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1. Introduction
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Single crystal CVD (scCVD) diamond is an attractive material for particle detection in high
energy physics for its good time resolution and reported outstanding radiation tolerance. In
addition to direct signal loss via charge carrier trapping, polarization effect, caused by
non-homogeneous filling of trap defects, is a known cause of signal degradation in irradiated
scCVD diamond. This phenomenon was studied by intentionally polarizing irradiated
diamonds. Even the relatively lightly irradiated (1014 protons/cm 2 ) diamonds exhibited
strong enough polarization to collapse the electric field with moderate rate of 5 MeV alpha
particles. The transient current measurements were reproduced with TCAD simulations. The
hypothesis that the polarization is caused by single neutral defect type in the bulk, was tested
using two generic models. Neither one has a satisfactory agreement with the measurement data,
which indicates that trapping at the interfaces play a significant role in space charge
polarization.
Keywords single crystal diamondradiation induced effects, electrical properties
characterization, defects, detectors, sensors
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Diamonds are an attractive material for radiation detectors first of all due to their outstanding
radiation tolerance [1] and excellent time resolution, when measuring the time-of-flight for
hadrons [2]. Its wide band gap results in high resistivity and small leakage currents in
diamond-based detectors. Hence, diamond has found its way to such harsh radiation
environments as experiments at CERN’s Large Hadron Collider and is currently used in
CMS-TOTEM Precision Proton Spectrometer [3] as time-of-flight detector and previously in
TOTEM timing upgrade [4].
Radiation damage in scCVD diamond is currently explained by introduction of neutral vacancy
defects that affect both holes and electrons collection. Slightly higher trapping probability of
electrons than holes has previously been observed [5,6,7]. Polarization under irradiation with
heavy ions, has reportedly higher trapping probability for holes [8].
However, it has been observed that low fluence laboratory studies and high fluence in situ
experience differ from each other [5]. One possible explanation for the difference is the
polarization due to charge trapping, which is more easily avoided in laboratory than in a
particle physics experiment, where the particle flux is not a controlled parameter. Polarization
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occurs as build-up of charge inside detector’s bulk that eventually reduces charge collection
efficiency (CCE) of the detector. It can be countered by either filling all traps, e.g. by
irradiating with an beta-source or with UV light, or periodically releasing trapped charge e.g.
by periodically switching bias voltage on and off.
Similar effects might arise from charge trapping in the diamond-metal interface. Such Schottky
contact would also enhance the trapping of charge in bulk defects. To avoid polarization
effectively in the experiments, the mechanism leading to it needsto be understood.
The detector design in this study corresponds to the largest pixel size that has been used in the
TOTEM and PPS timing detectors. This corresponds to the worst case scenario for interface
trapping in these experiments. Especially the efficacy for mitigating polarization by switching
bias voltage on and off was investigated since it is easy method to adapt in experiments. The
polarization in this study is expected to have contribution both from the non-homogeneous
trapping in the diamond bulk, trapping at the interfaces and interface potential enhanced
trapping in bulk. As the bulk defects are often assumed to be the sole contributor to polarization
and bulk defects are relatively well known, polarization originating on trapping in the bulk only
is used as the null hypothesis.

2. Material and methods
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1. Samples
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ThicknessElectrode Fluence
(𝜇𝑚)
(protons/𝑐𝑚2 )
(1.10 ±
340 ± 10 TiW
0.08) × 1014
(0.97 ±
340 ± 10 Cr/Au
0.07) × 1014
(1.06 ±
540 ± 10 TiW
0.07) × 1014
540 ± 10 TiW (4.5 ± 0.3) ×
1015
540 ± 10 Cr/Au (4.4 ± 0.3) ×
1015

Table 1. Summary of the scCVD diamond samples

The diamond substrate for this study was procured from Element Six [9]. The used material
was the highest purity single crystal Chemical Vapor Deposition (scCVD) diamond available,
so-called “electronic grade”. For the electrodes a simple test pattern was used: single 4.2 ×
4.2 mm2 square pad on a 4.5 × 4.5 mm2 diamond surface. For the electrodes two materials
were used: TiW produced by Princeton [10] and Cr/Au by Applied Diamond [11]. The
samples are summarized in Table 1 and one of the samples is depicted in Figure 2.

2. Irradiation
Five single crystal diamonds were irradiated at CERN IRRAD facility with 24 GeV/c protons,
three to a target fluence of 10 14 protons/cm 2 and two to 5 × 1015 protons/cm 2 . The
dosimetry results for all irradiation in 2017 are publicly available [12]. The standard beam
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parameters were used and the full width at half maximum of the Gaussian beam was 14.0 ±
0.4 mm in vertical direction and 14.3 ± 0.07 mm in horizontal direction at the sample
location. The fully processed diamond detectors were irradiated with bias in ambient
conditions and the beam induced currents in diamond were monitored.

3. Transient Current Technique
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After irradiation the diamond detectors were studied with a mixed nuclide 𝛼-source with
nuclides (and 𝛼 particle energies) Am-241 (5.486 MeV), Cm-244 (5.805 MeV) and Pu-239
(5.156 MeV) in equal quantities. The particle energies are below the level where plasma effect
is expected i.e. single interaction does not inject enough charge to significantly perturb the
electric field. The 𝛼 particles deposit charge close to the surface, which allows the
investigation of the hole and electron transport properties separately. One type of charge carrier
is almost immediately collected at the closest electrode and the other drifts through the bulk to
the other electrode. Using Shockley-Ramo theorem [13,14], the electric field inside the
detector can be deduced.
The bias voltage was supplied using a Keithley 2410 SourceMeter unit. A single-channel
readout electronics system was used. It consisted of a Particulars AM-01 A broadband
amplifier, that has a bandwidth of 10 kHz–2 GHz and gain of 53 dB, and a Particulars bias T
with bandwidth of 100 kHz–2 GHz. The signal was read out using a LeCroy WavePro 7300A 3
GHz digital oscilloscope and a custom-written data acquisition software. For the used
oscilloscope settings the sampling period was 100 ps and jitter 1 ps.
The 𝛼 source was placed at a 2 mm distance from the diamond, which is as close as possible
without touching in the transient current technique (TCT) setup in order to achieve as strong
space charge polarization as possible. The estimated particle rate was 5000 ± 800 particles/s
at the detector surface in an area of 𝐴𝑖𝑟𝑟 = (14 ± 3) mm 2 . The maximum observed hit rate
was restricted to about 14 events/s by the readout system.
The radiation source was placed on the diamond and bias voltage was ramped up with speed of
200 V/s. The time for polarization was recorded from turning on the bias voltage. After
reaching the polarized state, the bias voltage was turned off until the polarization had fully
dissipated and the measurement was repeated 5 to 10 times. The initial state before polarization
was recorded during the first 10 seconds after turning bias on.

CE

4. TCAD simulations

AC

In order to investigate and understand the scCVD diamond bulk internal properties better,
numerical simulations of the initial state before the polarization were carried out using
Synopsys Sentaurus Technology Computer-Aided Design (TCAD)
software eSynopsys:2018.
The simulated device structure had dimensions (100 × 300 × 1) 𝜇𝑚 3 , where 300 𝜇m
corresponds to the device thickness, and it was scaled with an area factor A to match the
dimensions of the real device. In the simulation the diamond bulk was considered with the
concentration 𝑛𝑖 = 10−27 cm 3 and Schottky type contacts with a low barrier height of 0.8
eV. At present this material is not included in the material libraries of TCAD simulation tools,
therefore, all the physical parameters of the scCVD diamond, such as permittivity, optical
refractive index and band gap, were defined by hand using data from Refs. [16,17]. The band
gap energy used was 5.47 eV with electron affinity 1.73 eV for the oxygen-terminated diamond
surfaces.
Nitrogen and boron are known donor and acceptor species in diamond. In order to take into
account the effect of these impurities, two impurity levels were introduced into the diamond
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band gap: acceptor and donor type levels with energies 𝐸𝑣 + 0.368 eV and 𝐸𝑐 − 1.7 eV,
respectively, each having concentration 1012 cm −3 . The concentration was let vary
between the maximum concentration 1014 cm −3 declared by the
producerredblack [9]black and the minimum concentration required for stable simulation 1012
cm −3 . The used concentration 1012 cm −3 is the best fitting value in this regime. The
impurities’ electron 𝜎𝑒 = 10−14 cm 2 and hole 𝜎ℎ = 10−13 cm 2 capture cross sections
were found by fitting simulated transients to the measurement results. The obtained cross
section for electron in boron is in good agreement with the experimentally measured
value [18], but nitrogen has larger obtained cross section than found experimentally [18].
The mobilities were determined experimentally in Section 1 and used as an input parameter in
the simulations.
Transient analysis with 𝛼-particles was performed on the described above structure and then
compared with the corresponding measurements carried out on real devices stimulated with
alpha particles. The 𝛼-particle interaction was simulated using the inbuilt Heavy Ion Model
with 12 𝜇m radiation length.
To reproduce the TCT data for irradiated samples, a neutral level with energy 𝐸𝑣 + 2.85 eV
corresponding to a neutral mono-vacancyredblack [19] black was introduced. A good
agreement with the experimental data was obtained by tuning the defect concentration to 1014
cm −3 , which was also measured in section 1, and electron and hole capture cross sections to
𝜎𝑒 = 1 × 10−14 cm 2 and 𝜎ℎ = 5 × 10−15 cm 2 , respectively. When compared to
measured defect concentrations for 26 MeV proton irradiated diamonds by Pomorski
redblack [20]black, defect concentration in the order of 101 4 cm −3 is expected. Capture
cross section close to the order of 10−15 cm 2 is also expected for neutral
defectsredblack [21]black.
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1. Current transient form
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3. Theory
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The form of the current transient follows the electric field inside the detector according to the
Shockley-Ramo theorem [13,14]. The induced current for single charge carrier is
(1)
𝑖(𝑥) = 𝑞𝜈 ⋅ 𝐸0 (𝑥),
where q is the elementary charge, 𝜈 is the instantaneous velocity, and 𝐸0 (𝑥) is the electric
field. In case of parallel plates geometry, the current is given by
2
𝑞𝜇𝑉𝑏𝑖𝑎𝑠
(2)
𝑖=
,
𝑑2
where 𝜇 is the mobility of the charge carrier, 𝑉𝑏𝑖𝑎𝑠 is the voltage difference applied between
the electrodes, and d is the distance between the electrodes.
When the charge carrier lifetime 𝜏𝑒,ℎ becomes shorter than the transient time 𝑡𝑡𝑟 = 𝑑/𝜈, the
time that it takes for charge carrier to drift through detector, the transient form is affected by the
loss of charge due to trapping. When the trapped charge is not significantly distorting the
electric field (i.e. before the crystal starts to polarize), the induced current for single charge
carrier type with initial injected charge 𝑞0 is given by
2
𝑡
𝑞0 𝜇𝑉𝑏𝑖𝑎𝑠
−
𝜏
(3)
𝑒,ℎ
𝑖𝑒,ℎ =
𝑒
.
𝑑2
Such change in charge carrier lifetime is expected when defects (e.g. radiation damage) are
introduced.
The charge carrier velocity 𝑣 = 𝑑/𝑡𝑡𝑟 can be also expressed by using an empirical formula by
Caughey and Thomas [22]
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(𝐸/𝐸𝑐 )
(4)
,
[1 + (𝐸/𝐸𝑐 )𝛽 ](1/𝛽)
is the saturation velocity, 𝐸 = 𝑉𝑏𝑖𝑎𝑠 /𝑑 is the electric field, 𝐸𝑐 is the critical field,
and 𝛽 is an empirical fit parameter. Then the mobility 𝜇 is given by
𝜇0
𝜇=
1 ,
(5)
(1+ )
𝛽
[1 + (𝐸/𝐸𝑐 ) ] 𝛽
where 𝜇0 is the zero-field mobility that is calculated as
𝑣𝑠𝑎𝑡
𝜇0 =
.
(6)
𝐸𝑐

where 𝑣𝑠𝑎𝑡
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1. Multiple scales model
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Since no model describing the charge accumulation during polarization developed specifically
for diamond was found, two models, multiple scales model describing the polarization in
Cd(Zn)Te detectors [23] and a simple model based on general equations for charge
trapping [24], were used. In both models the electrode-diamond interface is assumed ohmic,
high active trap concentration is assumed (i.e. 𝑞𝑁𝑡𝑟𝑎𝑝 ≫ 𝐶𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 𝑉𝑏𝑖𝑎𝑠 ) and increased
trapping probability due to partial polarization is not taken into account. Only one charge
carrier is considered at a time, while the other charge carrier is assumed to be immediately
collected and not contributing to the polarization.
The crystal is fully polarized, when a sufficient charge is trapped to collapse the electric field in
the detector. The minimum charge required to collapse the electric field is denoted by 𝑄 ∗ ,
whereas the time 𝑡 ∗ it takes to reach this critical state is obtained by numerically solving the
time dependent accumulated charge 𝑄(𝑡 = 𝑡 ∗ ) = 𝑄 ∗.
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The mathematical model for describing polarization in wide-bandgap semi-conductor has been
developed by Bale and Szeles [23] mainly for Cd(Zn)Te applications. It was named multiple
scales model for taking into account the differenttime scales for charge transport, trapping, and
de-trapping.
The time dependence of charge accumulation in this model is given by
𝑣𝑒𝑓𝑓 𝑇
𝑣𝑒𝑓𝑓 𝑇 − 𝐿
−
𝛬 −
1
−
𝑒
𝑒 𝛬 , 𝑇 ≤ 𝐿/𝑣𝑒𝑓𝑓
𝑞𝐴𝑖𝑟𝑟 𝜙𝐸𝛼
𝛬
(7)
𝑄(𝑡) =
{
𝐿 −𝐿
𝑣𝑒𝑓𝑓 𝜖𝐸
𝛬
1 − (1 + )𝑒 ,
𝑇 > 𝐿/𝑣𝑒𝑓𝑓
𝛬
where q is the elementary charge, 𝐴𝑖𝑟𝑟 is the area under irradiation, 𝜙 is the particle flux, 𝐸𝛼
is the kinetic energy of one alpha-particle, 𝜖𝐸 is the energy required to produce an
electron-hole pair, L is the distance between parallel electrodes, Λ describes the initial spatial
distribution of accumulated charge, 𝑇 = 𝑡𝑡𝑟 𝑡 is time scaled with transient time in
non-polarized detector, and 𝑣𝑒𝑓𝑓 is the effective charge carrier speed reduced by the so called
’stop and go’ process, where the carriers go trough multiple trapping in the process of
traversing trough the detector:
𝜏𝑒,ℎ
𝑣𝑒𝑓𝑓 =
𝜇 𝐸,
(8)
𝜏𝑒,ℎ + 𝜏𝐷 𝑒,ℎ
where 𝜏𝑒,ℎ is the electron or hole lifetime, 𝜇𝑒,ℎ is mobility, E is the electric field, and 𝜏𝐷 is
the mean detrapping time.
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The model was adjusted for diamond by choosing the mean free path of charge carrier as the
characteristic length of spatial distribution of trapped charge
Λ = 𝜈𝑒,ℎ 𝜏𝑒,ℎ ,
(9)
where charge carrier velocity 𝜈 is given by Eq. (4). In addition to charge distribution, the
minimum accumulated charge, 𝑄 ∗ , required to collapse the electric field is affected by the Λ.
In the original formulation 𝑚𝑏𝑑𝑎 is the radiation length of X-rays and also the spatial
distribution of generated charge carriers follows the exponential form 𝑒 −𝑥/Λ. However, it does
not hold in our case. The difference in spatial distribution of generated chargecarriers affects
the location of the pinch point 𝑥 ∗ , where the electric field has its minimum. This means that the
equation for the minimum accumulated charge 𝑄 ∗ , that is required to collapse the electric field,
might not be accurate. It is, however, used in the calculations.
𝐴𝜖𝑉𝑏𝑖𝑎𝑠
𝑟𝑒𝑑𝑏𝑙𝑎𝑐𝑘𝑄 ∗ =
, 𝑏𝑙𝑎𝑐𝑘
(10)
𝛬
where 𝜖 = 𝜖𝑟 𝜖0 = 5.0468 ⋅ 10−11 F/m is the permittivity of diamond.

SC

2. Simple model
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An alternative model was derived from the classic formulation of time dependence on charge
collection in presence of traps by Martini and McMath [24] originally for Ge(Li) and Si(Li)
detectors. They presented an analytic solution for the case 𝑡 ≤ 𝑡𝑡𝑟
𝜏𝑒𝑓𝑓 𝑡
𝜏𝑒𝑓𝑓
(11)
𝑄𝑐𝑜𝑙𝑙 = 𝑄0
[ +
(1 − 𝑒 −𝑡/𝜏𝑒𝑓𝑓 )],
𝑡𝑡𝑟 𝜏𝐷 𝜏𝑒,ℎ
where 𝜏𝑒,ℎ is the lifetime of a charge carrier and 𝜏𝑒𝑓𝑓 is given by
𝜏𝑒,ℎ 𝜏𝐷
𝜏𝑒𝑓𝑓 =
.
(12)
𝜏𝑒,ℎ + 𝜏𝐷
Then the charge in the detector at a given time is
(13)
𝑄(𝑡) = 𝑄0 − 𝑄𝑐𝑜𝑙𝑙 ,
where 𝑄0 is the injected charge. Assuming 𝜏𝑒,ℎ < 𝜏𝐷 and 𝑡𝑡𝑟 < 𝜏𝐷 and requiring 𝑄𝑐𝑜𝑙𝑙 (𝑡 >
𝜏𝐷 ) = 𝑄0 , the charge remaining in detector is derived
𝑄(𝑡)
𝜏𝑒𝑓𝑓 𝑡
𝜏𝑒𝑓𝑓
1−𝜅
[ +
(1 − 𝑒 −𝑡/𝜏𝑒𝑓𝑓 )] ,
𝑡 ≤ 𝑡𝑡𝑟
𝑡𝑡𝑟 𝜏𝐷 𝜏𝑒,ℎ
(14)
= 𝑄0
𝜏𝑒𝑓𝑓 𝑡
𝜏𝑒𝑓𝑓
−𝑡𝑡𝑟 /𝜏𝑒𝑓𝑓
1−𝜅
[ +
(1 − 𝑒
)] , 𝑡𝑡𝑟 < 𝑡 ≤ 𝜏𝐷
𝑡𝑡𝑟 𝜏𝐷 𝜏𝑒,ℎ
{0,
𝑡 > 𝜏𝐷 ,
where 𝜅 is a dimensionless normalization constant
𝜏𝑒𝑓𝑓
1 𝜏𝑒𝑓𝑓
(15)
=
[1 +
(1 − 𝑒 −𝑡𝑡𝑟 /𝜏𝑒𝑓𝑓 )].
𝜅
𝑡𝑡𝑟
𝜏𝑒,ℎ
The charge begins to accumulate, when the total injected charge also depends on time:
𝑞𝜙𝐴𝑖𝑟𝑟 𝐸𝛼
(16)
𝑄0 (𝑡) =
𝑡.
𝜖𝐸
The total accumulated charge is obtained by convoluting the injected charge with the time
dependence of charge collection 𝑓(𝑡) = 𝑄(𝑡)/𝑄0 from Eq. (14)
∞

𝑄𝑎𝑐𝑐 (𝑡) = 𝑓(𝑡) ∗ 𝑄0 (𝑡) = ∫ 𝑓 (𝑡 ′ )𝑄0 (𝑡 − 𝑡 ′ )𝑑𝑡 ′ ,

(17)

0

which is performed numerically.
The minimum trapped charge Q ∗𝑚𝑖𝑛 required to collapse the electric field is taken to be equal
to the capacity of the detector, as a capacitor, to store charge:
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𝜖𝐴
(18)
𝑑
where 𝜖 is the permittivity of diamond, A is the area of the parallel electrodes, and d is the
thickness of the diamond crystal. For instance, the minimum number of charge carriers
required to collapse the electric fieldin a 300 𝜇m thick diamond used in this study is
approximately 2 ⋅ 1010 electrons/holes when the diamond is biased to 1 kV .
∗
𝑄𝑚𝑖𝑛
= 𝑉𝑏𝑖𝑎𝑠

4. Results and Discussion

PT

1. State prior to polarization
Figure 1. Measured and simulated TCT transients for 300 𝝁m thick non-irradiated diamond collecting
electrons (a) and holes (b).

RI

Figure 2. Measured and simulated TCT transients for 300 𝝁m thick diamond irradiated to
p/cm 𝟐 collecting electrons (a) and holes (b).

𝟏𝟎𝟏𝟒

SC

𝑸𝒄𝒐𝒍𝒍 (area of current transient) for different irradiation fluences 𝝓. Scaled
with the collected charge 𝑸𝒓𝒆𝒇 of non irradiated reference with thickness of 500 𝝁m. Note that the y-axis
Figure 3. Collected charge
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has been broken for a better illustration of the data points.
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The transients recorded within ten seconds of turning on the bias voltage and replicated with
simulations are shown in Figs. 1 and 2. The measured signals have been post-processed to
correct reflections andunder- or overshoots. The factor 2 difference in transient amplitudes in
Fig. 1 and 2 is due to different gain in electronics. Electron and hole TCT measurements of
non-irradiated detectors in Fig. ffig:nonirrad-simu show the expected rectangular pulse shape,
indicating a constant electrical field. Simulated and experimental transients are in good
agreement. In the beginning of the simulated transients a peak from the minority charge
carrieris observed, which is filtered by the electronics in the measurements. In simulations it
was dampened with an 50 Ohm resistor in series with the detector. From Fig. 1 one can observe
that the signal amplitudes for the negativevoltages get higher than the simulated ones, which
could be explained by much more probable trapping of the electrons comparing to holes, or by
increased mobility.
The charge collection efficiency (CCE) of the sensors can be obtained by numerically
integrating over the current transient with respect to time and comparing the result to
non-irradiated reference. Fig 3 shows the CCE measured in this manner for all of the irradiated
sensors in a non-polarized state. The low fluence samples show no significant deterioration of
CCE. The 300 𝜇m thick diamond shows a better charge collection than the reference, which is
most likely caused bythe normal level of nitrogen impurities present in the 500 𝜇m thick
non-irradiated reference diamond and is not related to irradiation. The high fluence samples
show severely reduced CCE.
Figure 4. The measured charge transport velocities both (a) before and (b) after irradiation to
𝒑/𝒄𝒎𝟐 are fitted with Equation (4) and compared to fits by Pomorski [20].
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1.5 0.987
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±0.2) ⋅ ±
107 0.01
(1.57

0.81 0.999

±0.14) ⋅ ±
107 0.01
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0.30

-

±1.2) ⋅ ±
107 0.03
(1.54

0.86

-

±0.03) ⋅ ±
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Table 2. Charge transport properties for electrons (e) and holes (h) before and after irradiation compared
to experimental values by Pomorski [20] and Kassel et al. [5]
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The charge transport properties such as mobility and its high-field dependence were
determined experimentally and used as parameters in the simulations. The drift velocity was
obtained by dividing the transient time with the detector thickness. The transient time was
measured from reaching 20% of the signal maximum on the rising edge to going below 15% of
the signal maximum on the falling edge. In Fig. 4 the drift velocities of both non-irradiated
diamond and diamond irradiated to fluence of 1014 p/cm 2 are fitted with Eq. (4) and
compared with the similar fits by Pomorski in his thesis [20]. In Table 2 the results of these
fits are summarized. It is important to notice that in the case of the irradiated diamond, the
detector is often partially polarized with the lower bias voltages (𝑉𝑏𝑖𝑎𝑠 /𝑑 < 1 𝑉/𝜇m). The
zero field mobility 𝜇0 and critical field 𝐸𝑐 are not very reliable. The saturation velocity,
however, is not very sensitive to low-field velocities and in the case of electrons it is
significantly lowered from the value prior to irradiation.
In the simulations the electron transport properties of Pomorski fit was used, since it is in good
agreement with the data in this study (𝑅 2 = 0.9678) and it takes into account higher electric
fields than accessible in this study. The Pomorski fit is, however, not applicable to the holes
transport and there the fit in this study is used. In the simulation of the irradiated diamond, the
values for obtained for non-irradiated diamond were used for simplicity.
A clear state before polarization could be observed for the detectors with lower fluence of
1014 p/cm2 . The electron and hole lifetimes 𝜏𝑒 = (23 ± 2) ns and 𝜏ℎ = (80 ± 30) ns,
respectively, were found by fitting Eq. (3) to the reflection and undershoot corrected transient
at bias voltage roughly corresponding to the electric field of 1 V/𝜇m.
With the settings used in this study, a non polarized state could not be observed for the sensors
irradiated to the higher fluence of 5 ⋅ 1015 p/cm 2 . When radiation source was moved to a
distance of 12mm from the detector surface and theirradiated area was reduced to 50% of the
original with a grid-like collimator, a non polarized state could be briefly observed for
collecting holes with bias voltage -1 kV over 500 𝜇m thick detector. The duration of the
current transient at 20% of the amplitude maximum was approximately 1 ns. The charge carrier
lifetime was estimated to be in order of 𝜏ℎ = 0.25. . .0.5 ns. With positive voltages (collecting
electrons) a non polarized state could not be observed for detectors irradiatedto fluence of 5 ⋅
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2
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2. Polarization
Figure 5. Current transients for electrons at different times after turning bias voltage on. The transient
form follows the electric field in the 300 𝝁m thick diamond detector with TiW electrodes that has been
irradiated to 𝟏𝟎𝟏𝟒 protons/cm 𝟐 .
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Figure 6. Evolution of electron transport properties with time within a sensor undergoing polarization.
Charge collection efficiency (CCE) is the normalized integral of current transient, signal amplitude the
maximum of the current transient.The observed hit rate is first limited by the set-up. The sudden drop
indicates a drop in device efficiency. The detector used is same as in Fig. 5
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A polarization effect, where charge collection efficiency drops suddenly, is observed for all
diamond detectors after irradiation with protons and is absent in the same detectors before the
irradiation. In Fig. 5 the time evolution of current transient is shown. Fig. 6 summarizes the
evolution charge carrier collection properties during the polarization. The transient amplitude
and charge carrier velocity decrease first slowly, while charge collection efficiency (CCE) and
observed rate remain constant. At a certain point CCE, transient amplitude, charge carrier
velocity and observed rate drop abruptly. This happens when the critical amount of charge Q*
has accumulated in the detector volume.
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Figure 7. Time t* to reach critical field Q* as a function of bias voltage for a) 300 𝝁m thick detectors
irradiated to 𝟏𝟎𝟏𝟒 protons/cm 𝟐 , b) 500 𝝁m thick detector irradiated to 𝟏𝟎𝟏𝟒 protons/cm 𝟐 and c)
500 𝝁m thick detectors irradiated to 𝟓 ⋅ 𝟏𝟎𝟏𝟓 protons/cm 𝟐 compared to model calculations with
simple model and multiple scales (MS) model discussed in section 2. The model parameters were either
measured or retrieved from literature. The calculated values are scaled by factors of 20, 8 and 2 for simple
model, and 10 −𝟕 and 𝟒. 𝟓 ⋅ 𝟏𝟎−𝟖 for multiple scales model in order to place them comfortably in the
same figure with measurement results.
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To investigate the polarization further, the time 𝑡 ∗ it takes for the irradiated detectors to
polarize was measured under constant alpha-particle rate. The polarization times 𝑡 ∗ were
obtained by fitting a straight line to the falling edge in the charge collection. The time, when the
fitted line crosses noise threshold, was taken as 𝑡 ∗ . The error bars in the measurements reflect
the goodness of fit for the linear fit. This approach was chosen, because in some cases the
polarization started developing already during voltage ramp-up and only the falling edge could
be observed. For the high fluence samples only few measurement points were collected on the
falling edge and this is reflected in the error bars. The polarization times grouped by detector
thickness and proton fluence are presented in Fig. 7 with example calculations of the
computational models in section 2. The experimental values found for fluence 1014 p/cm 2
in section 1 were used in the models together with literature values already discussed in section
4. De-trapping time 𝜏𝐷 = 40 s was used. In the measurements, the polarization was observed
to dissipate within 20 to 45 seconds after turning the bias voltage off. The used 40 seconds was
shortest de-trapping time that consistently led to full polarization with both models. The model
calculations for 500 𝜇m thick diamond irradiated to 5 ⋅ 1015 p/cm 2 were not successful.
The simple model is valid only for 𝜏𝑒,ℎ > 𝜏𝑡𝑟 , which is no longer true.
The multiple scales model predicts considerably longer time for reaching polarization, 𝑡 ∗ =
few years, than the measured few minutes. This is most likely due to pinch point for the electric
field extending outside the detector volume, which may result in erroneous results. The
multiple scales model takes the spatial distribution of the trapped charge into consideration. In
the original formulation the spatial distribution depends primarily from the initial spatial
distribution of the injected charge. This was adapted to diamond by taking the mean free path
of the charge carrier as a measure of the charge spatial distribution. As the transient time of the
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charge carriers is close to the charge carrier lifetime, this might lead to unexpected behavior of
the model.
The simple model predicts faster polarization than observed. This is most likely because the
model does not take into account the spatial distribution of the trapped charge. Evenly
distributed charge does not contribute to the collapse of the electric field in the same degree as
locally clustered charge. The simple model result is closer to the measurement with 500 𝜇m
thick detector.
The Fig 8 shows the ratio of polarization times for all samples and model calculations of the
two models. The prediction of the multiple scales model differs significantly from all
measurements. The simple model is similar to the measurement data in high field regime. At
low field, the ratio of the polarization times is significantly different between different samples.
The samples seem to be divided into two groups: ones having nearly constant relation and
others distinctive direct proportionality to electric field. The first group is similar to the simple
model, where polarization is caused solely by neutral deep trap level in the bulk of the detector.
The other group deviates significantly from the simple model at low field regime. This could
indicate, for example, a non-neutral trap level in bulk or significant trapping in the
diamond-metal interface in addition to the neutral defect level(s) in the bulk. The latter
interpretation is supported by the fact that both 300 𝜇m samples fall into the category that
deviates from the model prediction.
Figure 8. Relation between polarization time for holes and electrons as a function of bias voltage
normalized with detector thickness for irradiated diamonds. Measurement data is compared to model
calculations with the simple and multiple scales (MS) computational models.
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The conditions assumed in Section 2 might not be valid. In particular the condition that the
number of trapping defects in the detector volume is much larger than trapped charge required
to collapse the electric field. The simulations are in agreement with the defect concentration of
1014 cm −3 for diamond irradiated to fluence of 1014 protons/cm 2 . This means that the
maximum trapped charge in the active volume of a 300 𝜇m thick detector is approximately
equivalent to 5 ⋅ 1011 electrons. The minimum charge required to collapse the field is
equivalent to 2 ⋅ 1010 electrons. Clearly there is enough defects to collapse the field, but, to
achieve the buildup of space charge necessary to collapse the electric field, nearly all traps
might need to be filled.

AC

Five high purity single crystal diamond-based detectors were investigated for space charge
polarization using 𝛼-TCT measurements and TCAD simulations. Strong enough polarization
effect to collapse electric field under the high flux of injected charge from 𝛼-particles in proton
irradiated diamond was observed.
Estimated charge carrier lifetimes that favor the trapping of electrons in irradiated diamond are
in accordance with previous studies [5,6,7].
For the low fluence (1014 p/cm 2 ) detectors, turning bias voltage periodically off for one
minute and back on is an effective method for removing polarization. In this case full charge
collection can be restored. In the measurement of minimum ionizing particles the injected
charge per particle is much less than in this experiment. It follows, that the detector is expected
to be operational for extended period of time before polarization occurs, especially, if high bias
voltage is used.
14
2
For the high fluence (5 ⋅ 10 p/cm ) detectors, switching high voltage off and back on is
not enough to restore charge collection efficiency and alternative methods for improving
detector performance, such as filling traps or re-processing, are advised to be considered in
high particle rate environment.

ACCEPTED MANUSCRIPT
There is need for development of numerical model to describe the polarization in diamond. The
two models considered in this study are originally developed for other materials and do not take
into account all the relevant aspects for diamond.
The models compared to the data are in better agreement with 500 𝜇m than 300 𝜇m thick
detectors. This could indicate significant trapping at the diamond-metal interfaces.
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Space charge polarization was studied with irradiated single crystal diamond sensors
Full collapse of the electric field was observed for all irradiated samples
To remove polarization in low fluence samples switching bias voltage on-off effective
Polarization very likely cannot be explained by trapping in the bulk only
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