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Results of technical studies are presented on formation of light fluxes in silicon and integral structures based
thevlon. Effects of these light fluxes upon electric parameters of planar triode structures of integral circuits are con-
sidered. It has been shown that under irradiation by high-energy particles consumed and leakage currents of integral
circuit are increased. Ways to decrease these effects are proposed.

1. INTRODUCTION

Emission in visible and infrared spectral region has
been recorded in our experiments when silicon was
bombarded by alpha particles, protons, helium, hydro-
gen and nitrogen ions. This emission is observed when
the primarily kicked-off atom is decelerated.

The light flux starts propagating, and further course
of this process depends upon optical properties of the
crystal studied. Propagating in semiconductors and inte-
gral structures, the emerging radiation causes generation
of current carriers and photocurrent. Carrier formation
intensity depends upon optical transparence of the semi-
conductor and energy levels of the dopants.

2. METHOD OF SIMULATION
AND RESEARCH
2.1. LIGHT FLUXES IN INTEGRAL STRUC-
TURES UNDER HIGH-ENERGY IRRADIATION

We report here our experimental results on the ef-
fects of light flash formation and the accompanying
light fluxes in visible and IR ranges. This occurs when
corpuscular fluxes affect solid-state elements of elec-
tronic equipment and parameters of integral circuits.

In the defect cascade formation theory, pair interac-
tions of atoms are assumed. However, with irradiation
by high-energy particles, the liberated energy affects
large groups of atoms. The transfer of energy leads to

heating of a limited region of the substance to high tem-
peratures.

According to calculations [1] based on simple mi-
croscopic laws of thermal conductivity, energy is liber-
ated in the form of heat and is propagated by the laws of
thermal conductivity (“temperature wedge”). The tem-
perature rises and falls very quickly (Thea = 5:107"% S, Teool
=2-10""s) in a small volume (diameter ~60 A) contain-
ing 103 atoms. The substance inside the “wedge” is in
overheated state with a melted zone in the center. For-
mation of the “temperature wedge” is accompanied by
expansion of the substance in it, which leads to forma-
tion of mechanical stresses around it, and to generation
of dislocation loops.

According to [2], a region containing about 104
atoms is heated up to melting (Fig.1), being intensively
mixed. Subsequent rapid cooling causes distortions of
the crystal lattice to be preserved as dislocation loops
and micro-regions with new orientation. Such regions
are called “displacement wedges”. Direct experimental
observation of thermal peaks is rather difficult, and their
studies were carried out by observing physical processes
that could be explained by heating (in particular, phase
transitions in alloys of complex composition). Difficul-
ties in interpretation of the data obtained are due to the
fact that results of these studies could be also explained
by defect migration or accumulation processes.
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Fig.1. Thermal peak T,, being cooled due to its short-wave emission, leads to heating and melting of the adja-
cent region (Ts, Tye), which, in turn, transforms the energy in a region of longer wavelengths, where it goes out of
the silicon sample because of its transparence

Sputtering experiments can explain, to some extent,
the dynamic processes that proceed when ions are intro-
duced into a crystal, as the influence of ions results in
large concentrations of low-energy ions in the spectrum
of emitted particles [2]. However, explanation of this
maximum in terms of particle evaporation from the sur-
face is also rather ambiguous.

An important consequence of the formation of
“wedges” of any type is that their appearance, existence
and disappearance should lead to emerging radiation in
the light spectral region. Therefore, a question has
arisen to study light emission processes under introduc-
tion of high-energy particles.

2.2. GENERATION OF IR-RADIATION

Experimental studies have shown the existence of
radiation in the nearest IR spectral region [1]. Mi-
crophotometry of photographic plates that recorded IR
radiation coming from silicon affected by alpha-parti-
cles (with an intermediate IR light filter or without one)
have shown that approximately 1/3 of the radiation is in
the region above 1.1 um, and nearly 2/3 — in the 0.76...
1.1 pm region.

2.3. EFFECTS OF GENERATED AND PROPA-

GATING ELECTROMAGNETIC RADIATION

ON RADIATION STABILITY OF INTEGRAL
CIRCUITS UNDER IRRADIATION

To explain the processes in the solid state under in-
troduction of high-energy particles and to calculate the
degree of illumination caused by thermal flashes, let us
consider the case of silicon being bombarded by fast
neutrons.

Assuming the energy of bombarding neutrons to be
E, =2 MeV and the conversion coefficient N = 0.5 [3],
we put that about 1 MeV will be converted into electro-
magnetic radiation.

Putting the intensity of fast neutrons under irradia-
tion in a nuclear reactor as n; = 510° neutronscm?s™,
we can obtain the energy released during deceleration of
neutrons in the semiconductor

2MeV 10 505010 n lem™ 205! -
n (D
= 50105V Dom 2057 = 8010 *J Dem™ 2 0s7™ .

E; = E,Nn, =

This value is practically equivalent to the illumina-
tion of one lux.

When an atomic devise is exploded, the flux of fast
particles can reach the densities of 10" - 510" neutron-
scm™s™! [4]. This means that internal regions of integral
circuits and semiconductor instruments (in particular, p-
n transitions) that come under such conditions will be
subject to illumination of 10* — 10° lux.

When the primarily displaced particles interact with
silicon, effects are observed that can be explained in
terms of Seitz’s “thermal peaks” and Brinkman’s “dis-
placement wedges” formation theories.
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If we consider that IR radiation is caused only by en-
ergy spent for defect formation during introduction of
the particles, then it would be not exact to say that one
half of all the energy, on the average, is spent for the de-
fect formation, and the second half is lost in collisions
not accompanied by displacement of atoms. In fact,
nearly two-thirds of the energy of introduced alpha-par-
ticles or primarily displaced particles is emitted in the
IR region. In addition, it should be accounted for that in-
teraction of particles with a solid-state body not accom-
panied by displacement of atoms from the lattice sites
would also contribute to the energy of IR radiation.

Theoretical calculations have shown that parameters
of silicon semiconductor instruments (diodes, triodes,
planar structures of integral circuits) can get changed
under bombardment by fast particles not only due to de-
fects and recombination centers [5] formed by the influ-
ence of accelerated particles, but also due to IR and op-
tical illumination of p-n transition.

Silicon band gap at 300 K is 1.09 eV. When the
wavelength of the light flux generated in the integral
structure is changed from 380 nm to 1.33 um, the ener-
gy of light quanta is dectrased from 3.5 eV to 1.2 eV,
and at 13 pm wavelength, the propagating radiation
quanta have energies of 0.1 eV.

Silicon is transparent for IR light above 1 um and
has high reflectance in the all the light range. Silicon
oxide is transparent in visible and IR spectral ranges.

At light quantum energies above 1.09 eV, all over
the silicon volume generation of charge carriers will be
observed, which will recombinate in the region of elec-
tron-hole transitions, giving rise to photocurrent under
the flux of bombarding high-energy particles. This pro-
cess is due to the transition of silicon electrons from the
valence zone to the conductivity zone (Fig.2).
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Fig.2. The emitter (E), base (B) and collector (C) metal
outlets (1,2,3) from the corresponding regions of planar
transistor structure of the integral circuit. Transparent
structure of the insulating layer (4) and carrier genera-

tion regions (7) on the boundaries of p-n transitions un-
der light fluxes (5)

In parallel with this, carrier generation is observed
due to ionization of admixture atoms in the lattice sites.
Activation energy of the carriers located on donor and



acceptor levels is lower than the band gap width, so the
carrier concentration will be increased due to transitions
from the donor levels to the conductivity zone and the
valence zone.

In silicon oxide, waves of both IR and visible range
can propagate. They will substantially affect the carrier
generation at the boundaries, as well as in surface-adja-
cent regions and p-n transitions coming to the surface or
adjacent to it.

In bipolar integral circuits, the emitter transition is
also within the transparence limits for the visible range
waves. Its efficiency will be decreased, as the emerging
photocurrent by-passes the electron-hole transition.

2.4. ATTENUATION OF ELECTROMAGNETIC
WAVES IN OPTICALLY TRANSPARENT
LAYERS OF INTEGRAL CIRCUITS

The question of losses in thin transparent layers of
metal planar structures cannot be answered with full
strictness.

The reason is that it is impossible to state exactly the
boundary conditions at finite wall conductivity. Approx-
imate methods are to be used, using a number of simpli-
fying assumptions, as a result of which the energy flux
W along the structure is proportional to the factor e~
The energy loss in the walls is determined as

dw
- —— =28 W =
o B0
hence the absorption coefficient is
Y
f 2w

It can be postulated that while o is sufficiently
small, attenuation will also be small (B<< a).

Neglecting it, according to the presentation of the
phase-time factor for electromagnetic field components

o TV 2) - B2 vt - a2).

where y= o + jp.

Here a determines the wave phase, and 3 - the ab-
sorption,

We assume that, within the limits of the structure,

for any of the field components

4. gy
dz J J

This means that fields Z‘ and E , as well as the en-

ergy flux W, are practically unchanged. Joule’s heat
losses Q are calculated using the skin-effect theory sep-
arately for each of the walls. We assume that the losses
are not interacting and can thus be determined indepen-
dently of each other.

The current power coming through the structure
cross-section with the wave along axis Z is determined
by the Z-th component of the Umov-Pointing:

- J‘[EH] = I(ExHy - E,H|ds.

As B and H are complex values depending on time,
introducing their conjugated values, we can find for the
average power of the wave propagating in the structure
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Omitting the derivation, which is similar to the light
transducer not filled with dielectric, we can write down
the absorption coefficient for an Ho, type wave
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and for the H,, type wave
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In formulas (2) and (3) the following notation was
introduced:
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is the critical, or limiting, frequency.

If a dielectric with dielectric constant £ is intro-
duced into the waveguide, formulas for the absorption
coefficient become more complex.

For wave Ei;
_ 129086860 1+ p? Ey3/2
§3/2 ( ) \/E 2

For wave of Hy, type

1
3/2

+
12908,686,/p _ By

'B 63/2 Ey 1

For wave of Hi, type

1+ p3
Ep(1+ p)y*? +
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If we take AI-Si-Al structure, where Mg, =1,45 ,

p= 10", y=3, E=2,1 (mma A=0,3MKm), pa = 2,69-10°
Ohm'm, b =3-10°cm, a = 3-10* cm, for the attenuation
coefficient B - 0,733-10* dB/m = 7,3 dB/m it should be
noted that propagation of the electromagnetic wave is
affected by optical properties of silicon, which is trans-
parent for the visible light at layer thickness up to 3 um.
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3. CONCLUSIONS

Experimental studies of generation and propagation
of electromagnetic radiation in silicon under bombard-
ment by alpha-particles have shown that two-thirds of
the radiation propagates in the spectral region 0.9...1.1
pm, and one-third of the energy is emitted in the nearest
IR range.

Therefore, to improve stability of solid-state elec-
tronic instruments with respect to penetrating radiation
capable of inducing light generation, one should use
dopants creating deep energy levels in the band gap.

Another possibility of improving radiation stability
is the use of semiconductors that are poorly transparent
or not transparent at all in the visible and near-IR range
(e.g., germanium). One should also use materials that

are not transparent in the visible and near-IR range as
insulating layers.

As such approach can lead to certain deterioration of
the characteristics of electronic instruments, a compro-
mise is advisable, allowing substantial improvement of
stability of integral circuits under irradiation.
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ONTHUYHI MTPOILECH B KPEMHIi TA MIKPOEJIEKTPOHHUX CTPYKTYPAX HA MOI'O
OCHOBI ITPH B3AEMO/Ii 3 BUCOKOEHEPTETUUHUMHA YACTKAMUA

B.I'. Boakos, B./l. Puxcukos, H.U. Kosanenuxo, A.K. I'nan, B.B. Yepnikos, €.®. Xpamos

IIpuBeneHo pe3ynbTaTH TEXHIYHUX NOCII/UKEHb ()OPMYBaHHS CBITIOBHX HMOTOKIB B KPEMHIl i iHTErpalbHHUX CTPYKTypax Ha
HOro ocHoBi. PO3MIsiHYTO BHJIMB IMX CBITJIOBHX IOTOKIB Ha CJICKTPUYHI MapaMeTpH TPIOAHHX CTPYKTYP IHTEIPAbHHUX CXEM.
[lokaszano, mo mig yac ONPOMIHIOBAHHS BHCOKOCHEPTETHUYHUMH YacTKaMH 30UIBIIYIOTHCS TOKH CIIOKMBAHHS 1 TOKH BUTOIY
IHTerpalbHUX CXeM. 3aCTOCYBaHHS 3alPOIIOHOBAHHUX 3aCO0IB JO3BOJISIE€ 3MEHIIUTH BHJIHMB LIUX €EKTiB.

OIITUYECKHUE MPOINECCHI B KPEMHUHU 1 MUKPOJJIEKTPOHHBIX CTPYKTYPAX HA ETO
OCHOBE TP B3AUMOJIEMCTBHUHU C BBICOKOOHEPTETUYHBIMU YACTULIAMHA

B.I'. Boakos, B./l. Poisrcuxos, H.U. Kosaneuko, A.K. I'nan, B.B. Uepnuxos, E.@. Xpamoe

IpuBesieHBl Pe3yNbTaThl TEXHHYECKHX MCCIIENOBAaHUN (DOPMHUPOBAHHS CBETOBBIX MOTOKOB B KPEMHHH M HMHTErPaJbHBIX
CTPYKTYpax Ha €ro OCHOBE. PacCMOTPEHO BIMSHHE 3THUX CBETOBBHIX IIOTOKOB Ha 3JIEKTPUYECKHE MapaMeTphl IUIAaHAPHBIX TPUOJ-
HBIX CTPYKTYp MHTErpajbHBIX cXeM. [1oka3aHo, 4To MpH 00TydeHUH BBICOKOIHEPT€THIECKIMH YaCTHIIAMHU YBEIHYHBAIOTCS TOKH
MOTpeOICHNH U TOKM yTEYKH HHTETPAIBHBIX CXeM. [IpHuMeHeHHe NpeIoKEeHHBIX CII0COOOB IT03BOJSIET YMEHBIINTDH BIHSHHE
9THX 3¢ deKToB.
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