.

Henocrarok croco0a 3akio4aercss B TOM, YTO 00JacTh €ro MPUMEHEHHUs] OrpaHUYeHa TEeMH
MozenasMu C3M, KoTopble MO3BOJSAIOT MPOIPaMMHO 337aBaTh IPOU3BOJIBHBIC IE€PEMELICHUS
CKaHepa, M €ro MOXKHO MPHUMEHSATh TOJIBKO Al peibeda ¢ BBIPAKEHHBIMU MOBTOPSIOUIMMHUCS
0COOEHHOCTSIMU TTOBEPXHOCTEH.

[enbto npeIaraeMoro TEXHUUECKOI0 PELLEHUS SBJISIETCS TOBBIILIEHUE TOYHOCTH PE3YJIbTaTOB
CKaHUPOBAHMS Ha BCEX BBIMYyCKaeMbIXx Moaemsix C3M.

st moCTHKEHUsT YKa3aHHOW MeNu B CIocoOe CKaHMpOBAaHUE HJET MO cTpokam, a dddext
MOBBIIIEHUS] TOYHOCTU CKAaHUPOBAHUS SBISIETCS CIEACTBUEM OOpabOTKM H300pa)KeHHs CKaHa,
BKJIIOYAIOIIEH KOPPEKLMI0 TIEeOMETPUM II0 BBIABICHHOMY IIOJI0 MCKaXeHHUU ckaHepa. [lome
WCKa)KCHUH BBIUUCIIAETCS IPU CPABHEHUM IOJIYYEHHOIO CKaHA KPUCTAJUIMYECKOW PEIeTKH WIH
Jpyroi Nepuoau4eCcKol CTPYKTYPBl U MOJENIN C U3BECTHBIMU MapaMeTpaMH (Iepuosbl, yrisl). s
BBIUMCJICHUS] HMCKa)KEHUI MOXHO HCIOJIb30BaTh TECTOBbIE OOpa3lbl ABYMEPHBIX pPELIETOK:
BBICOKOOPHEHTUPOBaHHbIM nuponutudyeckuid rpagut (BOII) n nunooOpaszHas mepuoauveckas
crpykrypa (III1C), mpeacraBnenHsie Ha puc. 2 u 3.

N
Puc. 2. BOIIT [3]. Puc. 3. TITIC [1].

ITapametprl kpucraminyeckol pemerkn BOIIIT Xxopomo wW3BECTHBI W BBIYMCIEHBI C
TOYHOCTBIO /10 THICSYHBIN noned HaHomeTpa. Pasmeps! IIIIC koHTponMpyrOTCS CKaHMPYIOIIUM
JIEKTPOHHBIM MuKpockornoM (COM). Muxkporpa¢ IIIIC, nomyuennsiii ¢ nomoipo COM, nokaszax
Ha puc. 3.
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Puc. 3. Muxkporpag IIIIC [1].

Pemenuit B ob6mactu C3M, conepkaliux HaxOoXJEHHE IOJIi HCKaXEHUH CcKaHepa I10
pacro3HaBaHUIO TEOMETPHU TECTOBBIX CTPYKTYP M KOPPEKIHMIO H300paKEHUH IO TIOTI0 HCKaKEHHUH
cKkaHepa He oOHapykeHo. Takum oOpa3oM, 3asBisieMoe pelleHHe 00JaJaeT CyIECTBEHHbIMU
OTIIUYMSIMH.

[Tpeniaraemelii croco0 CKaHUPOBAHMS 3aKIIOYACTCS B IOCIENOBATEIBHOCTH CIEAYIOMIUX
TEXHUYECKUX OTEpalUid:

1) VYcranaBauBaercs oOpaser IIIIC (npu MukponHoM nuanazone) wiu BOII (npu
aTOMapHOM JMara30He) C U3BECTHOM TeOMETpUeH Ha CKaHep.

2) IIpoBoauTcs MOCTPOUYHOE CKaHMpOBaHUE B pexxnume ACM.

3) Ilo u3BECTHBIM T'€OMETPUUECKUM IIapaMeTpaM ONpEeNeNseTcs Iojie HCKaKeHUH
CKaHepa HEWPOCETEBBIM aJITOPUTMOM PACIIO3HABAHUS U300paKEeHUH.

4) VYcraHaBIMBaeTCs YKCIEPUMCHTAIBHBINA 00pa3ell.

5) IIpoBoauTcs MOCTpOYHOE CKaHUpOBaHHE B pexxume ACM.

6) IlomyuyeHHBIN CKaH KOPPEKTHUPYETCS MO BBIYMCIEHHOMY IOJII0 UCKAXXEHUH CKaHepa
MeTOoJI0M U(PPOBOI 00pabOTKU N300paKEHHIA.

T T Ve P T I 0

Puc. 4. ACM-ckan BOIIT'. Puc. 5. ACM-ckan IIIIC [1].

Takum oOpa3oMm, pacmpocTpaHeHHble CTpyKTypbl Hamopobue BOIIIT (puc. 4) MoOXHO
WCIIOJIb30BaTh JJIs JaTepanbHON KanuOpoBku B atoMapHoM paspewmeHuu. [II1C (puc. 5) nozsonur
MPOBOANTH AHAJIN3 UCKAKCHUI B MUKPOHHOM JAMamna3oHe. Pe3ynbpraT — sKCepUMEHTAIbHBIH CKaH
MOBBIIIIEHHOM TOYHOCTH CKaHUPOBaHMHA.

Jlureparypa
1. http:// www.ntmdt.ru/

2. IMateut P® Ne 2 249 264
3. http://www.spmtips.com/products/hopg/
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HAHOKJIACTEPBI YIVIEPOAHBIX HAHOTPYBOK
HA OITAJIOBbBIX MATPUIIAX

Hopman E.JI., Moncee K.M.
Hayunwit pykosooumens: K.m.H., 0oyenm bynvicuna E.B.
MI'TY um.H.D.baymana, Mocksa, P®

AHHOTAUA

[IpencraBnensl pe3ysbTaThl (OPMUPOBAHUSI aBTOIMUTTEPOB Ha OCHOBE yriepoaHbix HaHotpyook (YHT),
BBIpaIlleHHBIX Ha onanoBoil marpuue CVD metonom. IIpuBeneHa BoabT-aMIepHast XapaKTEPUCTHKA U TTOKa3aHBI
NIEPCIEKTUBBI UCIIOJIb30BaHUS CUHTETUYECKOTO Ollajia JUlsl CO3JaHus aBTOOMUTTEPOB Ha ocHoBe YHT.

ABTOSMUTTEPHI HA OCHOBE YIJIEPOJHBIX HAHOTPYOOK MEPCHEKTUBHBI MPHU PELICHUH HMIMPOKOTO
KJlacca 3a/ay, CBSI3aHHBIX, HAlpUMeEp, C pa3pabOTKOM TakUX YCTPOMCTB Kak: MaTpHUUHbIE
aBTOAMHTTEPHI Ul IUIOCKMX OSKpPaHOB, KaTOJbl MHMKpPOPAIAMOJIIaMIl TEpareploBOro JIuamna3oHa
4acTOT, AaBTOAMUTTEpPHl [UIsi SKOHOMHUYHBIX HHIMKATOPOB M  OCBETUTENIEH, TEpaOUTHBIX
3alIOMMHAIOLIMX CPEJl U 3a/1a4, CBA3aHHBIX CO CYMThIBaHUEM MH(OpMaIuK B TepaOUTHBIX [13Y.

AKTyalnbHOCTb  HCIIOJIB30BaHMUSI ~ aBTOAMHUTTEPOB B IEPEUMCICHHBIX  YCTPOMCTBaX
o0ycnaB/IMBaeTCs pAAOM UX MMapaMeTPOB: JOCTATOYHO HU3KUE pabouKe HaNPsDKEHHs IPU OOMIbIINX
IUIOTHOCTAX W 3HAUEHUSX 3MHCCHOHHOTO TOKA, YCTOWYMBOCTh K PAJMALMOHHOMY H3JIy4YEHHIO B
OTJIMYUE OT KPEMHUEBOW TEXHOJIOTUH, OYE€Hb MIMPOKUN pabouuil TeMnepaTypHbIi Auana3oH (OHU
MOTYT paboTaTh KakK IpPU TEIUEBBIX, TAK U MPHU JOBOJBHO BBICOKMX TEMIIEpaTypax — BILIOTH IO
3000 K). Hampumep, o6srunbie KK TeneBu3zopsl He paboTOCIIOCOOHBI TPH TeMIlepaTypax Huxe 273
K u Boime 323 K.

Hcnonb30BaHue yriepoaHbIX HAHOTPYOOK ISl M3rOTOBJIECHUS aBTOIMUTTEPOB INPEICTaBIIAETCS
aKTyaJIbHbIM BCJIEJICTBUE OCOOBIX CBOMCTB MEPBBIX (B YACTHOCTHU OOJIBILIOE ACTIEKTHOE OTHOLIEHHUE),
OTHOCHUTEJIbHOW MPOCTOTHI U HU3KOH SHEProeMKOCTH MPOU3BOJCTBA JaHHBIX YCTPOIcTB [1].

XuMmuyeckoe ocaxkaeHue u3 razoBoil ¢aspl (CVD) B HacTosiliee BpeMsi SBISETCS OAHUM U3
METOJIOB TOJIy4eHHUs HaHOTpYyOOk. Mcmomb3yercs MoOAenb pocTa HAaHOTPYOOK, OCHOBaHHAas Ha
MUHUMU3AIANA TMOBEPXHOCTHOM OJHEPrHMM HaHOYACTUIl, npemioxkeHHas Jlaiem (Dai). [2] Ha
UCXOJIHYI0 IMOBEPXHOCTh C MaJlol KpHBM3HOM HaHocuTcs cinoil Ni tommmuoi 10 HM. 3arem
NOJTYYCHHYIO CTPYKTYpY HarpeBaroT B mHepTHOH atMocdepe 1o 400 — 700°C. Cnoit karanuszaropa
neGopMUpyeTcsi BO MHOKECTBO OJisimiek puc. 1.

Puc. 1. Mopaenb pocta HaHOTPYOOK

ATOMBI yriepoJa MOXHO pa3[efNuTh Ha JABE TpyInbsl. B mepBylo rpynmy BXOIST aTOMBI,
KOTOpBIE CBSI3aHBI C TPEMs JPYTHMHU aTOMaMH yTIIeposa. ATOM U3 3TOH IPyNITbl HA3bIBAIOT aTOMOM
C HACBIIICHHBIMHU CBSI3sIMH M 0003HauvatoT kak Cs. Bo BTopyro rpymmy BXOIST aTOMBI YIJIEpOAa,
UMEIONINE CBSA3M C APYTMMH aTOMaMHU YTJIEpoja, OOIee YMCIO KOTOPHIX HE INPEBBIMACT JBYX.
EctecTBEeHHO, UTO BO BTOPYIO TPYMITy BXOJAT M OJAMHOYHBIC aTOMBL. ATOM BXOJSALIMHA BO BTOPYIO
TPYIINy Ha3bIBAIOT aTOMOM C HE HACHIIIEHHBIMU CBS3sIMH M oOo3HavatoT Cus. HanoTpyOka pacrer
Ha BepxHel yacTu Osky, a atoMbl Cys, BOSHUKAIOT 10 Niepudeprun BepxXHel yacTu OJIsmKy (puc.

1) [3].
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WHuTepec K omajoBbIM MaTpHUllaM € TOHKOIUIEHOYHBIMH MOKPBITHSIMH C aBTOSMUTTEpAMU Ha
ocHoBe YHT BbI3BaH OCOOEHHOCTBIO CTPYKTYpbl MOBEPXHOCTH omajia. CHHTETHMYECKHH omal
MPECTaBIseT cO00M IMIOTHOYIMaKOBaHHBIE HaHOC(ephl Auokcuaa kpemuus (SiO;) ¢ muamerpom
300 HM, 0Opa3yrolue TPEXMEPHYIO PEIIeTKY — ONaIOBYI0 MaTpulty (puc. 2). Takas cTpykTypa Aaer
OCHOBaHME Tmonaratb, 4yto poct YHT Oyaer mpoMCXOAWTh YIMOPSIOYEHHO B COOTBETCTBHE C
TOIOJIOTHEN MOBEPXHOCTH onaya. bojee Toro, HaHoc(epbl MOTYyT CIIOCOOCTBOBAaTh YBEIUYEHHUIO
TOKa aBTOOMUCCUU BCJIEJICTBUE YBEINUECHUS OTHOLICHUS! JUTMHBI K AMAMETPY aBTO3IMUTTEpA.

Puc. 2. Penbed noBepxHocTH onanaoBoit MaTpuilsl, nonydeHHsiid Ha COM FEI Quanta 200 3D

Merandyeckue TUICHKH HAHOCWJIMCh METOJOM TEPMHUYECKOrO HCIapeHUss B BakKyyMe,
yTIepoaAHbIe HAHOTPYOKHU PopmupoBanuck CVD-metongom (puc.3).

9
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Puc. 3 Cxema paboueii kamepsl: 1 — kopmyc; 2 — Kpbllika; 3 — TpyOKka nojjauu razoBoit cmecu; 4 —
TpyOKa OTKauKu; 5 — HarpeBaTelb;, 6 — TepMonapa; 7 — CTONuK; 8 — obpazelr; 9 — 3neKTpo

B skcneprMeHTe HUCIONIb30BATTUCH PEKUMBI U TEXHOJIOTHS, KOTOPbIE OTPaOOTaHbl HA YCTAHOBKE
U C HauOoNbIIeld BEPOSTHOCTHIO MJAIOT TMOJIOKHUTEIbHBIC pe3yJbTaThl. bbUTa MOATOTOBICHA
MOJJIOKKA, TJIe B KauecTBe Oy(pEepHOTo cosl U KaTalu3aTopa BbIOpaHbl MOJCION XpoMa TONIIMHOM
20 HM ¥ TUIeHKa HuKess ToaumHoi 10 HM cooTBeTcTBEeHHO. Ilepen ocaxkeHrneM MIEHOK OCHAaCcTKa
MOABEPTIACh XUMUYECKON OUUCTKE.

B xauectBe pabouero yriepojaconepKallero rasa MCIONb30Balics crnupTroBod map. OH
MOJTy4aJicsl MpU MPOMYCKaHUM depe3 ATHIOBBIA crupT cmecu Ar + Hy (5%), a 3aTem sTa cmech
Mo/1aBasiach B pabouyro kamepy. M3o0paxeHne moBepXHOCTH 00pa3IoB onanoBoit matpuilkl ¢ YHT
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(puc.4) nomyueHo Ha ckaHupymomeM 3eKTpoHHOM Mukpockorne FEI Quanta 200 3D. Ha ckane
OTYETIIMBO MPOCIEKUBAETCS penbed onanoBoi MaTpuibl ¢ BosiokHamu YHT.

Puc. 4 Onanossie matpuisl ¢ YHT

Jnst u3MepeHus IUIOTHOCTH aBTO3MHMCCHOHHOIO TOKa M €ro Jerpajalud BO BpEMEHU
HCIIOJIb30BAJICSl SMUCCUOHHBIN cTeHA. OH CO34aH HAa OCHOBE BaKyyMHOM CHCTEMBI HalbUIMTEIbHOU
YCTaHOBKHM C MHTETPUPOBAHHON B 3Ty CUCTEMY pabouell kKaMepol OT UCTOYHHKA MOHHOM OYHMCTKH.
B nanHo#i cucteme paGouunii 00beM Kamepbl OTKAauMBAeTCs 10 AABICHHS 10 Ia, IIpU TIOJTHOM
OTCYTCTBHM B Kamepe napoB maciyia. OrpaHudeHus 10 BEpXHEMY MOPOTY 3MUCCHOHHBIX TOKOB ~ J0
200 MKA mpu JMHEHHOM pa3mepe sMuTupyemoit obmactu ~1 mm. Ha pucynke 5 mpezncraBieHa
BOJIbT-aMIIepHas XxapakTepuctuka (BAX), cHATas ¢ momydeHHOTO 0Opasia.
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Puc. 5 BAX aBroamuccun n3 YHT, BbIpallileHHBIX Ha ONIAJIOBOM MaTpuLe

Pe3ynbTathl mpencTaBlieHbl ABYMS OLICHKAMU:

1. Tox u HanpsHKEHUE SMHUCCHH;

2. Jlerpajanus aBTOSMHUCCUOHHBIX TOKOB B TEUEHUE BPEMEHU.

Kputepusmu orieHKH 3HaYEHHSI SMUCCUU BBIOPAHBI TApaMeETPBhI:

Unopor — NOPOroBOE HANPSKEHUE, TIPY KOTOPOM IOSBJIAETCSA aBTOOMUCCHOHHBINA TOK, HAa 1 MKM
MEX3JIEKTPOTHOTO paccTosAHUsA, B/MKM.

Lyaxe — MAKCHMAIIBHBIH TOK, TIPOTEKAIOMIMIA depe3 auadparmy 2 MM, MKA/MM.

Iepen — CpenHUi yCTaHOBUBIIMICS TOK, IPOTEKAIOMINI uepes auadparmy 2 MM?, MKA/MM”.

MexaHu3M aerpaganuu o0yCIIOBICH NEHCTBHEM MAHISPOMOTOPHBIX CHII U CBS3aHHBIX C HUMH
0OJIBIINX MEXaHMYECKHUX HANpsHKEHUH B 00JIACTHM COENMHEHUS HAaHOTPYOKH C KaTaau3aTOpPOM.
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JlaHHBIN OOpa3zen TakXKe HCCIEAOBAJICS Ha NMPEIMET NEeTpajallid aBTOIMHCCHOHHOTO TOKa BO
BpeMeHu. KpuTtepusimu OlleHKM 3Ha4eHHUs AerpaJalii BhIOpaHbl HapaMeTphl:

U — HanpsikeHue, ojaBaeMoe Ha oopaser, B.

I — 3HaueHus ToKka aBTO3MUCCHH 10 U MOCJE BKIIOYEHN HanpsbkeHus U, MKA.

At — Bpems aeiictBus HanpspkeHus U, MUH.

Pe3ynbraThl 1erpajanuu Toka npeacTaBieHsl B Tadauue 1.

Tabmuia 1
L L,
[é’ MKA MAI;{ MKA
(mo) (mocne)
495 2,5-5 30 0,5-0,7

Ha ocHOBe nNpOBENEHHBIX SKCHEPUMEHTOB MOXHO CHAENAaTh BBIBOJA, 4YTO MCIOJIb30BAHUE
OIIaJIOBOW MATHUPIIBI B KAYECTBE MOAJIOKKH JIJISi aBTOAMHUTTEPA HA OCHOBE YIJIEPOIHBIX HAHOTPYOOK
MEPCIEeKTUBHO TMPHU HU3KUX TEMIlepaTypax, TaKk Kak crheruduyeckas MOBEPXHOCTh OMaIOBOM
MaTpUllbl BHOCUT MEXAaHWYECKUE HAMNPSIKEHHUs B IUICHKY KaTalu3aTopa, KOTOPbIE CHIXKAIOT
TeMIEepaTypy HEOOXOAUMYIO JUIsl pacra/ia HaHOpa3MepHOU TUIEHKH Ha KarlIu.

[TomyueHHbIE aBTOAMUCCHOHHBIE U3MEPEHUS NTOKA3aJId HU3KUE MOPOroBbI€ 3HAYEHUSI IMHCCUU
(3 B/MKM) 1 BBICOKHE TOKH (8 MKA/MM?), 4TO SIBISICTCS BAYKHBIM IIPH IPUMCHEHUH aBTO3MHTTEPOB.

Hammune VYHT mnokaszano wucciieoBaHuE IOBEPXHOCTH HAa CKAaHUPYIOLIEM JJIEKTPOHHOM
mukpockomne. [loBepxHocts  odeHb  moTHO  HackimeHa YHT. Ilpu  panbhHelimem
YCOBEPIIEHCTBOBAHUM TEeXHOJIOrMM co3nanuss YHT Ha omanoBblX MaTpulax oOHa COCTaBUT
KOHKYPEHIIMIO TPAJIULHOHHBIM KPEMHHUEBBIM MTOJIOKKAM.

Jluteparypa

1. bpuu M.A., Kpacosckas JIL.U., Kymens J[.M. MoiekynsipHO-THHAMHAYECKOE
MOJICIUPOBAHUE  YTJEPOJHBIX HAHOCTPYKTYp W HUX B3aUMOJICUCTBHUS C
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METO/Ibl AHAJIU3A TEMIEPATYPHBIX IIOJIEM HA IOBEPXHOCTH
KPEMHHMEBOM IIJIACTHHBI

Poanonos U.A.
Hay4yHblil pyKOBOAUTE/Ib: JOIEHT, KAHAUIAT TeXHHYeCKNX HayK Makapuyk B.B.
Poccust, MockBa, MI'TY um. H.D.baymana, kapenpa UV4

AHHOTALUA

B nanHOI1 paboTe paccMOTpEHbI OCHOBHBIE CTAJMU HAHECEHMs IUIEHKH PE3HCTa LEHTPU(PYTUPOBAHHUEM H €ro
nocieayoomei cymku. [IpoBeneH aHau3 pacnpenesieHus: TeMIIEPaTYPHBIX MOJIEH 110 KPEMHEBOH IJIaCTHHE NIPU
MPOBEICHUH OIepaluii TepMooOpaboTku PacpeneneHus TeMepaTypHbIX IMOJICH MO MIaCTHHE ObUTH MOJTYYeHBI
OpU  Pa3IMYHBIX pEeKUMax paboOThl YCTAaHOBOK HaHeceHHs Qoropesucta. I[IpencraBieHbl BpEeMEHHbIC
3aBUCUMOCTH AUHAMHKHU HarpeBa ¥ OCTHIBAHHS IUIACTHH.

Abstract

The main stages of the masking process and it is further baking were considered. The analysis of the temperature
field distribution on the silicon wafer was carried out on thermal treatment stages. The temperature field
distribution on the silicon wafer had been measured in several deferent cases of the masking process. The chuck
and cool time dependences of the silicon wafer were received.

BeedeHue

PaBHOMEpHOCTH pacrpeneneHusi TEMIIEPaTypHOro MOJIs MO IUIACTUHE NPU CYIIKE ONpEeIseT B
OIPEACICHHOM Mepe OJHOPOJHOCTH IapaMeTpoB IMOJIydaeMmoro cios pesucta. Ilpouecc cymkn
CHUMAeT HaIpsDKEHHUs B MOIy4aeMOM IUIEHKE pe3HCTa, KOTOpble BO3HUKAIOT B Ipoliecce
ueHTpudyrupoanus. Ilponecc HaHeceHHMs pe3uCTa Ha LEHTpUPYre TEXHOJOTHYECKH MOKHO
pa3feauTh Ha YeThIPE ATara.

1.

3amyck HeHTpU(dyTu Ha CKOPOCTH, KOTOpast 00eCreunBaeT « HOPMAJIbHYIO» MOJauy pe3ucTa
Ha IiactuHy. Ilog «HOpManbHON» mHoxadel ClEeLyeT NMOHUMAaThb TaKyl0, IPU KOTOPOU
pe3ucCT, Nonajas Ha IUIACTUHY, HE pa3OphI3TUBACTCA U €r0 PacTeKaHHe OT MeCTa MoJauu K
KpasiM MPOUCXOIUT paBHOMEpHO. JlaHHAash CKOPOCTh ONpEIeNsieTcsl SIKCIECPUMEHTAIBHO H
COXpaHseTcsa 0 MOMEHTa IpeKpalleHus nogaun pezucta. OTpe3ok BpeMeHH, 32 KOTOPBIi
HeoOXouMasi 71032 pe3ucTa MOAAETCsl Ha IUIACTHHY, ONPEENIeTCsl AaBICHUEM I0Ja4H U
Kosn4yecTBOM. JlaBieHne B Hacocax 3a4aeTcsi IPOrpaMMHO.

M3MeHeHne CKOpOCTH LEHTPpU(YTH A0 3HAUEHUs, MPU KOTOPOM JOCTUTAETCs Tpedyemas
ToJIIMHA pe3ucta. Ha gaHHOM 3Tame NpOMCXOAUT pacTeKaHHWE pe3ucTa HoJ JAEHCTBHEM
HEHTPOOESKHBIX CHII. Bappupyst CKOpOCTb BpalleHUs LEHTPUPYTH, MOMKHO JTOOUTHCS
pasIMYHON TOJNIIUHBI Pe3ucTa. 3aBUCUMOCTH TONIIMHBI IUIEHKH PE3UCTa OT CKOPOCTH
HEHTPUPYTH MOMYy4YalOT SKCIEPUMEHTAIBHO Ui KOHKPETHOIO pEe3ncTa M YCIOBHM
HaHECEHUs.

[TonnxeHnue ckopocTu neHTpudyru B 2-3 pasa Uit NOACYIIKH pe3ucta. YToObI epeHecTH
IUIACTHUHY C LEHTPUPYrM HA TOpsSYyl0 IUIMTY, HEOOXOAMMO NOJCYLIMTh PE3UCT IS
UCKJTIOUEHHS] BO3MOXKHBIX W3MEHEHHI TOJIIIMHBI PE3UCTA, MOSBICHHS HETIIOCKOCTHOCTHU MO
wiactTiHe ¥ T.1. Ha gaHHOM »3Tame CKOpOCTh LEHTPU(PYTHM CHHKACTCS JOBOJIBHO
CYLIECTBEHHO, Ha IUICHKY pE3UCTa JCHCTBYIOT MEHBIIME LEHTPOOSKHBIE CHIIBI —
W3MEHEHHMS TOJILUHBI PE3UCTa HE IPOUCXOIUT.

YBenuueHne CKOpOCTH LEeHTpudyru ans Oojiee HMHTEHCHBHOM TOJACYIIKM pE3HCTa.
CkopocTh HEHTpU(YIH HE JIO0JKHA IPEBbIIATh CKOPOCTU Ha 2 3Tame, A UCKIIOYEHUs
BO3MOKHOT'O U3MEHEHUS TOJIIUHBI INICHKH PE3UCTA.

JIisi OKOHYATENFHOW CYIIKH M yJAJICHUS M3IUIIKOB PACTBOPHUTENSI M3 PE3MCTa HEOOXOIrMMa
TepMooOpaboTKa — cymka. Kak yxe ObIJIO OTMEYEHO BBILIE, B MPOLECCEe LEHTPU(YTUPOBAHHS Ha
IUIGHKY JEHCTBYIOT PACTATHBAIONINE IICHTPOOCIKHBIC CHIIBI, KOTOPBIE CO3JAIOT BHYTpPEHHHE
HaNpsDKeHUs, KOTOPbIE YaCTUYHO HHUBEIUPYIOTCA Ojaronaps cyiike. B cBSi3u ¢ 3TUM CTaHOBHTCS
BOXHBIM OOECIEUYNTh PAaBHOMEPHYIO II0 BCEH TMMOBEPXHOCTH IUIACTHHBI TEPMOOOPAOOTKY.
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HepaBHOMEpHOCTH TEpPMOOOPAOOTKM TOBJIEUET 3a COOOW 3HAYMTENBHBI pa3dpoc mMapameTpoB
CBUC, pacronoXeHHbIX B Pa3IMYHBIX YaCTSAX TUIACTUHBI.

HccnenoBanust NMPOBOMWINCH C LENBIO OLEHKH PACIpENeIeHUsT TeMIIepaTypHOro IIOJIS IO
KPEMHEBOH IUIACTHHE IMPH CYIIKE pe3rCTa HEMOCPEJCTBEHHO ITIOCIE HAHECCHMs Ha LEHTpHdyTrax
yctaHoBok SITE CBC u TRATRIX npu nzroronenun CbUC.

Uccnedyembie ycmaHOBKU HaHeCeHUsI pe3ucma u obpasuybli

Ha wuccrnenyemoil TEXHOIOTMYECKON JIMHEMKE MCIIOIB3YIOTCS JBa TUIA YCTAHOBOK HAHECEHUs
pesucta: TRATRIX u SITE CBC ¢dupmer SITE. TRATRIX sBnsercss oOHOBIEHHON Bepcuei
ycranoBku SITE CBC u oGmamaer Oosiee CTaOWMIBHBIMU TapaMeTpaMH, KOTOPBIC JIOCTUTAIOTCS
anmapaTHBIMM W TNPOTPaMMHBIMH CPEICTBAaMH. YCTaHOBKA B MHMHHMMAJIBHO CTaHAApPTHOU
KOMIUICKTAIlMM TOCTABISIETCS € LEHTPU(PYTro, ropsyeid W XOJOAHOM IIMTaMU, MEXaHHYECKOU
ABTOMATHYECKON TPAHCIOPTHOM cucTeMor (moapoOHee 00 yCTaHOBKAaxX HAHECEHUS PE3UCTa CM.
[1]). Ha pucynke 1 moka3anbl ropsuas u xononHas TumThl yctaHoBok SITE CBC(cneBa) u
TRATRIX (cmpaBa).

Puc. 1. I'opsauas u xonoonas naumut ycmanoeok SITE CBC u TRATRIX

BryTpu «ropsdei» miauTel HAXOAUTCS HarpeBarenb. KpeMHHeBas IlacTMHA MOMEIIAETCS HA €€
IOBEPXHOCTh M HAKPBIBAECTCS KPBIIIKOKW, C IOMOUIBIO KOTOPOW YIY4IIAeTCsl TeMIIepaTypHas
cTabunm3anusi ee MOoBEpXHOCTH. YTOObI 00eCeunTh YUCTOTY MOBEPXHOCTH IUIACTUHBI B Ipoliecce
(dhopMUpOBaHHS CIIOSI PE3UCTa BHYTPH YCTAHOBKH CO3MA€TCS BOCXOJSIIMKA JIAMUHAPHBIH TOTOK
YUCTOrO CyXOro Bo3ayxa. OQHAKO €ro Halu4yue SIBJIAETCS OJHOM M3 NPUYMH HEPaBHOMEPHOTO
pacnpenesieHus: TeMnepaTypsl 110 MMOBEPXHOCTU KPEMHUEBOM TUIACTUHBI — MPOUCXOAUT YCKOPEHHOE
OCTBIBAHHME KPAEB IUIACTUHBI. [103TOMY B KOHCTPYKIIMU YCTAaHOBKHU MPETyCMOTPEHBI HAKPHIBAIOIIINE
wmtel. B ycranoBke TRATRIX pasmep kpbimku Oonblie pazmepa ruThl. [lostomy mpu ee
3aKpPBITUM  KpBIIIKA TMEPEKPBIBAET IUIMTY C YCTAHOBJICHHBIM BHYTPM HEE HarpeBaTeleM,
obOecrieunBasi, TeM caMbiM, OoJiee paBHOMEPHOE paclpeiesieHue TEeMIEPaTyphl MO MOBEPXHOCTH
KPEMHHUEBOU TJIACTHUHBI.

Jlist mpoBeieHHsI SKCIIEPUMEHTa Obllla MOATOTOBICHA KPEMHEBAs IIaCTHHA AuaMeTpoM 150 mwm,
MMEIOIIAsl CTAHJAPTHYIO TOJIIMHY, C IATHIO TEpMONApamMH, YCTAHOBJIEHHBIMHU [0 €€ JHAMETPY

(puc. 2).
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Puc. 2. DkcnepumenmanvHas KpemHnesas niaacmuna

W3mepenust TemmepaTypbl MPOBOAMINCH C MoMomIbio mudposoro tepmomerpa HHE2 dupmer
«Omega», KOTOpbIi MMeeT MOrpemHocTh u3MepeHus Temmeparypbl +0.1°C u mosBossier 1mb0
HETIOCPEJCTBEHHO HW3MEPATh 3HAYCHHWE TEMIIepaTypbl IO OIHOMY KaHaly, JU0O0 pa3HOCTh
TeMIepaTypsl 1o AByM kaHanaMm. Ha pucynke 3 nudpamu nokazaHo pacroyioKeHHE TEpMOIap Ha
IJTACTUHE B IPOLIECCE BBIIOJIHEHUS IKCIIEPUMEHTA.

B nepBoM dKkcmepuMEHTE M3MEPEHHUs TEMIEpAaTypbl IPOBOAWIMCH IpPU  MOJHATOU
TepMOCTaOMIM3UpyOmeld Kpbimke. Jlns momydeHus Oonee TOYHOH W MONHOW KapTHHBI
pacmpeniesieHusi TemIeparypbl IMOKa3aHus C JAaTYMKOB OBIIM CHATHI JUISL JIBYX IOJIOKEHHM
IJJACTUHBI. B KOTOPBIX JATUYUKHU PACIIOIATAIOTCS Ha TUTUTE «HA KpecT» (puc. 3)

S— -
J—
A4
- .-
-

—

Puc. 3. Ilonoscenusa naacmunsl Ha 20pAYell naume
HeobxomuMo OTMETUTh, YTO W3-32 HATU4YHS MPOBOJIOB, OOECICUMBAIOIIUX CBS3b TEpMOMap C
IU(PPOBBEIM TEPMOMETPOM, IUIACTHHA B TPOLIECCE DKCIEPUMEHTA YCTAaHABIWBAIWCH HA TUIATY
BPYUYHYIO C IMOMOIIBIO MMUHIIETA, B TO BPEMS KAaK B IITATHOM PEXUME PabOThl YCTAHOBKH TUIACTUHBI
Ha IUIUTY YCTAHABJIMBAIOTCS AaBTOMAaTHYE€CKON TPAHCIIOPTHOM CUCTEMOI.

AHanu3 memnepamypHbIx nosnel

DKCMEPUMEHT MPOBOAWICS MpU Temneparype «ropsuei» miutel +90°C. [lanHas TemmepaTypa
COOTBETCTBYET THIIOBOMY PEXHMY CYIIKA pPE3UCTa B TPOIECCE MPOU3BOJICTBA HHTETPATBHBIX
MUKpocxeM. TemrmepaTypa «ropsuei» IUIMTHI CTaOMIM3HpPOBANIach BMOHTHPOBAaHHBIMU B HEE
HarpeBarelsiMU. XOJOAHOW IUIUTHI — BOISHBIM oxnaxaeHueM (Tyon = 20°C). PesynbraTs
M3MEPEHHS TeMIepaTyphl moBepxHocTH miacTuHbl 1 yctaHoBOK TRATRIX u SITE CBC mpu
MOTHATOM TePMOCTA0MIM3UPYIONICH KPBIIIKE MPUBEACHBI B Ta0IHIIE 1.
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Tabauya 1. Pacnpedenenue memnepamyp no njiacmune npu nOOHAMOU KpbluiKe

SITE CBC TRATRIX
T, °C T, °C T, °C T, °C
Homep
)

1 87,5 88,2 85,6 87,0
2 88,9 88,7 86,8 88,8
3 89,1 88,9 88,8 88,5
4 89,3 89 88,7 87
5 88,3 87,7 87,5 86,3

Kntouom Ha cxeMe pa3MelleHUs IUIACTUH Ha IUIMTE TOKA3aHO pPAacloJIOKEHUE TMEepBOM
tepmomnapbsl. Habmogaembie koebanusi TeMnepaTypsl Mpu OTKPBITOM Kpbimike coctaBmm +0,2°C.
[Tanenue TemmepaTypbl Ha Kpasx CBSI3aHO C OXJIQXJCHHEM, BbI3BAaHHBIM IOTOKOM BO3IyXa,
KOTOpBIN co3/aeTcss BHYTpU Tpeka. Ha pucyHke 4 mokazaHo pacnpenesieHHue TEMIepaTyphbl IO
noBepxHocty miaactunbl s yctaHoBok SITE CBC (cneBa) u TRATRIX (cnpaBa) npu mogHsTOM
KpBbIIIKE (LIEHTP IUIACTUHBI COOTBETCTBYET LIEHTPY MPSIMOYTOJILHUKA).

5 5
Shagy
2 / m589,98-90,3 ‘ I_ﬁ—““i—]
4 |m89.66-89,98 [ ] 4
} \\ W 389,34-89,66 \\ ‘
m89,02-89,34 3
3 1 L] |_
[188.7-89.02 \LJI ]
[88,38-88.7 S )
EL____i/ 2 |n88,06-88,38
| [187.74-88.06
e 1 |O87.42-87.74 1
1 2 3 4 5 1 2 3 4 5

Puc. 4. Pacnpedenenue memnepamypHusix nojeii no naacmune npu ROOHAMOI KpbluiKe

Kak BumHo w3 pucyHka, Ha Oomee HoBoW yctaHoBke TRATRIX, HepaBHOMEpHOCTH
pacmpeneneHus TeMmrepaTyphl MO IUTACTUHE TPU TOIHATONW KPBIINIKE BBIpAXKEHa Oojee pesKo,
0coO0eHHO 1o KpasM. OJHaKo ee KOHCTPYKIUS MpedyCMaTpUBaeT BEPXHIOI KpBIIIKY C
MEPEeKPBITUEM HIDKHEH IUIMTBI M 0OJiee COBEPUICHHYIO CHUCTeMYy OOECIeuYeHHs JIaMHHApHOTO
BO3JYIIHOTO MOTOKA BHYTPU YCTAHOBKHU, IOSTOMY IMPH OTKPBITOM KPBIIIKE U HET HEOOXOIUMOCTH
CTa0WIN3MPOBaTh TeMmmepaTypy Mo miactuHe. llocie omyckanus TepMoOCTaOU-TN3aIMOHHON
KpPBIIIKM B 30HE IUIACTUHBI CO3Ja€TCsl paBHOMEPHOE TeMIlepaTypHOe Iojie, a Mpu pabote
HCIIONIB3YETCS MMEHHO TaKOW peXuM. M3MmepeHus TeMmiepaTypHOro Mojs MO IUIACTHHE IIPU
3aKpBITOM KphIiKe mpoBoauinck Ha yctanoBke SITE CBC (puc. 5).
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Puc. 5. Yemanoexa SITE CBC ¢ nonoscenuu c ONYU{eHH Ol KPbLUKOU

Tax kak ycranoBka TRATRIX oOecrieunBaeT MmIOTHOE MEPEKPHITUE KPBILIKU C TUIMTON, TO MPU
MOMOIIM HMerolierocss oOpas3la IUIaCTHHBl IOAOOHBIE M3MEpPEHHs] NPOBECTH HE YIAJIOCh.
Tepmomnapbl NOAKIIOYAIOTCS K IU(PPOBOMY TEPMOMETPY IPH MOMOIIM MPOBOJIOB, KOTOPHIE MOTJIN
OBITH TTOBPEXKICHBI TP 3aKPBITHH KPBIKH 1pu Temiepatype 90°C. TomydeHHbie pacnpeaeneHus
temneparyp ans ycraHoBkd SITE CBC, mpu omyiieHHOW TepMOCTaOMIM3UPYIOMIEH KpBIIIKE,

MIpUBEJICHBI B TabuIIe 2.

Taonuuya 2. Pacnpedenenue memnepamyp no niacmune npu OnyuweHHoll Kpbluike

SITE CBC
Homep TtepMomnapsi @ @
1 89,2 89,3
2 90 90
3 90,3 90,3
4 90 90,1
S 89,4 89,2

He TpynHo 3ameruTh, 4YTO OINyCKaHUE TEPMOCTAOMIM3UPYIOUIEH KpPBIIIKK CYLIECTBEHHO

BbIPAaBHUBAET TEMIIEPATypHOE MOJIE 0 MIacTuHe (puc. 6).

1 2 3

Puc. 6. Pacnpedenenue memnepamypHnozo nojis o RadCmuHe npu ONyuWeHHOI KpbliiKe

-1
5

36

W85,9880,3
W 85,6689,98
W 85,34-89,66
[089,02-89,34
[@88,7-89,02
88,3888,7
[188,06-88,38
[087,74-88,06
087,4287,74




KpOMe TOro, OINYCKAHUC KPBIIIKU oOecrieunuBaeT IOBBLIIIEHHE TOYHOCTH noaACpIKaHUA
TeMITEpaTypbl IJIACTHHBL. ECIM mpH OTKpPHITOW KpBIIKE 3HA4YEHHsS Ha IM(POBOM TepMOMETpe
Kosebanuch ¢ TouHocThio +0,2°C, To mocie ee OnyCKaHus, UCIOJb3y s UMEIOLIEECs] U3MEPUTEIBLHOE
o0opyoBaHue, KoieOaHUH TeMIepaTyphl 3aceub HE YJaJIOCh. DTO MO3BOJISET ClENaTh BBIBOJ, YTO
KojeOaHus TemmnepaTypsl cocraBiasuin MeHee 0,1°C. HecmoTps Ha TepMmocTaOuiam3anuio, Kpas
wiactulbl B ciaydae Tpeka SITE CBC Bce e MMEIOT CcTallMOHApHOE TEMIIEPaTypHOE OTKJIOHEHHE,
nocturaromiee 0,8°C.

AHanu3 QuHaMUuKu Hazpeea/ocmbieaHusi niaacmuH

PaBHOMepHOE pactipeenienre TeMnepaTyphl 0 TUIACTUHE B MPOLECCE €€ OCThIBAHUS BAXHO JJIs
TOJTyYEHHUST OTHOPOTHON TEPMHUIECKON 00paboTKH 1Mo Bee mromtaan. OqHaKo TPH MOJICTUPOBAHUHT
IpoLecca CyIIKH Pe3ucTa TaKKe BaKHO MMETh MPEACTABICHUE O ITuHamuke npornecca. C 1emnpko
MOJIy4EHHUS JOTOJIHUTENbHBIX JaHHBIX JUJISl MOCTpOeHUs Oojiee TOYHOM MOJAENHU Mpolecca CYIIKH
ObLI1a CHATA 3aBUCUMOCTH TEMIIepPaTyphl B IICHTPE TUIACTUHBI (3-5 TepMoOmapa) OT BPEMEHH.

Ha mnpoTsskeHMM Bcero NpOM3BOJCTBEHHOIO IMKJIA IIACTUHBI pacrnonaratorcss B SMIF-
KOHTEWHEepax, B KOTOPbIX OHU M30JMPOBAHBI OT BHEIIHEH cpenbl. Ha yCcTaHOBKY IMIACTUHBI TaKkKe
noctynatoT B SMIF-koHTeliHepe, OH yCTaHaBIWMBAETCS B 3arpy3uydK M IUIACTUHBI Ha JUQTax
nmojarTcs B pabouyro 30HY yctaHoBkH. B SMIF-koHTeliHEpe MMEIOTCS TUIACTUKOBBIE TMOJICTABKH
JUISL TUIACTHH, 4YTOObI OHM HE IUIABWIMCH, TOCTE CYIIKHM PE3UCTa IUIACTUHBI OXJIaXJaloT Ha
X0JI0AHOM mmTe. B pesynprare mnactuna, nocrynas u3 SMIF-a cnauana nonaercs Ha ueHTpUdyry,
nanee cymmres npu T= 90°C u mepen ycTaHOBKOW OOpaTHO B KOHTEWHEp OXJIKIAeTcs mpu 1=
20°C. BpeMeHHas 3aBUCUMOCTb HarpeBa LIEHTPAJIbHOM TOUKM KPEMHEBOW IUIACTUHBI IPEACTaBICHA
Ha pUCYHKE 7.

100

a0 o4 gk 2
80
70 4
B0 -

a0 ~

T.C

41 ~

30

209

10

I:I T T T T
1] 5 10 15 20 25

1, ceK
Puc. 7. Bpemennasn 3agucumocms Hazpesa yeHmpaiabhoii mouku (mepmonapa Ne3)

BpeMeHHass 3aBUCUMOCTb  OXJQXACHUSA  LEHTPAJIbHOM TOYKM KPEMHEBOW  IUIACTHUHBI
MpeACTaBiIeHa Ha pUCYHKE 8.
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Puc. 8. Bpemennasn 3aeucumocms 0x1axcoeHus yeHmpaibHoii mouku (mepmonapa Ne3)
TepMuueckoe BO3AEHCTBUE, KOTOPOMY MOJABEPTAeTCS KPEMHEBAs IUIACTMHA B MPOLIECCE CYLUKHU

TOCJIe HAaHECEHUS Pe3UCTa Ha IeHTpudyre, mpeacTaBieHo rpadgukom (puc. 9).
100

90 +
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40 +
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D T T T T T
0 20 40 &0 g0 100 120

t, cek
Puc. 9. Uzmenenue memnepamypst R1acmutsl 8 npouecce cywku (mepmonapa Ne3)

HonyquHa;I BpCMCHHAas1 3aBUCUMOCTDb GYZ[GT HCIIOJIb30BaHa IIpU MOJCIUPOBAHHUU MpoLEecCa
mutorpadud M ONTUMHU3AIMH TEPMOOOPaObOTKH pe3nucTta. Tak Kak BCE MOCTIKCIO3WUIIMOHHBIC
TCPMHUYCCKUC O6p2160TKI/I IJIACTUH TIPOBOIAATCA C UCIIOJIB30BAHUCM TCX K€ YCTAHOBOK, TO CIICAYCT
MPEIOI0KHTh, YTO TEMIIEPATypHbIE 3aBUCUMOCTH OyayT HOCHTH TOT JX€ Xapakrep. Takum
06pa30M, JaHHBIM OKCIICPUMCHTOM 6LIJII/I YCTaHOBJICHBL BPCMCHHLIC 3aBUCUMOCTH )41
pacmpeneneHus TeMIIEpaTypHBIX IOJIEH IeJoro Kiacca TEePMHYECKHMX OOpabdOTOK IIJIaCcTHH,
HCIOJIb3YyCMBIX B IMPOLCCCAX MOJYUYCHUS MJICHKH PC3UCTAa U YJIYUIICHUS CC CBOI>'ICTB, CBA3aHHBIX CO
CTOHKOCTBIO U CETICKTHBHOCTBIO IMOCIIEAYIONIETO TPABJICHHUS.
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AHHOTALUA

B pabore paccMOTpeHbl HEKOTOpblE THIBI (DUTYp KOPPEKLMH onThdeckoro sddekra Omusoctu. [IpoBeneHo
MOJIEJIMPOBaHUE Ipoliecca JUTOrpaduu ¢ MCIOIb30BAaHHEM PACCMOTPEHHBIX (UIYp C I1I€IbI0 MUHHMH3ALWU
HEeTaTHBHBIX NocieAcTBUH 3(hdexTa 6mm30cTu. Pe3ynpTaTsl MOJIETMPOBAHHS TIOATBEPIKICHBI AKCIIEPUMEHTOM.
Abstract

The different types of optical proximity correction figures were considered in this work. In order to minimize the
negative consequences of optical proximity effect the modeling of lithography process with OPC figures was
carried out. The result of modeling was confirmed by experiment.

Beenenune

B HacTosmiee Bpems OJHO W3 HaNpaBiIEHUI COBEPLICHCTBOBAHMS TEXHOJIOTMU IPOM3BOJCTBA
KMOII CBUC cBsi3aHO ¢ COKpalleHHEeM pa3MEPOB OCHOBHOIO S3JIEMEHTAa TAKUX MHUKPOCXEM -
3aTBOpa IIOJIEBOIO TPAH3UCTOPA, IIOCKOJIBKY HMEHHO YMEHBIIEHHE €ro IIUPUHBI IO3BOJIAET
MOBBICUTh TaKTOBYIO YacTOTy U, CJEAOBAaTElIbHO, Mpou3BoAUTEeNbHOCTh mudposix CBUC.
Heo06xomuMo OTMETHTB, YTO 3TO JaleKO HE EAWHCTBEHHBIX IapaMeTp, MOBBIMAIOIINN
xapakTepucTuku coBpeMeHHbix CBHC.

Kak wu3BecTHO, BO3MOKHOCTh YMEHBIIEHHUS IIUPHUHBI 3aTBOpa OOYyCIOBJIEHA B OCHOBHOM
MOBBILIEHUEM pa3pelaionieii cnocooHoctd R mporecca mpoekunoHHON muTorpaduu, Kotopas
OIIpEAEIIAETCS XOPOLIO U3BECTHBIM KputepueM Penes:

R=K+M(NA),

rae A — JUIMHA BOJIHBI SKCIOHUpYIOIIEro usiayuyeHus, NA — yucioBas amneprtypa oObEeKTHBa
MPOEKIIMOHHONW ONTUYECKOW cUCTeMbl, 1 K — K03 UIMEHT, 3aBUCAIINNA OT YPOBHS TE€XHOJIOTHH,
YUUTBHIBAIOIINM, K HpPUMEpY, HCIOJb3yeMble METObl IMOBBILIECHUS pa3pelaronieil crnocoOHOCTH
aurorpaduyeckoro mnporecca (resolution enhancement techniques, RET’s), Takue kak npuMeHeHHne
(hazocnBurapmmx madiIoHOB, Bapualus Gopmoil U KoHpuryparued ncrounnka ocemieHus, OPC
U BOITHOE BI€UaThIBaHWE. 3HAUEHHUE YMCIIOBOM anepTypbl NA 3aBUCUT OT KauecTBa MPUMEHSAEMON
ONTUYECKON CUCTEMBl W HAJIWYMUS WIA OTCYTCTBUS HMCIOJB30BaHUS MMMEPCHOHHBIX KUIAKOCTEM.
[ToMrMO 3TOr0 3HaUEHHE TEXHOJIOTUYECKOTO (haKkTopa 3aBUCHT OT BOCHPOHM3BOJIUMOMN TOIOJIOTHH,
ee KOoHpurypauuu u peryaspHocTd. COBpeMEHHbI YpPOBEHb Pa3BUTHS JUTOTrPaQUUECcKOro
obopymoBanusi, ucnoiaszyemoro mpu npousBoactee KMOII CBUC, mno3Bonser mnoiaydaTh
CTPYKTYpbl C MUHUMAJIbHBIMHM Pa3MEPAMH 3JIEMEHTOB 45 HM IpHU JUIMHE BOJIHBI 3KCIOHUPYIOIIETO
u3nydenus 193 HM, yTO COOTBETCTBYET Y4 A. Ellle HECKOIBKO JIET Ha3a] MpeesioM MPOSKIIMOHHON
auTorpaduy CUMTaIOCh 3HAYEHUE PABHOE 72 A MpHU ycloBUH ucronb3oBanus RET’s.

Bce  BelmenepeuuciieHHblE  CMOCOOBI  TOBBIMNIEHUS — paspemarolieil  CIoCOOHOCTH
mutorpaduyeckoro mporecca kpome wmetoguk OPC u  ABOMHOrO BIEYaThIBAHUS TPEOYIOT
KaluTaJbHBIX BIOKEHU B 000pyO0BaHUE, YTO HE BCET/1a ObIBAET BO3ZMOXKHBIM.

B nanHo# pa®oTe ObLIIM MOCTABIICHBI CIIEIYIONINE 3a/1a4H:

1. wuccrnenoBaHusi BIAMSHHUS pa3nuuHbiXx TUMOB (uryp OPC Ha mapamMeTpbl TECTOBBIX
CTPYKTYp C I€JIbI0 TOBBIIICHHUS] pa3pellaronieil CrnocoOHOCTh JIUTOrpadUyecKoro
polecca;
2. ompejeleHUE ONTUMAIbHBIX pa3MepoB (GUTYP KOPPEKIMH Ppa3IUYHBIX THUIIOB,
NO3BOJISIIOIIMX B MAaKCUMAJIbHOM CTENEHH KOMIIEHCHUPOBAaTh 3(PQeKT onTHueckoit
OJ1M30CTH.

JUisi BBINOJHEHHMsI TOCTABJICHHBIX 337ad OBbLIM pPa3paboTaHbl COOTBETCTBYIOIIME TECTOBBIC
CTPYKTYpbl, TPEUIOKEHa METOAMKA OIEHKH 3((EKTUBHOCTH BBENCHUA (QUTYp KOPPEKUUU U
YCKOpPEHHAasi METOJMKA IPOBEIEHUS U3MEPEHUH.
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MeToauka npoBeeHUs IKCIEPUMEHTOB
C uensto ouenku >pdextuBHOCTH BBeneHHs OPC-puryp ObUT CHpPOEKTHpPOBAaH IIA0JIOH C
HabOpOM TECTOBBIX CTPYKTYp pAa3JIMYHbIX THUNOB (puc. 1), JUHEWHBIE pa3Mepbl KOTOPBIX
M3MEPSUTUCh HAa CKaHUPYIOIIEM DJIEKTPOHHOM MHUKpOcKone (scanning electronic microscope, SEM)
rocje oneparyy TpaBIeHHUs.

Puc. 1. Tunvt OPC ¢uzyp (cneea nanpaso: bias, assist line, serif)

B kauectBe kputepus 3pGEKTUBHOCTH BBEICHUS GUTYp KOPPEKIMH ThMa «serif) ObLia BeIOpaHa
BEJIMYMHA COKPAICHUS JJIUHBI IPOBOJAHUKA CO CTOPOHBI «CBOOOAHOTO» Kpast (pucC. 2), MOCKOIbKY
HMMEHHO 3TOT MapaMeTp sABJseTCS KpUTHUHBIM B peanbHbix CBUC npu 3apaHun HOpMbI Ha BBUIET
3aTBOpa TPAH3UCTOPA 3a TPAHUILy aKTUBHOW 001aCcTH.

Dnon

Puc. 2. Cokpawenue evliiema 3ameopa mpan3ucmopa 3a Zpanuyy aKkmueHou oonacmu

CKpyriieHHe W COKpAIIeHHE BbIJIETAa MPUBOIUT K YMEHBIICHHUIO JUTMHBI KaHaja TPaH3HCTOpa Ha
IpaHMIle aKTUBHOW 30HBI U, KaK CJIE/ICTBUE, K U3MEHEHUIO €ro 3JIEKTPUUECKUX XapaKTepuCTUK. s
OLIEHKH ATOTO COKpAIIEHUS CO CTOPOHBI «CBOOOIHOTO» Kpas KaXJOTO TPOBOAHHMKA 0O0ABICH
BCIIOMOTATEJIbHBINA IPOBOJIHUK C aHAJIOTUYHBIMU XapakTepuctukamu ¢uryp OPC, pacnonoxeHHbIH
«BCTBIK» Ha pacctossHuu 0,6 MkM (puc. 3). B 3ToMm ciayuyae coOkpallleHHUE BbUIETa MOXET OBITh
paccuutano, kak A = |0,6 — u3MepeHHoe paccTosHue| / 2.

Puc. 3. Dcku3 wiunbl ¢ 6CNOMOZAMENbHBIM RPOBOOHUKOM, PACHOTIOHCEHHBIM («BCHIBIK)

Ourypsl KOppeKIMU THIA «assist line» mo3BoJs0T 00padaThIBaTh OJMHOYHBIC AIIEMEHTHI B TEX
K€ TEXHOJOTHMYECKHX peXHMaX, KOTOpble OOBIYHO XapaKTepHbl MM IUIOTHOYMAaKOBAHHBIX
aseMeHTOB. DUTYpBI KOPPEKIUH TUTIA «bias) TMO3BOJISIOT BAPbUPOBATH IIUPHUHY [ITHHEI.

Ha rpaduxke pucynka 4 npeacTaBieHbl pe3yJibTaThl U3MEPEHHSI IIUPUHBI OJJUHOYHOTO AJIEMEHTA
B 3aBUCHUMOCTH OT 3HaueHUs (DOKyca ONTHUECKOW CHCTEMBbl CTENIepa, MMEBIIETO Ha IabJIOHE
pazmep 0,24 MKM, TIOCTI€ TPaBICHHUS:
1. U3MEPEHUS «CBEPXY» (HIKHUH rpaduk);
2. M3MEPEHHMs Ha CKOJIE 110 OCHOBaHMIO TTpodwist (BepxHuit rpaduk).
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W3mepeHns Ha ckojie ropasfo 0osee CI0KHbIE, HEKEIH U3MEPEHUS «CBEPXY», T.K. OHH TPeOYIOT
0c000i TONOJOIMHM TECTOBBIX CTPYKTYp, CJOXHOIO QiropuTMa IIOMCKa M W3MEpEeHHs, U
MIpeIBAPUTENILHON MOJATOTOBKU 00pa3loB Juisl u3MepeHuid. Jljig npoBeneHns U3MEPEHU Ha CKOJle
HEOO0XOMMO PACKOJIOTh KPEMHEBYIO IUIACTMHY TOYHO B MECTE MPOXOXKICHHS MOJIekKaluX
U3MEPEHUIO CTPYKTYP, T.€. IIACTUHA pa3pylIaeTcs MpU 3TUX n3MepeHusx. [loaTomy Takol MeTon
U3MEPEHUN MOXKET OBbITh MCIIOJIb30BaH TOJBKO B YCJOBUSAX SKCIIEPUMEHTA, HO HE Ha OIBITHBIX
naptusx. OJTHaKO 3TOT METOJ JAaeT TOYHBIE NOKA3aHUS U MO3BOJISIET MOJYUYUTh 3HAYEHHE IIHUPUHBI
IIMHBI HA KOHKPETHOH BBICOTE MOJYy4YEHHOI'0 IPOQHIIS.

CD_Mask = 0,24 um
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Puc. 4. Cpasnenue cnocoooe usmepenua na SEM

CpaBHEHHS 3THX KPHUBBIX MO3BOJISIOT CIIEJaTh BBIBOJ O TOM, YTO M3MEpEHHsS CBepxy Ha SEM
nocJje TPaBJIeHUs JAIOT BBICOKYIO TOUYHOCTh, OTIMYASCH OT 0OJiee TOYHBIX M3MEPEHUN Ha CKOJIE,
Ha (PUKCHUPOBAHHYIO BEJIMYMHY IOCTOSHHOTO 3HaKa (T.K. M3MEPEHHUsl CBEPXY COOTBETCTBYIOT
M3MEPEHUI0 Ha OmnpeeNeHHON BbicoTe npoduis). llomydeHHble pe3ynbTaTbl MO3BOJIMIN B
MOCIIEAYIOIINX SKCIIEPUMEHTaX POBOAUTH U3MEPEHUS «CBEPXY.

JKcnepuMeHTaIbHas 4aCTh
Pe3ynbTaThl KOMIBIOTEPHOTO MOJICIMPOBAHUS INMUH 0€3 KOPPEKTUPYIOMIUX SJICMEHTOB
Mpe/icTaBlIeHbl Ha pUCYHKaxX S5a u 5B. B 3ToM ciydyae HaO0aeTcsl CyUIECTBEHHOE YBEIUYECHHE
paccTosiHusL MEXJly KOHLIaMH 3JieMeHTOB (¢ 0,6 MM 10 1,12 MKM), a Takke 3HAUUTENIbHBIA YXOJ
(dhoTopesucTa Ha Kparo mpoQ ISl MUHKI (pUc. Sa).
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¥: C0: 708.02 n
V: CD: 1123.38 n
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50. Bup cOoky (¢ koppexkuueii)

S5a. Bua cOoky (0e3 koppexkuum)

5B. Bup cBepxy (0e3 koppexkuuu) 5r. Bua cBepxy (¢ koppexumeii)
Puc. 5. Pe3yabtatsl monenupoBanus npu BBeaenuun OPC-serif.

[Ipn BBemenuu koppekiuu (puc. 560 W 5r), BeIMYMHA OMHCAHHBIX BHINIE TEOMETPUUYECKUX
HCKOKEHUN pa3MepoB IJIEMEHTOB CHmkaeTcs (paccrosaue — 0,708 Mkm), ogHako HaOIomacTcs
adpdext mnepekommencaruu (puc. 50). s TOATBEpKIEHUS aJCKBATHOCTH MPEIOKEHHOMN
KOMITBIOTEPHOU MOJIeTTH ObLITN TIPOBECHBI IPOBEPOUHBIC IKCIIEPUMEHTHI (pHC. 6).

H1=7734nm

6a. Bux cBepxy (0e3 koppekuuu) 60. Bux cBepxy (¢ koppekuueii)
Puc. 6. Pe3yabTaTsl n3MepeHus Ha iiacTuHe npu Beeaenns OPC-serif.

Ha pucynke 6a mnpeacraBieHa SEM-¢dotorpaduss oJMHOYHOM CTPYKTYyphl HOMMHAJIbHBIM
pasmepom 0,23 MxM 6e3 koppekiuu. Ha npuBenenHol dotorpadun XOpomo 3aMeTHO, YTO KOHITBI
IIPOBOJIHUKOB «PBAHHBIE», a PACCTOSIHUE MEXIY KOHIIAMU yBenuumiochk ¢ 0,6 MkM (Ha malioHe)
no 1,13 mMxm (Ha pesuctuBHOM Macke (PM)). Beemenume OPC-crpyktyp Tuma serif (puc. 60)
MO3BOJIMJIO TOJY4YUTh MPOBOAHUKU OoJyiee MpaBUIbHON (hopMbl (HAOMIOJAETCs PaBHOMEPHOCTh
TOJIIIMHBI ()OTOPE3NCTA) U COKPATUTH PACCTOSHUE MEXTYy KOHIIAMH IPOBOJHHKOB, TPUOIU3UB €TO
K HOMHUHAJIbHOMY 3HaueHHIo (paccrosHue no PM = 0,77 Mkm).

«PBaHbBIe» Kpas IPOBOJAHHUKOB (PUC. 6a) OOBICHSAIOTCS MAJIOW TOJIIUHON CJIosi (hOTOpe3nucTa B
9THX MecTaxX, 4YTO ObUIO IOKa3aHO CPEICTBAMH KOMIIBIOTEPHOTO MOJAEIMPOBAHUSA HPOPUIIS
OMHOYHOH INWHBI C TNPUMBIKAHUEM «BCTHIK» (puc. S5a). M3MmepeHus, BBIOpaHHOTO B KadecTBE
MIOKa3aTeasl KauyecTBa pPACCTOSHUS MEXAy LIMHAMM, TaKkKe TMOATBEPIWIM COOTBETCTBHE
pe3ynbTaTOB MOJEIMPOBAHUS U TMPOBEACHHBIM 3KcrnepuMeHTOM. CpaBHEHHE pe3yJIbTaTOB
KOMIIBIOTEPHOTO MOJEJIUPOBAaHUS U JKCIEPUMEHTa Ha IUIACTHHE I10KAa3ajlo, YTO I OJMHOYHBIX
CTPYKTYP PacXoskJIeHHE MEeXIy HUMU cocTaBuwiio MeHee 10% OT COOTBETCTBYIOIIMX HOMUHAIBHBIX
pa3MepoB.
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HeoOxomnMo 0co00 OTMETHTH, YTO MpPEICTABICHHBI Ha pHUCYyHKEe 50 mpodwmib pesucra He
MOJKET OBbITh KCIIEPUMEHTAIILHO U3MEpPEH Ha umeromemcs: ooopyaosanuu. [lostomy ontumusanus
npodwiIs pe3rcrTa B TaKMX MECTaX MOXKET OBITh MPOBEACHA TOJABKO MyTeM KOMMBbIOTEPHOIO
MoaeaupoBaHus nporecca (oronurorpaduu! Ilo pesyapraram Takoro MOAEITUPOBAHUS MOXKET
OBITh HAWJECHO KOMIIPOMHCCHOE COOTHOIICHHE MEXIY COKPAIICHHEM UIMHBI IIMH M KaueCTBOM
MOJIy4yaeMoro npoduist Ha Kpasix pe3ucTa.

OnTumusanust mapameTpoB Quryp THma «serif» Oblia MpoBeneHa ITyTeM MOJICITUPOBAHUS
nporecca Jutorpaguu sl OJUHOYHOTO 3IeMeHTa mupuHoii 0,24 MKM.
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Serif Offset (nm)
Puc. 7. Ontumuzanusa napamerpos ¢puryp OPC-serif.

Kak BugHO M3 puc.7, onTUMajbHbIE MapaMeTpbl GUTYp KOPPEKUMHU Tuma «serif» ciemyromue:
«serif size» 170-200 um u «serif offset» 20-40 Hm.

C uenpi0 BO3MOKHOCTM OJHOBPEMEHHOM MPOPAaOOTKH OJWHOYHBIX U IUIOTHOYNAKOBAaHHBIX
CTPYKTYP B COCTaB T€CTOBBIX CTPYKTYp I1a0j0oHA ObUT BKIIIOUEH PsJl CTPYKTYp THIA «assist liney.
Bnusinue ¢uryp nanHoro tumna O0bU10 TpOMOISTHPOBaHO (puc. 8).

Fresist Feature Width, CD )
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100 E w0 400 e — 2 D O O 2 D O

Binary S catering Bar Space nm)

Puc. 8. 3aBucumocTs IMpuHbI oAuHOYHON IKMHBI 0,23 MkM ot mapameTpoB OPC-assist line.
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Ha pucynke 8 npezacrasieHa 3aBUCUMOCTb IIUPUHBI OJUHOYHON mMHBI 0,23 MKM OT mapaMeTpoB
BBOJUMBIX (uryp Tuma «assist line». BBezeHne 1aHHON KOppeKIMH 1aeT BO3MOXKHOCTh yIpPaBIATh
pazMepamu muHbI B npenenax +100 um. Ha pucynkax 8, 9 npuBeneHsl pe3yabTaThl SKCIIEpUMEHTA
Ha KPEMHHUEBOU IJIACTHHE.

[upuHa OIMHOYHOM IMIMHBI Ha pe3ucTUBHOM Macke coctaBwia 110 M. lupuna takoi xe
IIMHBl B IUIOTHOYNAKOBAaHHOM MaccuBe cocTtaBwia 180 HM. [lpum BBeneHum Koppekuuu c
Pa3IMYHBIMM NTapaMeTpamMH Ha OJMHOYHYIO IIMHY €€ MMpuHa u3MeHsuack oT 120 go 370 um. Ot0
MO3BOJIIET CHeNaTh BBIBOJ, YTO ONTHUMH3ALMs JTHX [apaMEeTPOB IO3BOJIUT JOCTUTHYTh
OJTHOBPEMEHHOM MpPOpPabOTKM KaK OJMHOYHBIX, TaK M IUIOTHOYIAKOBAHHBIX CTPYKTYpP B OJHOM
TEXHOJIOTHYECKOM PEKUME JTUTOTpaUH.

133 80:10010 81

B xone paboThl ObLIM NMPOBENEHBI UCCIENOBAHUS BIMAHUA pa3nuyHbIX TUNOB Quryp OPC Ha
napaMeTpbl TECTOBBIX CTPYKTYp. Pe3ynbTatel usmepenuii crpykryp ¢ urypamu OPC nokaszanu Ha
KayeCTBEHHOM YpoBHE 3((EeKTUBHOCTh WX BBeAeHus. s kaxkaoro u3 tunoB ¢uryp OPC Gbuio
IPOBEIEHO MOJEIMPOBaHUE Mpoliecca JuTorpaduu, pe3yiabTaThl KOTOPOro ObUIM MOATBEPXKIEHBI
SKCHepUMEHTaIbHO. [1oTydeHHbIe pe3yIbTaThl O3BOJISIOT YTBEPKAATh, 4T BBeAeHus Guryp OPC
CYLIECTBEHHO IMOBBICUT CTaOWJIBHOCTh BOCIPOU3BEJIEHHS M KOHTPOJIb HAaJ pa3Mepamu
TPAH3UCTOPHBIX CTPYKTYP.

Taxoke ObLIM OIpeaesieHbl IUana3oHbl ONTHUMAJIbHOCTH MapaMeTpoB (Uryp KoppeKkuuu
Pa3IMYHBIX THIIOB, MIO3BOJIIONINX B MAKCUMAJIHLHON CTENIEHH KOMIIEHCUPOBATh () (EKT ONMTHIECKOM
onu3octu. Ha mpuMepe OIMHOYHBIX CTPYKTYp HOMHUHaiIbHBIMU pazMepamu 0,23 mxm u 0,24 MxMm
ObLIO MOKA3aHO YJIYYIIEHHWE KayecTBa BOCIPOM3BEICHMSI KOHIIOB IIMH. YKOPOYEHHE IUUH MpU
BBeJIeHUH (UTYyp KoppeKuuu tuna «serith coxparumnock ¢ 1,13 MM (Ha PM) no 0,77 mxm (Ha PM),
npu HopMmajbHOM 3HayeHnu 0,6 MxMm (Ha malnone). Bemenue ¢uryp Ttuma «assist line» c
pa3NUYHBIMM UX MapaMeTpaMy MO3BOJIMIO YIPAaBIATh IIUPUHONW IIMHOM B JOCTATOYHO IIMPOKOM
JMana3oHe, 4TO MO3BOJISET ClIeaTh BbIBOJ O BO3MOKHOCTH ONTHUMM3ALIMY 3TUX [1apaMETPOB.
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BAKYYMHASA YCTAHOBKA MOAYJIBHOI'O THUIIA JJIAA HCCJIEAJOBAHUA
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VACUUM MODULAR COATER FOR RESEARCH OF THIN FILM’S
NANOSTRUCTURE DEPOSITION

Sidorova S.V., Chabanov A.A.
Scientific leader: D.Sc., professor Panfilov Yu.V.
MSTU named after Bauman, Moscow, Russian Federation

AHHOTALUA

[IpencraBnena BakyyMHasi YyCTaHOBKa MOJYJbHOTO THIA JUIS MCCIENOBAaHHMS IIPOLECCOB HAHECEHMs
TOHKOIJIGHOYHBIX HAHOCTPYKTYp METOJaMH TEPMHUYECKOr0 MW JAYyroBOrO  HWCHApeHHs, MarHeTpOHHOTO
pacIbUIeHUs U CTUMYJIMPOBAHHOTO T1a3MOH ra30(ha3Horo OCKICHUS.

Abstract

The vacuum modular coater for research of thin film’s nanostructure deposition by means of thermal and arc
evaporation, magnetron sputtering and PECVD methods is represented.

Pazpaborana ManorabapuTHas yCTaHOBKA BaKYyMHOTO HAHECEHUs] TOHKUX TUVIEHOK MOZIYJIBHOTO
THUIA, NPEJHA3HAYCHHAs JUIsl UCCIIEI0BATEIbCKUX PaObOT B 00IaCTH TEXHOJIOTUM TOHKHUX IUICHOK B
BakyyMe M (OpMHUPOBAHMUSA TOHKOIUICHOYHBIX HAHOCTPYKTYp [1, 2]. PaGouas kamepa ycTaHOBKH,
MIPEJCTABIIAIONIAs cO00M U3rOTOBJIEHHBIN U3 TYTOMJIABKOTO CTEKIA LUIMHAP, OCHAIEHA CMEHHBIMU
(1aHnaMM, 4TO MO3BOJSET MPOU3BOIUTH HAHECEHHUE MJICHOK Pa3IMYHBIMU METOJIAMH U BU3YaJbHO
KOHTPOJIMPOBATh IIPOLIECCHI, TPOUCXOIAIINE B BAKYYMHOM KaMmepe. BakyyMHas cucrema yCTaHOBKU
cHaOkeHa JU(QGY3NOHHBIM HACOCOM C BO3AYNIHBIM OXJIAXKACHHEM (st oOecreueHus
0e3MacIsIHOro BaKkyyMa IpelyCMOTPEH TypOOMOJIEKYJISIPHBIA HACOC) U MEXaHUUYECKUM HAaCOCOM.

VYnpasienue GopBaKyyMHOM M BBICOKOBAKYYMHOIH MarucTpaisiMU MPOU3BOAMUTCS ONEPaTOpoOM
IIPYU MOMOLIM 3JIEKTPOMArHuTHBIX KianaHoB. Hamyck pabGouero rasa KOHTpOJIMPYETCsSI CHCTEMON
Hamycka Ha Oaze PPI'-10. YmpaBneHue nuTaHueM KianaHoB, AU(GQPY3MOHHBIM U MEXaHUYECKUM
Hacocamu npousBoauTca npu nomom CAY. KoHTposupoBaTh JaBICHHE MOXHO IO MOKa3aHUSIM
TEPMOIIAPHOTIO ¥ MOHU3ALIMOHHOI'O BAKYyMMETPOB.

OCHOBHBIM JOCTOMHCTBOM YCTaHOBKU SIBJISIETCS HEOOJIBIIOE BpeMs OTKAadKH BaKyyMHOMH
KaMepbl, YTO TO3BOJISIET MPOBOAUTH OOJIBIIIOE KOJIMYECTBO OMBITOB 32 pabOUHii JCHb.

TexHnueckue XapakTepUCTUKU YCTaHOBKU:

» TmpenenbHOE AaBieHue, [la 10° - 10°
» naBiieHue pabouunx rasos, [1a 0,1-100

» CKOpPOCTb OCXJICHHS TICHKH, HM/C 10°-15

» CKOPOCTh TPaBJICHHSI CJIOEB, HM/C 107 - 50

» motpelisieMas MOIIHOCTh, KBT 1,5-5

» TrabapuTHBIC pa3Mephl, M 0,5x1,1x1,6
» Macca, KT 90

VYcTaHOBKA COAEPIKUT CIEAYIONIME TEXHOJOTHYECKHUE MOMAYJH: TEPMHUYECKOTO HCIapeHUs
(Puc.1), nnasmo-xumuyeckoro ocaxaenus (Puc.2), nyrosoro ucnapenus (Puc.3) u MarueTpoHHOTO
pacnsuienus (Puc.4).
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Puc. 1 Moayap TepMAYECKOTO UCTTAPEHUS

Monynbp TEepMHUYECKOTO HCHapeHust (cMm.
puc.l) pabGotaer crnenyoomuM obOpa3oMm. Ha
HarpeBaTeNbHyl0  crnupaib 16 momaercs
HaIpsOKEHUE TOCPEACTBOM TOKOBBOAOB 8.
TokoBBOIBI ~ pa3MmemieHbl Bo  ¢uianme 21,
KOTOPBIM YCTAHOBJIEH B KBaplLIEBYI BaKyyMHYIO
kamepy 7. Ha ¢umannax 20 u 21 ycTaHOBICHBI
YIUIOTHUTEJIBHBIE  MPOKIAAKU 9, KOTOpBIE
o0ecrnieynBaeT repMETU3ALINIO o0Bbema
BakyyMHOW KaMmepsbl. Ilomymoxkka kpenutcs Ha
NOJJIOKKOAEpkKaTenp 27, 1pu  NOMOILU
KpoHIITeHOB 19. Jlig BbIXOAa Ha 3aJaHHBIN
PEXUM HMCIIApEHUs NPELyCMOTPEHa 3aciioHKa 6,
KOTOpasi OTBOJIUTCSA B CTOPOHY IIPH JOCTHUKEHUN
HEOOXOIMMBIX yCIIOBHI HcnapeHus. BakyymHas
kamepa 21 C TEXHOJOTHMYECKOM OCHACTKOMU
MOCPEACTBOM BTYJIKM 5 KpPENUTCS K OTKAYHOU
CHCTEME YCTaHOBKH

Monynb MIa3MOXUMUYECKOTO OCAXKIEHUS (CM.
puc.2) mnOpenHa3HauYeH i1 M3TOTOBJICHUSA
HAHOpPA3MEpHBIX CTPYKTYp U3 yriepoja u
apyrux Martepuanos. Ha mnarpeBatens 12
MOMEIAeTCsl TMOAJIOKKA, MOJIYJIb KpemuTcs K
paboueii kamepe 16 myTem momxatus BTYJIKU 4
u ¢ukcupoBanus mTudTamMu 28. yIUIOTHEHHE
OCYIIECTBIIACTCS ModyKonbluamu 14. B pabouyio
KaMmepy HamyckarT pabouuii ra3 (IIMKIOTeKCaH
C¢Hi12), Ha TOKOBBOJIBI 19, 21 mnopaercs
HampsDKeHUe.  3aXuraercs IulasMa  MEXKIy
aHomoM 1 wm  HarpeBarteneMm-karomzoM. B
IpolLecce TOpeHus paspsana Ha MOAJOKKaX
(bopMHpYIOTCS YTIIEPOJHbIE HAHOCTPYKTYPBI.
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Puc.2 Monynb miia3sMoOXUMHUECKOTO OCAXKICHUS

Privazu esoda spalieHus

__f4

23

7
3

o

14

16

10
19

Tokoaaods!

TexHosornueckast OCHacTKa sl METO/1a
ayroporo  ucmapenus (cM.  puc.3)
coOpanHa Ha  CbhEMHOM  (iaHIE
BaKyyMHOH KaMepbl, Ha KOTOPOM
pAacIioNIOKEHbl TPH TOKOBBOJA WM OJUH
BBOJ  BpameHus. Ha  TokoBBomax
HAXOJATCS] CTOMKH C DJIEKTPOIaMH, OJHH
U3 KOTOPBIX HEMOABWXKEH, a Jpyrou
BpalaeTrcs B IUIOCKOCTU HapajiebHON
OCHOBaHMIO (pJIaHIla M TPUBOAMUTHCS B
JIBIDKEHUS! phIYaroM, 3aKperuieHHbIM Ha
BBO/IC BPAIICHHUS.

DT0 MO3BOJISIET MPUBOAUTD AJIEKTPOJIbI B
COMPUKOCHOBEHHUE npu MOMOIIH
BHEIIHEro pbluyara BBojAa BpaieHus. Ha
TPEThEM TOKOBBOJIE 3aKpEIUICHA CTOMKa
C METAJUIMYECKUM HKPAHOM, B KOTOPOM
CHEJIAaHO OTBEpPCTUE I NPOIYCKAHMS
yacTUll K TOMJIOKKE M  KOTOPBIH
KpPEMUTCS K DKpaHy ¢ 0OpPaTHON CTOPOHBI
3axuMoM.  Kpome — kpemieHuss u
MaCKUPOBAHUS MOJIOKKHU 3KpaH
MperpaxkJaeT MoToK paboyuxX YacTHIl OT
Iyrd U IPENATCIBYET 3arpsi3HEHHUIO
CTEHOK Kamephbl

SkpaH

3nekmpods!

Puc.3 Moayns yroBoro ucrnapeHus

C moMOmbI0 MOAYJIS MAarHETPOHHOTO pachbUieHHs (CM. puc.4) MOXHO (OPMHPOBATH
IUIGHKW M3 METaJJIOB, OKCHAOB, HUTPUAOB, a TaKKe IOJIy4aThb pa3IMYHbIC YTIJIEpPOJHbIE
HAHOCTPYKTYpPBI, KOTJIa B KadecTBE KaToJa HMCIIONb3yeTcs rpaduToBas MUIICHb. ['azoBas

47



CUCTEMA YCTAHOBKH IIOCTPOCHA Ha Oaze ABYX Ta30BbIX JIMHECK, BKIIOYAIOIIHUX PEryJIsITOPbI
JAaBJICHUS U pacXoda ra3da ¢ MUKPOIIPOUCCCOPHBIM YIIPABJICHUCM.

Puc.4 Moaynb MarHeTpoHHOTO pacbLICHUS

Cucrema aBTOMAaTHYECKOI'O YIIPaBJICHHS IO3BOJISIET KOHTPOJIMPOBATh IPOLIECC IOIYyYEHUS
TpeOyeMoro BakyyMa M Ta30BOM cpeabl, MOMJEpPXKHMBATh 3aJaHHBIE PEKUMBI PabOTHI
TEXHOJIOTUYECKUX HMCTOYHUKOB, YIPABIATHh JJIMTEIBHOCTHIO Tporecca OOpabOTKM H3IENHd U
o0ecreunBaTh 3aJJaHHbIE TEMIIEPATyPHBIE PEKUMBI.

YcTaHOBKA BBIMTYCKACTCS C PA3IMYHON KOMIUIEKTAMEH: OT mpocTeiiieil — ¢ popBaKyyMHBIM U
TG Py3MOHHBIM HAacOCaMH, KOHTPOJIEM BaKyyma, MOJYJEM TEPMUYECKOTO HCHApeHUs ¢ OJIOKOM
MUTAHUS, TIOJIHOCTBIO PYYHBIM YIIpaBIE€HHEM JO Oojiee CIOXKHBIX BApHAHTOB — C
TYpOOMOJIEKYJISIPHBIM HACOCOM, MHOTIOKaHaJIBbHOW CHCTEMOW Hamycka pabodero rasa, 4eTbIpbMs
TEXHOJIOTMYECKUMU MOJYJISIMU, MUKPOIPOLIECCOPHON CUCTEMOM aBTOMATHUYECKOIO YIIPABICHUS U
CHCTEMOM yTIpaBlIeHHs Kaue€CTBOM (JOPMHUPYEMBIX TOHKOIIJICHOUHBIX MOKPBITHH U HAHOCTPYKTYDP.

Jlureparypa

1. Tlan¢unos }O0.B.BakyymHuble mporecchl 1 000py10BaHHE /15l HAHECEHUS! TOHKHX IJICHOK B
HaHOTEXHOJOTHH /BakyymHas Hayka W TexHHKa: Marepuansl 13- HaydHO-TEXHUYECKOM
koHpepenmu. Coun, 2006 — C. 197-200.

2. TexHomorusi TONydeHHs, CBOWCTBA W 00JACTH TNPHUMEHEHHUS HAHOCTPYKTYPHPOBAHHBIX

MaTepHUaJIOB (0630p JOKJIaJI0B 7-ro Me:xyHapoaHOTro KOHIrpecca
«HanocTpykrypupoBannbie Marepuaibl). CrpaBouHuk. MHxeHepHbiil xypHan. Ne7 (112),
2006, C.17 - 30.
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UCCJEIOBAHUS TEMIIEPATYPHBIX IOJENA KMOII-CTPYKTYP

Faymko A.A.
Hayunwtit pykosooumens:
K. ¢p-m H. Amupxanoe A.B.,
HUMCHU PAH, Mockaa, Poccuiickas ®enepanus

AHHOTALUA

Pabora mocBsiieHa MCCIENOBAHMIO TEMIIEpaTypHBIX 3aBUCHMOCTEW 3JieKTpuyeckux xapakrepuctuk KMOII
CBUC mnpu mnoMouy COBPEMEHHBIX CHCTEM KOHCTPYKTHBHO-TEXHOJIOTHYECKOT0 MoOAeIupoBaHus. J[laHa
CPaBHHTEINIbHAS OLIEHKA PE3YyJIbTaTOB MOJICIIMPOBAHUS U SKCIIEPUMEHTAIIBHBIX TaHHBIX.

Abstract

This work is devoted to the research of electrical characteristics temperature dependence with the modern
Technology Computer Aided Design. The comparative estimation of results of modeling and experimental data
is given.

OneMeHTHONH 0a30i  COBPEMEHHBIX  3JEKTPOHHO-BBIYMCIUTENIBHBIX  CPEICTB  SIBIAIOTCS
UHTErpajbHble MHUKpPOCXeMbl. B Hacrosimee Bpems pa3BHUBAIOTCS  MOJIyNPOBOJAHHUKOBBIE
MHTETpajbHble MUKPOCXEMBI, n3rorasiuBaeMbie 10 KMOII-TexHOI0THH — TEXHOJIOTUH, B KOTOPOU
JIEMEHTAPHOMN SAUYEHKON SIBJIAETCS Mapa MOJIEBBIX TPAH3HCTOPOB € B3aMMOAOIOIHSIIOMUMHI TUIIAMU
npoBouMOcTH. Takue cxembl 00J1a1al0T MPEUMYIIECTBOM Tepea APYTUMU BHIaMU UHTETPATIbHBIX
MHKpPOCXeM OJsiarosapsi BBICOKOW IIOTHOCTH YHAaKOBKH 3JIEMEHTOB, MaJlod MOTpeOIsieMoit
MOIITHOCTH, TPOCTOTE UCTIOTHEHUSI.

Hapsiny ¢ mepeuncneHHbiMud nocTomHCTBaMHU MHKpocxeMbl KMOII umeroTr cBou «ciaObie
MecTay. OIHO M3 TaKUX CIAOBIX MECT — MX YyBCTBUTEJIBHOCTH K TeMmmepaTtype. C yBeanueHHEeM
TEMIIEpaTypbl CHJIBHO MEHSIOTCS TOPOTOBBIE HAINPSDKEHUS TOJEBBIX TPAH3UCTOPOB, PE3KO
BO3pPACTAlOT MOTpeOJisieMble TOKM U TOKM yTeukd. CieayeT OTMETHUTh, YTO I BBIYUCIMTENbHBIX
CpeACTB, paboTaromux Ha 0a3e SJICKTPOHHBIX KIIOYEH, BEIWYMHA TIOPOrOBOTO HANPSIKCHUS
orpesieNsieT CTaTUYECKYI0 MOMEXOYCTOMYMBOCTh B PEXHMAX JIOTUYECKOTO HYyJIsl U €IUHHULIBL
W3meHeHne TtemmepaTypbl TakUM O0pa3oM MOXKET IPHBECTH K HECTaOWIBbHOW paboTe Bcero
YCTPOUCTBA.

[TosTomMy pa3pabOTUMKy CXeMbl Ba)XKHO 3HATh, KaK BIHUSET TEMIEpaTypa Ha DIIEKTPUYECKHE
XapaKTePUCTUKH MHUKpocXeMbl. OLIEHUTh 3TH 3aBUCUMOCTH AHAJIMTUYECKU JOBOJIBHO CIIOXKHO, K
TOMY JK€ Takas OIIEHKa OKAa3bIBAE€TCS HEIOCTaTOYHO TOYHOH. J[si momydeHust Ooiee TOYHOTO
IIPOrHO3a IMOBEJEHHSI MHUKPOCXEM B DAa3JIMYHBIX TEMIEPAaTYpPHbIX YCIOBUSX MOXKET OBbITh
WCTIOJNB30BaH  ammapar KOMIOBIOTEPHOTO  MOICITUPOBAHHMSA  TEXHOJIOTMYECKHX  IPOIIECCOB
npou3BojcTBa UHTErpanbHbix MukpocxeM (Technology Computer Aided Design - TCAD). B
HaCTOSIIeH paboTe JUIsl pelIeH sl MOCTABICHHON 3a/laui MCIIOIB30BaJICS MPOrPaMMHBIN KOMIUIEKC
npubopHo-TexHonornyeckoro moaenupoBanust TCAD TMA (pupma TMA Inc., USA).

3ajnaya pemiangach B HECKOJIbKO 3TanoB: 1) OmpeneneHne TOYHOCTU TEMIEPAaTypPHBIX MOJesen
TCAD. 2) IloctpoeHune ceMeicTBa MOPOrOBBIX XapaKTEPUCTHK TPAH3UCTOPOB MHPU PA3IUYHBIX
temneparypax. 3) [loaydeHne 3aBUCIMOCTH AJIEKTPHUYECKUX TAPAMETPOB OT TEMIIEPATYPHI.

Ha pucynke 1 mnpuBeneH rpaduk, Ha KOTOPOM IIOCTPOEHBI MOPOTrOBBIE XaAPaKTEPUCTUKH
p-KaHaJIBHOTO TpaH3ucTOpa ¢ mupuHOM 3arBopa 0,5 mMxM mpu temmnepatype 90 °C, mosydeHHbIe
TEOPETUYECKH (C MCIIOJIb30BAaHHEM MOJICIMPOBAHUS) U SKCIIepuMeHTaIbHo. Kak BuaHO U3 rpaduxka,
pe3yabTaT MOJACIMPOBAHUS OTIIMYAETCS OT pe3yJibTaTa u3MepeHuit He oosee, yem Ha 15%.
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Puc. 1. K ouenke rounoctu remneparypnoif mogenu TCAD o, A

Crnenyronmi 3Tan — MOJy4YeHUE CEMEMCTBA MOPOrOBbIX XAPAKTEPUCTUK. JTH XaPAKTEPUCTUKHU
CTPOUJIUCH AJI1 TPAH3UCTOPOB C IIMPUHON MOJUKPEMHHEBOro 3aTBOpa 0,5 MKM Ipu Temmeparypax
100 K — 600 K ¢ marom 100 K. CemelicTBO TOPOTrOBBIX XapaKTEPUCTUK P-KaHAJIBHOTO TPaH3UCTOPA
IIPUBEIEHO HA PUCYHKE 2.

17600 K>//%%ﬁ T=400 K

—]
T=500 K T T=300K
~2e-05 T=200 K

Id, Afum

Uogs, W

Puc. 2. CeMeiicTBO MOPOTOBBIX XAPAKTEPUCTUK P-KAHAJIBHOTO TPAaH3UCTOPA

W, HakoHen, Ui TOCTPOEHHS 3aBUCHMOCTH IIOPOTOBOTO HANPSDKEHUS OT TeMIlepaTypbl
HEOOXOMMO COCTAaBUTh TAONHUIly 3HAYCHMH MOPOTOBBIX HampspkeHui. CliegyeT OTMETUThb, YTO
MOPOTOBOE HAMpsHKEHUWE B HalleM ciydae OyAeT OmpelneisTbCs CIEQyIoIKUM o0pa3oM: Ha
CTOKO3aTBOPHOW XapaKTEPUCTUKE OIpeaesieTcss Touka meperndba rpaduka, U B OTOM TOUKE
MPOBOJUTCS KacarelbHas. AOCIHcCca TOYKH TMEPECEYEHUs] dTOM KacaTeJIbHOW C TOPHU3OHTAIBHOM
OCbI0O U OIpEAeNseT IMOpPOroBoe HampsbkeHue. MimocTpanus K Haxo0XIEHHIO MOPOTOBOIO
HaMpsDKEHUsS JaHa Ha pUCYHKeE 4.
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Puc. 4. K onpenenenunto moporoBoro HanpsKeHUs

PesynbratoM paboThl CTajla 3aBUCHMOCTHh IOPOTOBOTO HANPSDKEHUST OT TEMIIePaTyphl,
MOCTPOCHHAss C TMOMOINbI0 mpuioxkeHuss Microsoft Excel. Drta 3aBucHMMOCTh TpHBEICHA
Ha PUCYHKE 5.

T,K_

100 200 300 400 500 600

_0’3 4

0,4 -

-0,5

-0,9

Ul‘lopa B‘

Puc. 5. 3aBMCHMOCTH NOPOrOBOI'O HAIIPSKEHUS OT TEMIIEPATYPbI

Kak BumHo u3 rpaduka Ha puc. 5, aOCONIOTHOE 3HAYCHHE IOPOTOBOTO HAMPSKEHHS
YMEHBIIAETCS C YBEJIUYEHUEM TEMIIEPAaTypbl. ITO MPOUCXOAUT M3-3a YBEIWYEHUS KOHLEHTPALMH
HEOCHOBHBIX HOCHTEJEH B KapMaHE TIOJIEBOTO TpPAaH3UCTOpa, YTO OOJIErYaeT yCJIOBHUS
(¢hopMUpOBaHUS MPOBOJALIETO KaHajla, M WHAYLUUPOBAHHBIM KaHal BO3HUKAET MpPHU MEHbILIEM
HanpspkeHnu Ha 3arBope. llpu yBenmuenum temneparypsl Ha 500 K moporoBoe HampsikeHHE
yMmeHnbuiochk Ha 0,6 B 1o aGcoitoTHOM BeIMYMHE. YUHUTHIBAsl, YTO MOPOTOBOE HANPSDKCHHUE MPH
OOBIYHBIX YCIIOBHSIX JIi TEXHOJOTHH C MPOEKTHBIMU HOopMaMu 0,5 MKM OOBIYHO HpEroiaraeTcs
paBHbiM 0,7 B 1 TpaH3UCTOPOB TAaKOrO THIA, CTAHOBUTCS OYEBHAHO, YTO TEMIIEpPATypPHBII
JMana3oH paboThl MHUKpPOCXEMBI clieayeT orpaHnuuth. llpu Bbicokmx Temmeparypax KMOII-
CTPYKTYpbl MPAKTUYECKU TEPAIOT T€ CBOMCTBA, Ojarojaps KOTOPHIM OHU HAIJIM MpPUMEHEHUE B
COBPEMEHHOM IPOM3BOJCTBE MHTErpajbHBIX MHUKpocxeMm. Ha mpakTuke nomyckaercs W3MEHEHHE
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moporoBoro HampspkeHust B mpenenax 0,65 .. 0,75 B. Dto coorBercTByeT Ha rpaduke
TeMiiepaTypHomMy auanazony 250...330 K.
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IMPOBJIEMBI MOAEJIMPOBAHUA CYBMUKPOHHBIX CTPYKTYP B
CUCTEME TCAD

I'iymko A.A.
Hayunwie pykosooumens: K. ¢p-w H. Amupxanoe A.B.,
HUMCHU PAH, Mockaa, Poccuiickas ®enepanus

AHHOTALUA

B pabote ocBelieHb OCHOBHBIE IPOOJIEMBI, C KOTOPBIMU CTAJIIKMBAETCs oneparop npu Moaenuposanuu B TCAD.
HpoaHaﬂI/l3I/lpOBaHbl BO3MOJKHBIC ITPUYUHBI II0XOM CXOAMMOCTU PEHICHU, IMTOJTYUYCHHOT'O IIPpU MCIIOJIB30BAHUN
MoudupoBanHoro Merona Hprorona. Omepatopy AaHbBl PEKOMEHIAUMH ISl YIYYIIEHHS CXOAWMOCTH
pelIeHus.

Abstract

The problems which operator in TCAD collides with are lighten in this work. Causes of bad convergence in
modified Newton method are analyzed. The recommendations of convergence improvement of the method are
given to operator.

MogenupoBane  (QU3MUECKUX  IMPOLECCOB,  MPOTEKAIOMUX B  MOJIYIPOBOJHUKOBBIX
MHTETpalbHbIX MHKPOCXEMaX, COCTOMT U3 HECKOJbKHUX ATamoB. Cpeau HUX MOYKHO BBIJIEIHUTH
CIIEIyIOIIHE:

1. KauecTtBeHHOE onucaHue (pU3NUECKOro MPOLEcca;

2. Tloctpoenue (BbIOOp) MaTeMaTH4YeCKOW MOJENM Tpolecca (COCTaBICHHE CHCTEMbI
Qg depeHInaIbHbIX YpaBHEHUN ),

3. Ilepexoxm ot cucrembl aup@depeHIHaTbHbIX YpPAaBHEHUH K CHUCTEME HEJTMHEHHBIX
YpaBHEHUH, HEU3BECTHBIMU B KOTOPBIX SIBJSIOTCS HHTEpECYIOIIME MapaMmeTpsl. Taxoii
NIEPEXOJ] BBIIIOJHAETCS C MOMOIIBIO METOAA KOHEUHBIX IEMEHTOB WM METOJa KOHEYHBIX
pa3HOCTEN;

4. Penienue moiayyeHHON cHCTEMbI HEIMHEHHBIX ypaBHeHU. Hanbonee pacnpocTpaHeHHBIN
METOJ pemeHns - MoAu(UIIMpOBaHHbIN MeTo ] HproTOHA.

OTa METOJIMKa UCIIOJIb3yeTCs B CUCTEME NMPUOOPHO-TEXHOJIornueckoro Moaenuposanust TCAD

OnHa M3 OCHOBHBIX MPOOJIEM, ¢ KOTOPOH CTaJKUBaeTCs omepaTop, — MpolieMa CXOAMMOCTH
pelieHns HeJlMHenHoW cuctemsl. [Ipouenypa MoaenupoBaHMs 3aTATMBAETCSl MHOTA HA MHOTHE
yacel. [Ipm 53TOM HeT HMKAaKoOil rapaHTuUH, 4YTO NpOLECC 3aBeplIuTcs 0e3 OIMOOK.
MomuduurpoBanHblii MeTo HbIOTOHA MOXET CXOAUTHCS € JOCTATOYHO OOJIBIION CKOPOCTBIO, HO
MOJKET U HE COMTUCH BOOOLIE.

Crnenyer no0aBHUTh, YTO CXOAMMOCTh MOIUGHUIMPOBaHHOrO MeTona HproToHa rapanTupyercs
TOJIBKO JJIi MOHOTOHHBIX (YHKIMM, HE MMEIOIIMX TOYEK Iepernda B HMHTEpBaJleé CXOAUMOCTH.
Bonpocsl, cBs3aHHBIE C HccieqoBaHUMEM (YHKIMM, Y KOTOpPOH 3HAaKM MEepBOH M BTOpOH
MIPOM3BOJHON MEHSIOTCS B MHTEpBaJIe CXOAMMOCTH, MPUMEHHUTEIBHO K CUCTEME MOJEINPOBAHUS
TCAD B nurepaType HE OCBEILEHBI.

B nanHO# pabote mccineqoBaHBI BOMPOCHI CXOAMMOCTH pEIICHUS s (QYyHKIMH, KOTopas He
o01aJaeT MOHOTOHHOCTBIO Ha MHTEPBAJIe CXOJUMOCTH.

B momudummpoannom merone HproToHa ouepenHoe MpUOIIKEHHE Xi+; K KOPHIO ypaBHEHHS
f(x)=0 onpenensercs kak

Xi+ 17X — af(x)/f (xy),

I7le a — MmapamMeTp CKOPOCTU CXOJUMOCTH peuleHus. Eciu pemieHue He CXOAMUTCS, MporpamMma
TCAD ymenbIiaeT napaMmerp cKopocTu cxogumoctu. OHAKO HE BO BCEX CIydyasix TaKOW IMOAXO]
npuemiieM. HYacTo omepaTopy NPUXOAMTCS BMELIMBATHCSA B Ipolecc MonenupoBaHus. OIHAKO y
HETO HET HUKAaKWX PEKOMEHJAIUii MO BBIOOPY ONTHUMAJIBHBIX IAapaMeTPOB, OOECIICYMBAIOIINX
CXOJIMMOCTB Tpoliecca MOAETUPOBAHHUS.
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Onpenenuth TaKTHKY paOOThl MPH TMOMOIIM 3KcrepuMeHToB B camoil cucteme TCAD ne
npezcrasisiercs Bo3MoKHbIM. TCAD siBiisieTcst A1 OJIb30BATENS «UEPHBIM SIIUKOMY», U TIOJ00p
TEXHOJIOTHYECKUX PEKHUMOB JUIsl MCCIECTOBAHUS BCEBO3MOXKHBIX CIIy4aeB CXOAMMOCTH OBUT OBI
OYECHb TPYAOEMOK M CI0XKEH. A O BO3MOXKHBIX OIIMOKaX OINepaTopa, MbITAOIIErocs «IepedopoTh»
CTOJIb CIIOKHYIO CHCTEMY TOBOPHUTH U HE TPUXOIUTCS.

YroObl HAMTH MyTh K YJIYYIIEHUIO CXOJUMOCTH pelleHus, Ha s3plke Cu Obula HamucaHa
nporpamma, moxaenupyromias noseaenne TCAD, u pemaromas HenuneHoe ypaBHeHue f(x)=0 c
onHOM Hem3BecTHOW. B kauectBe ¢yHkiuu f(Xx) B mporpamMme wucmonb3oBasack f(X)=x+sin2x.
I'paduk 310if HyHKIIMM IPUBEJCH HA pUCYHKE 1.
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Puc. 1. K uccnenoBanuto cxoqumMocTi MoaAn(UIIMpoBaHHOT0 MeToa HerotoHa it pyHKImn
f(x)=x+sin2x

W3 pucyHka BHJIHO, YTO JMaHHas (YHKIHMS HEMOHOTOHHA, a 3HAaK €€ BTOPOM MPOW3BOJIHOMU
MeHseTcs nepuoguueckd. To ecTb JaHHas (YHKUUS TpeAcTaBiIsieT coboit  Haumbonee
HEOJIaronpusATHRIM BapuaHT sl MoauduiupoBanHoro metona. Ecou s stoi QyHKImu OymyT
MOJIyYeHbI PEKOMEHJAIMU [0 ONTHUMH3AIMM MPOIecca CXOAUMOCTH, TO JUIsl OOJBIIMHCTBA
npouecco, moaenupyeMbix B TCADe, 3TH peKOMEHIalMU COXPAHST CBOIO CUITY.

CyIHOCTh MOJICTTUPOBAHUS CBOAMIIACH K 33JJaHUIO PA3IMYHBIX HAYAIbHBIX YCIOBUN, K KOTOPBIM
OTHOCSITCS: HauyajbHasi CKOPOCTb CXOJMMOCTH, HAdalbHOE MPUOIMKEHHE K KOPHIO ypaBHEHHS,
napaMeTp YMEHBIICHHs] CKOPOCTH CXOAMMOCTH, MAKCUMAIIBHO IOy CTUMOE KOJTMYECTBO HTEPAITHii.

Pe3ynbTarhl 3KCEpUMEHTOB, B KOTOPHIX BapbHUPOBAINCH HaYaJIbHOE MPUOIMKEHUE U CKOPOCTh
CXOAMMOCTH, IPUBEICHBI B TabmuIe 1.

Pekomenpanuu, mnpuBeneHHble B Tabmuue 1, HEOOXOAMMBI, HO HEAOCTAaTOYHBI JJIs
ncnosb3oBanus npu Mozaenuposanuu B TCAD. Cama cucrtema KOMIBIOTEPHOTO MOJEINPOBAHUS
MIpY HAPYIIEHUH CXOJAUMOCTH JIMIIb YMEHBIIAET CKOPOCTh cX0AUMOCTH. Kak BuaHO U3 Tabnuusl 1,
9TO HE BCerJa TrapaHTUPYeT CXOAUMOCTh. JIMKBUIUPOBATH 3TOT HEJOCTATOK MOXHO MyTEeM
pa3zbueHus BCero npoiecca MoAeIMpoBaHus Ha noAnpoieccsl. [loscHum 310 Ha pumepe.

[Ipennonoxum, TpeOyercss MOCTPOUTH 3aBHUCUMOCTh TOKa CTOKA IOJIEBOIO TPAaH3UCTOpa OT
HanpspKeHUs 3aTBOP-UCTOK B auamnazoHe ot 0 mo 3,3 B. B stom ciydae uHTEpBan HU3MEHEHUS
HaMpsDKEHUs MOXKHO pa3ouTth Ha Tpu noguHTepBana: ot 0 mo 1,1 B, ot 1,1 1o 2,2 B, ot 2,2 1o 3,3
B. Takoe pazOueHue Mo3BOJSET B MPOLIECCE MOJEIUPOBAHUS YBEIUUYUTH CKOPOCTh CXOAMMOCTH,
TaK KaK B Hauaje KakJI0ro U3 MOAMHTEPBAIOB MIPOUCXOTUT €€ WHUITUAIA3AIIHS.

KonunuecTtBo moauHTepBanoB MokeT ObITh U OonbmiuM. B 3ToM ciiydyae TOuku pa3dueHus
BBIOMPAIOTCS IKCIIEPUMEHTAIILHO, HO B MECTaX HapyIIEHHUS CXOAMMOCTH MX CJIEAyeT pacroiarath
yaie.

Tabnuna 1. Pekomenaanuu 1o MoIeTupOBaHUIO

Ne [ToBegeHne NOrpemHOCTH [Ipuunna Pexomennanuu

1. | MonoTOHHOE Bo3pacTtanue | CIHIIKOM 0osbIuas | YMEHbUINTh CKOPOCTh
MOTPEIIHOCTH CKOPOCTb CXOJIUMOCTH | CXOJIMMOCTH

2. | MonoToHHOE yObpiBaHue | Majoe MakcuManbHOE | YBEIUYHTH
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MOTPEITHOCTH € OOJIBINON CKOPOCTHIO; | KOJMYECTBO UTEPAMI | MAKCUMAIbHOE
3aJaHHasg TOYHOCTb HE JOCTUTaeTCs KOJIMYECTBO UTepalui
cuera
MoHOTOHHOE yObIBanue | Manas CKOpOCTb | YBEIUYUTh  CKOPOCTh
MOTPEITHOCTH C MAJION CKOPOCTHIO CXOMMOCTH CXOJIMMOCTH
4. | HemonoronHoe n3MeHeHue | Cinumkom Oonbmiast | YMEHBIIUTh CKOPOCTD
MOTPEITHOCTH CKOPOCTh CXOJAMMOCTH | CXOJIUMOCTH;
yBeHI/I‘-II/ITB
MaKCHUMaJILHOE
KOJIMUYECTBO UTEpAIIHii
5. | HemoHOTOHHOE n3meHenue | Heynaunoe nHavanbHOe | I3MEHUTh  HayajabHOE
NOTPEIIHOCTH  TNPH  YMEHBIICHUH | MPHOIMKEHHE npuOIMKeHne
CKOPOCTH CXOJMMOCTH

Kpome Toro, yuutsiBast 0COOEHHOCTH CTPYKTYpbl camoi cucteMbl TCAD, MOXKHO MPUBECTH el1ie
OJTHO COOOpa)KeHHe, [TOKa3bIBAIOIIee YIydlleHHe cXoauMocTd. [Ipm pa3OueHMH KaxIplid W3
MOJIBIHTEPBAJIOB M3MEHEHNUsl HANpsDKEHUS MEHBILIE BCEr0 MHTEpBajla MOACIMPOBAHHUA. Y UUTHIBAs,
YTO TPAHUYHBIM 3HAUEHUSM HANpsHKEHUS Ha KaXXJAOM HMHTEpBaje CTaBATCS B COOTBETCTBHE
3Hauenus 0 u 1 BHyTpennero napamerpa TCAD t, mpupaieHue KoToporo XxapakTepusyeT CKOpOCTb
CXOAMMOCTH, MOKHO CKa3aTh, YTO NpU pa3OMEHUH TOMY K€ NIpHUpalleHuto napaMerpa t Oyzaer
COOTBETCTBOBATh MEHbILIEE MPUPALICHUE BHEIIHUX YCIOBUH (BHELIHETO HANpPSKEHHs). YUUThIBas
HENPEPHIBHOCTh (PU3NYECKUX MPOIECCOB, MOXKHO CKa3aTh, YTO PELICHUE ypaBHEHUS MPU JTAHHOM
HanpspkeHUn OyneT OJMske K pEIIEHUIO YpaBHEHHs MpPU CIEAYIOUIEM 3HAY€HUU BHEIIHEro
HalpspKEeHUs, T.€. 00Jibllle BEPOATHOCTH MOMAJAHMSA HAYAJIBHOr0 NPHOJMKEHHs (KOTOPBIM
SBJISICTCS pellieHHE B JaHHOH TOYKE) B OKPECTHOCTh HAMIIydIlIeH CXOAUMOCTH (Tae PYHKLHUS CTPOTO
MOHOTOHHa M HMEET IIOCTOSHHYIO BBIIYKJIOCTh) JJIs HOCIEAYIOLIEr0 3HA4YEHUs BXOIHOIO
HaIPSHKCHNUS.

PesynbraTsl HacTosIIeH pabOTHI MOTYT OBITH PEKOMEHAOBAHBI KaK OlepaTropam, paboTaloMIUM C
cuctemoit TCAD, Tak v mporpaMMHCTaM M TIOJIb30BATENSIM, UCTIOJIB3YIOIIMM MOAU(PUITIPOBAHHBINA
MeTo Hpr0TOHA B PEIICHUY HEJIMHEUHBIX YPAaBHEHUM.

Jlureparypa

1.  Bacunpkos FO.B., BacunskoBa H.H. KommnbroTepHbIE TEXHOIOTHN BBIUUCICHUHN B
MaTeMaTH4ecKoM MozenupoBanuu: Yue0. [locobue. — M.: ®unanchl u cratuctuka, 2002.
— 256 c.: ni.

2. MOII CBUC. MopaenupoBaH#e 3I€MEHTOB U TexHoJorudeckux mpoiteccos/Ilox pex. I1.
AnTtoHeTTH, JI. AHTOHManuca, P. Jlarrona, Y. Oynaxema: Ilep. ¢ anrin— M.: Pagno u
CBsA3b, 1988.— 496 c.:um.

3. Cwmupnos B.W. Kypc Briciieit maTeMaTuku, ToM nepBoiid. — M.: 1974 r., 480 ctp. ¢ u.

55



INPHHIUIIBI HIOCTPOEHUS ANITAPATHO-IIPO'PAMMHOI'O KOMILJIEKCA
N3MEPEHUSA IAPAMETPOB OPTAHUYECKUX COEAUHEHUHU

Eacykos K.A., EicykoBa A.A
Hayunsrii pykoogutens: [Ipodeccop L{pibanos Comxnom KaMbsiHOBHY
Bceepoccuiickuii Hayuno-Hccnenosarensckuit MTactutyT Berepunapnon Bupyconoruu u
MuxkpoOuonoruu

AHHOTAUMS

B paHHO# cTaThe paccCMOTPEHbI OCHOBHBIC MPHHIIMIIBI MIOCTPOCHUS ANMAPATHO-IIPOrPAMMHOIO KOMILIEKCA Ha
OCHOBE KOMOMHHPOBAHHOTO METO/1a U3MEPEHHsI MapaMeTPOB OPraHUYECKUX COSIUHEHHN. PacCMOTpeH MpUHIMI
aHaM3a HaJM4YMs HEOOXOJMMOTO HYKJIEOTHAa U M3MEPEHHs €ro aKTHBHOCTH Ha OCHOBE M3MEPEHHs MaccChl,
MIPUCTHIKOBABILIEHCS K KAHTEIEBEPY.

Abstract

In this article the basic principles of building of intellectual system for molecular diagnosis, based on combined
method of organic molecules parameter measurement, are spotted out. The principle of analysis of needed
nucleotide and its activity, based on the cantilever mass shift, is reviewed.

AKTYaJIbHOCTH M MOCTAHOBKA 32/1a4U

JIaHHBIII TPOEKT HaNpaBl€H HA  CO3[aHUWE HHTEIUIEKTYaJlbHOIO aImapaTHO-MPOrPaMMHOIO

KOMILJIEKCa MOJICKYJISIPHOM TMarHOCTHKX HAa OCHOBE 30H/I0BOM MUKPOCKOIIUHU ISl PEIISHUs 3a/1a4
e [Ipamoiil BU3yann3anuy OpraHuueCKUX COCIUHEHHI
e lI3MepeHust mapaMeTpOB U CBOMCTB HYKJIEMHOBBIX KUCIIOT
e lI3mMepeHus Macchl aKTUBHOTO OMOJIOTHYECKOTO COSTMHEHUS

B nanHOM mpoekTe mpuBEAEHHBIE BBIIIE 33a4d U3MEPEHUS OMOJIOTHYECKON MacChl PeIaroTCs
NpyU TOMOIIM €€ COEAUHEHHS C AHTUTEJIOM, NPUCOEAMHEHHBIM K BBICOKOUYBCTBUTEIBHOMY
JJIEMEHTY — MHUKpPOKaHTeNeBepy. JlaHHBI KOMILJIEKC MOXKET OBITh MCIIOJI30BAH ISl AMATHOCTUKH
paka W JPyrux 3JI0Ka4eCTBEHHBIX OOpa30BaHUN, MPOBEICHUS WCCIICIOBAHUN OpPTraHUYECKHX
COEIMHEHUH, OIIpe/IeNICHHsI BUPYCOB B PEaIbHOM BPEMEHHU.

B ob6miem cirygae METOIbI MOJIEKYJISIPHOM TMarHOCTHKHA MOKHO TOAPA3ACIIUTh HA XUMUYECKHE,
(u3nueckue, ONTUYECKUE, a TAKIKE KOMOMHUPOBAHHBIE, KOTOPHIE COYETAIOT B €0 BCE 3TU METO/IBI.
XUMHYECKHUE METOIBl — 3TO HaOOpwl peareHToB, a Takke JIHK-30HIBI;, (uU3HUECKHE METOJIbI
OCHOBaHbl HAa MPUMEHEHHH 30HJOBBIX M JJIEKTPOHHBIX MHUKPOCKOIOB, a ONTHYECKHE — Ha
U3MEPEHHH ONTHUYECKUX CBOMCTB MCCIEAYEMBIX MOJEKYJT U coeAuHEHU. OQHaKO KaXAbld W3
yKa3aHHBIX METOJIOB 00J1a/1aeT HEKOTOPBIMH HeJOCTaTKaMu. Torga kKak KOMOMHHUPOBAHHBIA METO/,
MPEACTABICHHBIA B TAHHOM MTPOEKTE, COYETAET B CEOE MPEUMYIIECTBA BCEX TPEX METOIOB.

OcHoBHBIE pe3y/bTaThl H HAYYHAsl HOBH3HA

B paspabarpiBaeMOM MeETO/E€ UYBCTBUTEIBHBIM 3JEMEHTOB SBJISIETCS MHUKPOKAHTEJEBE,
CBOWCTBAa KOTOPOIO M3MEHSIOTCS B IIpollecce MNpoBeAeHHs dKcnepuMeHTa. Kak mH3BecTHO,
COOCTBEHHAs pe30HAHCHAs YacTOTa KaHTeJIeBepa B JAHHOM CIIy4ae U3MEpUTh 1o Gopmyiie

f=1%/2pik/m (1)
[Ipu npucoequHEHNH K HEMY OINpeAEIEHHON MacChl €ro COOCTBEHHAs! Macca U3MEHSIETCS,
COOTBETCBCHHO, U3BMCHACTCA U PE30HAHCHAA 9aCTOTaA. PaSHI/II_Iy MacC MOXHO ITOCUYUTATH 110
dbopmyite
Am = k/nz® (1/f1 - 1/f) (2)

Meton omnpeneneHus pPEe30HAHCHOM 4YacTOThl KaHTeNIeBEpa CXOJl C METOJOM OINpeiesieHus
PE30HAaHCHOM 4YacTOThl KaHTEJIEeBEpa CKaHMPYIOLIET0 30HA0BOTO MHUKpockoma. I3mepeHus
MIPOBOASATCS MPHU TOMOIIY MTbE30CTONKA, HA KOTOPBI yCTaHABIMBAIOT KaHTeneBep. Ha Hero magaer
JdydY Jas3epa, oTpaxkaercs oT noepxHocTd U nomnagaet Ha [13C. [l TOYHOTrO NMO3UIIMOHUPOBAHUS
Ja3epa UCIOJIb3YETCsl ONTUYECKUI MUKPOCKOII.
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¢doTomeTekTOp

nazep

{a)

MHEDOKAHTCIICBED

PucyHOK 1 —cxema UsmMeperHus p€30HaHCHOIZ yacmomol

[Ipu momomu reHepaTopa 3ajarollell 4acTOThl Ha CTOJUK MOJAIOTCS BHOpaluu B 3aJaHHOM
JMarna3oHe U C 33JaHHBIM 1AaroM M3MEHEHMs 4acTOThl. [Ipu MOCTHKEHUM PE30HAHCHOM YacCTOTHI
KaHTeJIeBep HAUMHAET COBEpIIATh KoyieOaHus ¢ Oosiee BHICOKON aMILTUTYIOM, UTO PErUCTpUpYyeTCs
noBbliieHueM Hanpspbkenus Ha [13C-matpuie. [lanee kaHTeneBep NpOXOIUT HECKOIBKO CTyMHEHEH
OuosorMuecKo 00pabOTKH, BO BpEeMs KOTOPOM MPOUCXOJHWT AaKTHUBAIMS €ro TOBEPXHOCTH,
MpUCOETUHEHUE K Hell Oenka Tubo HyKJICHHOBOW KHUCIOTHI WIIM BUPYCa, a TAK)KE B3aMMOJICHCTBHE C
anTuTenoM Ha kaxzaoMm mare u3Mepsaachk pe3oHaHCHas vactora. [Ipum yBeamdeHMM Maccsl
KaHTEJIEBEpPa €ro PEe30HAHCHAs 4YacTOTa YMEHbIIAeTCs, TaKUM O0pa3oM NpPH MOXKHO H3MEPHUTh
MPUCTHIKOBABUIYIOCS MacCcy ¥ TOYHO MAEHTU(UIUPOBATH TPUCOECAMHEHHOE BEIIECTBO.

Pucynoxk 2 — cxema cubpuouzayuu JJHK

OnHUM U3 TaKUX BEIIECTB MOXKeET sABIAThCs Monekyna JJHK u monekyna, rubpunnas k Heil.
Torma npu momomu Kak Bl 3Haere, JIHK cocrout u3 qByX HUTEH HYKICOTHIOB, 00OPAYMBAIOIIIX
Ipyr apyra, oOpa3ys ABOWHYIO CIUpalb. JTU JIB€ HUTU YACPKHUBAIOTCS BMECTE C IMOMOIIBIO
BOZIOPOJHBIX CBSI3eH MEXIy OCHOBAHHSMH OJHOM HHTH, OOpa3yIIUX Mapbl C OCHOBAHHUSMH
apyroil HUTU. [Ipennonokum, 4To Mbl HaYalIM € ABYX MOJHOCTBIO pa3ianuHbix Mojekya JHK. Mer
CMEIINBAEM HX, IEPETUIABIISIEM U OTXKUTAEM OTHENbHbIE HUTH. KaXkaas oTnenbHass HUTh paclio3HaeT
1 o0pa3yeT mapHble COSIUHEHHUSI CO CBOEH MEepPBOHAYAIBHON KOMIUIMMEHTapHON HUTHIO (PUCyHOK
2). C apyroif CTOPOHBI, MBI MOKEM HCIIOJIb30BaTh ABE On3K0 poacTBeHHbIe MoJiekyibl JJHK. Xots
HX TOCJIEIOBATEIbHOCTH HE COBIAIAIOT MOJTHOCTHIO, TEM. HE MEHEE, €CJIM OHU J0CTATOYHO MTOXOXKH,
BO3HUKHYT CBSI3M MEXIY HEKOTOPBIMU TMapaMu OCHOBaHUW. B TakoMm ciaydae MbI TOJIYYHM
Mouekyisl rudpunnoit JJHK.

OnuH U3 crmoco0OB MPUMEHEHHUS THOPUIN3AIUU - HAX0XKJICHUE TCHOB JIJIsl KIIOHHPOBAHUS.
[Ipenmonoxum, YTO MBI YK€ HMEEM Te€H TIeMOrjIo0MHa 4YeJoBeKa U XOTHUM BBIICIHTH
COOTBETCTBYIOIINUK TeH ropwuibl. CHadaia Mbl TIOMECTUM YEJIOBEYCCKH I'eH Ha (QUiIbTp. 3aTeM
Bo3bMeM oOpazery JIHK ropuwmnel ¥ paspekeM ero Ha KOPOTKHME CETrMEHTBI C IOMOIIBIO
COOTBETCTBYIOIIETO pecTpukinoHHoro (pepmenta. [Tocie gero Harpeem JJIHK ropumisl, 9To0BI e
JIeHATypUpOBaTh U TPOMYCTUM TOJY4YeHHBIH pacTtBop uepe3 ¢unbtp. Dparment JJHK,
COJIEpKAlINi TeH TeMOrioOWHA TOPHWUIBI, TMPUCOCAWHUTCS K TeHY T'eMOIVIOOMHA 4YelIOBeKa W
octaHetcst Ha punbTpe. OcTanabHbIe TeHBI MPOCTO MPOUAYT Yepe3 GUIbTP. DTOT MOIXO]] MO3BOJISAET
HaM BBIJICTTUTh HOBBIE T€HBI, IOCKOJIBKY MBI YK€ UMEEM H3BECTHBIN POJICTBEHHBIN I'€H, JOCTATOYHO
ONU3KUI 10 TOCTIe0BATENBHOCTH, YTOOBI THOPUAM3AIIHS MPOIIJIa YCIEIIHO.
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Lemb1it psim METOI0B, OCHOBAHHBIX HAa THOPHUIN3AINH, UCTIOIB3YETCSI B MOJIEKYJIIPHON OMOJIOTHH
Ui aHanu3a. OCHOBHAs MJIEs B KaXJOM CIydyae 3aKJII0YaeTcsi B TOM, YTO Mbl HMEEM HM3BECTHYIO
nocnenoBarenbHocTs JIHK, BeicTynaronryto B poiu «aerekropa». OOBIMHO MOJEKyna AETEKTOP
[IOMEYAeTCs C TOMOLIbI0 PAaJMOAKTUBHOCTU WM (DIyOopecleHIur, 4YToObl ee Jerde OblIo
06H3py>KI/ITI). I[GTCKTOp HCIIOJIB3YCTCHA JIIs IIOHUCKa NACHTUYHBIX 501041 ITOXO0XHUX
MOCJIeIOBATEIbHOCTEH B HAllleM HKCIEPUMEHTAIbHOM o00pa3llie WM HMHTEPECyIOIUX Hac
Moutekynax. Kak gerekrop, Tak u uccnenyemas JIHK nomxHbl nmpoiiTu onpenenaeHHyo o0paboTKy,
4qT00bI O0Opa3oBanuch oaHOHMUTEBble Mousiekysbl JIHK, kotopble Moryt ruOpuau3upoBaThbCs,
o0pa3yst CBS3U MEXIy MapaMu OCHOBAHMA. DTO JENACTCS C MOMOIIBI0 HATPEBAHUS WU MIEITOYHON
JIeHaTypalyH.
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MOJIEBOM TPAH3UCTOP HA OCHOBE BEPTUKAJIBHBIX KOMITO3HUIIUI
HAHOTPYBOK

MpuneeB A. T
M®THU, Poccus

VERTICAL CARBON NANOTUBE FIELD EFFECT TRANSISTOR

Mineev A. G.

AHHOTALUA

PaccMoTpeHbl METO/IbI NONTyUeHUs] HAHOTPYOOK, aHaJIM3upyeTcst ux crpykrypa. [IpeacraBnena napopmanus oo
JNIEKTPUYECKMX W MEXaHMYECKUX CBOICTBaX HAHOTPYOOK. OTIenbHOE BHUMAaHHE YJAENSETCs BOIPOCY O
TIEPCIIEKTUBE HCII0JIb30BAaHHUSI HAaHOTPYOOK B HAHOBJIEKTPOHHMKE, B YACTHOCTH PAacCMOTPEHa MOJAENb M CII0CO0
TIOJTy4€HHS [I0JIEBOTO TPAH3UCTOPA HA BEPTUKAIBHBIX HAHOTPYOKaX.

Abstract

Nanotube fabrication techniques are considered and possible nanotube structures analysed. Data on electrical and
mechanical properties is presented. Potential applications in nanoelectronics, in particular, pattern and method of
producing field emission transistor based on vertical carbon nanotube is emphasized.

VYraeponHble HAHOTPYOKM IMPEICTABISAIOT COOON IMJIMHAPHUYECKYIO CTPYKTYpY IHaMETPOM OT
OJIHOTO JI0 HECKOJBKHMX JECSTKOB HAaHOMETPOB, KOTOpash COCTOUT W3 OJIHOM WM HECKOJBKHX
CBEpHYTHIX B TpPyOKy TIeKCaroHaJbHbIX TpauTOBBIX IuIOcKocTell (TpadenoB). K yHHKaIbHBIM
CBOWCTBAM HaHOTPYOOK MOKHO OTHECTH HX BBICOKYIO MPOYHOCTH (Moaynb FOHra omHOCIOWHOU
HaHOTPYOKH Jocturaer BenuuuH nopsaka 1-3 TIla), ynenbHOe cONpOTHBICHHE HAHOTPYOOK

(m3MeHsieTcs B peaenax — ot 5,1%107° 1o 0,8 Om/cm). MUHEMATBHOE yIeIbHOE COPOTHBICHNE Ha

MOpSIOK HIKE, 4YeM y rpaduta. bompmas yacte HaHOTPYOOK 0O0damaeT MeTauTHYeCKOU
MIPOBOJIUMOCTBIO, @ MEHbILAs MPOSBISIET CBOICTBA MOJYNPOBOAHMKA C IIMPHUHOM 3ampernéHHON
3onbI 0T 0,1 10 0,3 3B.

Crioco6oB MoMy4eHus: YrilepoAHbIX HAaHOTPYOOK 0BOJIBHO MHOro. B Hacrosiee Bpemsi Haunbosee
LIIMPOKO PACIPOCTPaHEHbl 3 METOJa IMOJYUYEHUS YTJIEPOAHBIX HAHOTPYOOK: B JYyTrOBOM paspsje,
Ja3epHOE MCMAapeHHue U OcakJaeHHe M3 ra3zoBoil ¢aszpl. K mimtocam mepBbIX JBYX METOJIOB MOKHO
OTHECTH CPAaBHUTEIILHO BBICOKHMN MPOIECHT MOJYYECHHS OJHOCTCHHBIX YTJIEPOAHBIX HAHOTPYOOK
(pucyHok 1).

OpnHako HamboJiee MEPCIEKTHBHBIM METOJIOM SIBIISIETCS OCAKICHUE M3 Ta30BOW (a3bl, TaK KaK OH
UMEeT JIOCTaTOYHO BBICOKYIO IPOU3BOAMTENBHOCTh M BO3MOXHOCTh IOJYyYaTh YIJIEPOJHBIE
HAaHOTPYOKHM BBICOKOTO KadecTBa cCpa3y Ha MOUIOKKe. V3MeHsisi HarpeB Kamepbl MOXKHO
KOHTpOJ'II/I'ROBaTL nuameTp HaHOTpYyOok B mpezenax ot 0,9 mo 1,4 Hwm.

¥,

Pucynok 1 - Dnexkrponnas MI/IKpO(i)OTor‘paq)Hﬂ CNT BBIpaHICHHBIX nepneHm/IKyns[pHo K ITOJUIOXKKE

OOnacTp wWccienOBaHUM, CBsSI3aHHAs C CHHTE30M, M3yYeHHEM W IMPHUMEHEHHEM HaHOTPYOOK,
SBJSIETCS. OJHUM W3 HANpaBlICHHMH HAHOTEXHOJOTrWi. braromaps MHHHATIOPHBIM pa3MepaM |
YHHUKAIBHBIM  (PU3UKO-XxuMUYeckiuM cBoiictBaM CNT 00namaroT 3HAUMTENBHBIM TPUKIIAIHBIM
MOTEHIIMAJIOM, YTO TPHUBJIEKAET K HUM MHTEPEC CO CTOPOHBI MHXEHEPOB M HccienoBarene. Jlis
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JTOCTHXKEHHSI OOJIBIMUX CKOPOCTEH ™ OoJiee BBICOKOW CTENEHU WHTETPANUA HEOOXOIUMO
YMEHBILIEHUE pa3MEpPOB KPEMHEBBIX MHTErpalbHbIX MHUKpocxeM. OnHako, Kak HM3BECTHO, Y
KPEMHHEBBIX 3JIEMEHTOB CYMIECTBYIOT (PyHJaMEHTAJIbHBIC OTpaHHYCHHS, CBSI3aHHBIE C KBAaHTOBO-
MEeXaHU4YeCKUMHU 3 deKTaMH, KOTOpble NPOSBIAIOTCS B HAHOMETPOBOM Jauamna3oHe. Jlpyroe
OTpaHUYEHUE — MUHUMAJIbHAS JUTHHA U3IIy4YEHUs, UCTI0Ih3yeMOoro B (hoTonuTorpaduu.

Crpykrypel Tuna CNT-FET (mosneBoil TpaH3uUCTOp Ha yriepoJHONW HAHOTPYOKE) IO3BOJIST
OOOWTH 3TH OTPAHWYCHHUS 33 CUET NMPUMEHEHHS] HHOTO MPUHIHIA (HOPMUPOBAHHS TPAH3UCTOPHOU
CTpyKTypbl. IloneBoil TpaH3uUCTOp Ha yriaeponHOW HaHOTpyOke sBisercs aHamorom MJII-
TpaH3ucTopa. B 0OBIUHBIX YCTpOHCTBaX B KauecTBe MaTepuasa KaHayla, COAMHSIONIET0 CTOK D u
UCTOK S, BBICTyIaeT KPEMHHI, TOr/a Kak y IOJIEBOTO TPAH3MCTOpa Ha YIJIepoJHOW HAHOTpyOke
KaHAaJIOM SIBIISIETCS HAHOTPYOKa (PUCYHOK 2).

oo
I E

Pucynok 2 — cxema M/I11-Tpan3uctopa

Ha ceromHAmHuil neHp Ui CO3J4aHMs IIOJIEBOIO TPAH3UCTOpPA HA OCHOBE YIVIEPOIHBIX
HAaHOTPYOOK ucCToNb3yeTcst cxema, B KoTopoii CNT BeIpammBaercsi mapayjiebHO MOJUIOXKKE.
OpnHako camasi BBICOKasi IUIOTHOCTh PAaCIOJIOKEHUSI TPAaH3MCTOPOB Ha OCHOBE HAHOTPYOOK Oyzer
JOCTUTHYTA MPU BEPTUKAIBHOM PACIIOIOKEHUH HAHOTPYOOK (PUCYHOK 4).

source

Pucynok 4 - CxeMaTHueckoe n3oopaxkenue BeprukaabHoro CNT-FET (a); maccus
BepTukanbHbIX CNT-FET (b)

Bmecte ¢ TeMm, 3TO BieueT 3a coOoi MpoOIEeMbl COBMELICHHS M COOJIOACHUS 3alaHHBIX
pasmepoB. Bo-nepBblx, HEOOXOAMMO cjAenaThb OTBEPCTHS B AMAJICKTPUUECKOM MaTepuae
JIMaMETPOM HECKOJIbKO HAHOMETPOB. B HIDKHEH 4acTH OTBEpCTHS JOIKEH ObITh MPOBOISIIMNA CIIOH,
a 3aTBOpP JOJKEH ObITh MHTEIPUPOBAH B JUAJIEKTPUK. BO-BTOpBIX, HAHOTPYOKH C 3aJaHHBIMU
3JIEKTPOHHBIMU CBOMCTBAMU HEOOXOIMMO BBIPAILIMBATH CTPOTO BHYTPU OTBEPCTHUS (PUCYHOK 5).
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Crok

Pucynok 5 - Ctpykrypa maccuBa VCNT-FET (cneBa); mpornecc nomyuenust CNT B oTBepcTuun
(cpaBa)

Emé onHoM 3amaueit ucciaenoBaresiel ABISICTCS pean3alus XOpOLIUX HUKHUX KOHTAaKTOB, TaK
KaK JUIsl pocTa HAaHOTPYOOK HEOOXOIMMO NMOMECTUTh KaTajau3aTop MOBEPX OKUCIA, YTO CO3JAET
JIOTIOJTHUTEIHHBINA TYHHEIBHBIN Oapbep.

PaccmoTpeHHas Bbllle KOHCTPYKIMS MO3BOJIAET COPMHUPOBATH TPAH3UCTOPHBIE CTPYKTYPHI C
JumHON KaHana 10 10 HM U GopMupoBaTh Ha UX OCHOBE MHTKPraJbHbIE MHUKPOCXEMBI BBICOKOU
IUIOTHOCTH. [IpuMeHeHue yriepoHbIX HAHOTPYOOK B KaueCTBE KaHasa IO3BOJIET PEaIM30BaTh Ha
NpakTUKe  HMX  yHHUKalbHble  (pu3uyeckue  CBOWCTBA,  YTO  TO3BOJIUT  CO3/AaBaTh
BBICOKOIIPOU3BOIUTENBHBIE 2JIEKTPOHHBIE YCTPOMCTBA.
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AHHOTALUA

Hacrosimass pabora mnocBsimeHa NHpoOJieMe MHKPOCTPYKTYpbl M MEXaHMYECKUX CBOWCTB COEIMHEHHH
nasHelXx OeccBUHLOBBIM mpunoeM (Sn99.3Cu(.7). MccnenoBaH mpenen NPOYHOCTH OECCBHUHILIOBOTO MPUIIOS
(Sn99.3Cu0.7) na pa3pelB mpu KOMHATHOW Temreparype. C TIOMOIIBIO CKaHHPYIOLIETO 3JIEKTPOHHOTO
MHKPOCKOIIa H3y4eHa MUKPOCTPYKTypa OE€CCBUHLIOBOT'O IIPHUIIOSL.

Abstract

This article has studied the microstructure and Mechanical Properties of lead-freed, has carried on the
experiment of its fracture strength under the room temperature, has analysed the welding structure with SEM
(Scanning Electronic Microscope)

B nmnocnennee BpeMss Bce Oonblliee BHUMaHHE VYAENSETCS BOMPOCaM HSKOJIOTMYECKOM
0€30MacHOCTH, MPOOIEMBbl OECCBUHIIOBOM MalKM BbI3bIBAIOT MOBBIIIEHHBIH HHTEPEC U3TOTOBUTENIEH
PaaMoOdNIeKTPOHHON TeXHUKU. beccBuHIOBBINA Tpumoit (Sn99.3Cul.7) sBuseTcs OJHUM U3 CaMbIX
ITUPOKO PEKOMEHIOBAHHBIX 3BTEKTHYECKHX COCTaBOB OCCCBHHIIOBBIX MPHIIOEB. Temmeparypa ero
iaBneHus coctapisier 227 °C, oH oOnagaeT OMaromnpusITHHIMH MEXaHHYECKHMMH CBOWCTBAMHU H
MOXXET 3aMCHITh COOOI0 CBUHIOBBIM mnpunoi (63Sn37Pb) B MOHTake MHKPOIICKTPOHHUKH.
[IpenBapuTenbHble HCMOBITAHUS TOKA3ald, 4YTO IO YCTAJOCTHBIM IIOKa3aTeasiM JIaHHBIH
OCCCBUHIIOBBIN TIpUIION 3Ha4YMTEeNbHO mpeBocxoaut Sn/Pb[1]. brnaromaps no6asnenuro 0,7% Cu
yIIy4dIIaeTcsl CMayMBaeMOCTh moBepxHocTu[2]. Takum o0pa3oM, BakHOW mpobieMoil BbIOOpa
ONTUMAJIBHBIX TTAPAMETPOB TEXHOJIOTHUECKUX MPOIECCOB Ak 0€CCBUHIIOBBIM MPUIIOEM SIBIISIETCS
MOMCK MOIXOSIIEr0 TEXHUYECKOTO mpoliecca it 6eccBUHIIOBOro mpornos (Sn99.3Cu0.7).

HpO‘{HOCTL coeTUHEHHU MassHbIX 6GCCBHHHOBI)IM NnpumoemM

[Ipo4HOCTh Ha PaCTSHKEHUE SIBJISAETCS] OJHUM U3 BaXKHBIX CBOMCTB B MCHOJIb30BAHUU IPUIIOEB.
Yamie Bcero pyKOBOJCTBYIOTCSI IOKa3aTeNsIMH KadecTBa W IMPOYHOCTH MASHBIX COEIUHEHHM
ycranoBieHHbIME ['OCT 30535-97, B COOTBETCTBUU C KOTOPBIM, [TapaMETPOM MPOYHOCTHU BBIOpaH
npenea MNPOYHOCTH Mpu  pacTsokeHuH. OlleHKa cpeaHero apu(MeTHYecKoro U CPEIHEro
kBagpatuyHoro otkinoHeHus (CKO) sBisiercss OCHOBOM pacyeToB MapaMeTpoOB HAIEKHOCTH.
Bennuunasl CKO xapakTtepusyloT pa30poc HaO/Ii0aeMbIX 3HAUYE€HUH OTHOCUTENBHO CPEIHEro
3HadyeHus1. Yem 6ombiie CKO, TeM Xyske TEXHOIOIMYECKH Imporecc.

B mponecce ucnblTaHWl HMCCIIEAOBANIOCH BIMSHUE TEMIIEPATypbl W BPEMEHM MMAaKU Ha
MIPOYHOCTh MAasHOTO COEAMHEHUs. Pe3ynbraThl SKCIepuMeHTa, NMpuBeAeHbl B Tabmume. Ilpu
WCIIBITAHUU DPa3pbiBa, OTPHIB OT MEAM HE MPOM30LIEN, TaKUM 00pa3oM, Onarojaps TOMY, 4TO
HpI/IHOI\/'I CMAaYuBaCT MC1b, NOCTHUTACTCA BBICOKAA MPOYHOCTh aATC3HUU.
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Tabmuna. Pe3ynbpraTsl SKCIEpUMEHTA HA PACTSKEHUE

245 °C 250 °C 260 °C 270 °C
Texnonornueckuiil Ipenen [Ipenen [Ipenen [Ipenen
rpoLecc [IPOYHOCTHU CKOjnpounoctu CKOjnpounoctu CKOjnpounoctu CKO
coennHenusaMI Ia| coequnenusiMI Ia coequnenussMI Ia coequnenussMI Ia
5 CeK. 99.1 6.30 (103.1 4.84197.9 4.90 195.6 7.21
10 cek. 97.7 5.60(101.8 4.59 98.0 4.76 93.4 7.90
15 cex. 97.9 5.10 (100.7 4.55197.6 4.87
20 cex. 04.2 5.56100.1 4.65 (96.6 5.74 |84.4 8.91

MHuKpOCTPYKTYpa NasiHbIX COeANHEHMIt

C noMomibl0 CKaHUPYIOUIETO 3JIEKTPOHHOTO MHUKPOCKONA ObUIO MPOBEACHO BU3YaJIbHOE
UCCIIeZIOBAaHNE MUKPOCTPYKTYPbl OECCBUHIIOBOrO MPHIOS MOCie 00pabOTKM MOBEPXHOCTH MAastHBIX
COEIMHEHUI HaxgauHoll Oymaroili M anMmas3Hol Kpoukoil. WM3ywaemble o00pasubl  Obuin
MIOJITOTOBJIEHBI AaHAJIOTUYHO YCJIOBUSAM BBIIIEONMMCAHHOTO UCTIBITAHUS.

Ha puc. 1 mokazana mukpodotorpadus numda (x2000) massHOro CoeTuHEHUS, MOTYICHHOTO
pu TeMieparype naiiku 245 °C u BpemeHu naiku 15 cek.

Puc. 1 Mukpodororpadus umuda (x2000) masstHOro coeguHEHUS

Ha mnude moxxHo Habm0gaTh, YTO B MECTaX KOHTAKTa OJIOBA C MEIBIO BHYTPH MPOCIOUKHU
€CTh TOYKH, KOTOPHIC OTIUYAIOTCS TI0 IBETY U OT MEIH, U OT OJIOBA, MOKHO TPEAIOJIOKUTH, YTO
3TO COEIMHEHHUE.

Jlnst TOro 4ToObI MOATBEPAUTH, YTO 3TH YACTHUIIBI SBISIIOTCS COCIMHEHHUSAMHU, ObUI MPOBEAEH
MUKPOPEHTI€HOBCKHMI CIEKTpaJbHbI aHadn3, C IMOMOIIBI0 KOTOPOro ObLT YCTaHOBJIEH COCTaB
BbIIICYKa3aHHBIX TOUYEK. Pe3ynbraT npusenéH Ha puc.3.

VcTanoBiIeHO, YTO 3Ta YacTUIA COCTOMT M3 MEJH M 0JI0Ba, MX KOJIMYSCTBEHHBIN cocTaB Wt%
npenacrasieH 60.77% Sn u 39.23% Cu. B cooTBeTCTBUM C auarpaMMoOil COCTOSIHUS JBOMHBIX
criaBoB Sn-Cu 3Ta yacTuIa sIBISETCS COeNMHEHHEM-(pa3oi 1. | — YTO O3HAYaeT yMOpsSI0YCHHE
aTOMOB B KPHCTaJNIMYECKOH peIIeTKe COeIMHEHMS NMPH B3aUMOJEHCTBHM  KHUJKOTO pacIliaBa C
npyrum coenuHeHreM Cu-Sn - € daza.[3]

Bo03MOXHO, NpH KOHTaKTE OJI0Ba C MEIBIO MOSBWIMCH ITyCTOTHI W3-3a 3arps3HEHUN Ha
noBepxHOoCcTH . CHMIIKOM KpyMHbIE MYCTOTHI B IPUIIOE MOTYT CO3JaTh MPOOJIeMbl HAJACKHOCTH,
0COOEHHO B TeX MPUJIIOKEHUAX, TJe OECCBUHIIOBBIE COOpKM OYyIyT MOJIBEPraThCs HHMKINYECKUM
TEPMHUYECKUM BO3AEUCTBUAM. [IyCTOTHI MOTYT Tak)kK€ YMEHBIIUTH TEIIONPOBOIHOCTD U YBEJIUYHUTh

63




3JIEKTPUYECKOe conpoTuBiaeHue. Creayer TakkKe CKazaTh, YTO HEOOJBIIME MO pa3Mepy MyCTOTHI
MOTYT, B HEKOTOPBIX CIydYasX, HAoOOpOT, YBEIUYUTh HAJE)KHOCTb, H3MEHSS PHUCYHOK
MOTEHIIMATBHBIX Pa3IoMOB. VcciienoBanus moKa3alid, 4TO €CIU MyCTOThI IO 00beMy 3aHUMAIOT 10
25% B coeIMHEHUH, YMEHBIIICHHUS HaJIe)KHOCTH HE HaOmonaetcs. [4]

clledax32'genesisigenmaps.spc 16-Aug-2007 11:07:58
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Puc.2 pe3ynbraT MUKpOPEHTTE€HOBCKOTO CIIEKTPAJIBLHOTO aHAIN3a

3akiaroveHue

Pe3ynbTaThl SKCIIEpUMEHTA Ha PACTSKEHUS MOKa3alld, YTO JaHHBIM OECCBMHIIOBBIM IpPUIION
NPUTOJIEH Ul COEIMHEHHUsS MEAHBIX JeTaned W oO0nagaeT BBICOKUM HPEIeSoM IMPOYHOCTU
coenuHeHus Omaronaps qoodasnenuto 0,7% Cu 1ist yaydieHus: CMauyuBaeMOCTH ITOBEPXHOCTH.

B mnpunoe HailiieHbl 4acTUIBI COEAUHEHUS, TaKMM 00pa3oM peub HUIAET O KOMIIO3UTHOM
MaTtepuale, 4To MOBBIIAET NPOYHOCTh Mpunos. [1o Bcelt BUAMMOCTH, cCaMH COETUHEHMSI TIOTyYEHBI
paHblie, emé NMpy WU3rOTOBJICHUM NPUIOSA, TaK KAaK Majo BEPOSITHO, YTO YACTHUIbl COCAUHEHHS
ycnenu o0pa3oBaTbes 3a BpeMs aliku, KOTOPOE COCTABUIIO 15 ceKkyHA.

IIpu KOHTaKTe 0J0Ba C MEbIO MOSBUINCH ITyCTOTHI, 110 NOJIYYEHHBIM pe3yJIbTaTaM UX 00beM
nocturaetr 10 23.03% , 3T0 HEe BIMSICT HA MPOYHOCTh COCIAMHEHUS. B 3TOW CBsI3W HEOOXOIUMO
HKCHEPUMEHTATIBHO MPOBEPUTH CIIOCOOBI OUUCTKH WM MIPOMBIBKH TOBEPXHOCTH Mepe ]l NaKkou.

VYCTaHOBIIEHO, YTO TPOYHOCTh MASHOTO COENWHEHHS YJOBIETBOPSIET TPEOOBAaHHUAM W
MIPEBBIIIAET IPOYHOCTh COECAMHEHUS] HA OCHOBE YHCTOIO 0J0Ba. Takke yCTaHOBJIEHO NMPHUCYTCTBHE
yactull 1 (assl B cioe npumnos. PekomennoBan pexxuM naiiku: temneparypa 250 °C u BblaepxKa
10 cek.
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NCCIEJOBAHME BUOCTPYKTYP IIPU ITIOMOIIA CTM

Bbaceukmnii O.0., I'apudpyanna M.P.
MockoBckuii I'ocynapcrBennsiil Texunueckuil YHuBepcuretr uMm. H.O. baymana, Mocksa, Poccus

AHHOTAUUSA
[lepcrieKTUBHBIM METOJOM JACTEKIHMU JCHATYPUPOBAHHOTO O€JKa SIBISCTCS PETHCTPaLys HEepacTBOPHMBIX
noiMMepHbIX npoxykToB. Joctmkennss CTM naloT BO3MOXKHOCTh PETHCTPALIMK X0a SKCIIEPHMEHTa ¢ BBICOKHM
YPOBHEM YYBCTBUTEJIFHOCTH M BO3MOXKHOCTH COCTABHTh MOJIEJIb IIpoLiecca M0 BpeMeHH. benkoBas moBepXHOCTh
MOKET BBICTYIIaTh B POJIM CEHCOPA AJISL CHCTEMbI QHTHTENI0-aHTUTCH.
Abstract

Perspective method of melted protein detection is registration of insoluble polymeric products. STM
achievements enable registration of a course of experiment with a high level of sensitivity and an opportunity to
make time's model of process. The albuminous surface can act in a role of a sensor control for system an
antibody-antigene.

BBenenne

HanotexHonmorusi OTKpbIBaeT KayeCTBEHHO HOBBIM YPOBEHb H3YUYECHHs Pa3lIUYHBIX CBOWCTB
noBepxHoctu MarepuanoB. CraTes mnocsmeHa npuMmenennio CTM  npu  mpoBeaeHue
mabopaTOpHBIX  UCCIENOBAaHUI  HAHOCTPYKTYp:  OHOJOTHUECKMX OOBEKTOB  HAHOYPOBHS.
[Ipumenenne pazHOOOpa3HBIX METOJIOB COBPEMEHHOM HMCCIEA0BaTENbCKOM paboThl B 00JacTH
OroMaTepuangoB JOCTATOYHO IIMPOKO OT HW3YYEHHs] BBICOKOMOJICKYJISIPHBIX COEIWHEHUH /10
CKaHMpPOBAaHMs  KJIETOYHBIX (opM. B maHHON pabore mpemiaraeTcs HCIOIB30BaTh METOJ
CKaHUPYIOIIEH TYHHEIbHON MUKPOCKOIIUU JJISl UCCIICIOBAHUSI TIOBEPXHOCTU OCIKOBBIX CTPYKTYD.

Hayuno-rexunueckuii kommiekc YMKA-02-G co3gan Ha OCHOBE CKaHUPYIOUIETO TYHHEIBHOTO
MuKkpockoma. [IpeumyiecTBoM ammapata SBISETCS BO3MOXKHOCTh  MONy4YeHHUs TpeOyemoi
aTMocdepsl B paboueil kamepe (Ta30HaroIHEHHAS MOJIEIND ).

Pucynox 1 - Ymura-02-G HHAT
[Mpunun padotsr CTM - 3TO peructpanust TYHHEIBHOTO TOKa MEXKAY MPOBOSAIINM 00pa3oM H
MUKpoOUriod. Mukpourina GopMupyeT TyHHEIbHBIH TOK, JIOKAJIM30BaHHbIM HAa MajoW IUIOIIAJIH.
Hanpumep, ecni MUKpO30HA yaieH Ha (PUKCUPOBAHHOE PACCTOSIHHE OT MOBEPXHOCTH, TO BBICOTA
¢usnyeckoro penbeda B HUCCIETYEMOM TOYKE ONPEIETUT BEIMYUHY TYHHEIBHOIO TOKA.
Kontponmupyst mpu ckaHMpOBaHWM (DUKCHPOBAHHYIO BEIMYMHY TYHHEIBHOTO TOKa 3a CYET
BEPTUKAJILHOT'O MEPEMEIICHUS MUKPO30H 12, ONPEAEIISIOT MUKPOpeEIbe( TOBEPXHOCTH.
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HccnenoBanue 6monornyeckux mMoJiekyJsa meroarom CTM

MeTtoauka mpuUroToBIeHHUs 00pa3iia 00yCIOBIeHA HEBBICOKOM afre3neit OENKOBbIX CTPYKTYP K
rpadury.
Ilpucomosnenue benxkosoeo obpazya 015 a0copoOUPOBHAUS HA NOONONCKY.
e [Iloaymoxkka - BRICOKOOPUEHTUPOBAHHBIN MUPOTPA(UT, CBEKHI CKOJ HETIOCPEICTBEHHO
nepen HaHECEHUEM.
Bydep st cy6erpara — ocdoprstii pH=7.4 ¢=50 MM, t=4"
e benkoBelii cyOcTpaT pacTBopuTh B 1 Mt Oydepa, 3aTeM JOBECTH CyMMapHBIH 00BeM J10
4.
e IlomecTuth B cMecutenb 230 MKJI. pacTBOpa | MOJIOKKY muporpadura Sx5 MM.
e B recueHue yaca akTUBHO BCTPSXHBATh, U30JIMPOBATH OT aTMOC(HEPHOTO BO3ICHCTBUSI.
e [locne mpoBeaeHus ancopOUXU MPOMBITE Oy(hepoM H JUCTUILTUPOBAHHON BOIOM,
BBICYIIUTh  Ha BO3JYXE.

I'maBHO# 3amaueit mpumenenuss CTM sBrsercs ucciaenoBaHUs TOMOrpaduu MaKpPOMOJIEKYIL.
Baxxnyro posnb urpaer stam BbIOOpa MOJIOKKH U MOATOTOBKA pacTBOpa C HAMOOJBIIEH aare3uci
CUCTEMBI OEJIOK-TIOBEPXHOCTh, YTOOBI HE TPOUCXOIMIO CMEIICHIUE MOJICKYJT CKAaHUPYIOIICH UTIIOMN.
[Ipu ycnoBHOM pazneneHun OEIKOBBIX MOJIEKYJ Ha OOJblINe U HEOOJIbLINE CTaBSTCS pa3iMyHbIC
3amaqn. J{ms GOIMBIIMX MOJIEKYJ BO3MOXKHO BH3Yyalu3allusi CaMUX MOJIEKYN Oenka (Ui yBeTUICHUS
aJire3uu CUCTEMBbI HEOOXOuMa JOMOIHUTENbHAS 00paboTKa CBS3BIBAIOIIMMH BemiecTBaMu). [lpu
CKaHUPOBAHUU HEOOJBIINX OENKOBBIX MOJICKYJ BO3MOXKHOCTH BH3yallM3allud OTPaAHUYMBACTCS
JIUIITL OOHAPYKEHUE MOJICKYJIbI Ha TIOJIJIOKKE, 0€3 Tormorpaduu MmoBepXHOCTH (PUCYHOK 2); B TOXKE
BpeMsi €CTh BO3MOXKHOCTBH OIpPENEIsITh M3MEHEHHSI CHUCTEMBbI METOJIOM HCCIIEIOBAaHUS OOIIEro
MOBEICHUS KOJUIOMIHOM IJIEHKU pacTBOpa Oeska Ha MOBEPXHOCTHU MOJIOKKU (PUCYHOK 3).

nM | nM nM nM
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4008
2808 30
3Jee8 48 1508
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2808 16888
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9 1998 2009 3008 4809 M @ 568 1098 1568 2008 2568 nM
PucyHnok 2 - Mmonekyia nepokcuaassi [ 5] PucyHok 3- n3o0paskeHre MOTUMEPHOTO

ocajaka [5]
Hcnonb3zopanne CTM nuist maeHTHQUKAIIMM JAeHATypanuu 0ejika

Jlenamypuposannwiii 6enox (denatured protein) - moiiekyna Oenka, yTpaTHBIIAs CBOHM
€CTECTBCHHBIE CBOWCTBA BCIJICJICTBHE ADKCTPEMANbHBIX BO3JCUCTBUN, YTO COIPOBOXKIACTCS
MOTEPEH ero OMOJOTUYECKONW aKTUBHOCTU. TakuM oOpa3zoM, Mo IeHaTypalyei caeayeT NOHUMATh
HapyluleHne OOIero IUlaHa YHHKAJIBHOTO CTPOCHHSI MOJEKYJbl Oenka. BHemHue mposBicHHE
JeHaTypalul CBOAUTHCS K TOTEpPE PACTBOPUMOCTH, YBEIMUYEHHUIO BA3KOCTH pacTBOpa, UTO H
BO3MOXXHO HaOIIOaTh MPU TYHHEIHPHOM CKaHUPOBAHUU (PUCYHOK 3).

OcHogHble OeHamypupyloujue a2eHmol:
1. CuibHbIE KUCIIOTHI U HIEI0YU
2. Cnoupt
3. Conu (MOHBI) TSKETBIX METAITIOB
66



4. PacTtBOpuTenu
5. Cnenuduueckre coeIMHEHUS
Metox CTM pnaet BO3MOXKHOCTH TOJYYUTh MOJEIb TTI00AIBHOM CTPYKTYPHON MEPECTPONKH
Oenka ¢ TeueHueM BpeMeHU. COBpEMEHHBbIE MCCIIEIOBaHUS B 00JACTH OMOXMMHUHU YKa3bIBaIOT Ha
IIMPOKYIO B3aMMOCBSI3b CBOMCTB Oe€lKa W XapakTepy ero JAeHaTypauuu. Beicokas CKOpOCTh
o0Opa3oBaHHMs TMPOJIYKTOB peakUUd MpH JeHaTypanuu Oelka U CTaOUIBHOCTh CHUCTEMBI
MOJIMMEPHOTO  OCajKa, [TAaeT  BO3MOXKHOCTh HCIIOJB30BaHHUA OCIKOB B pOJIM JAHCKPETHBIX
orepaTopoB. Pa3Butue mpeacTaBieHUN O HEKPEMHHUEBBIX TPAH3UCTOPAX B COBPEMEHHOW TEXHHUKE
OTKPBIBAET HOBBIE BO3MOXKHOCTH JUISI CO3JaHMs NMPUHIMIIHAIBHO HOBBIX KOHIIETIIUH OO0pabOTKU
nHpopmannu. CoryiiacHO 3aKOHY ASKCIOHEHIIMAJbHOTO POCTa MPOU3BOIAUTENBLHOCTH MPOIIECCOPOB
(“3akoH Mypa”: 4uClIO TpPaH3UCTOPOB Ha KPUCTAUIE yABaMBAaeTCs Kaxkaple 18 mecsieB).
TexHonorus MHUKpPONPOIECCOPOB YyXKe MpUOIMKaeTcs K (QyHIAMEHTAJIbHBIM OrPAaHUYECHUSM.
Cnenys 3axoHy Mypa, k 2010-2020 romam pa3Mepsl TpaH3UCTOpa AOJKHBI YMEHBUIMTHCS 10
YeThIPEeX-MATH aTOMOB. UTO HEBO3MOKHO B ClIy4ae MCIHOJIb30BAaHUS TPAAUIIMOHHBIX TPAH3UCTOPOB.
TexHuueckass BO3MOXKHOCTb HCIIOJIb30BaHUSI OMOJIOTHUECKUX OOBEKTOB B POJIM TPAH3UCTOPHBIX
cOOpPOK BHIUTCSl CHELMATUCTaMH KaK peajbHas ajJbTEepPHATHBA CYIIECTBYIOMIEH TEXHOIOTHH.
PaznuuHble BO3MOXKHOCTh K M3MEHEHHUIO CTPYKTYp Oenka TpeOyIOT KOHCTPYKTHBHOTO IMOJIXOZAa K
pelieHuto 3a1aun BeIOOpa HanboJsiee ONTHUMaTbHOU (HOPMBI TIEpeKItoueHus cocTosHuil. B dopme
aKTHUBHOTO JIeHaTypaTra MOTYT BBICTyHaThb XMMHUYECKHE COCAMHEHUS-PETyJIATOpPBl 00pasylomue
KOMIUIEKCHBIE COeIuHEHUs ¢ OenkoM (muradapl). Tak e BO3MOXKHO B3aMMOJICHCTBHE
INEKTPUYECKUMHU, MAarHUTHBIMH WU DJIEKTPO-MAarHUTHBIMHM TMOJSIMH. XWUMHYECKH HACTpauBas
YPOBEHb SHEPTUU CBS3H, UCCIIEA0BATEIN MOTYT MEHATh YyBCTBUTEILHOCTh OEJIKOB, @ 3HAYUT — UX
JOTHKY B3aMMOJEUCTBHS C cocefsMu. ['pymnmbl OENKOB, TakuM 0Opa3oM, MOTYT COCTaBIIATh
MpoLeccop, MPUHUMAIOIINUN PEIIeHNs B 3aBUCUMOCTH OT TOT'O — IPEBBIIIAIOT JIU KOHIIEHTPAIUH
JWTaHIOB Ha Pa3iIMYHBIX BXoJaxX Moporosble ypoBHHU. [Ipodeccop ['apBapackoro MeaunmHCKOro
kouiemka (Harvard Medical School) Benkarecan Penyromanmakpumman — (Venkatesan
Renugopalakrishnan) npu nccnenoanum 6enka u3 MeMOpansl ranouiabHON (oOUTaroLIEH B cpene
C BBICOKOW KOHIIGHTpamueu xnopuaa Hatpus) Oakrepuu Halobacterium salinarum. OcobeHHOCTB
ATOTO BEIIECTBA, Ha3bIBaeMOTo OaktepuopononcuaoM (bR), B TOM, 4T0 0HO CITOCOOHO MOTJIOMIATH
CBETOBYIO PHEPTHUIO U MpeBpalllaTh €€ B XUMHUECKyI0. Pa3mepbl O€IKOBBIX CTPYKTYp JArOT MpaBo
yTBEp)KIaTh, YTO CHCTEMa ONTHYECKOTO TUCKA, BBHIIOJHEHHAs Ha IMOJOOHBIX COEIMHEHUSX JacT
MIPUPOCT B MJIOTHOCTH 3AMHCH.
3akiiroueHue

B 3akmroueHue HaJAO OTMETUTb, YTO TEXHOJOTMHM  TOJATOTOBKHM, INPOBEACHHS U aHalu3a
JKCIIEPUMEHTAa HE SBISIOTCSA YHUBEPCAIBHBIMH, W ONTUMAIBHBI BapuUaHT HAXOIUTCS
smrupudecku. Metoasl CTM aaroT BO3MOXKHOCTD MCCIIEIOBaHMSI TIPUOHBIX OEIKOB (0COOBIN Kitacc
MH(EKIIMOHHBIX areHTOB) C ILIETbI0 BBISIBICHUS HanOOJee ONMTUMAJIbHBIX AHTUTEN U JIEHATYPaTOB
JUIsl TaHHOTO TumHa Oenka. Tak e OCyleCTBUMa BO3MOXHOCTh BbIOOpa Hambosiee ONTHUMAaIbHOM
CEHCOPHOM MOBEPXHOCTH JIJISl CUCTEM aHTHIC€H-aHTHTENIO M aHTUI€H-eHATypaT.
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