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A B S T R A C T

The effect of temperature on the excess charge carrier generation and collection, injected using two photon
absorption at a wavelength of 1550 nm, is investigated in a 285 μm thick, p-type silicon planar detector, with
a bulk resistivity of 3.7 kΩ cm. Charge collection measurements are performed for temperatures between −20
◦C to 20 ◦C. The collected charge decreases by about 8% when the temperature is lowered from 20 ◦C to −20
◦C, which is linked to a decreasing excess charge carrier generation. Further, a decreasing time over threshold
is observed for decreasing temperatures, which is associated to an increasing charge carrier mobility.
1. Introduction

The Two Photon Absorption-Transient Current Technique (TPA-
TCT) was developed to characterise semiconductor detectors with a
three dimensional resolution. Femtosecond pulse lasers, with wave-
length beyond the linear, but within the quadratic absorption regime
are used (ca. 1200 nm ≤ 𝜆 ≤ 2300 nm), to only generate excess charge
arriers by the process of two photon absorption [1,2]. This allows to
enerate excess charge carriers in a confined volume around the focus
hat can be shifted through the device under test (DUT) to obtain the
hree dimensional resolution. The technique is widely used within the
ield of silicon detector characterisation [1,3–6], but so far a dedicated
tudy about the influence of temperature was never performed. This
tudy is especially important with respect to measurements of irradi-
ted devices, as they are typically operated at low temperatures, to cope
ith the increased leakage current after irradiation [7].

. Experimental setup

The used TPA-TCT setup is schematically shown in Fig. 1. It uses
fibre laser with a pulse width of 430 fs and a central wavelength of

550 nm. The laser source is the LFC1500X FYLA laser module [8] and
rovides a pulse energy of 10 nJ with a seed frequency of 8.2 MHz. The
ulse energy is adjusted by a neutral density filter and the frequency is
icked by an acousto-optic modulator inside the ‘‘Pulse management’’
odule. The laser system is described in great detail in [9]. For the
ere presented study, a pulse frequency of 1 kHz is used.
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The laser light propagates in open space towards a Faraday cage,
which is used for electromagnetic shielding. Furthermore, it is continu-
ously flushed with dry air to establish a dry ambient, to avoid freezing
and condensation at the DUT. The light is guided into the Faraday cage
and traverses a highly focusing objective with a numerical aperture of
0.5, which focuses the laser light onto the DUT. It should be noted that
spherical aberration occurs due to the mismatch in refractive indices
between silicon and air that can elongate the volume of charge deposi-
tion. However, for the used objective it is found that a constant charge
deposition throughout the full depth of a 300 μm thick silicon device is
provided, which ensures that the change in the beam parameters due to
spherical aberration is below the measurement sensitivity and therefore
negligible. Following the procedure described in Ref. [2], the beam
parameters are measured with the knife-edge technique. It is found
for the present settings that the objective focuses the laser beam to a
beam waist of 𝑤0 = (1.63 ± 0.11) μm and a Rayleigh length in silicon of
𝑧R = (13.07 ± 1.05) μm. Therefore, the objective confines the volume of
charge generation to about 4

3𝜋(1.63 μm)2 ⋅ 13.07 μm ≈ 145 μm3 around
the focal spot.

The DUT is glued with conductive silver epoxy to the metal contact
of a ceramic printed circuit board (PCB). The temperature at the DUT is
monitored with a Pt1000 thermistor, which is placed < 4mm away from
the DUT. The PCB is mounted and thermally coupled to a copper chuck,
which is in thermal contact with a Peltier element. The hot side of the
Peltier element is actively cooled by a Huber Chiller [10]. During the
measurements, the temperature varies less than 0.1 K. The temperature
https://doi.org/10.1016/j.nima.2023.168387
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Fig. 1. Schematic drawing of the used TPA-TCT setup.
Table 1
Details of the used sensor.

Producer Production Bulk Active Depletion 𝐶𝑒𝑛𝑑 Bulk resistivity
run type thickness [μm] voltage [V] [pF] [kΩ cm]

CNM 7859 p-type (282.7 ± 3.8) 27 4.06 3.7

controlled chuck is sitting on a HXP50-MECA high precision hexapod,
which allows movement in all three dimensions and rotation around
all axes. The rotation is used to correct for tilt between the 𝑥𝑦-plane
and the DUT, to ensure an orthogonal illumination. Details on the used
tilt correction method are given in Section 3 or can be found in [2,11],
along with more details on the used TPA-TCT setup. A red laser diode
is used for the rough alignment of the DUT and an infrared microscope,
which contains an infrared lamp (IR lamp) and an infrared camera
(IR camera), is used for the fine alignment. The infrared microscope
enables to live picture the DUT and the laser spot below the objective,
which is especially useful to find references at the DUT. All in-depth
scans are performed in the central position of the DUT.

Two different amplifiers are available to amplify signals from the
DUT: first, a broadband CIVIDEC C2-TCT amplifier with a gain of 40 dB
and a bandwidth of 10 kHz–2GHz, which is optimised to obtain the
ulse shape and second, a charge sensitive CIVIDEC Cx-L amplifier with
gain of 14.6 mV/fC that is optimised for charge collection measure-
ents [12]. The DUT is biased and readout at the p-side (top) via the

mplifier. The waveforms are recorded with the Agilent DSO9254A
scilloscope, which provides an upper bandwidth limit of 2.5 GHz and
sampling rate of 20 GS/s. The waveform is acquired 256 times and

he averaged waveform is saved, to reduce the noise level.
The here presented study is performed on a ⟨100⟩ silicon p-type pla-

ar detector, fabricated in run 7859 by CNM [13]. Details of the DUT
re shown in Table 1. The used electronics are expected to be suitable,
ecause the readout of the detector introduces an 𝑅𝐶 (𝑅system = 50Ω
nd 𝐶end = 4.06pF) with a high cut off frequency at about 800 MHz.
or the presented measurements a bias voltage of 100 V is used, which
s well above the device’s full depletion voltage. The electric field is
ow enough to avoid any electric field related influences to the optical
roperties, i.e. the Franz-Keldysh effect is negligible for the used bias
oltage [14]. The active thickness is extracted from an in-depth TPA-
CT scan as (282.7 ± 3.8) μm, which is in good agreement with the

ominal value of 285 μm given by the producer.

2

Fig. 2. The time the waveform is over 10% of its maximum against the device depth
for different laser intensities. The laser intensity is given in the amount of the collected
charge. The bias voltage is 100 V and the temperature is 20 ◦C. The back (top) side of
the DUT is located at 𝑧Si = 0 (𝑧Si ≈ −283 μm).

3. Experimental results

In the following, the experimental results of the temperature study
are presented. At the DUT position, laser pulse energies up to 1 nJ
are achieved, which generate high enough charge carrier densities to
excite an electron–hole plasma inside silicon. The plasma shields the
contained charge carriers from the external electric field of the DUT
and leads to a higher collection time [15,16]. To avoid the influence of
plasma, in-depth scans at different intensities are performed to check
for an increasing collection time. The result of this measurement is
shown in Fig. 2, where the time over threshold (ToT) is measured
against the device depth for different intensities. As a ToT, the time,
the signal is above a threshold of 10% of its maximal amplitude, is
used. For intensities > 18.5 fC an increased ToT is observed, which is
linked to plasma effects.

3.1. Influence on the charge collection time

To study the influence of temperature on the collection time, in-
depth scans with illumination from the front side are performed in the
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Fig. 3. Normalised induced current signals for different temperatures taken with a bias voltage of 100 V and a laser intensity corresponding to 18.5 fC. (a) and (b) are recorded
for a charge deposition at the top side and a charge deposition at the back side, respectively.
centre position of the DUT at different temperatures. A laser intensity
below the plasma regime is used and the CIVIDEC C2-TCT amplifier is
taken. The measurement was started at a temperature of −20 ◦C and
increased in 5 ◦C steps until 20 ◦C was reached. Following [2,11], in-
depth scans were performed in a 3 × 3-grid and the position of the
surface was extracted from each of the in total 9 scans individually.
This allows to measure the tilt between the DUT and the laser beam.
The tilt in this specific measurement campaign is −1.1 ◦ ≤ 𝑢 ≤ −1.06 ◦

and 0 ◦ ≤ 𝑣 ≤ 0.08 ◦, where 𝑢 (𝑣) is the angle between the DUT and the
𝑦-axis (𝑥-axis) of the coordinate system in Fig. 1. The tilt correction
procedure was performed for each temperature step individually, to
also correct any tilt induced by thermal expansion. It should be noted
that gluing of the DUT and the PCB influence the tilt, wherefore
it can be different for different samples. The alignment procedure
takes about 20 min, which is enough time for the setup to reach the
thermal equilibrium. Fig. 3 shows normalised induced current signals
at different temperature and for two different deposition depths: one
at the top side 3(a) and one at the back side 3(b). It can be seen
that the collection time decreases for decreasing temperatures, due to
the increasing charge carrier mobility. Further, due to the slope in
the signal the dominance of either holes 3(a) or electrons 3(b) is well
distinguishable. Fig. 4 shows the ToT against the device depth for an
intensity corresponding to 18.5 fC at 20 ◦C for temperatures of 20 ◦C,
0 ◦C, and −20 ◦C. The ToT decreases with temperature, which is related
to an increasing charge carrier mobility. Due to a shrinking phonon
population, less scattering of the charge carriers occurs and thus, the
charge carrier mobility increases [17]. The top side interface of the
device is at 𝑧Si ≈ −283 μm, and the back side interface is at 𝑧Si = 0.
The DUT is a p-type device, wherefore electrons are collected at the
top side and holes are collected at the back side electrode. The ToT at
𝑧Si = 0 origins from the electrons that traverse the full bulk, as the holes
only need to drift a short distance towards their collecting electrode
and are almost immediately collected. For decreasing 𝑧Si values the
electrons need to drift less and less distance towards their collecting
electrode, which results in a decreasing ToT. This trend continuous
until electrons and holes need the same collection time (𝑧Si ≈ −70 μm),
which leads to a minimum in the ToT profile. Afterwards, the ToT
increases, as holes start to dominate the waveform. The maximum ToT
of holes exceeds the maximum ToT of electrons, because holes have a
lower mobility [18]. The ToT reaches its maximum value at the top
interface at 𝑧Si = −285 μm. There is no support wafer below the active
volume and the back side of the DUT is not metallised. The difference in
refractive indices of silicon (𝑛Si,20 ◦C = 3.4757 [19]) and air (𝑛air,20 ◦C = 1)
leads to a reflection, which leads to a mirrored image for 𝑧Si > 0 [20].
For the investigated temperature range and the used bias voltage of
100V, the holes mobility increases more with temperature than the
electron mobility [21], wherefore the ToT of the electron dominated
part (−70 μm < 𝑧Si < 0) decreases less with temperature than the holes
dominated part.
3

Fig. 4. The time the waveform is over 10% of its maximum against the device depth
for different temperatures. A laser intensity corresponding to 18.5 fC and a bias voltage
of 100 V are used.

3.2. Influence on the charge generation

The influence of temperature on the charge generation is investi-
gated with a long term measurement, where the laser’s focal point was
positioned in the middle of the DUT and the stage is not moved during
a measurement at a given temperature. A charge sensitive amplifier
is used to increase the precision on the collected charge, and in total
five thousand waveforms are recorded, with a time of 5 s between
each acquisition, which results in a total measurement time of about
8.5 h for one temperature step. Such long measurements are needed
to correct for potential laser pulse duration fluctuations, which were
observed for short term measurements and lead to incomparable charge
collections. These fluctuations vary the generated excess charge by
up to 20 % and they could not be fully compensated by the energy
monitor. Only data recorded during stable operation is used to ensure
that a comparable excess charge is generated to improve the signal
to noise ratio of the measurement. Fig. 5 shows the results of the
measurement, where the collected charge is normalised with the charge
collected at 20 ◦C and shown for different temperatures. Furthermore,
to compare the influence on the TPA-TCT with the infrared single
photon absorption (SPA) TCT, a charge collection measurement at the
same temperatures, a comparable generated charge and the same DUT
is performed in a setup with a 1064 nm infrared laser is as well shown.
The SPA-TCT setup is well described in the Refs. [22,23]. It can be

seen that the charge collection decreases for both measurements: the
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Fig. 5. Collected charge normalised with the charge collected at 20 ◦C at different
emperatures, measured with infrared SPA-TCT and TPA-TCT. About 9.4 fC is generated
t 20 ◦C for TPA-TCT, and a comparable charge is generated for the infrared SPA-TCT.
he DUT is biased to 100 V. Linear functions are fitted towards the data.

harge collection of SPA-TCT decreases by (35.0±0.4)% and the charge
ollection of TPA-TCT decreases by (8.3 ± 1.4)%. A linear fit is used for
he interpolation of the charge collection of the TPA-TCT and the SPA-
CT measurement, as it appears linear in the used temperature range.
t should be noted that the general temperature dependence for both
easurements is non-linear.

The decreasing collected charge is a direct result of a decreasing
enerated charge, which is elaborated in the following for the TPA-TCT
esults. The generated charge of TPA is proportional to:

TPA(𝑇 ) ∝ 𝑛Si(𝑇 )𝛽2(𝑇 ),

ith the refractive index of silicon 𝑛Si and the quadratic absorption
oefficient 𝛽2 [2]. Linear and higher order absorption can potentially
ontribute to the charge generation, but an intensity scan showed
purely quadratic relation between the intensity and the generated

harge, which confirms that TPA is the dominating contribution and
ther contributions can be neglected. The temperature dependence of
he charge generation can only origin from changes of the refractive
ndex and the quadratic absorption coefficient. The refractive index
ecreases with temperature, but for the used temperature range the
ecrease is only about 0.2% [19]. This decrease of the refractive index
xcludes that the change in reflectivity of the material is above the
ensitivity of the used method and ensures that a comparable amount
f light intensity is involved in the charge generation process for all
sed temperatures. It follows that the decrease of the refractive index is
oo low to explain the observed temperature dependence and thus the
uadratic absorption coefficient must be the dominating contribution
or the temperature dependence of the charge generation in the inves-
igated temperature regime. Ref. [24] reports a decreasing quadratic
bsorption coefficient of silicon from 17 ◦C to −23 ◦C by (12.0 ± 2.6)%,
hich agrees within the errors with the here reported decrease of the

ollected charge. This suggests that the collection of the charge itself
s not influenced by the temperature, but only the charge generation.
he decreasing absorption coefficient depends on the energy band gap
nd the phonon population, which both depend on the temperature: the
nergy band gap increases [25] and the phonon population decreases
ith temperature [26]. However, the energy band gap increases only by
bout 1 meV for the investigated temperature regime and is below the
ensitivity of the used method. Consequently, the observed decrease of
he absorption coefficient, i.e. charge generation, is dominated by the
hrinking phonon population. For the SPA-TCT, the generated charge
s proportional to:

(𝑇 ) ∝ 1 − exp −𝛼 𝑇 ⋅ 𝑑 ,
SPA ( ( ( ) ))

4

ith the linear absorption coefficient 𝛼 and the active device thickne-
s 𝑑. Again, the refractive index and energy band gap can be conside-
ed as constant for the investigated temperature range. The expected
ecrease in charge generation, using the absorption coefficient of intrin-
ic silicon for the given temperature from Ref. [27], is 𝑄SPA(−20 ◦C)∕
SPA(20 ◦C) ≈ (57.1 ± 2.9)%. The consideration of reflection at the top
nd back surface changes the expected charge generation at −20 ◦C to
59.6±2.8)% of the charge collection at 20 ◦C, which is (5.4±2.8)% less

than the observed value.

4. Conclusion

A compact TPA-TCT setup with a 1550 nm fs-pulsed fibre laser
was used to investigate the influence of temperature on the TPA-
TCT measurement technique. In-depth and charge collection scans of
a 283 μm thick, p-type planar detector at different temperatures were
performed. A decreasing charge collection time was observed, which is
linked to an increasing charge carrier mobility. Furthermore, it is found
that the collected charge reduces by (8.3± 1.4)%, from 20 ◦C to −20 ◦C,
which is connected to a decreasing quadratic absorption coefficient and
hence a decreasing charge carrier generation. It was shown that the
decrease of the quadratic absorption coefficient for a wavelength of
1550 nm is much smaller than for the linear absorption coefficient of a
1064 nm ps-pulsed laser, which is in the DUT about (35.0 ± 0.4)%. The
presented method, to investigate the charge carrier generation, could
be extended to other temperature regimes and wavelength.
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