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Abstract—The estimations of equivalent values for linear energy transfer of heavy charged particles based on
the results of experimental investigations of sensitivity of LSICs to local radiation effects with the use of the
procedure of local laser irradiation are presented. The possibility of recalculation of the energy of laser radi
ation into equivalent values of linear energy transfer with the use of the measurements of the ionization reac
tion in the supply circuit of LSIC is substantiated. Uncertainties caused by the characteristics of the interac
tion of optical radiation with semiconductor structures are eliminated in the suggested procedure.
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1. INTRODUCITON
The wide use of modern microelectronic devices in
the electron equipment of spacecrafts makes the prob
lem of evaluating their sensitivity to the effects of the
influence of single charged particles (SCPs) from low
intense flows of highenergy protons and heavy
charged particles very actual [1–4]. The appearance of
local radiation effects such as failures and faults,
despite their low probability under space environ
ment, in some cases nevertheless leads to functional
faults in the operation of a spacecraft.
As a rule, a minimal set of sensitivity parameters for
each type of the local radiation effect in a large inte
grated circuit (LSI) involves such parameters as the
Lz ≈ α 0 (1 − Rλ )

saturation section and threshold values of linear
energy losses (LET). Conventional methods of the
evaluation of sensitivity parameters are based on tests
with the use of ion or proton accelerators [4, 5]. How
ever, these methods are laborious and expensive, and
do not allow one to purposefully investigate separate
LSI fragments by virtue of the stochastic nature of the
interaction of the ionizing radiation with the sub
stance.
The methods based on the use of focused laser radi
ation are alternative means [6–8]. To a first approxi
mation, an equivalent LET value not taking into
account the effects of twophonon absorption can be
evaluated as follows [4]:

J lr ε i 1 K λ
J lr,
=
K m hν ρ K m

where α0 is the coefficient of the bandtoband
absorption of laser radiation; Jlr is the energy of laser
radiation; Rλ is the reflectance from the IC surface; Km
is the coefficient of losses of laser radiation on optical
nonuniformities (layers of metallization and polysili
con), ρ is the semiconductor density; εi is the energy of
the formation of one electron–hole pair (3.6 eV is sil
icon); hν is the photon energy of the laser radiation;
and Kλ is the proportionality coefficient between LET
and energy of laser radiation, which in general
depends on the wavelength of laser radiation and
parameters of the semiconductor structure.

(1)

The application of the methods based on the use of
focused laser radiation has substantial limitations for
LSIs because they have multilayered metallization,
which covers a considerable part of the crystal surface.
There is a relatively high probability of “blanks” of
laser radiation, when optical radiation is almost com
pletely absorbed/reflected in protective oxide and
metallization layers. In this case, the procedure of a
local laser effect is more effective [8].
The procedure of applying the local laser radiation
is based on scanning the whole surface of the LSI crys
tal and counting the total amount of occurring local
radiation effects Nlz. Due to a wider optical spot, it is
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Fig. 1. Ionization current in a separate p–n junction and in the structure with five p–n junctions uniformly arranged on the crystal
surface under the effect of the pulse of the ionizing radiation 70 ps wide.

possible to integrate optical inhomogeneities and to
use any averaged coefficient of optical losses. By the
experimental results, we can determine equivalent lin
ear energy losses (LET) Lz and cross sections of the
observed effects σlz from the following relations:

Lz ≈ K λ J li_l K m,

(2)

(3)
σ ez = Ais N ez N l ,
where Jli_l is the energy of laser radiation reduced to
the focused value, Ais is the area of the LSI crystal, and
Nl is the total number of pulses of laser radiation dur
ing scanning the whole surface of the LSI crystal.
Thus, the necessary condition for the evaluation of
equivalent LSI values is the determination of the coef
ficient of optical losses Km.
2. INTEGRATED REACTION
OF SEMICONDUCTOR LSIs
The procedure of the local laser effect is more
effective in studying the sensitivity of the LSI with
multilayered metallization compared with the proce
dure of focused radiation because it ensures a more
correct evaluation of radiation losses at various optical
inhomogeneities, particularly, metallization and poly
silicon layers. During the local irradiation, due to
repeated reflection, diffraction, etc; optical radiation
still partially reaches active semiconductor structures
forming the ionization reaction. However, the actual
semiconductor structure of the LSI consists of multi
tude p–n junctions, which leads to the formation of a
complex distribution of currents and potentials inside
the structure, which does not correlate very strongly
with the actual physical pattern that occurs in the pres
ence of the ionization path. Nevertheless, if we con
sider a summary ionization reaction in the supply cir

cuit, we can assume that it will be formed in the LSI in
the form of an integrated reaction as if one large p–n
junction is irradiated [9].
In order to verify this assumption, we numerically
modeled the formation of the ionization reaction
under the irradiation of a multitude of p–n junctions
arranged at different distances from one another. At
the first stage, we evaluated the variations in the ion
ization reaction in a semiconductor structure 100 ×
100 × 300 μm3 in size in the presence of one large tran
sition and several p–n junctions uniformly distributed
over the crystal surface. Simulation was performed
under the effect of the pulses of ionizing radiation at
different distances between the p–n junctions.
The performed analysis revealed that right up to
distances between the junctions of about 10 μm, no
noticeable distinctions is observed in the reaction of
the structure. The results of modeling the ionization
current under the effect of the pulse of ionizing radia
tion 70 ps long for a separate p–n junction with an area
of 100 × 100 μm2 and five p–n junctions 100 μm in
length and 10 μm wide, with distances between them
also of 10 μm, are shown in Fig. 1. We can see that both
these reaction almost coincide with each other. There
are small distinctions only in the initial point of time
(at times less than 1 ns). However, this portion exerts
no substantial influence on the conditions of the for
mation of failures and faults in the LSI because the
ionization current is integrated during the formation
of the ionization reaction of a separate element in this
range of time intervals.
The influence of distancing p–n junctions from
one another on the parameters of the ionization reac
tion can be roughly evaluated based on the introduc
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tion of the effective collection length of minority car
riers Ld
(4)
Ld ≈ Dd τd ,
where Dd is the diffusivity of minority carriers and τd is
the effective collection time of the carriers by the junc
tion due to the diffusion processes. It follows from the
results presented in Fig. 1 that as τd, we can accept the
value of 1 ns, at which the effective length is larger than
2 μm. Taking into account the presence of neighboring
p–n junctions, we obtain the absence of a noticeable
influence between neighboring junctions at distances
up to 4 μm. It is absolutely evident that these distances
are substantially smaller for modern submicron LSI.
It should be also noted that the conditions of
switching the LSI elements under the effect of sepa
rate charged particles are determined by the attain
ment of the voltage pulse of a certain critical value
rather than by the equivalency of the parameters of the
characteristics of ionization current pulses. Therefore,
in the region of small times, the current is integrated at
internal and external LSI capacitors, due to which the
processes of the formation of the ionization reaction
are leveled.
A second possible cause of distinctions in the char
acter of the ionization reaction is caused by possible
nonuniformities of the bulk ionization of the semicon
ductor structure due to the shadow effects induced by
the ionization strips. The influence of this nonunifor
mity also manifests itself at large values of effective
length (1). Previous investigations of the adequacy of
laser imitation methods [10] studied this problem in
more detail and revealed that the problem is formally
reduced to the introduction of the coefficient of losses
of optical radiation because of the presence of shades
under the metallization layers.
An important result, obtained through computa
tional modeling, is associated with the independence

Δ I (t ) ≈ qg o (1 − Rλ )

ΔI (t ) ≈ 105qg o (1 − Rλ )
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of the characteristics of the integrated ionization reac
tion of the LSI on the local irradiation area under the
condition that the nonlinear effects caused by both the
absorption of optical radiation in materials and the
nonlinear ionization effects are absent.
The results were confirmed in investigations when
the surface of crystals of various LSIs was scanned by a
pulse beam with a diameter of 1 mm. No noticeable
distinctions in the character of the ionization reaction
upon varying the diameter of the region of influence
and depending on the arrangement on the LSI crystal
were found. It is evident that this result is valid only for
LSIs with approximately uniform elements fulfilled by
submicron technology. In the presence of nonunifor
mity elements occupying a considerable area, for
example, capacitors and powerful output transistors,
the character of the ionization reaction can vary in
these regions.
3. EVALUATION BY THE REACTION
IN THE SUPPLY CIRCUIT
The abovepresented results allow us to use the
assumption of independence of the ionization reac
tion in the supply circuit on the arrangement of the
irradiation zone when evaluating the coefficient of
optical losses. In this case, we can evaluate the coeffi
cient of losses of laser radiation Km from the compari
son of the calculated and experimental amplitude–
temporal characteristics of the ionization reaction in
the supply circuit under the local irradiation of a part
of the LSI crystal. In the linear approximation, the
current in the supply circuit is determined by charge
collection from the substrate, and its amplitude–tem
poral characteristics under the local effect of the laser
pulse are almost independent on the diameter of the
spot:

J u α 0 ε i 10 −2
L(t ),
T p K m' hv 10 −7 ρ

where ΔI is the ionization current in the supply circuit,
go is the generation rate of carriers in silicon, Tp is the
duration of the pulse of the laser radiation, Ju is the
energy of laser radiation, K m' is the coefficient of losses
of laser radiation on optical inhomogeneities upon
measuring the ionization reaction in the supply cir

(5)

cuit, L(t) is the effective length of carrier collection
from the substrate, and t is the current time.
Under the local effect of the pulse of laser radia
tion less than 100 ps wide on the surface of the LSI
RAM crystal, relation (5) is transformed to form [8]:

⎤
J u α 0 ε i 1 ⎡exp ( −t τ) ⋅ T p
+ f (t ) W pn ⎥ ,
⎢
πt Dd
T p K m' hv ρ ⎣
⎦
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where τ is the lifetime of nonequilibrium charge carri
ers, Wpn is the width of the depleted region of the p–n
junction in the substrate, Dd is the diffusivity of minor
ity carriers in the substrate, and f(t) is the normalized
form of the laser radiation pulse.

Due to the integration on the internal and external
IC reactive elements, the form of the ionization reac
tion on a currentcollecting resistor can be evaluated
from the relation
t

Rt exp ( − t RC )
exp ( x RC )Δ I ( x ) dx ,
ΔU(t ) ≈
Rin + Rt
C

∫

(7)

0

where Rt is the value of the currentcollecting resistor,
Rin is the value of the equivalent IC internal resistance,
C = Cin + Cl is the summary IC capacitance and mea
suring set (external circuits),Cin is the value of the
equivalent internal IC capacitance, Cl is the equivalent
capacitance of the external measuring circuits, and

ΔU (t ) ≈ 10 qg o (1 − Rλ )
5

RC = (Rin + Rt), C is the equivalent time constant. It
should be noted that the value of Cin in modern LSIs
can be several nF; therefore, its influence cannot be
neglected.
Taking into account relations (5)–(7), evaluation
of the ionization reaction can be presented as follows:

Rt J u α 0 ε i 1
Le (t ),
Rin + Rt C K m' hν ρ

where Le(t) is the effective collection length of charge
carriers determined allowing for the integration of

(8)

the ionization current on internal and external reac
tive elements:

t

exp ( −t RC ) ⎡exp ( −t τ) ⋅ T p
⎤
+ f ( x ) W pn ⎥ exp ( x RC ) dx.
Le(t ) ≈
⎢
π x Dd
Tp
⎣
⎦
0

∫

The results of modeling the variation in the effec
tive carrier collection length in time for a ptype sub
strate with a doping level of 1.5 × 1015 cm–3, minority
carrier lifetime of 2 μs, and external voltage at the p–n
junction of 0 under the effect of an ionizing radiation
pulse with the effective duration of 70 ps are presented
in Fig. 2 as an example. The results of modeling show
that the amplitude–temporal characteristics are
largely determined by parameters of the equivalent RC
circuit; at identical values of the time constant, the
shapes of pulses do not vary from one another.
Thus, we can evaluate a series of necessary param
eters from the analysis of the ionization reaction. For
example, carrying out the measurements of the ioniza
tion reaction of the LSI under local laser irradiation
and various external elements Rt and Cl, we can deter
mine the internal equivalent capacitance and resistor
from the pulse duration (Fig. 3) and thereby carry out
the computational evaluation of ΔU(t).

Lz =

(9)

The acquired results in turn allow us to determine
the maximal value of the effective collection length of
the charge from the substrate Le_max (Fig. 4). Based on
the obtained parameters, from a comparison of the
computed and experimental amplitudes of the ioniza
tion reaction in the supply circuit, we can evaluate the
coefficient of optical losses K m' . As it follows from the
dependences presented in Fig. 4, uncertainty in the
substrate type can give a considerable error in the value
of K m' , although for most of modern submicron LSI,
the ptype substrate is used. In the case of the absence
of the data on the type of the used substrate, it is rec
ommended to apply the average value, at which the
error of evaluations can be about 30% (Fig. 4, the
dashanddotted line).
The results of the computational–experimental
simulation allow us to evaluate the equivalent values of
LET using the following relation:

J li Δ U max ⎛ Rin ⎞ C K m'
J C Δ U max ⎛ Rin ⎞ K m' ⎡
1+
≈ 9.1 × 10 9 li
1+
, ⎣MeV cm 2 /mg ⎤⎦ .
⎜
⎟
⎜
⎟
5
J i Le _max ⎝
Rt ⎠ 10 qg o K m
J i Le _ max ⎝
Rt ⎠ K m
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Fig. 2. Variation in the effective length in time for the semiconductor structure under the effect of the ionizing radiation pulse
70 ps wide and different values of C: curves R = 100 Ω, symbols R = 10 Ω.

Characteristic features of the presented relation
should be noted. If we evaluate the equivalent values of
LET by the procedure of local irradiation, then the
values of Km and K m' are equal to each other. Moreover,
the results of scanning the crystal surface show that for
many submicron LSIs, variations in the coefficient of
optical losses are insignificant, and they can be
neglected. The second feature lies in the fact that the
ratios of the energies of laser irradiation are in relation
(10); therefore, the errors in determining the absorp
tance and reflectance do not affect the results of the
evaluation of LET values. It is only important that the
values of the absorption length of laser radiation
should exceed the maximal value of the effective col
lection length of carriers.

Lzb ≈ α 0 (1 − Rλb ) J li

Recently, the procedure of irradiation of LSIs from
the back side has been actively used [6]. This makes it
possible to eliminate one of the significant limitations
of the use of laser methods associated with the influ
ence of multilayered metallization. Not taking into
account the optical effects leading to variations in the
sizes of the local irradiation zone, radiation is partially
absorbed in a silicon substrate in this case. Therefore,
these losses and the possibility of the partial reflection
of laser radiation from the upper surface of the LSI
crystal should be taken into account in relations (1)
and (5). Taking this fact into account, relations for the
evaluation of equivalent values of LET and character
istics of the pulse of the ionization current upon the
irradiation from the bottom side of the LSI crystal are
transformed to the form

εi 1
[exp ( −α W s )(1 + Rλt )] ,
hν ρ

Δ I b(t ) ≈ qg o (1 − Rλ b ) α 0 [exp ( −α W s )(1 + Rλ t )]

where α is the coefficient of the losses of laser radia
tion in a silicon substrate with thickness Ws. It is evi
dent that in this case the parameter equivalent to the
coefficient of optical losses Km is the quantity that
characterizes partial losses of laser radiation in silicon
substrate. Therefore, when carrying out the transfor
mations similar to those mentioned above, we also
obtain relation (10). From this viewpoint, the sug
gested procedure is insensitive to the procedure of irra
diation of the LSI from the active or back side of the
LSI crystal. An important limitation is only the neces
RUSSIAN MICROELECTRONICS
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J u ε i 10 −2
L(t ),
T p hν 10 −7 ρ

(11)
(12)

sity to provide a relatively uniform absorption of laser
radiation in a sensitive region of the LSI, i.e., the ful
fillment of condition
αLe_max < 1.
(13)
Taking into account that typical values of Le_max do
not exceed 10 µm, it follows from relation (13) that the
absorptance of laser radiation should not be larger
than α > 103 1/cm. Thus, we obtain that this procedure
can be effectively applied for using laser radiation with
wavelengths from a range of 0.8–1.08 µm. In this case,
when irradiating from the back side, in order to avoid
2011
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Fig. 3. Variations in the pulse width of the ionization reaction at a halfheight in ntype and ptype substrates against the equiva
lent time constant RC.
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Fig. 4. Variations in the maximal collection length in ntype and ptype substrates against equivalent time constant RC.

the excessive energetics of laser radiation, it is useful to
apply laser radiation with a wavelength of 0.95–
1.08 µm.
Thus, the suggested procedure for determining
equivalent values by the results of local laser radiation
is reduced to the fulfillment of the following main
operations:
(i) scanning of the LSI crystal by the procedure of
local laser irradiation with the purpose of determining
the sensitivity regions;

(ii) determination of threshold values of laser radi
ation reduced to the focused effect in sensitive regions
[8, 11];
(iii) measurement of the ionization reaction in LSI
regions under study under the local effect of laser radi
ation at several values of external resistors and/or
capacitors in order to determine the equivalent of
capacitances and resistances;
(iv) evaluation of the effective collection length by
the results of measurements;
(v) evaluation of the value of LET from relation (10).
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4. CONCLUSIONS
In this work, we substantiated the procedure of
evaluation of equivalent values of linear energy losses
by the results of irradiation of the LSI crystal by the
local laser radiation. The procedure is based on the
conversion of the energy of laser radiation into equiv
alent values of LET using the results of measurements
of the ionization reaction in the supply circuit of the
LSI. The uncertainties caused by the characteristics of
the interaction of optical radiation with semiconduc
tor structures are eliminated in the suggested proce
dure.
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