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Abstract
The interpretation of experimental data and predictions for future experiments for high-energy
physics have been based on conventional methods like capacitance versus voltage (C-V) measurements.
Experiments carried out on highly irradiated detectors show that the kinetics of the charge collection and
the dependence of the charge pulse amplitude on the applied bias are deviated too far from those predicted
by the conventional methods.
The described results show that in highly irradiated detectors, at a bias lower than the real full
depletion voltage (Vfd), the kinetics of the charge collection (Q) contains a fast and a slow component. At
V = Vfd*, which is the "full depletion voltage" traditionally determined by the extrapolation of the fast
component amplitude of Q versus bias to the maximum value or from the standard C-V measurements, the
pulse has a slow component with significant amplitude. This slow component can only be eliminated by
applying additional bias that amounts to the real full depletion voltage (Vfd) or more.
The above mentioned regularities are explained in this paper in terms of a model of an irradiated
detector with multiple regions. This model allows one to use C-V, in a modified way, as well as TChT
(transient charge technique) measurements to determine the Vfd for highly irradiated detectors.
1. Introduction
One of the main requirements for detectors used in high energy physics is their operation at full
depletion mode that must attenuate the dependence of the signal amplitude on the properties of the Si

detector sensitive volume. In this case, the signal must contain just one fast (or drift) component. It has
been shown that the concentration of the deep acceptors, which acts as compensating centres, increases
with the fluence. Consequently, the initial n-type Si with an initial resistivity of 1.5 i£l cm becomes heavy
compensated and the sign of the space charge in the active volume of the detector converses from positive
to negative (space charge sign inversion, or SCSI). Additionally, the concentration of the space charge
increases in time. In order to minimise the signal deficit of the detector after irradiation, the detector must
operate at increased bias and stay fully depleted. In this case only the trapping effect will reduce the
amplitude of the signal. In this report, the difficulties of the Vfd measurements using the two main methods
(capacitance versus voltage and Transient Charge Technology (TChT)) will be discussed.
2. Samples and experimental conditions
For the experiments on the Vfd determination and the charge pulse formation, several planar
detectors from the same silicon float-zone (FZ) wafer (# 595) with an initial resistivity of 1.5 k£l have been
used. The detector thickness (d) is 250 urn and the initial Vfd is 120 V. An optic window of 2 mm diameter

in the Al metallization was made on both sides of the detector in order to allow easy laser injection. The
detectors have been irradiated up to 5xlO14 n/cm2 by fast neutrons within 24 hours at the University of
Massachusetts at Lowell (USA).
Full depletion voltage measurements were performed by the C-V and TChT methods. The C-V setup contains a Keithley 487 High Voltage Source Measuring Unit and a Hewlett Packard 4263 A Impedance
Analyser operating at 10 kHz or 100 kHz.
TChT measurements were realised by laser injection, which generates non-equilibrium electronhole pairs at a depth of about 10 um in the Si layer. The laser wavelength is 670 run and the laser pulse
duration is about 0.7 ns. A switch to a 50 Q. resistance allows one to measure the current pulse shape, or to
the input capacitor of 2000 pF capacitance allows one to integrate the collected charge. The TChT set-up
is illustrated Fig. 1. Details of the TChT set-up can be found in ref. [1].
3. Model
The model of Si detectors processed from n-type silicon and irradiated by fast neutrons up to
fluences high enough (O > 1013 n/cm2) for SCSI in the Space Charge Region (SCR) of the detector will be
discussed. For simplicity, we will consider only three levels in the forbidden gab of the silicon detector:
shallow donors (No), shallow acceptors (NA) and deep acceptors (Nt). These deep acceptors, introduced by
radiation, compensate the initial n-type silicon.
The potential distribution in such a detector (after SCSI) under reverse applied voltage is shown in
Fig. 2. Starting from the n+ -"p' ; junction we can distinguish four layers in the structure:
I)

The Space Charge Region (SCR) with net effective concentration (Neff ~ Nt) of ionised donors and
acceptors.

II)

The Quasi Neutral Region (QNR) for which the energy of the deep trap (acceptor) is higher than
the Fermi level (EF) and therefore the filling of the deep level changes from the near filled
condition in the space charge region to the steady-state level, which is specific for the neutral bulk
[2-3]. Their conductivity will be significantly decreased compared to the neutral bulk as the gap
between EF and Ey (Energy of the Fermi level and the Valence band) is higher than in the bulk.
Therefore, in a first approximation, the conductivity can be considered as zero. The thickness is
estimated as the Debye length [2] in the bulk silicon with deep levels for the potential difference of
EF-Et.

IE)

The Electric Neutral Bulk (ENB) with the conductivity determined by the EF position, which is
nearly intrinsic. The applied bias to the ENB is a potential drop caused by the bulk leakage current.

XV)

The layer adjacent to the p + contact, which is originated by diffused holes from the heavy doped p +
contact to the neutral base due to Fermi level difference between the p + contact and ENB
(~ 0.55eV) [4-5]. We denote this region as the enriched region (ENR). The depth of ENR is
controlled by Debye length, which is reduced by the deep level trap concentration [6].
The characteristics of these four layers are summarised in Table 1.

This model of the heavy irradiated detector can be easy analysed by the equivalent circuit as
illustrated in Fig. 3. In the figure, CSCR is the capacitance of SCR; CQNR is the capacitance of QNR, which
is considered as an insulator; CHNB in parallel with RENB gives the equivalent R-C circuit of ENB, which is
equal to the Maxwell relaxation constant:
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where s is the dielectric constant of Si, So the permittivity of vacuum JI the carrier mobility, and e the
electronic charge. CENR in parallel with RENR gives the equivalent R-C circuit of ENR.
According to this equivalent circuit, the capacitance measured at the frequency © = 2nf can be
approximated as the following:
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s 107 s"1, which is the case for intrinsic ENB (200 kQ-cm) observed in
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irradiated silicon [5]. Compared to the neutral bulk, the conductivity of the enriched region is increased by
diffused holes and the contribution of ENR to capacitance can be neglected.
In this equation, only WSCR is dependent on the revere bias. The value WQNR stays constant when
the bulk current is stable or small enough not to change the steady-state potential distribution in the quasineutral region.
The simulated plot of W (W~l/C) as a function of square root of bias (see Fig. 4, it is equivalent to
1/ C vs. <JV) illustrates that one can separate WSCR from WQNR using Eq. 2. In the figure, WQNR (orl/
CQNR) is determined by the Y-axis intersection of the curve W(V). It is clear that a mistake occurs when
one determines the Vfd by the traditional method of extrapolating the C-V curve to the point of the
capacitance saturation value, which gives a false value of full depletion voltage, Vfd*. The correct result of
Vfd can be obtained by 1) determining

1/CQNR

from the plot — =f(rJv),

2) subtracting

1/CQNR

from 1/C,

and 3) re-plot 1/C'=1/C-1/CQNK vs. V F and of extrapolating curve to the point of the capacitance saturation
value to get Vfd, as shown in Fig. 4.
This model allows us to describe the main peculiarities of the charge pulse response Q(t) for two
cases: non-equilibrium pairs generation near the p + and n+ contacts.
Generation near the n+ contact (at the high field side):
In this case, the carriers are promptly generated in the high electric field and they start drifting
immediately. Holes, drifting first through the SCR and then into the quasi-neutral region, will cause
induced charge with a value according to the Ramos theorem:
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Where Qo is generated charge, d the detector thickness. The rising time can be estimated as a time constant
of charge collection for the SCR (XSCR):

The time spent by holes passing the QNR can be estimated in the first approximation:
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In general, TQNR is much larger than TSCR due to very small potential drop in Q
( Q
The holes coming into the neutral bulk will be injected to the p + contact by the flow of the ohmic
current in the ENB [1], which leads to the slow component in Qn(t). The time constant of this process is
larger than drift times in SCR and QNR and can be estimated from the Maxwell time (xM = ssop) for the
ENB as the following:
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Consequently, the amplitude of this slow component is:
a
The region adjacent to the p + contact enriched by holes (ENR) will not effect the charge pulse formation as
their effective resistivity (the average value over this region) and TMENR is significant lower than the one in
the ENB.
b)
Generation at the p + contact (at the low electric filed side)as shown in Fig. 5:
The movement of the generated carriers (electrons) in the build-in field of the free carrier enriched region
near the p + contact forms a fast component at the charge pulse. Consequently, the charge collected during
this process will be proportional to the width of WENR as:
W

(8)

Since WENR does not depend on the VB, this fast signal must stay stable in the whole range of the
The specific time of this process estimated from TMENR is in the ns range.
In the large time scale, there will be two processes complementary to the fast component:
1)
The discharge of p-p + layer so that the collected electrons in the p-bulk and holes in the p + contact
will recombine. It will lead to the decay of the charge pulse, just after it's rising.
2)
The relaxation of electrons which come to the neutral bulk by the current flow through the QNR
and the SCR. This process is equivalent to the charge collection process as described previously for
the slow component (Eq. 7) and will lead to a slow rising of the charge pulse (see Fig. 6).
VB.

The time constant of the slow component can be estimated from Eq. 6 (in the order of a few

JJ.S).

4. Experimental data
4.1 C-V technique
The C-V data re-plotted as W versus V1/2 is shown in Fig. 7. The value W is calculated as the
following:

WJ^-

(9)

Where A is the area of the n + /"p" junctions The curve from Fig. 6 correlates well to the model (see Fig. 4)
and is approximated by a linear fit in the full range of the bias. The intersection of the fitted line with the
Y-axis gives the thickness of the quasi-neutral region WQNR = 21 pm. Extrapolation of the fit to the
detector thickness gives a false full depletion voltage (Vfd* = 462 V) as it was determined before. Note that

it is exactly the same approach for full depletion voltage measurement used in most works by extrapolation
of log(C) versus log(V) plot (Fig. 8) to the geometrical capacitance Cf<j [7].
The value of Vfd* is a voltage when the quasi-neutral region just touches the p + contact of the
detector. Hence, it can not be considered as the real Vfd as it is not enough for the collection of the whole
charge. The real value of Vfd is higher, and according to Eq. (2), can be determined by shifting the fit line
parallel to the right, passing the origin. The value of the corrected Vfd is 529 V. This value is 14.5% higher
than Vfd*. The other examples see in ref. [8].
4.2 The Transient Charge Technique (TChT)
In the case that the light coming on the n+ contact as shown in Fig. 9 (the high field side), the
charge pulses have two components; a fast one and a slow one. The amplitude of the fast component
increases with the bias according to Eq. 3. The slow component decreases in rise time and in amplitude
with bias according to Eq. 6 and 7.
In the case of non-equilibrium carrier excitation at the p* side (the low electric field), the
experimental charge pulses (see Fig. 10 and 11) at the low biases are very similar to the shapes predicted
by our model (see Fig. 5). The plot of the fast component amplitude vs. bias (see Fig. 12) shows a slow
rising part at biases below the V = 300 V. The value of WENR can be estimated from the ratio of the
amplitude of this slow rising part and the overall amplitude, which gives WENR ~ (50/2400)*d = 5 \xm.
The fast increasing part of Qfastp(V) at biases larger than 300 V is more complicate compared to the
model. It contains two parts with significantly different slopes (see detail of Fig. 12). The linear
extrapolation of the fast growing part of this curve to the maximum of Qfastp gives a value of Vi ~ 445 V.
The slow part that follows reaches the maximum of Qfastp at V2 = 533 V. The plot of the linear fits of this
two parts of Qfastp(V) together with the extracted values are shown in the detail of Fig. 10.
The values of Vi and V2 are very close to those of Vfd* and Ya, measured by the C-V method,
respectively. This good correlation allows us to consider the process of the charge pulse formation for

highly irradiated Si detectors in two parts. The first part occurs during the reduction of the ENB thickness

under increased bias (the fast rising part in the Qfastp (V) curve) and stops at Vi when the QNR starts
touching the back contact. According to the model the second part of Qfastp(V) corresponds to the shift of
the SCR border to the p + contact by the reduction of the WQNR. The charge collection deficit of about
(100/2400) *100 = 4% is diminished by increasing of the bias up to 533 V during this second part.
5. Conclusions
1.
2.

3.

The proposed model for heavy irradiated Si detectors allows one to explain the main regularities
observed in the C-V and TChT experiments.
The approach of the C-V data treatment in this work provides a modified way to determine the real
full depletion voltage V|d for highly irradiated detectors. In addition, it allows one to estimate the
influence of a deep level on the electric field distribution on the SCR border.
The results of the C-V measurements are well verified by the TChT experiment. The slow rising
component of Qfastp(V) is explained quantitatively by the proposed model.

4.

The experiments carried out show that the slow component of Q(V) could have two origins: The
existing of the QNR and the trapping/de-trapping originated by deep traps. The comparison of C-V
and TChT experiments allows us to separate these two effects.
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Figure caption
Fig.l

Schematic oftheTChT set-up.

Fig. 2 The potential distribution in a highly irradiated detector under reverse voltage (+V) to the n+
contact.
Fig. 3 Equivalent schematic of the model. The sequence of the elements corresponds to the sequence of

the regions in Fig. 2.
Fig. 4 The drawing of the thickness versus V 1/2 shows the standard data treatment approach gives Vf<j*,
which is less than the real Vfa determined from the replotted line.
Fig. 5 Electric field distribution in highly irradiated detectors at V < Vfd.
Fig. 6 The drawing of the charge pulse for the of electron-hole pair generation at the low field contact (p+
contact in the model).
Fig. 7 The thickness measured as a capacitance of the detector and the replotted data versus V1/2.
Fig. 8 Traditional treatment of C-V data.
Fig. 9 The charge pulses for electron collection at different biases.
Fig. 10 The charge pulse for hole collection at different biases in the full range of bias.
Fig. 11 The charge pulse for hole collection at different biases at low biases.
Fig. 12 The fast component versus bias. The fragment shows the detail of the amplitude saturation and
their fit lines.
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