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In silicon microelectronics, flat metal spirals are formed to create an integrated inductance. However,
the maximum specific inductance of such spirals at low frequencies is limited to a value of the order of tens
of microhenries per square centimeter. Gyrators, devices based on operational amplifiers with approxi-
mately the same specific inductance as spirals, are also used. Despite the fact that such solutions have been
introduced into the production of integrated circuits, the task of searching for new elements with high val-
ues of specific inductance is relevant. An alternative to coils and gyrators can be the effect of negative dif-
ferential capacitance (i.e., inductive type impedance), which is observed in barrier structures based on silicon.

The purpose of the work is to study the low-frequency impedance of Schottky diodes (Mo/n-Si) con-
taining defects induced by a-particles irradiation and determination of the parameters of these defects by
methods of low-frequency impedance spectroscopy and DLTS (Deep Level Transient Spectroscopy).

Unpackaged Schottky diodes Mo/n-Si (epitaxial layer of 5.5 um thickness and resistivity of
1 Ohm-cm) produced by JSC “Integral” are studied. Inductance measurements were carried out on the as
manufactured diodes and on the diodes irradiated with alpha particles (the maximum kinetic energy of an o-
particle is 5.147 MeV). The impedance of inductive type of the Schottky diodes at the corresponding DC
forward current of 10 pA were measured in the AC frequency range from 20 Hz to 2 MHz. DLTS spectra
were used to determine the parameters of radiation-induced defects. It is shown that irradiation of diodes
with alpha particles produces three types of radiation-induced defects: A-centers with thermal activation
energy of £, = 190 meV, divacancies with activation energies of £, =230 meV and E; =410 meV, and E-
centers with activation energy of £4 = 440 meV measured relative to the bottom of c-band of silicon.

Keywords: Schottky diode on silicon, negative differential capacitance, alpha irradiation, A4-centers,
E-centers, divacancies.
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B kpeMHHEBOII MUKPOIJIEKTPOHUKE JUIS CO3IaHUSI MHTETPAIbHOW MHIYKTUBHOCTH (OPMHPYIOT ILIO-
CKHe MeTaJutmdeckue crmpaii. OIHako MaKCUMalbHAs yAedbHAs HHIYKTHBHOCTh TAKUX CITUpajei Ha HU3-
KHX YacTOTaX OTpaHWYeHa 3HAYCHHEM MOpAIKa JECATKOB MHUKPOTEHPH Ha KBaJpaTHBIA caHTUMeTp. Mc-
TIOJIB3YIOTCS TaK)K€ THPATOPBI — YCTPOHCTBA Ha OCHOBE ONEPAIlMOHHBIX YCHIINTENEH, IPUMEPHO C TaKOH XKe
yAETHHON WHAYKTUBHOCTBIO, KaK M ciimpany. HecMoTpst Ha TO, 9TO TaKue pemieHus] BHEAPEHBI B IPOU3BO/I-
CTBO WHTETPAILHBIX MHKPOCXEM, aKTyaJbHOW SBISIETCS 3ajada MOWCKA HOBBIX 3JIEMEHTOB C OOJBIIMMHU
3HAYCHUSIMH YACJIbHOW WHAYKTUBHOCTU. AJIBTEPHATHBON CIHMpalIIM W THpaTOpaM MOXET CTaTh 3(dekT
oTpunaTenbHOW nuddepeHnnanTsHoil eMKOCTH (T. €. MMIICIaHca WHIYKTHBHOTO THIIA), HAOIIOJaeMBIH B
0aphepHBIX CTPYKTYpax Ha KPEMHUH.

Llenb paboThl — UCCIIEAOBAaHUE HU3KOYACTOTHOTO mMmnenanca auoaoB Llortku (Mo/n-Si), comepika-
X paJraldoOHHbIe NeeKTh, CO3JaBacMble 0-9aCTHUIAMH, M OMpeiesieHHe MapaMeTpoB 3TUX Ie(PEeKTOB
METOAaMHU HU3KOYAaCTOTHON MMIIeIaHCHOH criekTpockonuu U cniekrpockonuu DLTS (Deep Level Transient
Spectroscopy).

HUccnenopanbl 0eckopiycHbie auoabl Hlortku 5.5K2®d-1 (Mo/n-Si) nmpousBoacrea OAO «HTrerpam.
W3mepeHnsi MHIYKTUBHOCTH MPOBOAMWINCH HAa HWCXOJMHBIX TUOJAX M Ha JHUOJAAX, OOJYYCHHBIX aibda-
JacTUIlaMHU (MaKCUMaIbHas KWHETWYECKas dHEprus o-dactuilbl 5.147 MaB). B uHTepBane 4actoT mepe-
MeHHoro Toka oT 20 I't 7o 2 MI'1 u3MepeH uMIieIaHC UHIYKTUBHOTO THIIA TUOJOB MPU MOCTOSHHOM Mpsi-
MoM Toke 10 MKA. Jlns onpeaencHus mapaMeTPOB PaIUAlMOHHBIX JePEKTOB U3MepsLTuch crekTpbl DLTS.
[okazano, uro nmpu obmyyennu nuonoB lloTTku anbha-yactuiiaMu oOpa3yercsl TpH THIA PaJAUAIIMOHHBIX
ne(eKTOB: A-IICHTPHI C SHEPTHEH TepMHUUECKOH akTuBanuu £, = 190 M3B, nuBakancum ¢ SHEPTUSIMH aKTH-
Batmu £, =230 3B u E3; =410 m3B u E-nieHTpHI ¢ 3Heprueit aktuBanuu F, ~ 440 m3B, oTcuuTaHHBIE OT
JTHa C-30HBI KPEMHUSI.

KioueBbie ciaoBa: nuon LoTTku Ha KpeMHHH, OTpHLATeNnbHas IuddepeHuranbHas eMKOCThb, albda-
oOryueHue, A-IIeHTpbI, E-IIEHTPbI, IUBaKaHCHH.
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Introduction

In silicon microelectronics, flat film spirals of
round or rectangular shape are formed to create an
integrated inductance. However, the maximum spe-
cific inductance of such spirals at low frequencies is
limited to a value of the order of tens of microhen-
ries per square centimeter, while their diameter can
be of several millimeters [1]. Another way to create
an integrated inductance is gyrators — devices based
on operational amplifiers that imitate inductance
[2,3]. Despite the fact that such solutions have been
introduced into the production of integrated circuits,
the task of searching for new elements with induc-
tive impedance is relevant. This will allow more
rational use of the useful area of the microcircuits.

An alternative to film coils can be the effect of
negative differential capacitance [4,5], which is ob-
served in various semiconductor structures: silicon
photodiodes irradiated with neutrons, multilayer hete-
rostructures, chalcogenide films, transistor structures,
metal-semiconductor interfaces, etc. [6]. Note that,
in metal-semiconductor barrier structures, hopping
conduction via defects is observed in the forward
biased space charge region of semiconductor [7].

The purpose of the work is to study the low-
frequency impedance of Schottky diodes (Mo/n-Si)
with radiation-induced defects for different fluences
of a-particles and determination of the parameters
of radiation-induced defects by DLTS spectroscopy.

Studied structures

Unpackaged Schottky diodes Mo/n-Si (epitax-
ial 5.5 um thick layer and resistivity of 1 Ohm-cm)
produced by JSC “Integral” were studied [8]. Di-
odes were fabricated on wafers of monocrystalline
silicon of n-type electrical conductivity doped with
antimony and grown by the Czochralski method.
The resistivity of the wafers was 0.01 Ohm-cm at
the laboratory conditions. The thickness of the wa-
fers was 460 um. An n-type 5.5 um thick silicon
layer was epitaxially grown on the substrate. Then,
0.3 pm thick molybdenum (Mo) layer was depos-
ited in a vacuum (see Figure la and Table). The
ohmic contact was formed by deposition of alumi-
num (Al) 3.3 um thick layer on molybdenum. On
the reverse side, an ohmic contact was formed by
deposition of Ti/Ni/Ag (0.1/0.5/0.6 pm) metal
electrode. Then the wafer was cut into chips (un-
packaged barrier structures). After measuring the

Al (33um) Mo (dyo)  SiO; (0.4 um)
I S |
A A
d. n-Si p*-Si
d Y
< n*-Si 1
Y
Ti/Ni/Ag (0.1/0.5/0.6 pm)
a
|
1 1 1
R e
: Rl Ll : Rb
S s B0 :
i CPE i
! ! Cscr

Layer of radiation-induced Space charge n-Si
defects in silicon region layer

b

Figure 1 — Cross section of a Schottky diode (a) and
equivalent electrical circuit (b) of an irradiated diode
under forward bias Uy, = 50-100 mV (/g = 10 pA)

initial characteristics, the diodes were irradiated
with an uncollimated beam of alpha particles (decay
energy of 5.147 MeV) with fluence from 3.6:10"' to
2.1:10" em™. The projective range of a-particles in
silicon did not exceed 24 pum. The surface activity
of the source was 2:10” Bq'em °. The diode equiva-
lent circuit describing Z(f) dependences at [y =
=10 pA is shown in Figure 15 (see also [9]).

Measurement results and their discussion

The dependences of the real Z’' and imaginary
Z'" parts of the impedance Z=2'+iZ" on the AC
frequency f'(in the range from 20 Hz to 2 MHz) and

Table

The main characteristics of the studied Mo/n-Si
Schottky diodes at the laboratory conditions

Parameter Value
Electrical resistivity of the n-type
silicon epitaxial layer doped with 1
phosphorus, Ohm-cm
Epitaxial layer thickness d., pm 5.5
Molybdenum layer thickness dy,, pm 0.3
Diode thickness d, pm 460
Barrier (transition) area, mm® 5.25
Barrier capacitance Cy,, nF 095 125 148
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DC bias voltage Uy (in the range from 0 to
400 mV) were measured on an Agilent E4980A
LCR meter. AC signal amplitude was U,. =40 mV.
When measuring the impedance Z, the diodes were
kept in the dark at room temperature. DC forward
current /4. through the diodes varied from 0 to 10 mA;
the characteristics were chosen at ;. = 10 pA with
the highest value of the “inductive type” impedance.
The calculation of the diode inductance L was car-
ried out according to the methods [9—11] using a
series equivalent LR-circuit (see, e.g., [12]).

Figure 2a,b,c shows the frequency dependences
of the inductance for diodes with the concentration
of doping impurity (phosphorus) in the epitaxial
layer: 3-10", 4.7-10", 7:10"° cm >, corresponding to
the values of the barrier capacitance: C,=0.95,
1.25, 1.48 nF. The barrier capacitance of the diodes
and the concentration of phosphorus in the n-Si
epitaxial layers were determined from measure-
ments of the capacitance—voltage characteristics at
the frequency of 1 MHz under the diode reverse
bias of up to 10 V. For the first group of doping
(Figure 2a), after irradiation, a significant increase
in low-frequency inductance is observed, which
then decreases with the fluence of a-particles. For
all groups of diodes (Figure 2a,b,c) for fluences
®=1.7-10" and 3.5-10" cm™” there is a decrease in
the low-frequency inductance with the transition of
the impedance to the capacitive type. When the flu-
ence ® =5.2-10" cm ™ was reached, all three groups
acquired an inductive impedance in the low-fre-
quency region.

The maximum low-frequency inductance in
both the virgin and irradiated Schottky diodes was
found for the value of stationary current /3. =~ 10 pA
excited in them. According to Figure 2a,b,c the de-
pendence of the inductance L on the frequency f of
the measuring signal for /4.~ 10 pA has two ex-
tremes: the first (indicated by the Roman numeral /
and marked by a dashed line) in the low-frequency
region (75 Hz), the second (indicated by the Roman
number I/ and marked with a dashed line) in the
region (1-10 kHz) with capacitive impedance. (The
negative inductance of a two-terminal network cor-
responds to the capacitance.)

So: 1) the inductive contribution to the imped-
ance of the diodes (/ region) non-monotonically
depends on the fluence of a-particles and decreases
with the concentration of doping impurity (phos-
phorus); ii) the capacitive contribution to the im-
pedance of the diodes (/I region) increases with the
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=
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Figure 2 — Frequency dependences of the inductance L
of three diodes with different barrier capacitance C.
Numbers of curves correspond to fluences of a-particles
@, 107 cm % 0 (#1); 1.7 (#2); 3.5 (#3); 5.2 (#4). The
concentration of phosphorus atoms in the epitaxial sili-
con layer, 10" cm: 3 (a); 4.7 (b); 7 (¢). Values of L < 0
correspond to the capacitive type of impedance

irradiation fluence and the concentration of phos-
phorus atoms.

Radiation-induced defects in diodes irradiated
with o-particles were studied by DLTS spectro-
scopy [13—-16] on CE-7C capacitance spectrometer
in the temperature range from 80 to 300 K. DLTS
spectra were recorded for diode irradiated with flu-
ence of a-particles ® =~ 3.6:10"" cm™. The spectra
were measured at the following setup parameters:
filling pulse amplitude +5V and duration 10 ms,
reverse bias voltage —6 V, emission velocity win-
dow 195"
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| |
100 150 200 250
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Figure 3 — DLTS spectra of the diode irradiated with a-
particles with fluence ® ~3.6:10" cm™ (Cp, = 1.48 nF;
see also Table and Figure 2c¢): after irradiation (spectrum /);
after annealing at 150 °C for 30 min (spectrum 2)

300

Figure 3 shows DLTS spectrum of diode irradi-
ated with a-particles with fluence ® = 3.6:10"' cm™
(spectrum /) and DLTS spectrum of the same diode
after 30 min annealing at the temperature of 150 °C
(spectrum 2).

Spectrum / shows DLTS peaks labeled E, E»,
E;, and E4. Each peak is associated with the emis-
sion of electrons from deep levels of radiation-
induced defects. For each peak, from the Arrhenius
dependences for deep levels, the values of the acti-
vation energy and the electron capture cross section
were obtained. Peak E, corresponds to electron
emission from the level £.—0.19eV and capture
cross section 6, = 1.4-10"° ¢cm2, peak E, corresponds
to E,—0.23eVando,=1.410" cm 2 The overlap
of peaks E5 and E4 in spectrum / does not allow one
to correctly determine the parameters of the corre-
sponding defect levels.

Comparison of the obtained results with the lit-
erature data [13, 15] allows us to conclude that the
E, peak corresponds to the deep level of the A-
center, which is an “interstitial oxygen — vacancy”
pair (O—V)"°. The E, peak belongs to the shallow
divacancy level (V~V)”". The E; peak is most likely
associated with the emission of electrons from the
deep divacancy level (V=V)"° and corresponds to
E.—041eVando,=1.7-10" cm™[13,15,16].

The concentration of phosphorus doping impu-
rity in the n-region of the studied Schottky diode is
4.7-10" cm™. At such dopant concentrations, along
with the interstitial oxygen atoms, the phosphorus
atoms also provide sinks for vacancies generated by
alpha particles during irradiation [13,17]. There-
fore, the E, peak most likely corresponds to the

electron emission from the deep level £, — 0.44 eV
and 6, =1.7-10""° cm ™ of the phosphorus—vacancy
defect (P—V)™°, i.e. E-center. To test this assump-
tion, the irradiated diode was annealed, since it is
known that annealing temperature of the E-center in
about 150°C [17]. Spectrum 2 in Figure 3 was re-
corded after annealing the irradiated sample at tem-
perature of 150 °C for 30 min. It can be seen from
this spectrum that the £, peak disappears after the
heat treatment and only the £; peak remains.

Conclusion

It has been established that in the studied range
of fluences of irradiation with a-particles (up to
®=5210" cm™?) Schottky diodes have a non-
monotonic dependence of the inductance L on the
fluence of a-particles. A significant increase in the
inductance L for f= 75 Hz is observed (e.g., by an
order of magnitude at fluence ® ~5.2:10" cm™ of
a-particles). All irradiated diodes have capacitive
impedance for f=1kHz. It is shown that the ca-
pacitance and inductance of irradiated Schottky di-
odes (Mo/n-Si) depend on the concentration of the
doping impurity (phosphorus atoms). The maximum
specific inductance observed on diodes irradiated
with a-particles, measured at frequency f= 75 Hz, is
~2.5 H/ecm’. This far exceeds the typical value of
~10 pH/cm” for flat metal film inductors.

It has been shown that three types of radiation-
induced defects prevail in the diodes irradiated with
a-particles: A-centers (a vacancy of a silicon atom
in the crystal matrix and an oxygen atom), divacan-
cies, and E-centers (a vacancy and a phosphorus
atom). The latter are annealed at 150 °C for 30 min.
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