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Abstract: This article explores the viability of nitrogen enriched silicon for particle physics
application. For that purpose silicon diodes and strip sensors were produced using high resistivity
float zone silicon, diffusion oxygenated float zone silicon, nitrogen enriched float zone silicon and
magnetic Czochralski silicon. The article features comparative studies using secondary ion mass
spectrometry, electrical characterization, edge transient current technique, source and thermally
stimulated current spectroscopy measurements on sensors that were irradiated up to a fluence of
1015 neq/cm2. Irradiations were performed with 23 MeV protons at the facilities in Karlsruhe (KIT),
with 24 GeV/c protons at CERN (PS-IRRAD) and neutrons at the research reactor in Ljubljana.
Secondary ion mass spectrometry measurements give evidence for nitrogen loss after processing,
which makes gaining from nitrogen enrichment difficult.
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1 Introduction

An approach to improve the radiation hardness of existing detector architectures is the use of float
zone silicon which has been enriched with foreign atoms.

The ROSE collaboration used oxygen enriched float zone silicon to make existing detector
architectures more resistant to changes in the effective doping concentration [1]. In oxygen enriched
silicon the E(30K) defect is produced with a high rate under irradiation with hadrons [2]. This defect
acts like a shallow donor making the material more n-type, which counteracts the usual change in
effective doping concentration under irradiation that causes the material to become more p-type.

This effect is observed when the irradiation is being caused by charged particles. If irradiation
is done with neutral particles, oxygenation does not provide any advantages.

A new candidate to enhance the performance of silicon in radiation environments is nitrogen [3].
The idea is that nitrogen interacts with vacancies during crystal growth and high temperature steps
during detector fabrication. Vacancies are replaced with nitrogen (N2) interstitials, which are more
robust and localized than vacancies [4]. This paper presents the results of comparative performance
studies between nitrogen enriched silicon detectors and detectors stemming from silicon wafers
processed in different procedures. The study was designed to investigate possible advantages of
nitrogen enrichment for silicon particle detectors.
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2 Materials and methods

The study is based on n-type wafers with 300 µm thickness, which were produced in four different
production procedures:

• Float zone (FZ)

• Float zone enriched with nitrogen (NIT)

• Float zone enriched with oxygen (DOFZ)

• Magnetic Czochralski (MCz)

The float zone wafers were produced at TopSil [5], the Magnetic Czochralski wafers at Okmetic [6].
Six wafers were processed into detectors from each of the four production procedures.

Device processingwas carried out at the Institute ofMicroelectronics ofBarcelona (IMB-CNM)
cleanroom based on a well-established planar p-on-n fabrication process [7]. Wafer processing
involved a 1100 ◦C processing step in wet ambient. The di-interstitial nitrogen defect is only stable
up to 900 ◦C and thus the high temperature process at 1100 ◦C is a possible cause for nitrogen
loss [8, 9]. Furthermore nitrogen increases oxygen precipitation in silicon after heat treatment [10].

In total 156 sensors and 120 diodes per type were produced, with a single wafer containing 26
strip sensors and 20 diodes. The strip sensors feature an active area of 1 cm × 1 cm and a pitch of
80 µm. The diodes have an active area of 4336 µm × 4336 µm.

2.1 Samples

To evaluate the sensors and diodes performance in environments with high radiation they were
subject to an irradiation campaign. Irradiation was done at the following facilities:

• The Reactor Centre in Ljubljana with neutrons using a hardness factor of 0.9 [11].

• The Irradiation Center Karlsruhe with 23 MeV protons using a hardness factor of 2.0 [12].

• The PS-IRRAD Proton Facility at CERN with 24 GeV/c protons using a hardness factor of
0.62 [13].

Strip sensorswere irradiated up to fluences of 1 × 1014 neq/cm2, 3 × 1014 neq/cm2, 6 × 1014 neq/cm2

and 1 × 1015 neq/cm2. Diodes were irradiated to the same fluences as well as 2 × 1011 neq/cm2,
5 × 1012 neq/cm2, 1 × 1013 neq/cm2 and 5 × 1013 neq/cm2. Two samples per type, fluence and
irradiation facility, were prepared. The irradiated samples were subjected to an annealing study at
60 ◦C or 80 ◦C. The heat treatment was performed in an oven and annealing time is renormalized
to the equivalent annealing at 21 ◦C room temperature using the parameters in [14].

2.2 Electrical characterization

After dicing electrical characterization was performed with a custom designed setup that allows for
temperature control and a dry environment with relative humidity below 10 %. The capacitance-
voltage characteristic (CV-curve) of the sensors and diodes was measured in the parallel mode
(Cp-Rp) of the LCRmeter. Frequency was set to 500 Hz and ramping was done in steps of 1 V, with
a waiting time of 300 ms between voltage steps. Measurements were done in steps of 10 V with a
settling time of 5 s.

– 2 –
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2.3 Beta source setup

Source measurements were performed in Karlsruhe and Freiburg. Both institutes conducted mea-
surements at temperatures in the range of −14 ◦C to −30 ◦C and at a relative humidity of less than
10 %. The ALIBAVA readout system [15] was used, which is based on the Beetle ASIC. It provides
separate channels to 128 of the 131 strips with a shaping time of about 25 ns [16]. Measurements
are performed using a 90Sr beta source. Depending on the site the measurements were performed at,
the readout is triggered by a single scintillator (KIT) or two scintillators (Freiburg) in coincidence.
In Freiburg only events falling into a time window of 10 ns around the signal peak are selected to
allow for high statistics. The collected charge is determined using a clustering algorithm with a seed
strip cut of 3.5 and a neighbouring cut of 1.8 times the noise value. In Karlsruhe −10 % around the
signal peak are accepted which leads to a time window of roughly 25 ns. The seed cut is set to 4
and the neighbouring cut to 2 times the noise value.

2.4 Edge TCT

Laser measurements were conducted using the Transient Current Technique with a laser shining on
the sensor edge (Edge TCT). The setup used is a standard Particulars Edge TCT setup [17, 18],
featuring a fibre coupled laser with emitting a beam with a wavelength of 1064 nm. This laser is set
to pulsed mode with a repetition rate of 5 kHz with 1 ns pulses. The setup is temperature controlled
and stable to −32±0.5 ◦C with relative humidity below 20 %. The laser has a fixed focal point with
a beam spot size below 11 µm, the position of that focal point can be changed by a motor stage [18].
A further description of the system is found in [19]. In charge collection measurements the laser
beam moves in steps of 10 µm while the signal is sampled 300 times at each point.

2.5 TSC setup

TheThermally StimulatedCurrent technique (TSC) is able to characterise radiation induced defects.
The experimental setup consists of a closed cycle helium cryostat, which cools the samples down
to a temperature around 10 K. From there defect levels are filled with charge carriers by applying a
forward current in the order of 1 mA to the sensor. Thereafter the sensor is put in reverse bias and
heated up with a constant and slow rate of 0.183 K s−1. The analysis of the TSC spectra is performed
using a single trap model and a fully depleted device. More details about the TSC technique and
possible methods for the extraction of trap parameters can be found in [20–23].

3 Experimental results

3.1 SIMS measurements

To determine the exact nitrogen content Eurofins EAGMaterials Science [24] measured the nitrogen
content using a Secondary Ion Mass Spectrometry setup (SIMS). The detection limit for nitrogen
within their measurements was 1 × 1015 at/cm3. The results are displayed in figure 1. Unprocessed
wafers as received from Topsil showed a nitrogen content of 2.4 × 1015 at/cm2. After wafer
processing, the measured nitrogen content in this case was at or below the detection limit of
1 × 1015 at/cm3.

– 3 –
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Figure 1. First measurement was conducted with raw wafer material. In a second stage a NIT sensor
with the back metal layer removed and a NIT sensor with the back metal layer removed plus an unmasked
back etch of silicon to a final sample thickness of about 137 µm were measured. The detection limit was at
1015 atoms/cm3.

The most dominant form of nitrogen in silicon is the di-interstitial nitrogen defect [25]. This
defect is very stable with the binding energy of the two nitrogen atoms being 3.67 eV and was
expected to lead to increased radiation hardness [8]. However the di-interstitial nitrogen defect is
only stable up to 900 ◦C and thus the high temperature processing is the most likely cause for the
nitrogen loss [8, 9]. The thermal budget to which the wafers were exposed during device processing
was dominated by the initial oxidation steps at 1100 ◦C, with a total estimated time of about 4 h. Thus
possible improvements from nitrogen enrichment will be smaller than shown in [3]. The following
measurements will aim to understand, if any advantages from nitrogen enrichment are retained.

3.2 Electrical characterization

In figure 2 the diode current-voltage characteristics of unirradiated sensors processed in the four
different wafer types are displayed. Figure 3 shows the change in effective doping concentration
as a function of the irradiation. The samples are named in the legend following the format
sample-type-irradiation-type with prot meaning irradiation with 24 GeV/c protons and neut
meaning irradiation with reactor neutrons. Looking at the change in effective doping concentration
for the neutron irradiated samples, no large change in effective doping concentration is observed
for the various float zone processed samples. For DOFZ this result is expected, as measurements
done in [1] show that no improvements were observed for oxygenated silicon under irradiation
with neutrons. For NIT the predicted improvements from measurements done in [3] could not be
confirmed. The most likely cause being the lower concentration of the di-interstitial nitrogen defect.
Nonetheless, effects could become visible once the device is annealed, as according to [26] nitrogen
should make the silicon more resistant against dislocations. Which could also fix defects in place
within the material. This is tested in source measurements in section 3.3.

Evaluating the proton irradiated samples in figure 3, again NIT shows similar depletion voltages
as FZ. In contrast the DOFZ sample proved to be less susceptible towards changes in effective
doping concentration, which was also observed in [1]. Finally the samples which proved most
resistant to changes in effective doping concentration were the MCz samples, both under irradiation
with neutrons as well as protons.
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Figure 2. IV curves of unirradiated sensors from the
test sample pool in Freiburg. Sensors were measured
under laboratory conditions.
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Figure 3. Effective doping concentration as
a function of fluence. Low fluences between
5 × 1012 neq/cm2 and 5 × 1013 neq/cm2 were mea-
sured on diodes. Relative humidity below 10 %
and temperature at −20 ◦C for sensors irradiated to
1014 neq/cm2 or less and −25 ◦C for sensors irradi-
ated to 3 × 1014 neq/cm2.

3.3 Beta source measurements

Figure 4 shows the charge collection as a function of annealing time. The signal is normalized to
electrons and the measurement was performed at a bias voltage of Vbias = 800 V. It was repeated for
each sensor type at each of the four available fluences. Before irradiation the sensors from all wafers
showed a charge collection between 23 000 e− to 23 500 e−. Until around 400 h of annealing at room
temperature equivalent the sensors are still within beneficial annealing, where the 6 × 1014 neq/cm2

NIT sensor showed higher charge collection than the other sensor types until 300 h [14]. Going
beyond beneficial annealing the charge collection decreases in the reverse annealing phase and
differences between the different detector types become apparent. Nonetheless, all sensor types
show similar charge collection at lower fluences. The picture changes for fluences higher than
6 × 1014 neq/cm2. Among the different float zone grown samples DOFZ shows the best performance
with a charge collection around 8 × 103 e− after 10 000 h annealing for the 1 × 1015 neq/cm2 sample.
The NIT and FZ sample show worse performance than the DOFZ sample and show roughly the
same charge collection. Nonetheless, the NIT sample which was irradiated up to 1 × 1015 neq/cm2

showed slightly higher charge collection for annealing times beyond 1000 h, but dropped strongly,
barely collecting any charge, after 10 000 h.
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Figure 4. Charge collection as a function of annealing time at 800 V. The annealing was performed at
60 ◦C and renormalized to room temperature according to [14]. The measurements were performed at a
temperature of −20 ◦C. Irradiation was performed with 23 MeV protons.

The neutron irradiated samples were measured on a different setup at a voltage of 700 V.
Nevertheless the different float zone samples show roughly the same trend in charge collection
with the only exception being DOFZ that shows the smallest charge collection which is consistent
with [1]. The MCz samples showed high charge collection for all annealing times and fluences.
Even at 1 × 1015 neq/cm2 and 10 000 h annealing the MCz sample still showed charge collection
around 1.4 × 103 e−. In conclusion no NIT sample proved superior in charge collection over the
full annealing period.

3.4 Edge TCT

The Edge TCT measurements were recorded with strip sensors. The collected charge plotted as a
function of the laser position is displayed in figure 5. The charge generated at each position was
measured for bias voltages spanning from 0 V to 300 V. In all graphs smaller depth corresponds
to moving closer to the top of the sensor (p+-strip side) while higher depth corresponds to moving
closer to the bottom of the sensor (n+ side). The six graphs in figure 5 show sensors which were
irradiated to a fluence of 1014 neq/cm2. The sensors irradiated to higher fluences show similar
behaviour. The three top plots in figure 5 show sensors which were irradiated with reactor neutrons.
If one interprets growing charge collection as the sensor depleting more and more with higher
voltages, then all three sensors deplete from back to front. Which confirms that they are fully
type inverted at this fluence. No large differences are visible between NIT and FZ after irradiation
with neutrons.

Figure 5 on the bottom displays sensors which were irradiated with 24 GeV/c protons. The FZ
sensor on the bottom right is type inverted depleting from back to front. In contrast the NIT sensor
displayed in the bottom left in figure 5, seems not fully type inverted. It is depleting from front and
back at lower voltages. The DOFZ sensor also depletes from front and back. To see the differences
in field configuration more clearly it is necessary to look at the signals.
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Figure 5. Charge collection of sensors irradiated to 1014 neq/cm2. Sensors on the top were irradiated with
reactor neutrons, sensors on the bottom with 24 GeV/c protons. The measurements were performed at a
relative humidity below 20 % and temperature at −22 ◦C for the lower three plots and −20 ◦C for the upper
three plots.

Figure 6 shows the response curves of the three proton irradiated sensors as a function of time.
Each of the curves was recorded as the average of the detector response over 300 laser pulses at
three different laser positions. Comparing the signals of the different sensor types it is possible to
distinguish that the pulses for NIT and DOFZ at low voltages (40 V and 100 V) are longer than the
pulses for FZ, close to the top and bottom of the sensors. The pulse shape is directly dependent on
the field configuration within the sensor. Overall the signal plots show that the field configuration
of the NIT sample is closer to the DOFZ sample than to the FZ sample. The similar behaviour of
NIT and DOFZ could be a result of increased oxygen precipitation in the NIT sample [10]. Thus
the NIT samples could contain slightly oxygen enriched regions after processing, influencing the
results of the strip which is measured here.

Finally using the slope of the signal to calculate the electric field according to [27] confirms that
DOFZ andNIT are depleting from both sides, while FZ is almost exclusively depleting back to front.
In general more highly irradiated samples of any type showed a double-junction structure [28].

Overall in terms of field configuration no effect compared to FZ could be detected for NIT under
irradiation with neutrons, while slight changes could be seen for NIT under irradiation with protons.
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Figure 6. Amplified signal response from three sensors which were irradiated with 24 GeV/c protons to a
fluence of 1014 neq/cm2. Three laser positions are recorded, one close to the top, centre and bottom of the
sensor. The measurements were performed at a relative humidity below 20 % and a temperature of −22 ◦C.

3.5 TSC measurements

The TSC measurements were recorded on diodes which were irradiated up to a fluence of
1 × 1013 neq/cm2. Figures 7 and 8 show the resulting emission spectra. Only the most signifi-
cant TSC peaks are labeled. TSC peaks labeled E and H are attributed to electron- and hole-traps,
respectively. Figure 7 shows two samples (NIT and FZ) which were irradiated with neutrons and
annealed at 60 ◦C for 80 min. The two spectra are nearly identical, except for the VOi complex.
This defect is more pronounced in NIT than in FZ, but the defect is not electrically active at room
temperature and consequently not visible in tests of macroscopic properties [29]. Finally the broad
peak at about 180 K is composed of at least five defect levels which are assumed to be higher order
vacancy-related extended (clustered) defects (E205a, V2, V3, H(220K), and Ip) [30, 31]. Nitrogen
in silicon should lead to a distinct lower introduction of vacancy related agglomerates and decrease
the concentration of this peak [4]. Overall this TSC measurement confirms the previous results
which did not show improved results for nitrogen enriched material after irradiation with neutrons.

Figure 8 shows two samples which were irradiated with 24 GeV/c protons to a fluence of
1.4 × 1013 neq/cm2. The E(30K), VOi, C(+/0)i +H(116K) and H(140K)+H(152K) show different
concentrations. The H(116K) is a deep acceptor in the lower half of the band which contributes
with negative charge to the space charge. Consequently the lower concentration of H(116K)
could be responsible for the differences in field configuration that were observed in the Edge TCT
measurements (section 3.4). Furthermore the higherC(+/0)i +H(116K) signal for FZ could be caused
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by a lower oxygen content and therefore a lower transformation rate to CiOi [14]. However one
cannot extract the concentration of C(+/0)i and H(116K) separately. Thus larger annealing times are
needed in order to come to a more quantitative conclusion about the concentration of H(116K).

The emission of charge carriers from defects represented by the peaks shown in figure 8 have
been fitted for different annealing times and the resulting concentrations are shown in figure 9
for both materials. The defect concentration is mainly constant for increasing annealing time and

– 9 –



2
0
2
0
 
J
I
N
S
T
 
1
5
 
P
0
5
0
0
6

identical for FZ and NIT. Only the E(30K) defect increases and the defect E(27K) decreases with
annealing time. The E(27K) is a possibly a precursor for the development of the E(30K) defect.

In summary, from these microscopic studies it is concluded that the difference in concentration
of higher order vacancy related defects in NIT material compared to FZ is marginal. This is the
case after neutron as well as high energy proton irradiation. The aforementioned similarity of NIT
and FZ samples confirms an insignificant nitrogen content in the material, causing the expected
reduction of the vacancy agglomerates to be undetectable.

4 Conclusion

Strip sensors and diodes based on silicon grown with different methods were investigated. The
samples included float zone silicon, nitrogen as well as oxygen enriched float zone samples and
Magnetic Czochralski silicon.

SIMSmeasurements showed that nitrogen is lost during sensor processing and the concentration
is at least decreased down to the detection limit. Electrical characterization confirmed the expected
behaviour of FZ and DOFZ. Hence no improvements in terms of effective doping concentration
could be observed for NIT. Moreover, measurements with a beta source showed strongly decreasing
performance at radiation doses beyond 6 × 1014 neq/cm2 for all float zone sensor types. Merely
MCz proved resistant towards irradiation. Under investigation with an Edge TCT setup NIT and
FZ neutron irradiated samples showed the same behaviour. Albeit the Edge TCT measurements
done with proton irradiated samples showed NIT behaving more similar to DOFZ than FZ, with
NIT being not fully type inverted at 1 × 1014 neq/cm2. A possible cause could be increased oxygen
precipitation within the NIT sample.

Overall the remaining nitrogen concentration after processing seems to be too low to allow for
improvements of particle detector characteristics.
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