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Abstract

Objectives. The aim of the study is to confirm that the robustness of high-power metal-oxide—semiconductor field-
effect transistor (MOSFET) to electrostatic discharge (ESD) after gamma irradiation is determined by the concentration
of built-up interface traps (IT). The reason for such dependence is the degradation of the gain of the parasitic bipolar
transistor in the structure of high-power MOSFETs during accumulation of IT. As a result, higher ESD pulse voltage
is required to activate the parasitic bipolar transistor and cause the subsequent catastrophic failure of MOSFET.
Methods. The study describes the physical mechanism of the influence of IT accumulation on the robustness of high-
power MOSFETs to ESD. Experimental studies included determination of ESD robustness for two types of high-
power MOSFETSs before irradiation, 8°Co gamma irradiation to several levels of total ionizing dose, and subsequent
determination of the ESD robustness of irradiated samples.

Results. The study developed a method for calculating IT concentration and radiation-induced charge density from
subthreshold drain-gate characteristics. It was also shown that for the first type of MOSFET, when irradiated to total ionizing
dose level of 3 krad, the build-up IT did not occur, nor was any change or insignificant decrease in the breakdown voltage
observed when exposed to ESD. For the second type of MOSFET, build-up IT was observed when irradiated to total ionizing
dose level of 2 and 4 krad and an increase in the breakdown voltage was also observed when exposed to ESD.

Conclusions. The study shows the relationship between the IT concentration and the change in the breakdown
voltage when exposed to ESD. The results obtained can be used to assess the failure-free operation time of devices
operating under conditions of ionizing radiation and electrostatic discharges.
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Pesiome

Llenu. Llenbio nccnenoBaHuna ABASeTCs NpoOBepKa rmnoTesbl 0 TOM, YTO CTOMKOCTb MOLLHbBIX META/INIOOKCUAHBIX NONy-
NMPOBOAHNKOBBIX NMoeBbiX TpaH3ncTopos (MOIMT) k anekTpocTaTnyeckomy paspsay (ACP) nocne ramma-obny4eHums
OornpefensieTcsi KOHLUEHTpaUMen BCTPOMBLLMXCS B MPOLECCE 061y4eHNSI MOBEPXHOCTHbIX cocTosiHui (MC). Mpuyn-
HOI4 Takol 3aBUCUMOCTU ABASIETCH Aerpagauns KoadduumeHTa yeuneHns napasutHoro GunonspHoro TpaH3ncTo-
pa B cTpykType MolHbix MOMT npu HakonneHun MC. Kak cneactene, AN BKAOYEHWS napa3uTHOro 6MnosisipHoro
TpaH3ucTopa 1 nocnenyoLlero Bbixoga n3 ctpos MOMT TpebyeTcs Bce Gonbluee HanpsixxeHmne nmnynsca 9CP.
MeTtopbl. TeopeTnyeckoe onucaHme Gu3NHECcKoro MexaHmama HakonseHus MNC v ero BAMsiHMS Ha CTOWKOCTb
MoLLHbIX MOMT k SCP. SkcneprMeHTanbHblie UCCNEA0BaHSA, BKIOYaOLWmMe onpeaeneHme ctonkoctn k OCP aByx
TMNoB Heobny4eHHbix MOIMT ¢ nomouwbio cneunanbHo paspaboTaHHOro reHepaTtopa OCP, obnydyeHne ramma-
keaHTamu 80Co B akTMBHOM 31EKTPUYECKOM PeXMMe 10 HECKOMLKMX YPOBHEN MOFNOLLEHHOM 03kl U NocheayioLlee
onpeneneHne CTokocTy 0bydeHHbIXx 0bpasuoB k OCP.

PesynbTaTtbl. PazpaboTaH MeTo, NO3BONSAOLLMIA YACTIEHHO PACCYNTaTb 3aBMCUMOCTI TOKA CTOKA OT HarnpsixXeHUs
3aTBOP-NCTOK AJ151 N0ObIX 3HAYEHWIA MIOTHOCTU HAKOMJIEHHOMO PaAMaLLMOHHO-MHAYLIMPOBAHHOMO 3apsaa U KOHLEH-
Tpauuu BcTpomBlimxcs MC. MokasaHo, 4to ana 1-ro tuna MOMMT npu 06nydYeHnr 0o YPOBHS MOrAOLLEHHOW A03bl
B 3 kpaz BcTpamBaHue NC He nponcxoaunno, 1 Takke He Habnoaanock M3MeHeEHME NPOBMBHOIO HAMPSXXEHUS Npn
Bo3aencTeum OCP nnm Habnoaanochb ero HeaHadnTenbHoe cHkeHve. ns 2-ro tTuna MOMT Habnoganock BCTpa-
mBaHue NC npu 06y4eHNN [0 YPOBHS NMOMNOLLEHHOM 403kl B 2 1 4 Kpaf, a Takxke yYBenm4yeHme npobuBHOro Hanps-
XeHuna npun so3agenctenm SCP.

BbiBogbl. [lokaszaHa CBA3b Mexay KOHueHTpauuven BcTpouBlmxca [C 1 nM3MeHeHMeM CTOMKOCTUM  MOLL-
HbiXx MOIMT k SCP. Mony4yeHHble pe3ysbTaTbl MOMYT ObITb MCMONIL30BaAHbI NPU OLLEHKE BPEMEHW 6E30TKA3HOM PaboThl
YCTPOWCTB, paboTatoLLMX B YCOBMSX OAHOBPEMEHHOIO BO3AENCTBUS PAAMALMOHHBIX U UMMYJIbCHBIX 3NEKTPUYECKMX
Harpysok.

KnioyeBble cnoBa: a71ekTpoCcTaTU4eCcKnNin paspsa, paanaumoHHbie addekTbl, MTOBEPXHOCTHbIE COCTOSIHUSA, MOLLHbIE
MOIM-TpaH3ncTOpPbI

Ana uutnpoBaHus: bakepeHkosa .M., MNMeTtpos A.C. BavsgHune BCcTpamBaHus MOBEPXHOCTHbLIX COCTOSHUIA Ha CTON-
KOCTb MOLUHbBIX METa/IOOKCUAHBIX MOJSlYNMPOBOAHUKOBBIX MOJIEBbIX TPAH3WUCTOPOB K 3NEKTPOCTATUYECKOMY pa3s-
psay. Russian Technological Journal. 2025;13(6):86-94. https://doi.org/10.32362/2500-316X-2025-13-6-86-94,
https://www.elibrary.ru/KOATTE

Mpo3spayHocTb pMHAHCOBOM AEATENbHOCTU: ABTOPbI HE UMEIOT PUHAHCOBOM 3aMHTEPECOBAHHOCTN B NPEACTaB/IEH-
HbIX MaTepuanax nnvu MmeToaax.

ABTOpbI 3251BNSIIOT 06 OTCYTCTBUM KOHGMIMKTA UHTEPECOB.
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Glossary

Electrostatic discharge is a pulse transfer of the electrostatic charge between bodies with different electrostatic

potentials.

Total ionizing dose is the amount of ionizing radiation energy absorbed by a substance per unit mass.
Total ionizing dose effects are effects caused by the loss of energy in a substance due to ionizing radiation for

ionization.

Secondary breakdown is a sharp drop in collector-emitter voltage caused by thermal instability or avalanche

injection.

Interface traps are energy states (energy levels) of conduction electrons localized near the surface of a solid.
Displacement damage is effect caused by the loss of energy due to ionizing radiation in a substance, resulting in

structural damage.

Space charge region is an electrically charged layer which forms at the boundary between n- and p-areas.
Radiation-induced charge is a positive charge which accumulates in the gate dielectric of transistors under the

influence of ionizing radiation.

INTRODUCTION

Research into the effect of radiation loads upon
the breakdown voltage of p-n junctions has relatively
recently been actively resumed [1-3]. Previously no
critical change in the breakdown voltage of p-n junctions
was observed after radiation exposure up to an total
ionizing dose (TID) dose 4 - 10* rad(Si) [4, 5]. However,
when a static or linearly increasing voltage is applied,
the effect of electrostatic discharges (ESD) and the
subsequent breakdown of p-n junctions manifest
themselves through a more complex mechanism than
breakdown.

One of the first works on this topic was published
in 2017 [6] and it examines the influence of dose
effects on ESD protection devices: P+/NW-diodes,
Zener diodes, and gate-grounded n-type metal-oxide
semiconductor (GGNMOS) transistors. Helium ions
with an energy of 1.5 MeV were selected as the source
of ionizing radiation, and the samples were exposed to
ions with a fluence of 1014, 2 - 104, and 10> cm™2. In
both types of diodes, a slight increase in the breakdown
voltage was observed, as well as an increase in leakage
current and a decrease in failure current with an increase
in the TID. In the case of GGNMOS, the behavioral
characteristic of secondary breakdown disappeared
after irradiation, and a decrease in failure current was
also observed. However, the paper did not provide
explanations or reasons for this behavior of the devices
after irradiation. The question also arises with regard
to the influence of displacement damage defects on
the behavior of samples during the ESD pulse, since
irradiation with helium ions introduces a significant
number of defects into the semiconductor volume.

In [7], the effect of gamma irradiation up to a TID
of 200 krad on the characteristics of low-voltage
and high-voltage dual-directional silicon controlled
rectifiers (DDSCR) was investigated. Unlike the trigger
voltage of low-voltage DDSCRs, the trigger voltage

of high-voltage DDSCRs increased significantly with
increasing TID. This is mainly due to an increase in
breakdown voltage, and suchrectifiers failed immediately
after triggering. The increase in breakdown voltage after
irradiation was associated with the accumulation of traps
and interface traps (IT) in the field and gate oxides. This
leads to an increase in the space charge region (SCR)
of the p-n junctions, which determines the breakdown
voltage. For the same reason, leakage currents increased
after irradiation, leading to weak inversion of parasitic
lateral transistors. This work made assumptions about
the connection between changes in behavior during the
ESD pulse of irradiated devices and the accumulation of
traps and IT. Nevertheless, no quantitative comparison
of the concentration of accumulated IT and changes in
device parameters was performed.

The aim of the current work is to identify the
mechanism of change in the resistance to ESD of
high-power metal oxide semiconductor field effect
transistors (MOSFETs) after gamma irradiation, as well
as to study the relationship between the concentration
of IT build-up during irradiation and the change in
breakdown voltage under the influence of ESD (V). In
order to calculate the concentration of IT, a method needs
to be developed which will enable the volt-ampere (I-V)
characteristic of the transistor to be directly linked to the
concentration of IT.

1. PHYSICAL MECHANISM OF IT ACCUMULATION
AND ITS IMPACT ON THE STABILITY
OF HIGH-POWER MOSFETS TO ESD

Previously, the authors in [8] experimentally
demonstrated that irradiation of high-power MOSFETs
with gamma rays leads to improved resistance to ESD,
with a higher breakdown voltage corresponding to
higher TIDs. This effect was associated with the activation
of'a “parasitic” bipolar transistor in the structure of high-
power MOSFETs under the influence of ESD. However,
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under the influence of gamma irradiation, the gain of
parasitic bipolar transistor (4,,.) degrades [9]. Thus, an
increasingly higher ESD voltage is required to achieve
the collector current value necessary for the secondary
breakdown of the bipolar transistor and the subsequent
failure of the MOSFET. The degradation of 4, due to
the effects of ionizing radiation occurs because of an
increase in the recombination rate in the SCR emitter-
base junction. This is manifested as an increase in base
current at a fixed emitter bias. The recombination rate
increases due to two interrelated effects: an increase
in the surface recombination rate; and an expansion of
the SCR emitter-base junction [10]. The increase in the
surface recombination rate is proportional to the density
of recombination centers at the Si/SiO, boundary of
the emitter-base junction. Interface states, as one of
the recombination centers, determine this increase in
rate. However, the radiation-induced positive charge
accumulated at the Si/SiO, boundary should also be
taken into account due to the complex mechanism of
their interaction. Surface states physically represent
a Si atom with an unpassivated broken bond, formed
after the Si—H bond was broken [11].

Today, it is believed that the dominant process in
the mechanism of IT accumulation is proton hopping.
In the first stage of this process, radiation-induced holes
formed as a result of the generation of electron-hole
pairs by ionizing radiation move through the oxide and
free hydrogen in the form of protons under the action of
an electric field. In the second stage, the protons move
by hopping, and when they reach the Si/Si0, boundary,
they react with the Si-H bond, forming H, and
a trivalent Si defect [12, 13].

The current methods for measuring the gain of parasitic
bipolar transistor (used for high-power MOSFETs with
a short-circuited substrate terminal) involve heating the
samples from 25 to 300°C and measuring the dependence
of the drain current on the voltage at the drain of a closed
transistor [14]. Such heating after irradiation changes
the dynamics of IT accumulation [15, 16]. Therefore,
h,,. changes during the measurement process, and the
application of these methods in the current case will lead
to unreliable results. In order to confirm the hypothesis
that the resistance of high-power MOSFETs to ESD after
gamma irradiation is determined by the accumulation of IT,
the IT density of unirradiated samples needs to be calculated.
The samples then need to be irradiated to several TID values,
and the IT density calculated after irradiation. In each case
the resistance to ESD needs to be investigated.

2. EXPERIMENT

Two types of high-power MOSFETs manufactured
using HEXFET (hexagonal field-effect transistor)
technology were selected as test samples. Therefore,

thousands of parallel-connected MOSFET cells
are placed in a single crystal, forming a hexagon:
IRFR4615PbF (manufactured by International Rectifier,
USA); and IRFR3710ZPbF (manufactured by Infineon
Technologies, Germany). Before and after irradiation,
drain-gate [-V curves were measured in the subthreshold
region (Vg'S <V,). From this the concentration of IT was
calculated.

Gamma-ray irradiation with %°Co was performed
in threshold voltage measurement mode: V, = V.
and /; = 100 pA for IRFR4615PbF and Vos = Vas
and I; = 250 pA for IRFR3710ZPbF. IRFR4615PbF
samples were irradiated to two TID values: 1.78 krad
and 3.18 krad, IRFR3710ZPbF samples were irradiated
to TID values of 2 krad and 3.9 krad. An ESD generator
developed by the Research Institute of Scientific
Instruments (RISI', Russia) was used as the ESD source.
Its schematic diagram is shown in Fig. 1, and its main
parameters are given in Table 1.

Rectifier

R2
vz)-w 51 X1 XE3)
220V
Nl
) ] R5
E']__ [ 10k
S1 K1 X4
<8 P2D-2V )
o rRi
A .
=~ Kl 155 []RG
: L Ci1 50
w‘ 1000
R4
| X2 1.7 X5
e\ 1
AW, | S ®
K2
Power RES-42 Tg
S“Pp'y Oscilloscope
unit
220V |B5-44| 22 G5-82| Pulse
generator

Fig. 1. Single-line diagram of the ESD generator2.
S1 — “Start” pushbutton on the generator, S2 — remote
control pushbutton for starting the generator,

K1 — vacuum relay P2D-2V, K2 — intermediate relay
RES-42, X1 — hook up of the high-voltage power source,
X2 — current measuring connector, X3 — discharge tip,

X4 — voltage measuring connector, X5 — reverse current
conductor, C1 — discharge capacitor, R1 — discharge
resistor, R2—-R5 — resistors, B5-44 — power supply unit,
G5-82 — pulse generator. The designations of the circuit
elements correspond to those adopted in GOST 2.710-813

U http://www.niipribor.ru/ (in Russ.). Accessed October 10,
2025.

2 Figure 1 shows a diagram from the ESD generator passport.

3 GOST 2.710-81. Interstate Standard. Unified system for
design documentation. Alpha-numerical designations in electrical
diagrams. Moscow: Izd. Standartov; 1985 (in Russ.).
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Table 1. Basic parameters of the ESD generator

Parameter

Value

Output (test) continuously adjustable voltage, kV

From 1 to 20+ 2

Output voltage polarity

Positive

Frequency of successive pulses, discharges per second

Up to 10

Peak value of discharge pulse current, A

Upto 100+ 10

Duration of the current pulse front at the level of 0.1-0.9 amplitude, s

From1-102to 11077

Stored energy in a storage capacitor C1, MJ

Up to 200 + 10

The resistance of high-power MOSFET samples
to ESD was determined by measuring the drain-gate
I-V characteristic of the transistor after applying
an ESD pulse to the drain (the source and gate are
grounded at the moment of applying the pulse). The
failure criterion was considered to be [-V behavior
which is not typical for MOSFETs. The voltage range
of the applied ESD pulse was 1-5 kV. If the sample
withstood the test with one ESD pulse of the initial
amplitude, the amplitude increased by 0.5 kV in the
next applied pulse. The maximum withstand voltage
when applying an ESD pulse (breakdown voltage value
under ESD) was determined as the voltage value in the
pulse after the appearance of -V behavior not typical
for MOSFETs.

3. METHOD FOR IT CONCENTRATION
CALCULATION FROM SUBTHRESHOLD
DRAIN-GATE CHARACTERISTICS

The subthreshold [-V characteristic is the drain-gate
I-V characteristic in the weak inversion region. The
surface potential in this case ranges within ¢, < ¢, <2¢,,

kT (N,
N
q n

1
where ¢ is the electron charge; k is the Boltzmann
constant; 7'is the absolute temperature; N, and n, are the
dopant concentration and the intrinsic concentration in
the substrate, respectively.

In this case, the dependence of the drain current on
the surface potential is described as follows [17]:

-1/2
DiWn? .
]d _ qihn; &gieoPr [(PS ] exp[ Py J’ (2)
V2L N\ e, Lor b7

wherein Di is the diffusion coefficient, L, is the channel
length, W is the channel width, &g; is the permittivity of
silicon, g is the electric constant, ¢, = kT/q.

If the source is connected to the substrate and
grounded, then, by constructing a zone diagram (Fig. 2),
Vg can be expressed as the sum of the voltage drop
across the oxide ¢, the voltage drop in silicon and the
contact potential difference:

1 E,
Vg.S:(Ps+(pox+ ; XSi+7 +0p =P |, (3)

wherein yg; is the electron affinity in silicon, E, is
the band gap, and @ __ is the work function of
the metal.

The voltage drop in the oxide can be estimated
by knowing the distribution of the radiation-induced
positive charge in the oxide p, and the electric field £,
near the Si/SiO, boundary:

d,
1 ox
Pox = _ondox a e J (dox - x)pox (X)dx, (4)
ox“0 o

wherein d__ is the oxide thickness, ¢, is the permittivity
of Si0,, x is the integration variable.

According to Gauss theorem for the electric
displacement vector:

Dy —Dg; =0 s 6))

wherein D__is the electrical displacement in the oxide,
Dg; is the electrical displacement in silicon, Q;, is the
IT charge.

In this case

€ox80Eox — Esi€0Esi = Oiye (6)
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Eo

>
M

/

@
m

A~

Gate SiO, P-type substrate

Fig. 2. Band diagram of a MOSFET structure
with a p-type substrate: £, — vacuum level;
Er — Fermilevel; E, — energy corresponding
to the top of the valence band;

E, — energy of the middle of the band gap;
E. — energy corresponding to the bottom
of the conduction band, AE = gA® = g(pg — ®y)

As is known, in the upper part of the band gap ITs
are acceptor-like (they can accept electrons), and in the
lower part of the forbidden zone the states are donor-
like (they can donate electrons [18]. ITs of the donor
type are positively charged if they are located above
the Fermi level and neutral if they are located below the
Fermi level. ITs of the acceptor type are neutral if they are
located above the Fermi level and negatively charged if
they are located below the Fermi level. In the considered
case of a p-type substrate in the weak inversion mode
near the surface the Fermi level lies above the middle of
the band gap, and only part of the acceptor levels in the
energy range AE (Fig. 2).

The charged part of the levels can be expressed as
follows:

; (7

wherein AF is the distance from the middle of the band
gap to the Fermi level near the Si/SiO, boundary.
In that case the IT is equal to:

Oy — @

O =Njym= Ni.tq2 s_b, )

E

g

wherein N 1s the IT concentration.
Applymg (8) into (6), we obtain:
_ 2P Py
Eox€0Eox ~Esi€oEs; = N g” — - ©)
g

According to Poisson’s equation:

dx? €g;€0 ’

wherein p(x) is the total space charge density:

p(x) = (=N + p(x) — n(x)),

o(x )J
¢r
p(x) is the hole density distribution, p, is the initial hole

concentration,
@(x)
¢r

n(x) is the electron density distribution, n,, is the initial
electron concentration.
Let us transform the left side of (10):

(11)

p(x¥)=p, eXp[ (12)

n(x) = n, exp{— (13)

4%° 4%®
a9 _" gy _do "dx __p—dB_.dE

. (14)

dx? dx dx do do do

Applying (14) into (10) and integrating over @
from @ to 0, we obtain:

0
j EdE =
Eg;

0
S | J'po(expi—&J—lj—noexp(&] do.
&si®0 ¢ ¢r Or

Taking into account that p, = N,, and njy = ni2 /' Ny,
we obtain an expression for the field in silicon Eg;:

(15)

Eg; =
2 (16)
_ |240rNa | [ 0 +exp( (st 1]+ A exp((p ]—1
&i& |\ Or o7 N? or

Thus, the system of equations (3, 4), (9), (16) directly
connects the value Vg.S with ¢ . By changing ¢ in the
range ¢, from 2¢, and using expressions (1)—(16), the
dependences of /; from V, .canbe numerically calculated
for any values of the dens1ty of the accumulated
radiation-induced charge and the concentration of the
build-up ITs.
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4. RESULTS AND ANALYSIS

Tables 2 and 3 present the results of calculating the
concentration of IT and charge in the oxide (0, ) before
and after irradiation, as well as the experimentally
obtained values of the maximum voltage of the
ESD pulse (Vggp)- The values of the breakdown
voltage under ESD for non-irradiated samples were in
the range of 34 kV for IRFR4615PbF and 4-4.5 kV
for IRFR3710ZPbF.

Table 2 shows that for the IRFR4615PbF samples
irradiated with a dose of 1.78 krad, ITs accumulated
as a result of gamma irradiation were not built-up.
Their concentration remained at the same level as
before irradiation. For the samples irradiated with
a dose of 3.9 krad, insignificant built-up IT already
occurred, and the breakdown voltage under ESD
exposure also remained virtually unchanged. For the
IRFR3710ZPbF samples, the built-up ITs occurred at all
values of the TID, and the concentration of the built-up
ITs increased with an increase in the TID.

After irradiation, the breakdown voltage under
ESD exposure increased. This is consistent with the
proposed hypothesis that an increase in the concentration
of built-up IT leads to degradation of the gain of the
parasitic bipolar transistor. As a consequence, a higher
ESD voltage is required for the collector current to reach
the value necessary to initiate secondary breakdown of

Table 2. Experimental and calculated data for IRFR4615PbF

the bipolar transistor. It is worth noting that the initial
concentration of IT in both types of samples is very high.
This complicates the study, and even when irradiated to
a TID close to the failure level, the number of built-up IT
will be comparable to the initial concentration.

CONCLUSIONS

The study presents a theoretical description of the
physical mechanism of'the increase in breakdown voltage
under the influence of ESD after gamma irradiation
of high-power MOSFETs. The main reason for this
phenomenon is the degradation of the gain of the parasitic
bipolar transistor in the MOSFET structure, which, in
turn, occurs due to the growth of the recombination rate
in the SCR of the emitter-base junction, proportional to
the density of the IT.

The resistance to ESD of two types of high-
power MOSFETs was determined using a specially
developed ESD generator before and after gamma
irradiation. Gamma irradiation of the samples studied
was carried out in the threshold voltage measurement
mode on a ®°Co source at room temperature. Before
and after irradiation, drain-gate -V characteristics
were recorded in the subthreshold region, from
which the concentration of the IT was subsequently
calculated. The study presents a method for
calculating the dependence of the drain current on

Pre-irradiation After irradiation
Sample No. Abigr:()iegs?; 5%,
NiAt’ cm? Qox’ C Ni.t’ em? Qox’ C VESD’ kV
1 1.78 2.5- 101 0 2.5- 101 231078 2.5
2 1.78 2.0- 101 0 2.0 - 101 24-1078 3
3 3.18 2.2 - 101 0 2.4 - 101 48-1078 3.5
4 3.18 1.0 - 101! 0 1.2 - 101! 5.0-10°8 2.5
Table 3. Experimental and calculated data for IRFR3710ZPbF
Pre-irradiation After irradiation
Sample No. Absl,(or;t;ezis(ii)o 56
Ni.t’ Cm72 Qox’ C Ni.t’ Cm72 Qox’ C VESD’ kV
1 2 5.0 - 101 0 8.0 - 10! 5.7-1078 5.5
2 3.9 3.0 - 101 0 7.0 - 101 7.1-1078 5.5
3 3.9 2.0- 10 0 6.0 - 101! 8-1078 5.5
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the gate-source voltage for any values of the density
of the accumulated radiation-induced charge and the
concentration of built-up IT. The study also shows that
with an increase in the concentration of built-up IT, the
breakdown voltage of the sample under the influence
of ESD increases.
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