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A method is proposed for determining the electric field in highly-irradiated silicon pad diodes using admittance-
frequency (Y — f), and current measurements (7). The method is applied to Y — f and I data from square n*p
diodes of 25 mm? area irradiated by 24 GeV/c protons to four 1 MeV neutron equivalent fluences between
3 x 105 ¢cm™2 and 13 x 10" cm™2. The measurement conditions were: Reverse voltages between 1 V
and 1000 V, frequencies between 100 Hz and 2 MHz and temperatures of —20 °C and —30 °C. The position
dependence of the electric field is parameterised by a linear dependence at the two sides of the diode, and
a constant in the centre. The parameters as a function of voltage, temperature and irradiation fluence are
determined by fits of the model to the data. For voltages below about 300 V all data are well described by
the model, and the results for the electric field agrees with expectations: Depleted high-field regions towards
the two faces and a constant low electric field in the centre, with values which agrees with the field in an
ohmic resistor with approximately the intrinsic resistivity of silicon. For conditions at which the low field
region disappears and the diode is fully depleted, the method fails. This happens around 300 V for the lowest
irradiation fluence at —30 °C, and at higher voltages for higher fluences and lower temperatures. In the

conclusions the successes and problems of the method are discussed.

1. Introduction

The measurement of the capacitance-voltage, C — V' characteristics
of diodes is a standard tool to determine the doping profiles in diodes
and MOSFETs [1], from which the electric field can be calculated. For
pad diodes made of high-quality silicon it is found that for frequencies,
f, up to a few MHz, where the measurements are typically made, C does
not depend on f, and the doping profile as a function of the distance
x from the junction can be obtained from

2

Ny(x) = d e AZ-d(1/CDdU 1)
with the doping density N,(x) at the depletion depth x(U) = e¢g; -
A/C(U), with the elementary charge ¢, the dielectric constant of sili-
con ¢;, the area of the diode A, and the reverse voltage U. This formula
is valid, as long as the gradient of the doping profile (1/N,)-dN,/dx <
Lp, with the Debye length, L, [1], the transverse position dependence
of N, can be neglected, the transverse dimensions of the diode are large
compared to its thickness, and the measurement frequency is not too
high [2].

For semiconductors with a high density of states in the band gap, a
frequency dependence C(f) is expected. Radiation damage of silicon by
neutrons or high-energetic particles, which is addressed in this paper,

* Corresponding author.
E-mail address: Robert.Klanner@desy.de (R. Klanner).

https://doi.org/10.1016/j.nima.2022.166360

produces such states. The frequency dependence of the capacitance for
radiation-damaged silicon diodes is well established, and has already
been observed in the 1960-ies [3]. In the following a selection of
results from admittance measurements of irradiated silicon diodes is
presented. Table 1 summarises relevant parameters of these studies.

In Ref. [4] p*n diodes have been irradiated with reactor neutrons to
a fluence of @ = 10!° cm~2 and the admittance, Y(U, f,T), measured
for reverse voltages up to 2.5 V, frequencies between 5 and 50 kHz and
temperatures, T, between 90 and 310 K. Using the Admittance Spec-
troscopy method [5-7], three defect levels in irradiated n-type silicon
have been identified and their energy levels, electron cross sections and
introduction rates determined.

In Ref. [8] p*n diodes with resistivities between 10 Q cm and
10 kQ cm were irradiated by neutrons of energies between 10 keV
and 2.2 MeV using the 7Li(p,n) reaction up to a fluence of @ = 7.8 x
10'2 em~2. For voltages between 3 and 100 V, C — V measurements
with frequencies, f, between 500 Hz and 1 MHz were performed. A
strong f dependence of C at high & values has been observed: At
@ =7 x 10'° ecm~2, the voltage dependence is C « U~!/2 independent
of f, which agrees with the results for the non-irradiated diode. At
@ = 7.8 x 1012 em~2, for voltages below full depletion, C decreases
with increasing f, and for f > 100 kHz, C is equal to the geometric
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Table 1
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Selected experiments studying the frequency dependence of the admittance of irradiated silicon diodes. In column 1,
n and p, refer to n-type and p-type doping, respectively, and in column 3, n to low energy (approximately 1MeV)
neutron- and p to 24 GeV/c proton-irradiation. RT in column 7 stands for Room Temperature, which is assumed, as

the temperature is not given in the publication.

Type initial p [Qcm] Irrad. @, [em™2] U [V] f [Hz] T [K] Ref.

n unknown n 103 0-25 500-500k  90-310 [41

n 10-10k n (7 - 800) x 1010 3-100 500 — 1M RT [8]

n 5k 9.7 k n 12x 10" 5-20 0- 150k 10-270 [91

p 3.4k p (3-13)x10" 0 1000 100 -2M 243,253 this work
capacitance C,,,, = €5; - A/d independent of voltage. In addition, the
full depletion voltage of the 10 kQ cm diode decreases from 60 V to
20 V, and the f dependence of C is a function of the initial dopant dc dR

concentration. All three effects can be described by a model which
assumes Shockley—Reed-Hall statistics and two deep acceptor levels.
The authors of Ref. [8] conclude: Considerable information about the
trapping nature of radiation induced defects can be obtained from the
frequency dependence of the C(U) characteristics of junction diodes. It
should be noted that an extrapolation of the model of Ref. [8] to higher
fluences fails in describing the performance of highly-irradiated silicon
Sensors.

In Ref. [9] p™n diodes with resistivities of 5 and 9.7 kQ cm were
irradiated by neutrons to a fluence of 1.2x10'* cm~2 and the admittance
Y measured at reverse voltages of 5, 10 and 20 V, for frequencies
between 0 and 150 kHz and temperatures between 10 and 270 K. At a
fixed voltage, the measured admittance is fitted by the admittance of
an equivalent electric circuit consisting of a capacitor C; = ¢g; - A/w,
which is in series with a capacitor C; = eg;-A/(d—w) and a resistor R, =
p-(d —w)/A in parallel; C, represents the capacitance of the depletion
region of depth w, and C; and R, the capacitance and resistance of
the non-depleted region with resistivity, p, respectively. For T > 50 K,
which approximately corresponds to the freeze-out temperature, the
model provides a good description of the experimental data, and it is
found that above a critical fluence of order 10'* cm~2 the value of p in
the non-depleted region is significantly higher than before irradiation.
The increase in p is solely attributed to the increase in generation—
recombination rate due to the radiation-induced states in the silicon
band gap, which via the relation n,, - n, = n? results in a decrease of the
density of free charge carriers; n;, n, and n, are the intrinsic carrier
density, and the density of holes and electrons, respectively. Recent
TCAD simulations [2] have confirmed that for @ ~ 10'* cm™2, as a
result of radiation-induced states in the silicon band gap, the intrinsic
resistivity of silicon is reached, which is orders of magnitude higher
than the resistivity of the silicon before irradiation. Whereas in the
first papers discussed the frequency dependence of the charging and
discharging of the radiation-induced states is considered to cause the
f dependence of the admittance, in the latter two publications it is as-
cribed to the radiation-induced change in resistivity of the non-depleted
region. Which of these two effects gives the main contribution to
the frequency and voltage dependence of the admittance in radiation-
damaged silicon diodes remains an open question, which is addressed
in this paper.

In this paper admittance measurements are presented for n*p pad
diodes irradiated by 24 GeV/c protons to 1 MeV neutron equivalent
fluences, @,,, between 3 and 13 x 10'5 cm~2 for reverse voltages up
to 1000 V, frequencies between 100 Hz and 2 MHz at temperatures
of —30°C and -20°C. In addition, the voltage and temperature de-
pendence of the dark current I(U,T) has been measured. For every
U, T and D,y the fdependence of the admittance Y is fitted by a
model using a parametrisation of the position-dependent resistivity,
from which, using the I(U)data, the position-dependent electric field
in the diode is obtained.

In the next section the pad diodes investigated and the measure-
ments are presented. A discussion of the model used to describe the
data and of the analysis method follows. The results of the analysis
are presented in Section 4. In the conclusions the main results are
summarised and the applicability of the method discussed.

Fig. 1. Electrical model of the pad diode: dC(y) and dR(y) are the differential
capacitance and differential resistance of the sensor element between y and y+dy. The
impedance of the entire sensor is obtained by integrating dZ(y) = ( 1/dR(y)+iwdC( y))_1
over the depth d of the diode.

2. Pad diodes investigated and measurements

The pad diodes investigated have been produced by Hamamatsu
Photonics K.K. [10] on p-type silicon with a boron doping of about
3.8 x 102 cm~3. The area of n* implant is A = 5 mm x 5 mm. The n*
implant is surrounded by a guard ring. The total thickness of the diodes,
measured with a calliper, is 202 pm with an uncertainty of 2 pm, which,
after subtracting the depth of 2 pm of the n* and p* implants, gives an
active thickness of d = 198 + 3 pm.

The irradiations took place at the CERN PS [11]. The 1 MeV neutron
equivalent fluences, ®,,, were 3.0, 6.07, 7.75 and 13x10'> cm~2, where
a hardness factor 0.62 has been used. The estimated uncertainty of @,,
is 10 %. After irradiation the diodes were annealed for 80 min at 60 °C
and then stored in a freezer at temperatures below —20 °C.

The current measurements were made on a probe station with a
temperature-controlled chuck using a Keithley 6517 A multimeter. The
admittance measurements were performed on the same probe station
with an Agilent 4980 A LCR meter. Both pad and guard ring were
connected to ground and the p* back implant was set to the reverse
voltage U using a Keithley 6517 A multimeter. The AC-voltage used was
500 mV. The inverse of the parallel resistance, 1/Rp, and the parallel
capacitance, Cp, were recorded.

Y- and I-data for the following conditions were recorded: Irradia-
tion: @,, = (3.0, 6.07, 7.75, 13.0) x 10" cm™

Temperature: T = (-20, —30)°C

Voltage: U = 1to 1000V (125 values)

Frequency: f = 100Hz to 2 MHz (16 values)

The data at f = 1.5 and 2.0 MHz are not used in the analysis, as
the decoupling circuit caused an increase of the measured Cp at these
frequencies.

3. Admittance model and analysis method

Fig. 1 shows the electrical model used to describe the admittance
measurements.

The diode is divided into slices of depth dy, each one described
by the resistor dR = p(y) - dy/A in parallel with the capacitor dC =
eg; - A/dy. The total complex resistance, Z(w), is obtained by summing
the complex series resistors of the individual slices

d -1 d .d
/(L+,~.w.dc) =1./ _M»-dy
o \dR A Jo 1+i-w-gg;-p(y)

1 d dy
- . - - 2
A /0 1/p(W+i-w-€g 2

Z(w)
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and Y(w) = 1/Rp+i-w-Cp = Z(w)~'. The model assumes that the
frequency dependence, Y (w), is solely caused by the resistivity with-
out any contribution from the charging and discharging of radiation-
induced traps. In addition, it assumes that the active thickness of the
diode, d, and dielectric constant, ¢g;, do not change with fluence @.
The latter two assumptions could be checked with the data: At high
frequencies, where according to Ref. [2] the geometric capacitance of
the diode is expected, the measured capacitance is independent of @
within the experimental uncertainties of about +0.2 %.
Inspection of Eq. (2) shows':

* For p(y) > 1/(w- ;) in the entire diode, which corresponds to a
fully depleted, non-irradiated diode, Z(®) = 1/(i - @ - Cy,,,,) With
the geometrical capacitance C,,,, = €5; - A/d.

For p(y) > 1/(w-€g;) up to a depth w and p = 0 for the remainder,
which correspond to a partially depleted non-irradiated diode,
Z(w) = 1/(-w-C,) with C,, = €, - A/w, the capacitance of
the depletion depth w.

for p(y) < 1/(w - €g;) in the entire diode, which corresponds to
a bias close to 0V, Z(w) = p - d/A, the resistance of an ohmic
resistor with the shape of the pad diode and the resistivity p.

The resistivity is related to the density of free electrons, n,, and
holes, n,,, and their mobilities y, and yu,, by p(y) = (qo'("e'ﬂe+"h‘ﬂh))_l~
Ignoring the diffusion current, the relation between the resistivity, the
electric field, E, and the current density, j = /A, is given by Ohm’s
law

() =EW/j. 3)

In the Appendix it is shown that using this relation results in system-
atically lower E values. However, the correction is small and can be
neglected. In steady-state conditions j does not depend on y, and E(y)
can be determined from p(y) if j is known. In addition, the relation
U= fod E(y) - dy gives the following constraint for p(y):

U o e -dy
T a4
As Z(w) is given by the integral of a function of p(y) (Eq. (2)), addi-
tional assumptions on the functional dependence of p(y) are required
for its determination. This problem exists already for non-irradiated
pad diodes. In deriving Eq. (1) it is assumed that the p-type sensor
depletes from the n*p junction, that the space-charge density in the
depletion region does not change with voltage, and that the electric
field caused by the diffusion of holes at the p p* junction can be ignored.
Whereas these assumptions are essentially fulfilled for non-irradiated
pad diodes, most of them are not valid after irradiation with hadron
fluences exceeding approximately 10'3 ecm~=2: The resistivity and the
effective doping at a given yvalue depend on the occupancy of the
radiation-induced states in the band gap which is influenced by the
position- and voltage-dependent densities of electrons and holes from
the dark current. Even the sign of the effective doping can differ in
different regions of the diode, and high-field regions, the so called
double junction [12], are observed at the two surfaces of the diode.

It is concluded that determining p(y) using the integral equation
Eq. (2) with the constraint of Eq. (4), is an ill-conditioned mathematical
problem without a unique solution. In this paper the problem is tackled
by parametrising p(y) guided by the results of Ref. [12,13], where it
is shown that three regions can be distinguished in partially-depleted
irradiated pad diodes (the signs refer to a p-type sensor with y = 0 at
the n'*p junction):

R @

1. A high-field region close to the n* p junction with an electric field
which decreases with increasing y, corresponding to a negative
space charge.

1 The value of 1/(w- eg;) » 1.6 X 108 Q cm at f =1 kHz.
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2. A low field region with a constant field, corresponding to zero
space-charge density.

3. Ahigh-field region close to the p p* junction with an electric field
which increases with increasing y, corresponding to a positive
space charge.

Regions 1 and 3 are the quasi-depleted, and region 2 the non-
depleted regions. Above a certain voltage, which increases with irra-
diation and also depends on the temperature 7, region 2 disappears.
The sensor can be considered to be fully depleted, however, with a
significant density of free charge carriers which are generated by the
radiation-induced states and swept away by the electric field.

The difference in the sign of the effective space-charge in regions
1 and 3 is caused by charge carriers trapped in the radiation-induced
states [12]: The electric field for reverse bias points in the +y-direction,
and holes drift in the +y and electrons in the —ydirection. Therefore
the current in region 1 is predominantly from electrons, and in region 3
from holes. The resulting difference of n,(y) and n;,(y) results in different
occupancies of the radiation-induced acceptor and donor states and
thus in a position dependent effective space charge.

Region 2, where generation and recombination are in equilibrium,
has the properties of an ohmic resistor with intrinsic resistivity

-1
Pintr = (2 4o " it \[Heo " Mh,o) : (5)
The intrinsic carrier concentration, which has an exponential T' depen-
dence, is denoted n;, q, is the elementary charge, and yu,, and
are the low-field mobilities of electrons and holes, respectively. For
T = -20°C, p;,,, ~ 2.3 x 107 Q cm, which is orders of magnitude larger
than the resistivity of a few kQ cm used for sensor fabrication. The
equation for p,,, follows from the mass-action relation n, - n, = n?
and from n, -y, = n, - u, for equal generation and recombination
of electron-hole pairs.

Based on these considerations and in particular on the results of
Ref. [13], the following parametrisation of p(y) is assumed:

p(y)

2 2
= /7 + (P - maxO. 1= 3/ 410+ (Brear - maXO, 1= (@ =)/ ) )
®)

with front referring to region 1, rear to region 3, and p; the constant
resistivity in region 2. Below full depletion, p; ~ p,,, is expected. As
both p,,, and p,,, are found to be large compared to p;, p,, and
Prear are approximately the resistivities at y = 0 and y = d, respectively,
and A, and A, are the widths of regions 1 and 3. The square
root of the sum of squares is chosen to have smooth derivatives of
p(y) at the boundaries between the three regions. According to Eq. (3),
E(y) = j-p(y), which implies that 4,,, and 4,,,, are also approximately
the widths of the high-field regions adjacent to the n*pjunction and to
the p p* junction, respectively. It is also noted that a linear dependence
of the electric field corresponds to a constant effective doping density.

For a data set (U, @, and T), the five parameters of Eq. (6), p;,
P fronts A fronts Prears @0 A4, are determined by minimising

2 2 2 2
X =Wy Xy +Wep - XC, WX @

with the three terms
meas

2 Cp 2
2 _ meas _ _ model 2 _ — ;
){(P_;<(pf (P/ > > )(Cp_z<1 Cpmodel> and

! 4 ()
2 I ¢ :
1= <1—m A p(y)dy> .

In the fit Cp and the phase ¢ = arctan(w-Cp- Rp) are used. The reason
for using ¢ and not Rp is that the uncertainty of ¢ is approximately
independent of ¢, whereas the uncertainty of Rp increases drastically
when ¢ approaches 90°; Rp can even jump from +oo to —co because
of measurement uncertainties. The frequencies selected for the fits are
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(b)

Fig. 2. I —V measurement results for low forward (-) and low reverse (+) voltages at (a) T = —20°C and (b) T = -30°C.

denoted f, the measured parallel capacitances and phases Cp7** and
@7, and the model capacitances Cp model - and phases ¢ j'ﬁ“’d el are
obtained using Egs. (2) and (6). I is the current at the reverse voltage
U, and A the area of the pad diode. The w; values used are w¢, = w, =
1 and w; = 10~2. With this choice the contributions of the three terms to
the y? are similar. Fits with different w values were made as systematic
check. As the admittance is not sensitive to the yposition of a given p,
interchanging (p o> 4 ron) 80 (Pyegr> Areqr) in EQ. (6) gives exactly the
same y2 values. To prevent a swapping between front and rear to occur,
the condition p ., > ., is imposed in the fit.

It is noted that the parametrisation of Eq. (6) is adequate for irradi-
ated pad diodes below full depletion, where p(y) varies by typically two
orders of magnitude. For voltages above full depletion the variation of
p(y) is significantly less and the parametrisation is no more adequate.
Although a description of the Cp(f) and ¢(f) measurements can be
achieved also in this case, strong correlations between the parameters
are observed and the results for p(y) cannot be trusted. For this reason,
the emphasis will be on the analysis and results below full depletion.

4. Data analysis and results
4.1. Electric field below full depletion and intrinsic resistivity

In this section the data for the irradiated pad diodes at voltages
below 300V are presented and analysed, for which an ohmic low-field
region with intrinsic resistivity, p,,,, in the central region is observed.
The aim of the analysis is to check if the model discussed in Section 3 is
able to describe the frequency dependence of the admittance, Y (f), and
the current, I, for the different voltages, temperatures and irradiation
fluences. It is also investigated if the values obtained for the low-field
resistivity, p;, agree with expectations, and if the ydependencies of
the electric field, E(y), is compatible with previous determinations at
similar radiation fluences and temperatures. The results also help to
better understand the model assumptions.

Fig. 2 shows the measured currents I(U) for forward and reverse
voltages up to |U| = 5V at T = -20°C and -30°C for the four
irradiation fluences, ®,,. For forward bias I(U) is linear, like an ohmic
resistor, with a resistance which is approximately independent of @,,.
The same linear dependence is observed for the reverse bias voltage
up to U =~ 1V, as discussed in Ref.[14], where detailed I(U)data
for |U| < 1 are presented. For higher reverse voltages I(U) flattens
towards a U~%%-dependence (Ref. [14]). The resistivities for the linear
region, p;y, as well as the calculated intrinsic resistivity, p,,, are
given in Table 2. For forward voltages the values of p;; and p;,,
essentially agree, whereas at the reverse voltage of 1V, p; is 10 to
20% higher than p;,,.. The explanation of these observations is that the
current in highly-irradiated sensors at low voltages is limited by the
resistivity of the non-depleted bulk and not by the generation rate in
the non-depleted regions.

Next, the fits of the model to the admittance data are discussed.
A selection of Cp(f) and ¢(f) data for U between 1V and 300V, the

four @, values and T = —20°C and —30°C are shown in Figs. 3, 4, 5,
and 6, and compared to the results of the fits described in Section 3. It
is remarkable how well the quite complex dependencies are described
by the model: Typical deviations are 1% for Cp and 1° for ¢. It is
noted that the frequency-dependent charging and discharging of the
radiation-induced states in the band gap, as discussed in Refs. [4,8], is
not required to describe accurately the experimental data.

Figs. 7 and 8 present Cp for voltages between 1V and 1000V
and selected frequencies, for the four irradiations. Independent of @,,
and U, the geometrical capacitance C,,,, = &g, - A/d is reached for
f > 2kHz. At lower frequencies, Cp increases with U, reaches a
maximum and approaches C,,,, at higher voltages. The value of Cp
at the maximum and the voltage at which the maximum is reached
depend on f, T and @,,. For f = 100Hz and T = -20°C, Cp™**
is between 150 and 170 pF, reached at 4V for @,, = 3 x 10 cm=2
increasing with fluence to 15V for 13 x 10 ecm™2. At T = —30°C,
the corresponding values for Cp™** are 60 to 70 pF, reached at 8V for
@, =3x10" cm™2, and at 35V for 13x 10'> cm=2. These dependencies
are completely different from the C(U) dependence of the pad diodes
before irradiation, for which, independent of f, Cp « 1/ \/ﬁ below the
full depletion voltage, and Cp = C,,,,, above.

Fig. 9 shows the ydependence of the resistivity, p(y), from the fits
to the data at T = -30°C, for &,, = 3 x 10 and 13 x 10" cm™2, and
U between 1V and 1000 V. As long as there is a low-resistivity region,
p(y) varies by about two orders of magnitude and the result of the fits
can be trusted. Above a certain voltage, which corresponds to the full-
depletion voltage, U, the low-p region is absent. The figure shows
that at —30°C, U, ~ 300V for @,, = 3 x 10 cm~2 increasing to about
500V at 13 x 1019 em=2. This is expected, because the increase in the
density of radiation-induced states results in an increase of the effective
doping in the depleted regions.

Table 2 shows that for a given temperature p; determined by the
fit at = 1V is independent of @,, and approximately agrees with p,,,
calculated using Eq. (5). It should be noted that, mainly due to the
uncertainty of »;(T), the uncertainty of p,,, is estimated to be 10%.
A small linear increase of p; with voltage is observed, which was not
expected and so far is not understood. However, the slope, which is
approximately 7x10* Q/V at —20°C, and 2x 10° Q/V at —30°C, is small.

Using Eq. (3), the ydependence of the electric field, E(y), is calcu-
lated. The results for selected voltages up to 300 V are shown in Figs. 10
and 11. A high-field region is observed at the n*pjunction, a low-field
region with constant field in the centre, and another high-field region,
the double junction, towards the rear p p* junction. At low voltages, the
low-field region extends over most of the pad diode, and the widths
of the high-field regions are just a few pm. With increasing voltage,
the electric fields at both junctions and the widths of both high-field
regions increase. The field at the n* pjunction is about a factor 5 to 10
higher than at the pp*junction, whereas the width of the high-field
region is larger for the latter. Similar results are reported in Ref. [13],
where the position dependence of the electric field of a 300 pm n* p strip
sensor has been obtained from edge-TCT data. As discussed before, the
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Table 2

Comparison of p; in units of Q cm from the fits to the Y — f data at U = 1 V with the resistivity,
pru» from the reverse and forward I —V measurements for |U| between 0 and 1V, and the intrinsic
resistivity, p,,,, calculated using Eq. (5). For the mobilities Ref. [15] and for the intrinsic carrier
concentration Ref. [16] have been used. The uncertainties of the determination of p, are dominated
by systematic effects. Comparing the results of fits with different parametrisations of p(y) and
different f-intervals, errors of 10 to 20% are estimated. The uncertainties for P, are similar,
and for f,,, about a factor 2 smaller.

®,, [em™2] 3.0x 105 6.1x 1015 7.8 x 1015 13x 1015 Dinir
pi (=20°C) [Q cm] 26 x 106 26 x 106 26 x 106 28 x 106
pry,, (~20°C) [Q em] 28 x 10° 24 x 106 25 x 106 26 x 106 23 x 106
pru,,, (-20°C) [Q cm] 22 % 10 22 x 106 23 x 106 26 x 106
pi (=30°C) [Q cm] 78 x 106 82 x 106 81 x 10 83 106
pru,, (=30°C) [Q cm] 93 x 106 79 x 106 79 x 10° 85 x 10° 69 x 10°
pru,,, (=30°C) [Q cm] 72 x 109 70 x 10° 70 x 10° 81x 106
200 : : = 200 ! ! =
Bq= 3x100cm2 | U1V Be,= 6.4 x10%em2 | 50710
ES-=U=20V E-=uU=20V
160 L (O U=40V 160 [ U=40V
e-eou=80V e eu=8V
— vty U =120 V [rre U=120V
‘S_ 120 (=t U =250 V 120 [¢=& U =250V
St ot U =300 V et U =300 V
=0 =) e~ Ll
& S=: z ® S==
40 \.\_.- < 40 e +
0 0
| @78 x10%em? | [ZEU=1Y | @eq=13xt0em? | 70701
== U=20V - = U=20V
160 (O U=40V 160 [o=& U=40V
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voltage at which the central low-field region vanishes corresponds to
the full-depletion volte, U,.

4.2. Electric field at high voltages above full depletion

In the previous section it has been noted that the proposed method
for determining E(y) from admittance and current measurements be-
comes unreliable at higher voltages, when the sensor is fully depleted
and the variation of p(y) is small. This is the case for U > 300V for a
fluence @,, = 3x 10" cm~2 and at somewhat higher voltages for higher
irradiations. However, experiments in a high-luminosity environments
aim for fully depleted sensors to achieve high detection efficiencies. To
illustrate the problems of the method for these conditions, this section
presents the results for pad diodes irradiated to @,, = 13 x 105 em—2
for voltages up to 1000 V.

Fig. 12 shows E(y) for voltages between 300V and 1000V and @,,, =
13 x 105 ecm~2 at the temperatures of —20°C and —30°C, and Fig. 13
compares the measured to the fitted current densities. Whereas at lower
voltages, the current density is well described by the fit, for voltages
above 700V the fitted current density is systematically higher than the
measured one. The electric field, E(y), in particular at T = -30°C,
shows an unexpected and most probably unphysical behaviour: At the
n* pjunction the depletion region shrinks at the highest voltages, and at
the pp* junction a high-field region with a finite extension disappears
and is replaced by é-function at y = d. In addition, the error matrix
of the fit is close to singular, with strong correlations between the
parameters. Attempts to find a parametrisation which gives physically
plausible and at the same time unique results failed. It is thus concluded
that the method with the parametrisation of Eq. (6) does not give
reliable results if the ratio of the maximal to the minimal electric field
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in the diode is less than about a factor 10, which is the case for fully
depleted diodes.

5. Summary and conclusions

The topic of this paper is the experimental determination of the
electric field in highly-irradiated silicon pad diodes. Although the
knowledge of the electric field is essential for understanding and simu-
lating the sensor performance and in spite of major efforts over many
years, no satisfactory solution has been found so far. In this paper the
question is investigated to what extent admittance-voltage measure-
ments as a function of frequency together with current measurements
can contribute to solving this problem.

A 1-D model for radiation-damaged pad diodes is proposed which
allows calculating the frequency dependence of the admittance Y =

1/Z. The complex resistance, Z(w), is evaluated by summing the
position-dependent differential complex resistances dZ = (1/dR+i- -
dC)~! over the diode depth. dR is obtained from the position-dependent
resistivity, p, and dC is the differential geometric capacitance. Possible
contributions from the charging and discharging of radiation-induced
traps are ignored. From the position-dependent p and the position-
independent current density j, the electric field is obtained using Ohm’s
law in differential form: E = j-p. For the parametrisation of the electric
field, a linear increase towards the front and rear faces of the diode
and a constant low field in the centre, are used. The high-field regions
correspond to the depletion regions at the front and rear sides (double
junction), and the central low-field region to the non-depleted region.
The model is fitted to admittance data from 200 um thick n*pp*
pad diodes of 5 mm x 5 mm area irradiated by 24 GeV/c protons to

1 MeV neutron equivalent fluences, D, of (3, 6.07, 7.75, and 13)
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x10" cm~2. Data have been taken for frequencies between 100 Hz and
2 MHz, reverse voltages between 1V and 1000V, and temperatures of
—20°C and -30°C. The model provides a precise description of the
experimental data for voltages up to about 300V. At both temper-
atures, the resistivity p of the low-field region agrees approximately
with the intrinsic resistivity of silicon, as expected for a region where
the generation and the recombination of free charge carriers are in
equilibrium. The electric field distributions obtained from the fit for
voltages up to ~ 300V, agree with expectations and the results from
other methods: High-field regions at the front and rear side of the diode,
with the values and the spatial extensions of the electric field increasing
with voltage, and to a lesser extent with @,,. The value of the electric
field at the n*p side is found to be a factor 5 to 10 higher than at
the pp* side. At a given voltage, the extension of the ohmic region
increases with @,,, or in other words, the depletion region decreases.
It is concluded that the model, with the chosen parametrisation of the
position dependence of the electric field, allows a determination of the
electric field in partially-depleted, irradiated pad diodes. Contribution
from the charging and discharging of the radiation-induced states in
the band gap are not required.

At higher voltages, where the low-field region vanishes and full
depletion is reached, the variation of the electric field is significantly

reduced, the data cannot be fitted with the proposed field parametrisa-
tion, and the proposed method does not give reliable results. Unfortu-
nately, these are the operating conditions most relevant for the use of
silicon detectors at high-luminosity hadron colliders.

The basic problem of the method is that both admittance and cur-
rents result from integrals over the pad diode and thus their sensitivity
to position is limited. As a result, a parametrisation of the shape of
the electric field is required for obtaining the position dependence of
the electric field, and the method only works if the electric field has a
large variation over the sensor. Nevertheless, the fact that in the ohmic
region the intrinsic resistivity is obtained, which differs by a factor
three between —20 °C and —30 °C, and that the spatial distribution
of the electric field qualitatively agrees with the results from other
methods, indicates that the method appears to be valid. It should be
noted that methods like edge-TCT (Transient-Current-Technique [17])
or TPA-TCT (Two-Photon-Absorption [18]) also have difficulties in
determining the electric fields in thin sensors at high voltages: The
pulse durations are only 1 to 2ns and the signals are small, which
makes it essentially impossible to reliably extract the electric field from
the initial shape of the transients [13]. For further progress, position-
sensitive methods could be combined with the method proposed in
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this paper or completely different methods like the one proposed in
Ref. [19] should be developed.

The answer to the question asked in the title: Can the electric field
in radiation-damaged silicon pad diodes be obtained from admittance and
current measurements? is a partial yes only. The main results of the

investigation are: Precise measurements of the admittance and cur-
rent provide valuable information on the electric field distribution in
radiation-damaged silicon sensors. The frequency dependence of the
admittance can be described without considering the charging and
discharging of the radiation-induced levels in the silicon band gap.
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The electric field can be determined as long as the sensor is partially
depleted, but the proposed method fails for fully depleted sensors.

It is concluded that the determination of the electric fields in
highly-irradiated silicon sensors for the conditions most relevant for
experiments in high-radiation environments remains a major challenge.
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Appendix. Resistivity, electric field, generation- and recombin-
ation-rates

In this Appendix the systematic error of the determination of the
electric field, E, using Eq. (3), which ignores the diffusion contribution
to the current density, is estimated. The one-dimensional steady-state
equations for the electron- and hole-current densities, j, and j,, are [20]

Je = Me-(ay-n.- E+kpT-dn,/dx) and j, = py-(qy-n,-E—kgT-dn,/dx),
(€)]

and the continuity equations

4o - GR+dj,/dx=0 and ¢y GR—dj,/dx=0, 10

with GR(x) = dn,(x)/dt = dnj,(x)/dt, the position-dependent difference
of volume generation and recombination rate of electron-hole pairs
including charge-carrier multiplication at high electric fields. Inserting

dn,/dx = (dn,/df)/(dx/df) = —~GR/(u, - E)
dny, /dx = (dn, /dt)/(dx/dt) = +GR/(uy, - E)

and

1D
into Eq. (9), and using 1/p = qy - (4, - n, + py, - n;,) gives the total current
density, j, which in steady-state conditions does not depend on x
J=Je(x) +jp(x) = E(x)/p(E) = 2kpT - GR(x)/ E(x). 12)

The solution of this second order equation in E, which in the limit of
GR =0 agrees with Ohm’s law is

8- kyT - GR(x)

2kT - GR(x)
J2 - p(x) ' ’

~j - p(x)+

13

The approximation for a small correction to E = j - p is given on the
right. For the calculation of E(x), in addition to p(x), GR(x), has to
be known. An approximation is: GR = 0 in the non-depleted region,

10
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where generation and recombination are the same, and GR = j /(g - w)
in the depleted regions of total depth w. The latter assumes no charge
multiplication and a position-independent GR in the depletion regions.
The final results is a correction term which only depends on w and
T.

kT

2
Ex)=p(x)-j+——.
qo - w

14

Typical values for the correction term at —20°C are 2.2V/cm for w =
200 pm, and 45 V/cm for w = 10 pm, which justifies using Eq. (3). High-
field effects, like multiplication cause a strong position dependence of
GR and larger values of the correction term are expected. However,
they will occur in the high-field regions with minor influence on the
relative value of E.
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