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1. Introduction

Diamond detectors are the most serious contenders to silicon detectors for use in future high
energy physics experiments. The main obstacles for employing any semiconductor sensor tech-
nology for tracking and vertexing at future experiments are often radiation damage effects. At
the upgraded Large Hadron Collider the most exposed sensors will face > 10'¢ hadrons/cm? [1].
Diamond has many advantages over silicon such as lower capacitance (i.e. smaller noise), fast re-
sponse, very low leakage current (wide band-gap E, ), excellent thermal conductivity, but it suffers
from the larger ionization energy which results in lower signal [2]. On average 36 e-h pairs/um are
created by a minimum ionizing particle.

Diamond detectors are mainly grown with the Chemical Vapour Deposition (CVD) technique.
There are two flavours of detectors regarding the substrate used for growth. The single crystal
detector (scCVD) is grown on a high-pressure high-temperature diamond substrate and forms a
perfect diamond lattice. On the other hand, poly crystalline detector (pCVD) is grown on a non-
diamond substrate, therefore small crystal grains in random orientations start forming on the sub-
strate. The grains grow, and the larger ones have the tendency to grow faster, terminating the growth
of the smaller ones. Therefore the average grain size increases across the pCVD thickness from the
substrate to the growth side.

Imperfections in the crystal result in trapping centres and the drifting charge is trapped in
pCVD already before irradiation. The charge collection distance (CCD) is therefore often used to
characterize the material. CCD corresponds to the average distance the electron-hole pairs move
apart. In thin diamond CCD is limited by the sensor dimension, while in thick (thickness > CCD)
diamond CCD approaches the sum of mean free paths of electrons and holes. There is very little
trapping in scCVD, and therefore its CCD matches the detector thickness. State of the art pCVD
detectors have CCD ~ 200 — 300 um at electric field of 2 V/um [3] which corresponds to signal
between 7000-9000 electrons.

Impinging particles displace the carbon atoms from their lattice sites and give rise to energy
levels in the band-gap which behave as traps. In contrast to silicon, radiation induced levels exhibit
no noticeable effect on the leakage current, as even if located close to mid-gap (E; ~ 2.5 eV)
they can’t act as generation centres at room temperature. They can, however, trap drifting charge.
If sufficiently separated from the conduction/valence band (deep traps) the de-trapping times are
large, even of order of months, so the charge is lost for the signal. Usually an occupied trap
cannot trap the same charge carrier, so it remains passivized for the de-trapping time. It can,
however, trap the carrier of the opposite charge, effectively serving as a recombination centre.
The cross sections for the capture of the two carrier species (electrons and holes) can differ by
orders of magnitude, with the larger cross section exhibited by a charged trap than the neutral one.
This forms the fundamental principle of the priming (“pumping”) procedure, where diamonds are
exposed to ionizing radiation, which fills the traps and passivates them. Priming is done before the
measurement using a strong *’Sr source. It is inherently present in hadron colliders where tracking
detectors are exposed to charged particle fluxes in excess of MHz/cm?.

Almost all measurements of CCD in the past were made after priming the detector without the
bias voltage applied. The priming was followed by measurements in test beam or in the lab, in both
cases usually at much smaller particle rates, far from those at LHC experiments. Under the bias the
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carriers move and charge trapped at the energy levels in the band gap alters the space charge and
hence the electric field in the detector. Different carrier species drift to opposing electrodes, hence
space charge of opposite polarity is present at both ends of the detector. This process is usually
called polarization.

The consequence of the large band-gap are long de-trapping times, hence even traps with
capture cross-section orders of magnitude smaller than the dominant ones can contribute to the
space charge. A steady state of space charge distribution can therefore be reached on the time scale
of hours/days depending on particle rates and bias voltage. The aim of this work is to show the
impact of applied bias voltage on internal electric field during priming. Transient current technique
is an ideal tool to study it on scCVD, while for pCVD a novel approach of probing the field from
charge collection efficiency measurements will be introduced.

2. Samples and experimental techniques

Two pad detectors, one scCVD and one pCVD were selected for the studies. Geometrically
they were identical, 4x4 mm? wide with a circular metalization (diameter=2 mm) on both sides of
the diamond. It was done by Ohio State University [4] using their proprietary process. The samples
were 500 pum thick. The CCD for the pCVD diamond was 240 pum. For this study only the scCVD
detector was irradiated, by neutrons, to relatively low fluence of & = 1.1-10'* fast neutrons/cm?
(> 100 keV) at the Jozef Stefan Institute research reactor [5]. After the irradiation the detector was
kept at room temperature for a period of months during which different measurements took place.
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Figure 1: Schematic view of the experimental setup: (a) for charge collection measurements with *°Sr
electrons and (b) for Transient Current Technique using o particles. The bias polarity is referenced to bias
applied to the top of the detector with back detector at chassis ground.

Both detectors were mounted in aluminium housing which had openings at both sides allowing
exposure to alpha particles from an >*! Am and electrons from a 37 MBq °Sr source. The setup
shown in Fig. la was used for measurement of the signal of *°Sr electrons. The openings in
thick aluminium served as collimators for the electrons. Thus, in > 97% of events triggered by
the scintillator coupled to the photo-multiplier, the electron crossed the detector, which enabled
measurements also at low signal-to-noise ratios. The induced current is fed in the preamplifier
followed by a 500 ns shaping amplifier. The pulses are recorded by a digital oscilloscope. More
details about the setup and analysis can be found in [6].
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The setup schematically shown in Fig.1b was used for measuring transient currents after expo-
sure to alpha particles. Their penetration depth in diamond is of order 10 um. Carriers of one type
are immediately swept to the neighbouring electrode while carriers of the opposite polarity drift to-
wards the other electrode. This means that for a diamond detector 500 pm thick the contribution of
single carrier type dominates in the induced current, which is monitored by a fast wide-bandwidth
amplifier connected to the oscilloscope. A more conventional use of this technique (Transient Cur-
rent Technique - TCT) employs generation of free carriers by short light pulses. The wide band-gap
of diamond would require a fast pulsed laser in the deep ultraviolet region - something that is hardly
affordable. More information on the TCT setup used for silicon can be found in Ref. [7]. In order
to minimize the effect of trapped charge on space charge, the rate of o-particles was kept at the
level of 10 Hz so every pulse was recorded and averaged offline. All the measurements were carried
out at room temperature.

3. Single crystalline diamond

The induced current / at the time ¢ after generation of electron-hole pairs in the detector is

given by [7]
eo0AN,_
Lat) = %

where e is the elementary charge, A the amplifier amplification, N,_; the number of generated

ven(t)e !/ Tiren 3.1

electron hole pairs, W the detector thickness, 7.7s . the effective trapping times and v, the drift
velocity of the carriers. The induced currents shown in Fig. 2a,b indicate that the drift velocity
is almost constant over the depth at given voltage (i.e. seen as constant induced current after the
initial rise), hence the constant electric field exhibiting negligible space charge. High resistivity of
the diamond allows for two ohmic contacts and operation is possible at any bias polarity. Therefore
the selection between hole and electron signal is simply done by reversing the polarity; positive
polarity corresponds to injection of electrons and negative polarity to injection of holes.
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Figure 2: Induced current signals for (a) hole injection and (b) electron injection in a non-irradiated scCVD
detector. The injection was done by exposing detector’s back surface to & particles from 24! Am source.

A regular procedure used by CERN-RD42 collaboration for priming irradiated detectors is
exposure of detectors without bias voltage to a strong source (=~ 37 MBq) of *’Sr electrons for
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around a day (> 20 h). The calculated flux of electrons during priming was of the order of few 10°

2 s~!, which corresponds approximately the rate of ionizing particles in an LHC experiment.

cm

The induced currents measured in the irradiated scCVD detector to 1.1-10'* cm~2 after such
priming are shown in Figs. 3 for both electrons and holes. The induced current shape is inclined,
which is to a large extent the consequence of trapping term in Eq. 3.1. The other reason could
be a non-homogeneous electric field, but in this case the slope for electrons and holes should be
different. Therefore it can be assumed that the effective space charge doesn’t significantly influence

the shape of the induced current.
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Figure 3: Induced current signals for (a) hole injection and (b) electron injection in a scCVD detector
irradiated to 1.1-10' fast neutrons/cm?. The priming was performed without bias. The distance between
the source and detector during priming was d = 5 mm.

Entirely different induced current pulse shapes as shown in Figs. 3 are obtained if the detector
is biased during the priming procedure, as can be seen in Figs. 4. The detector was biased at £1 kV
and after the priming procedure a voltage scan was performed in the direction from higher to lower
voltage. For the electron injection the polarization of the detector causes a strong voltage drop in a
narrow region at the injection (back) contact, due to large positive space charge accumulated during
priming. The increasing current (i.e. velocity) in time (despite trapping) at lower voltages points
to a negative space charge in most of the detector bulk (see curves at 700, 800 and 900 V). In case
of hole injection the voltage drop in the region at the injection contact seems to be smaller, but the
field in the bulk has a more complex behaviour.

A comparison of the collected (i.e. induced) charge reveals that there is small, if any, difference
at the highest voltages between priming with and without bias voltage applied (see Fig. 5). At
lower voltages the dependence of collected charge on bias voltage is very strong when detector was
primed under bias. Only after bias voltage exceeds 700 V for positive and 400 V for the negative

tins]
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polarity does the collected charge start to increase. Space charge formed during priming persists
also when the voltage is reduced. As the electric field integral between the electrodes should result
in applied external voltage, there can be regions in the detector with opposite sign of the electric
field (see next section for explanation). The injection of the charge from one side means that the
drift ends at the borders of these regions. Hence, the contribution to the collected charge is small.
Once the bias voltage is high enough that the whole detector has the same orientation of the field
the charge increases rapidly.

On the other hand, if detector is primed unbiased only a moderate rise of the charge with bias
voltage can be observed, which is a consequence of faster drift and therefore less trapping. Already
after ~ 10'* cm~2 the trapping of the drifting charge is significant - around 30%, and about equal
for both electrons and holes.
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Figure 4: Induced currents for (a) hole injection and (b) electron injection in a scCVD detector irradiated to
1.1- 10" fast neutrons/cm?. The priming was performed with bias voltage on.

The transition from the non-polarized detector to steady state polarized detector at =1 kV
is shown in Fig. 6. After priming without bias voltage the bias was turned on and the induced
current from o particles was monitored. The appearance of polarization depends on the particle
rate. In order to be able to observe polarization onset on time scale of a day the distance between
the priming source (°°Sr) and detector was varied/decreased during the measurement. Initially the
pulse width for hole signal (Fig. 6a) starts to grow indicating that the electric field in the bulk
decreases. The pulses show a double peak profile an indication of high electric field regions at both
contacts. However after around 12 h (cyan curve) a steady state is achieved, with narrower pulse
widths than those seen after 15 min. A straightforward explanation would be that this is due to the
different capture rates of various defects in diamond. The steady state pulses at -1 kV in Fig. 4a
and Fig. 6a are in reasonable agreement. Slightly worse agreement was found for electron injection
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Figure 5: Induced charge (integral of induced current over 20 ns) vs. bias voltage for both priming scenarios;
with 1 kV applied and without bias. The induced charge for non-irradiated detector is also shown (black

markers).

(see Figs. 4b and 6b).
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Figure 6: Induced current signals from the a-source ((a) holes, (b) electrons) during the exposure of detector
to different rates of “°Sr electrons after priming with bias off. During the scan the distance between the source
and detector was varied. The time spent at given distance is given in the figure legend. The detector bias was

1 kV.
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4. Space charge determination for pCVD

Unlike in a scCVD detector the defects are already present in pCVD diamond before irradi-
ation. These defects are probably not homogeneously distributed, but are mainly located at grain
boundaries. TCT technique is therefore not very practical as pulses differ regarding to which grain
was hit by the alpha particle and the averaging over the many pulses would yield an non-physical
picture of the field. Minimum ionizing particles hit many grains over the entire depth of the de-
tector and therefore smear the influence of the impact position on the induced current signal. The
generated charge is however too small for a reliable TCT analysis. Instead, we used a integrating
amplifier for measuring induced charge in semiconductor detectors (see Fig. 1a).
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Figure 7: Averaged pulses at the output from a shaping amplifier after changing the bias from -1 kV to
-100 V. The colours correspond to time after the bias change. The peak value at the output of the shaping
amplifier is proportional to the induced charge after °° Sr electron passage. In steady state at -100 V the
signal is around 1900 e.

After priming under bias at d = 5 mm for a day, the voltage was promptly changed to a lower
value. In Fig. 7 the pulse shapes from a shaping amplifier (Zsqping = 500 ns) are shown at different
times after the bias was changed from -1 kV to -100 V with source at d = 3 cm. Immediately after
the change the induced charge has negative polarity, which is different than that measured in steady
state at -1 kV. It is obvious that after the bias change there are regions in the detector with opposing
orientation of the electric field. Moreover, in the larger part of the detector volume the electric field
has different orientation than determined by the external bias. The space charge redistributes in
time due to trapping/de-trapping processes and approaches the steady state (see. Fig. 7). This is
schematically illustrated in Fig. 8. After sudden change of bias the steady state electric field (black
line) shifts by AVj,,s/W retaining the field shape (red dashed line). The induced charge and its
sign are in first approximation determined by the difference in widths of the regions with opposing
electric field. The redistribution of space charge leads eventually to a new steady state (brown
dashed line). Once the latter is reached the direction of the electric field in the entire volume is
determined by the external bias.

A set of measurements was performed for different AV;,,, where CCD was measured in the
first 8 seconds after the drop of the bias. Prior to the bias change the detector was in steady state
at -1 kV. For easier understanding the CCD is signed to indicate the polarity of the signal. As can
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be seen in Fig. 9a CCD changes linearly with AV,,;,s. The signal changes sign at AVj;,s ~ 720
V , where the widths of the opposing electric field regions are approximately equal. The space
charge concentration N, ¢ can be estimated from CCD(AV;44,t ~ 0) by assuming that the electric

field is merely shifted by AV};,/W immediately after the bias change. If CCD changes only due to
different electric field orientations then the following relation holds:

dE 1 dAVpias  eoNess
dx W dCCD g ’

4.1

where &c is absolute permittivity of diamond and e the elementary charge. Using the Eq. 4.1 and
dVias/dCCD from the linear fit in Fig. 9a, Nosr ~ 2- 10'2 cm~3 is obtained. It is therefore clear
that substantial space charge is present already before irradiation.
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Figure 8: Schematic profile of the electric field in diamond detector: solid black line - steady state operation

at -1 kV; dashed red line - immediately after changing the bias by AVj,,,; brown dashed line - the steady
state operation at new (lower) bias voltage.

The largest AVj,,s was equal to the maximum bias voltage as the voltage source used did not
allow for abrupt change of polarity. After grounding the detector previously biased to £1 kV, the
evolution of the CCD was monitored over more than an hour with source at d = 3 cm (see Fig. 9b).
Two components can be identified; fast with time constant of few hundred seconds and slow with
a time constant of few thousands s. This roughly sets the time scale required for the non-irradiated
detector at particle rate given by the source position to reach the steady state. The CCD dropped
from 250 pum at +1 kV to CCD(t ~ 0) ~ F100 um showing that only ~ 30% of the detector
volume retains the electric field orientation of that in the steady state at =1 kV. As the integral of
the field must vanish that means that electric field strength at both contacts is substantially higher
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than in the middle of the detector. This is in an agreement with the field profile of the irradiated
scCVD detector investigated by TCT.
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Figure 9: (a) Dependence of CCD on the bias voltage drop AV, for a detector biased to -1 kV in steady
state. The solid line indicates the linear fit to the measured points. (b) The evolution of |CCD] after the bias
was changed from -1 kV to 0 V (black solid) and +1 kV to O V (red dashed). The measurements in (a) and
(b) were performed with shaping time of 500 ns.

5. Conclusions

The polarization of diamond detectors was investigated with irradiated scCVD detector and
also with non-irradiated pCVD detector. It has been shown that the electric field in the diamond
detector depends strongly on bias voltage and particle rate. Therefore the priming procedure should
always be carried out at conditions close to that of the real application in order to obtain relevant
results. A new method was proposed to estimate space charge and rough shape of the electric
field in pCVD diamond detectors, where a conventional Transient Current Technique is difficult to
apply. It has been shown that even a non-irradiated detector is polarized with a space charge in the

range of few 10'? cm™3,
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