A st Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.2
HayuyHo-TexHnueckme sBegomocTtu CM6ITY. ®dusnko-matematudeckme Hayku. 16 (1.2) 2023

Conference materials
UDC 539,1,074
DOI: https://doi.org/10.18721/IJPM.161.245

Kinetics of current outflow from electron-hole plasma
generated in silicon detectors by relativistic heavy ions

N.N. Fadeeva'®, V. Eremin', E. Verbitskaya', |. Eremin’, Yu. Vidimina': 2

! Toffe Institute, St. Petersburg, Russia;
2 St. Petersburg Electrotechnical University “LETI", St. Petersburg, Russia
® fadeeva.nadezda@mail.ioffe.ru

Abstract. The investigation is focused on the processes associated with the detection of heavy
ions of hundreds GeV energy in silicon p*-n-n* detectors. In the study, the 1D simulation
of the electric field and free carrier density evolution in the 2*U ion track during the first
nanosecond was carried out, which demonstrated the initial appearance of narrow high electric
field regions adjacent to the contacts and a strong reduction of the electric field in between. The
kinetics of the electron-hole plasma dispersal was assigned to a track polarization within 100 ps
followed by a delayed track destruction up to its disappearance. It was shown that the process
at the p* contact was governed by the drift of electrons as a merged fraction of free carriers,
which controls the hole current flowing between the track and the p* contact. The density of
the current initiated by the track polarization was evaluated as 8-10° A/cm?._
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Annoramusa. OCHOBHOe BHUMaHWE B MCCJIENOBAHUM YIEJSETCS TPOIEeccaM, CBSIBAaHHBIM C
perucTpalmen TSIXKEIbIX MIOHOB C HEPTUEN B COTHU [9B B KpeMHUEBBIX p*-n-n*-aeTeKTopax.
B pabote nmpoBeaeHo 1D-mMoaennpoBaHue 3BOJIOLUU 3JEKTPUUECKOTO MOJsI U KOHLUEHTpaLUUuN
CBOOOIHBIX HOcUTeel B Tpeke uoHa 2*U B TeuyeHME IIEpBOM HAHOCEKYHIbI, KOTOPOE
MPOJEMOHCTPUPOBAJIO HayajJbHOE MOSIBJICHUE Y3KUX OO0JIACTEl CUJIBHOIO 3JEKTPHUUECKOTO
MMOJist, TPWIETAIX K KOHTAaKTaM, M CUJbHOE CHUXEHHE OJJIEKTPUYECKOe II0JIe MEXIy
HuMmu. KuneTnka pasziera 3J€KTPOHHO-IBIPOYHON TUIa3Mbl CBSI3BIBAJIaCh C TOJSIpU3AIIUEH
Tpeka B TedeHue 100 1c ¢ mocieayrolnnuM 3aMeIJICHHBIM pa3pylIeHUeM TpeKa BILUIOTh A0 €ro
ucye3HoBeHus. [lokazaHo, 4To Mpolecc Ha p"-KOHTAKTE OMpeaesieTcsl npeitpoM 3JeKTPOHOB
KaKk OObeAMHEHHOUN (paKIM¥ CBOOOMAHBIX HOCHUTENEH, KOTOPBI KOHTPOJUPYET IbIPOUYHBIN
TOK, IPOTEKAIOLIMIA MEXIy TPEeKOM U p*-KOHTakTOM. IIJIOTHOCTh TOKa, MHULMUUPYEMOIO
rmoJiIpu3aleil Tpeka, oleHnBasach Kak 8-103 A/cm?,

© Fadeeva N.N., Eremin V., Verbitskaya E., Eremin I., Vidimina Yu., 2023. Published by Peter the Great St. Petersburg
Polytechnic University.

295



4 St. Petersburg Polytechnic University Journal. Physics and Mathematics. 2023. Vol. 16. No. 1.2

>

KioueBbie cj0Ba: KpPeMHMEBBIN JETEKTOP W3MYyYEHUI, 2JIEKTPOHHO-IABIPOYHAS TIa3ma,
9JIEKTPUUYECKOE T0JIe

Ccpuika npu mutupoBanun: @PaneeBa H.H., Epemun B., Bepounkas E., Epemun U.,
Bumumuna 10. MccnemoBanne KWHETUKA MCTEKAHMSI TOKA M3 SJICKTPOHHO-IBIPOYHON TIJTa3MBblI,
CcOo37JaBacMOil B KPEMHMEBBIX AETEKTOPAX PEIATUBUCTCKUMMU TSKEJIbIMU MoHamu // HaydHo-
texunuyeckue Begomoctu CITOITTY. ®duszuko-maremarnyeckne Hayku. 2023. T. 1.2 Ne .16. C.
295—301. DOI: https://doi.org/10.18721/JPM.161.245

CraTbhsl OTKPBITOTO JOCTyMa, pactpoctpaHsemas 1o guteHsuun CC BY-NC 4.0 (https://
creativecommons.org/licenses/by-nc/4.0/)

Introduction

The experiments planned in nuclear physics require the use of intense exotic ion beams with
the known ion mass and energy [1]. The system for obtaining such beams includes an ion accel-
erator and the unit for the ion fragmentation. The fragments, i.e., ions with a certain combination
of masses, energy and charge are the tool and the object of research and should be characterized
in the on-line mode, i.e., directly in the beam. Taking into account high intensity of the primary
beam, the ion on-line diagnostic system needs high speed operation. An ion separation system
includes time-of-flight (ToF) spectrometers capable of operating at beam intensities up to 10°
particles/cm? per a second and a time resolution of tens of ps, which will ensure the ion mass
resolution per unit of atomic mass in the range from light elements to uranium at their energies
from tens of MeV/u to several GeV/u.

For light ions of medium and high energy, the choice of Si detectors in this issue is obvious
and based on the experience of their use in accelerator complexes, such as Large Hadron Collider
at CERN. In this case the detector signal kinetics is predictable since the signal originates from
generation of electron-hole (e-h) pairs with a low density inside the particle tracks and their
collection. For detecting heavy ions, application of Si detectors requires special study, since the
signal arises from a dense e-h plasma, which slows down charge collection and worsens the max-
imum detection rate of particles and the time resolution of Si detectors as well as and the ToF
spectrometer on a whole. This topic was analyzed qualitatively in [2], and it was shown that the
detector signal kinetics can be considered as a two-stage process: at the first stage the track is
polarized, which creates the conditions for a subsequent slow escape of carriers during the second
stage, and the latter determines the duration of the detector response.

In this work, we consider the processes responsible for the formation of a signal in Si detector
in the first nanosecond after the charge generation within the ion track, which is essential for
advancing the ToF ion spectrometry to the range of picosecond time resolution. The investiga-
tion is performed by using original program for simulating the charge transfer in p™-n-n* detector
structures. The time interval of the processes in the ion track is within few ps to 1 ns, which does
not allow their direct experimental study. Therefore, simulation is considered as an “objective
physical experiment” that provides quantitative data for the analysis of ongoing processes.

Model of ion track

A track of high-energy ion traversing the total detector thickness is the electrical object in the
volume of the detector characterized by specific ionization losses and representing geometrically
a thin cylinder with a diameter corresponding to the region in which nonequilibrium electrons
and holes arise. Although a large number of studies are devoted to the physics of the ion track
formation, there are only rough estimates of its geometry yielding the diameter in the range hun-
dredths of a um to a um, which results in the ambiguity of the concentration of charge carriers
created by the ion [3].

In the simulations performed in this work, a track with a diameter of 1 um and a uniform distri-
bution of e-h pairs with initial concentrations of electrons and holes n, and p; equal to 8-10" cm™
created by a heavy ion, is considered. This concentration corresponds to >#U ions with energies
in hundreds of GeV.
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Fig. 1. Distribution of the electric field across the detector thickness. V= 200 V

The processes in the track were studied in a 1D model extending along the thickness of the
detector (coordinate x). Simulations were carried out using original software package applied ear-
lier for calculating the electric field profile £(x) in Si p*-i-n* structures [4]. The package included
modeling the processes of carrier drift and diffusion along the x-coordinate and allowed track-
ing the kinetics of the redistributions of E(x) and the electron and hole concentration # and p,
respectively. The model structure was a silicon detector processed on the wafer with a resistivity
of 3 kQcm, a thickness d of 300 um and degenerate p* and »n* contacts. The generation of e-4
pairs arose from a single heavy ion penetration inside the detector bulk normally to the surface
and was uniformly distributed across the track cross-section. The profiles of the electron and hole
densities were uniform over the structure thickness, turning into the degenerate layers at x = 0
and x = d (the p* and n" contacts, respectively). The bias voltage applied to the detector was 200
V, which matches Si detector operation in the experiments with heavy ions at room temperature.

Evolution of the electric field profile in subnanosecond time range

Fig. 1 shows the electric field profiles obtained by simulation in the detector sensitive area
over its total depth and corresponding to different moments of time from the appearance of the
track (= 0) up to = 1 ns. It should be noted that this time interval is of significant importance.
Indeed, with a target time resolution of the ToF spectrometer in tens of picoseconds, the electric
field redistribution at ¢ < 1 ns is vital, since it controls the kinetics of the current response to
impinging ions. With that in mind, the study considers the high rate processes of the electric field
redistribution in the regions adjacent to the contacts.

Two features are clearly observed in the evolution of the E(x) distribution in the subnanosec-
ond range. At 1> 0.01 ns, sharp electric field maxima £ __arise near the detector contacts. This is
accompanied by a reduction in the electric field in between, i.e., in most of the detector volume
that becomes eventually close to uniform and goes down in time.

Fig. 2 shows the details of the electric field rearrangement in the track in the interval 0-1 ns
in the region adjacent to the p* contact. The formation of a region with a maximum electric field
occurs within a few picoseconds. £ rises with time and reaches hundreds of kV/cm (maximum
value is ~350 kV/cm at ~100 ps) ‘Which significantly exceeds the initial £ of 10* V/cm at
t = 0. The following decay of the electric field from its maximum takes place “Within the region
x = 0—16 pm, and the electric field gradient dE/dx is close to linear.

Transformation ofthe electric field profiles occurs in two time stages showing different tendencies:

0 <7<100 ps, E, _increases, while a subsequent linear decrease of the electric field with
an almost constant slope is observed within a region with a width W of few um (Fig. 2,a);

100 ps <7< 1ns, E __drops, and an intensive expansion of the high electric field region
takes place near the p* contact leading to the dE/dx decrease (Fig. 2,b).
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Fig. 2. Distribution of the electric field near the detector p* contact
in the time intervals: 0—0.1 ns (@), and 0.08—1 ns. =200V (b)

The appearance of the electric field maxima near the contacts is accompanied by the forma-
tion of a region with a constant field in the main part of the volume, whose value successively
decreases with time to £ below 1 kV/cm. It should be noted that such a redistribution of the
electric field goes on at a constant bias voltage applied to the detector.

The nonmonotonic dependence of £ _on time is presented in Fig. 3. The maximal electric
field ~350 kV/cm is achieved at = 150 ps and the width of the region with a linear E(x) decay
is 16 ym at r = 1 ns.
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Fig. 3. Time dependence of E

Evolution of space charge and carrier concentration due to polarization inside the track

At 1 = 0, the maximum electric field at the p* contact £, of 10 kV/cm is determined by the
effective space charge concentration N, =1-10" cm™ in the sensitive n-type region of the detec-
tor. In the track generated by impinging ion, the e-h plasma is electrically neutral and only slightly
affects the initial electric field distribution. Further, £ at the p* contact increases and dE/dx gra-
dient goes down, while remaining close to linear, Wthh evidences a change in N . with time in the
region with a w1dth W. The N, 7 dependence on the width Wis determined by the jf’msson equation:

—=——1, ()

where e is the elementary charge, ¢ and g, are permittivities of Si and vacuum, respectively, and
is shown in Fig. 4. The dependence demonstrates two regions. In the first one, in the interval
0<r<60ps,ie., at W<3.8 um, N is positive and equals 4.7-10" cm. In the second region,
at 1> 60 ps N o goes down as Wr1ses which implies changing the mechanism of the electric
field distribution.
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Fig. 4. Dependence of N . in the region
with a linear electric field gradient on its width W

Evolution of the electric field profile at p* contact originates from the time distribution of the
electron and hole concentrations in the region adjacent to the p* contact. The primary process
is the drift of the electron column as a whole in the electric field E, in the central region of the
detector (£, < 6 kV/cm at > 10 ps). It can be seen that the column border stays sharp and shifts
in time (Fig. 5,a), which expands the region deeply depleted with electrons; for example, at
x < 5 pum, the concentration # is below 1-10* cm=. In turn, positive charge of free holes in this
region (Fig. 5, b) determines the distribution of the electric field. Obviously, free holes will drift
in the electric field towards the p* contact, creating conduction current. This process is visual-
ized in the hole concentration distribution as a region with a decrease in p from 8-10" cm™ to
~5-10" c¢cm> within the interval 40—100 ps. This concentration of holes is still high and compa-
rable with its value in the electrically neutral track.
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Fig. 5. Evolution of the carrier concentration in the ion track in time:
(a) electrons, and (b) holes

The process of plasma drift in the electric field can be described by two equations. The first

one determines the relation between the displacement velocity of the electron column border W,
dW /dt, and the density of hole charge dg,/df outflowing from the track:

p _ o IV

=en—=. 2
dt dt @

The second yields the dependence of hole current density J, on the hole concentration:

J=enk,, 3)
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where p, is the hole mobility. A displacement of the electron column border via its drift is a basic
process determlmng the current dg,/dt at t < 100 ps. Then, at = 0.1 ns, W, is 5 um and »n equals
8:10" cm3, while J is 8:103 A/cm? that corresponds to the current of 7. 5 105 A outflowing from
the track w1th a diameter of 1 um. It should be noted that this estimation corresponds to the
time when the electric field at the p* contact reaches its maximum of about 350 kV/cm. Then,
considering p, £ =v_ (where v = 7.5-10° cm/s is the hole saturated velocity) and using Eq. (3),
the mean hole concentration in the layer W is 6-10'5 ¢cm™ that is in the reasonable agreement
with p at # < 100 ps.

Atr=1-10"s E __starts decreasing, and the expansion of the high electric field region slows
down (Figs. 2,6 and 3). The above two stages in the E(x) transformation can be attributed to two
qualitatively different processes:

track polarization which manifesting itself as a rapid change in the electric field distribution,
which occurs in the 0—100 ps interval and leads to the formation of the polarization charge layer
with a thickness Wp ~ This results in the electric field rise to the maximum E _and is accompa-
nied by a significant decrease in the electric field in the detector volume outside the W ., layer;

slower expansion of the depleted layer to the central part of the detector (Fig. 2 b and 5,a)
that finalizes with the disappearance of the track due to the escape of all nonequﬂlbrlum carriers
to the contacts.

It should be noted finally that the presented results do not affect the electric field formation
at the ohmic #* contact, whose analysis requires an additional software resource and is included
in further research plan. However, the overview E(x) plot (Fig. 1) shows a qualitative similarity
of the processes at the #n* contact with those at the p*-n junction, which allows us to consider the
current results as a basis for further study.

Conclusion

The performed simulation of the electric field distribution demonstrated the following.

In the range of few ps, the track polarization is a dominating process.

The polarization at the p* contact is characterized by deep depletion of the narrow layer
by electrons, while the concentration of holes only reduces.

Both processes, electron column shift and the hole current flow, are balanced and char-
acterized by the high current density in the range of thousands A/cm?.

The hole concentration is nearly constant in time, which predicts the constant current
flow during the polarization phase controlled by the hole saturated velocity.

The modeling enables a physically justified parameterization of the high resolution timing
characteristics of Si detectors.
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