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A B S T R A C T

The Low Gain Avalanche Detector (LGAD) technology is very promising for silicon timing detectors and
currently heavily researched. Recent studies show that the gain of LGADs highly depends on the charge carrier
density inside the gain layer. To study the charge carrier density related gain reduction, the Two Photon
Absorption-Transient Current Technique (TPA-TCT) was employed to obtain information on the drift velocity
and electric field of a LGAD for different charge carrier densities. The TPA-TCT uses fs-pulse infrared lasers
to provide a three-dimensional resolution to study bulk effects. A compact TPA-TCT setup was developed at
CERN and is used to measure current transients against the device depth of a 285 μm thick PIN and LGAD,
fabricated by IMB-CNM. Methods to extract information about the electric field are employed to verify the
charge carrier density related gain reduction. The gain layer of the LGAD is spatially resolved for the first
time.
. Introduction

Compared to standard PIN diodes, LGADs have an additional p+-
ayer implanted below the top n++-electrode, which introduces a high
lectric field at the top junction and enables a gain [1]. The gain is
riven by impact ionisation, which is sensitive to various operational
arameters as e.g. the temperature [2], the bias voltage, and the excess
harge carrier density [3]. This paper is focused on the latter parameter.
hen excess electrons (or holes) drift through the multiplication layer,

hey are multiplied and build up a temporal electric field with the holes
nd electrons from the multiplication process. The emerging additional
lectric field is counter directed towards the LGAD’s electric field and
educes it. Therefore, the impact ionisation coefficient, i.e., the gain
s reduced for the following electrons. The effect is non-destructive
nd reversible. It gets more pronounced for increasing charge carrier
ensities and increasing gain, i.e., increasing bias voltage, potentially
eading to a significant drop in the gain. It is important to the LGAD
echnology, because a decreased gain leads to a reduced time reso-
ution [3]. The Two Photon Absorption-Transient Current Technique
TPA-TCT) is, due to its three dimensional resolution and generation of
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an adaptable charge carrier density, an ideal tool to study charge carrier
density related effects along the device depth. Femtosecond pulse lasers
with wavelengths in the non-linear absorption regime of silicon are
used to generate charge only in a small volume around the laser’s focal
point [4,5].

2. Measurements

The TPA-TCT setup at CERN uses a 430 fs pulse fibre laser with a
central wavelength of 1550 nm. For the here presented measurements
the repetition rate is set to 200Hz and an objective with a numerical
aperture of 0.5 is used. The achieved beam waist is 1.3 μm and the
Rayleigh length inside silicon is 12.5 μm. The setup and method is
described in detail in the Refs. [5,6]. The measurements are performed
on a LGAD and a PIN from IMB-CNM [7] run 8622 [8] from wafer 5.
They are pristine silicon pad diodes with a physical thickness of 285 μm
and no support wafer behind. Effects introduced by the multiplication
layer are studied by comparing between the LGAD and the PIN detector.
To investigate the charge carrier related gain reduction mechanism,
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in-depth scans with different laser intensities and bias voltages are
performed. Higher laser intensities are used for the PIN to achieve an
signal-to-noise ratio (SNR) that is comparable to the SNR in the LGAD
measurements. These measurements are used to obtain information
about the drift velocity and electric field in the devices. When the drift
velocity is known, the electric field can be extracted from the known
relation between the drift velocity and the electric field at a given bias
voltage [9,10]:

𝑣e,h =
𝜇0
e,h𝐸

[

1 +
(

𝜇0e,h𝐸

𝑣sate,h

)𝛽e,h
]1∕𝛽e,h

, (1)

ith the electric field 𝐸, the low field mobility 𝜇0
e,h, the saturation

rift velocity 𝑣sate,h, and the parameter 𝛽e,h that describes the transition
etween the ohmic regime and the saturation velocity. The current,
nduced by the drifting charge carriers at the readout electrode of
ristine PIN detectors is given by [11]:

(𝑡) = 𝑒0𝑁e,h
(

𝑣e(𝑡) + 𝑣h(𝑡)
)

�⃗�w, (2)

ith the elementary charge 𝑒0, the amount of electron–hole pairs 𝑁e,h,
he drift velocity of the corresponding charge carrier 𝑣e,h, and the
eighting field �⃗�w. Due to the three-dimensional charge carrier de-
osition of the TPA-TCT, the induced current is measured against the
eposition depth 𝐼(𝑡, 𝑧). The prompt current method [12] is used to
elate the induced current 𝐼(𝑡, 𝑧) to the drift velocity 𝑣e,h(𝑧), by using
he current induced after a short time after illumination 𝑡pc, resulting
n:

(𝑡 = 𝑡pc ≈ 0, 𝑧) =
𝑒0𝑁e,h

𝑑
(

𝑣e(𝑡 ≈ 0, 𝑧) + 𝑣h(𝑡 ≈ 0, 𝑧)
)

, (3)

with the weighting field 𝑒z∕𝑑 in a pad diode with thickness 𝑑. In the
following, the current induced after 𝑡pc = 600ps is used as the prompt
current.

3. Results

Prompt currents measured against the device depth in the PIN
(a, b) and the LGAD (c, d), once measured with a low laser intensity and
once with a higher laser intensity, are shown in Fig. 1. Three different
bias voltages are used, whereby the PIN and the LGAD bias voltages are
well above the full depletion voltage, which is reached at 32V and 72V,
respectively. The PIN’s bias voltages are chosen to yield approximately
the same bulk fields as the LGAD’s bias voltages, using:

𝑉bias,PIN ≈ 𝑉bias,LGAD(1 −
𝑑GL
𝑑

) − 𝑉GL, (4)

with the bias voltage of the PIN 𝑉bias,PIN, the bias voltage of the LGAD
𝑉bias,LGAD, the thickness of the gain layer 𝑑GL (≈ 2μm), and the gain
layer depletion voltage 𝑉GL = 32.2V. In the figures, the origin of the
𝑧-axis is set to the back side full width at half maximum (FWHM) of
the drift velocity profile. Therefore, smaller 𝑧 values correspond to the
top side and greater 𝑧 values to the back side of the DUT. To correct the
𝑧-axis for refraction inside silicon [5], the 𝑧 values are multiplied with
a correction factor: 𝑧Si = 3.754 ⋅ 𝑧. The data is normalised by the max-
imum prompt current to ease the qualitative comparison. For the PIN
detector, the prompt current can be used, to extract the drift velocity
profile against the device depth, after equation (3). The expected linear
decrease of the prompt current, i.e, the drift velocity profile from the
top towards the back side is found. This is related to a linear decreasing
electric field inside the PIN. Furthermore, the drift velocity increases
with an increasing bias voltage, as expected for the non-saturated
regime. The prompt current profiles of the PIN are qualitatively the
same for both intensities. The LGAD shows, compared to the PIN, a
peak in the drift velocity profile at the top side (𝑧Si ≈ −0.28mm),
which is related to the gain layer. Inside the gain layer, secondary
charge carriers from the multiplication process also contribute to the
2

prompt current, which is the reason for the peak. The contribution of
the secondary carriers to the prompt current becomes evident, when
current transients from the top and back side are compared, as shown
in Fig. 2. Fig. 2(a) shows current transients measured at the top and
back side of the LGAD with the lower laser intensity and Fig. 2(b) shows
the same current transients measured with the higher laser intensity. It
can be seen that the primary carriers and secondary carriers are well
separated for the current transients measured at the back side, and
only primary carriers are present within the first 600ps. At the top side
the primary and secondary carriers cannot be easily distinguished and
both contribute to the current during the first 600ps. An overestimated
drift velocity is extracted, if the peak’s prompt current of the LGAD
(Figs. 1(c) and 1(d)) is used, because the extraction of the drift velocity
from the prompt current only works when the prompt current contains
just the contribution from the primary carriers. Therefore, the prompt
current method cannot be used to extract the drift velocity in the gain
layer, but only in the bulk region. After the peak, the prompt current
profiles also decreases linearly, due to the linear decreasing electric
field in the bulk. The difference in height between the prompt current
in the peak and the bulk indicates the presence of gain: the higher
the difference, the higher the gain. The height difference decreases
for an increasing laser intensity, i.e., increasing charge carrier density
(compare Figs. 1(c) and 1(d)). This observation is linked to a reduced
electric field, which lowers the gain, due to the charge carrier density
related gain reduction [3].

The strong dependence of the gain on the bias voltage can be
seen from the peak heights at different bias voltages. Furthermore, the
peak width is much wider (FWHM≈ 40 μm) than expected from TCAD
simulations (< 5 μm). This has two reasons, which are discussed in
the following. First, the probing method can spread out small features.
The resolution of TPA-TCT is given by the convolution of the probed
structure with the laser’s probing volume. If a structure is smaller
or in the same order of size as the probing volume, the dimensions
of this structure are not properly reproduced and features as peaks
can appear spread out. Second, the time used for the prompt current
𝑡pc is too long to measure the drift velocity localised enough. During
the used 𝑡pc = 600ps, electrons with a saturated velocity can drift
more than 60 μm [13]. Wherefore, the prompt current method only
gives an averaged drift velocity over a certain spatial spread. If the
charge carriers are deposited close towards the gain layer, the chosen
𝑡pc can be long enough that even secondary charge carriers from the
multiplication process contribute to the prompt current, which leads to
an overestimation of such prompt currents, increasing the peak’s width.
The effect can be decreased for shorter prompt current times 𝑡pc. How-
ever, shorter 𝑡pc decrease the SNR. Nevertheless, this is the first time
the electric field peak of the multiplication layer is resolved spatially,
which is only possible because a sufficient SNR for low enough laser
intensities is achieved.

Behind the DUT’s surface (𝑧Si > −0.015mm), signal is generated by
the laser’s reflection at the back side silicon–air interface [6]. For the
PIN, the drift velocity measured behind the back side should mirror the
drift velocity in front of the back side. However, a much lower drift
velocity is found, which is an artefact of the prompt current method.
The prompt current depends on the signal amplitude and therefore the
laser intensity. To extract the drift velocity independent of the signal
height, the signals have to be normalised by the total collected charge
beforehand. A method to mitigate the intensity dependence of the drift
velocity is currently under investigation.

4. Conclusion

For the first time the peak of the prompt current inside the multipli-
cation layer in a LGAD was successfully spatially resolved. As well for
the first time, the TPA-TCT was employed to verify the charge carrier
density related gain reduction in a LGAD. For this, prompt current
profiles, measured at different laser intensities, were compared and for
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Fig. 1. Fig. (a) shows the prompt current profile of the PIN against the device depth for a lower laser intensity compared to the intensity used in the measurement shown in
Fig. (b). Fig. (c) shows the prompt current profile of the LGAD against the device depth. Fig. (d) shows the same measurement, but measured with a higher laser intensity. For
𝑧Si greater than ≈ −0.015mm reflection from the back side interface is present. Same colours correspond to the same approximate bulk fields and the laser intensity is given in
the equivalent charge a certain amount of minimum ionising particles (MIPs) deposit in a 300 μm thick silicon PIN.
Fig. 2. Fig. (a) shows two current transients recorded at different device depth of the LGAD. The time used for the prompt current 𝑡pc is indicated by the dotted line. Fig. (b)
shows the same, but measured with a higher laser intensity. The bias voltage for both measurements is 900V.
increasing charge carrier densities a decreasing gain, i.e., electric field
was found. Besides, the intensity dependence of the prompt current
method was observed and a method to avoid it was proposed. The
application of such a method is currently under development.
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