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A B S T R A C T

A modified Depleted P-Channel Field Effect Transistor (DEPFET) is the key feature of the DEPFET Sensor
with Signal Compression (DSSC), a 1 Mpixel X-ray camera aiming at ultra-fast imaging of soft X-rays at the
European XFEL. Operation of large-area devices with a large number of DSSC-type DEPFET pixels requires
the accurate knowledge of the sensitivity of the response to the relevant DEPFET parameters. The paper
presents the experimental qualification of the response of DSSC-type DEPFET pixels in the space of 4 relevant
parameters: drain current, source voltage, drain voltage and back side voltage. The obtained results allow
estimation of the impact of the inevitable parameter fluctuations in large monolithic sensors and of the actual
trimming range of the shape of signal compression in view of the pixelwise calibration of the 1 Mpixel DSSC
camera.
1. Introduction

Active pixel sensors based on the Depleted P-Channel Field Ef-
fect Transistor (DEPFET) feature excellent spectroscopic performance
thanks to the small capacitance of the sense node and are unique de-
vices that can achieve high-speed X-ray imaging down to few hundreds
of eV photon energy when combined with a suitable technology of the
entrance window [1]. The DEPFET active pixel consists in integrating
a MOSFET on a high resistivity n-doped silicon bulk with a deep n-
implant below the channel (internal gate). Signal electrons collected in
the internal gate cause an increase of channel conductivity and of the
DEPFET current, with amplification defined as 𝑔𝑞 = 𝛥𝐼𝑑𝑟𝑎𝑖𝑛∕𝑄𝑠𝑖𝑔𝑛𝑎𝑙. A
modified design of the DEPFET with non-linear (NL) response has been
proposed [2] to cope with the demanding dynamic range requirements
of photon detectors at the novel Free Electron Laser sources and is the
key feature of the 1 Mpixel DEPFET Sensor with Signal Compression
(DSSC) [3], aiming at ultra-fast imaging of soft X-rays at the European
XFEL [4]. The compression mechanism of the DEPFET response is
obtained by extending the internal gate underneath the source contact,
where the electrostatic coupling to the DEPFET channel is weaker. As a
consequence, at increasing signal levels the signal charge progressively
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spreads towards the source, giving rise to the desired compression
shape. The DEPFET pixels with NL response have been already demon-
strated [5] and large-area monolithic active pixel sensors (128 x 256
pixels) with DSSC-style DEPFETs have been produced with a custom
0.35 μm CMOS process.

Operation of large-area devices with a large number of DSSC-type
DEPFETs requires, however, to study in detail the sensitivity of the
NL response to all relevant parameters. The main open issues to be
investigated are the following: (i) the impact of voltage drops of the
drain and source supply voltages of the DEPFET, (ii) the possibility to
adjust the shape of the NL response, (iii) the impact of a change of the
back voltage, influenced by bulk doping and by the level of leakage
current. To this purpose we conducted an experimental qualification
of DSSC-type DEPFET pixels to investigate the sensitivity of the NL
response in the space of 4 relevant parameters: drain current, source
voltage, drain voltage and back side voltage.

2. Experimental setup and method

The tested DEPFET pixels are arranged in a 7-cell cluster fabricated
on a 725 μm thick high-resistivity silicon wafer processed in a custom
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Fig. 1. Layout of the tested DEPFET pixels. (left) 7-cell structure. (right) Detail of the
central pixel. The side of the hexagonal pixel is 136 μm. The gate length of the DEPFET
is 2 μm and the gate width is about 16 μm.

double-sided 0.35 μm CMOS-DEPFET technology. The technology and
geometrical size of the DEPFET pixels are the same as the ones of the
DSSC detector. The layout of the tested structure is shown in Fig. 1.
The 7-cell structure is bonded to a ceramic board connected via a
ZIF socket to the mainboard which distributes the required static and
dynamic supply voltages. The DEPFET current is readout (drain readout
configuration) by a transimpedance amplifier (TIA) followed by an
external 14-bit ADC providing a resolution of the DEPFET current of
the order of 1 nA.

Qualification of the NL response curve of the DEPFET requires
injection of an increasing amount of calibrated charge into the internal
gate. However, the DSSC-type pixels feature a thin Al layer on the back
side as a light-blocking filter requested by European XFEL instruments
which generally prevents injection of the signal charge with a standard
pulsed optical laser (tests with a dedicated setup for laser injection
are reported in [6]). As an alternative method, we used the thermally-
generated leakage current in the pixel to scan the NL DEPFET response.
The leakage current in the DEPFET pixel is independent of the fill level
of the internal gate, therefore the accumulated charge 𝛥𝑄𝑖𝑛𝑡 is solely
proportional to the integration time. Fig. 2 shows the measurement
sequence. After the removal of the signal charge stored in the internal
gate (reset), the integration of the leakage current in the internal gate
starts and the baseline is sampled. Samples of the signal are acquired
at equal time intervals, 𝑡𝑖𝑛𝑡, to scan the DEPFET response. To avoid
drifts in the operating conditions we conducted all measurements at
controlled temperature (−20 ◦𝐶). The granularity of the scan is related
to the integration time and to the level of leakage current in the pixel
(typically <10𝑓𝐴). A complete measurement scan of the response up to
about 1.5 MeV deposited energy takes several seconds (≈1000 points).
The back side was biased at −200 V and the drift rings 1 and 2 were
biased at −10 V and −20 V, respectively. Absolute calibration of the
DEPFET current is done by injection of a known current via a resistor
and thus calibrating the TIA gain. The acquisition of 55𝐹𝑒 spectra – per
pixel and for every tested condition – allowed calibration of the injected
charge per integration time exploiting the linear portion of the DEPFET
response. Calibration errors are related to spectra peak fitting (pedestal,
injected charge peak and Mn K𝛼 line) and are typically of ≈1%.

3. Fitting model

An example of the measured signal current as a function of the
deposited energy is shown in Fig. 3(a). The slope of the signal current
represents the gain (i.e. charge-to-current amplification of the DEPFET)
that is shown in Fig. 3(b). The DSSC-type DEPFET response features
three compression ‘‘kinks’’, corresponding to three overflow regions
under the source. The plot of the gain better reveals the details of the
corresponding gain ‘‘steps’’. We modelled a single gain step with the
function:
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Fig. 2. Measurement sequence to scan the DEPFET NL response using the pixel leakage
current.

Fig. 3. Measured DEPFET response vs. the deposited energy (𝑉𝑠𝑜𝑢𝑟𝑐𝑒 = 0 V, 𝑉𝑑𝑟𝑎𝑖𝑛 =
−4 V, 𝐼𝑑𝑟𝑎𝑖𝑛 = 100 μA). (a) Signal current. The estimated values of relevant fit variables
are shown (𝐸𝑖𝑎, 𝐸𝑖𝑏 refer to the 𝑖th gain step). (b) DEPFET gain. The inset shows a
zoomed view. The 2nd derivative of the signal current, whose minimum defines the
onset of the kink transition, is also shown.

where 𝐸𝑎, 𝐸𝑏 define the kink transition region and 𝑛 is correlated
to the gain ratio (or compression factor). The gain function can be



Nuclear Inst. and Methods in Physics Research, A 1068 (2024) 169757A. Castoldi et al.
extended to any number of gain steps and the final custom fit function
for the DEPFET signal current is obtained by numerical integration of
the gain model. An example of the obtained fit results is given in Fig. 3.
As the 3rd kink is always outside the tested range (𝐸 ≪ 𝐸3𝑏), the
function of the 3rd gain step is simplified by retaining only the 𝐸3𝑎
term. The fitting model nicely catches all the features of the DEPFET
response with excellent Goodness-of-fit indicators (RMSE≈0.02 ADU,
adjusted R-squared = 1.0000) and with standard errors of the estimated
fit parameters below 1%. The inset of Fig. 3(b) shows the detail of
the first gain step and the 2nd derivative of the signal current that
identifies the onset energy of the kink transition. Another parameter
of interest is the compression factor, i.e. the ratio between the gain in
the linear region and at high energies, that tends asymptotically to an
energy-independent value.

4. Results and discussion

Three measurement sweeps of the DEPFET parameters (𝐼𝑑𝑟𝑎𝑖𝑛,
𝑉𝑠𝑜𝑢𝑟𝑐𝑒, 𝑉𝑑𝑟𝑎𝑖𝑛) were carried out. Starting from the reference bias con-
dition 𝑉𝑠𝑜𝑢𝑟𝑐𝑒 = 0 V, 𝑉𝑔𝑎𝑡𝑒 = −2.58 V, 𝑉𝑑𝑟𝑎𝑖𝑛 = −4 V and 𝐼𝑑𝑟𝑎𝑖𝑛 = 150 μA,
one variable is swept while the independent variables are kept at
the reference value. The DEPFET bias conditions of the 3 sweeps are
summarized below.

• Drain current sweep: 𝐼𝑑𝑟𝑎𝑖𝑛 from 50 μA to 150 μA, steps of 10 μA
(𝑉𝑔𝑎𝑡𝑒 changes from −1.51 V to −2.58 V). 𝑉𝑠𝑜𝑢𝑟𝑐𝑒 = 0 V, 𝑉𝑑𝑟𝑎𝑖𝑛 =
−4 V.

• Source voltage sweep: 𝑉𝑠𝑜𝑢𝑟𝑐𝑒 from 0 V to −0.5 V, steps of 0.1 V
(𝐼𝑑𝑟𝑎𝑖𝑛 changes from 147 μA to 78 μA). 𝑉𝑔𝑎𝑡𝑒 = −2.58 V, 𝑉𝑑𝑟𝑎𝑖𝑛 =
−4 V.

• Drain voltage sweep: 𝑉𝑑𝑟𝑎𝑖𝑛 from −4.5 V to −3 V, steps of 0.5 V
(𝑉𝑔𝑎𝑡𝑒 changes from −2.46 V to −2.87 V). 𝐼𝑑𝑟𝑎𝑖𝑛 = 147 μA, 𝑉𝑠𝑜𝑢𝑟𝑐𝑒 =
0 V.

Fig. 4(a) shows DEPFET signal current curves versus the deposited
energy when 𝐼𝑑𝑟𝑎𝑖𝑛 is swept from 50 μA to 150 μA. At the reference
bias condition (𝐼𝑑𝑟𝑎𝑖𝑛 = 150 μA), the DEPFET gain 𝑔𝑞 changes with
deposited energy from 1.57 nA∕el (linear region) to 45.6 pA∕el (at
1 MeV), corresponding to a compression factor of 34.4. The signal
current grows with 𝐼𝑑𝑟𝑎𝑖𝑛 as a result of the change of the DEPFET gain
and of the kink transition regions. The gain 𝑔𝑞 in the linear region,
plotted in Fig. 4(b), grows with 𝐼𝑑𝑟𝑎𝑖𝑛 which explains the increase of the
signal current as well as the increase of the global compression factor
(Fig. 5, bottom).

The impact of the DEPFET voltages on the 1st kink transition region,
defining the extension of the region of linear amplification, is analysed
in Fig. 5 (top). Here the fit variables 𝐸1𝑎, 𝐸1𝑏 are plotted together
with the onset energy of signal compression. 𝑉𝑠𝑜𝑢𝑟𝑐𝑒 and 𝑉𝑑𝑟𝑎𝑖𝑛 have
significant impact on the 1st kink energy due to the stronger electro-
static coupling between the internal gate and the DEPFET channel. In
particular, 𝑉𝑑𝑟𝑎𝑖𝑛 can trim the 1st kink energy from about 34 keV to
63 keV. Fig. 5 (bottom) shows the compression factor, which varies
between 32 and 36 in the explored variable range.

The impact of the back side voltage (𝑉𝑏𝑎𝑐𝑘) on the DEPFET signal
current has also been tested on different DEPFET structures (gate length
≈3.5 μm and gate width ≈40 μm) fabricated on a thinner substrate
(450 μm). Changing 𝑉𝑏𝑎𝑐𝑘 in the range [−80 V,−150 V] has no impact
on the linear region of the response, while at higher energy the signal
current increases with the reverse voltage. This trend is explained by
the increase of the potential barrier between the internal gate and
the overflow region, connected to the increase of the 1st kink energy,
resulting from the different capacitive partition of the change of the
reverse voltage. As a reference, at 230 keV the sensitivity of the signal
current to the back voltage was found 32.4 nA∕V. Although tested on a
different substrate thickness, the measured sensitivity to the back side
voltage confirms the impact on the extension of the linear region and
on the shape of the response.
3

Fig. 4. Impact of 𝐼𝑑𝑟𝑎𝑖𝑛 on the DEPFET response. (a) DEPFET signal current vs deposited
energy. Kink transition regions are indicated. (b) DEPFET gain (linear region) and gate
voltage as a function of the drain current.

5. Conclusions and outlook

Measurement sweeps of the main relevant DEPFET parameters
(𝐼𝑑𝑟𝑎𝑖𝑛, 𝑉𝑠𝑜𝑢𝑟𝑐𝑒, 𝑉𝑑𝑟𝑎𝑖𝑛, 𝑉𝑏𝑎𝑐𝑘) were carried out to assess the sensitivity of
the DEPFET response to the inevitable parameter fluctuation expected
in large monolithic sensors and to investigate the trimming range. The
fit function proved to accurately model the DEPFET response and it will
be a precious tool for calibration as it allows reduction of the number
of experimental points, resampling and efficient parametrization of the
NL pixel response (e.g. 9 parameters/pixel in the studied case) [7].
The measurement technique, based on the integration of the leakage
current, allowed to nicely scan the DSSC response up to about 1.5 MeV
and is potentially applicable to the 1 Mpixel DSSC camera. Further
investigation on the dispersion of leakage current in large arrays and
on the maximum useable measurement time must be carried out. The
results show that the DEPFET pixel was always functional within the
range of the tested variables and confirmed the possibility to adjust
the shape of the response before the final pixelwise calibration of the
1 Mpixel DSSC camera.
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Fig. 5. Summary results of the 3 measurement sweeps (𝐼𝑑𝑟𝑎𝑖𝑛, 𝑉𝑠𝑜𝑢𝑟𝑐𝑒, 𝑉𝑑𝑟𝑎𝑖𝑛). The top figures show the sensitivity of the 1st kink region (fit variables 𝐸1𝑎, 𝐸1𝑏 and onset energy of
the 1st kink, 𝐸𝑚𝑖𝑛) to the sweep variable. The bottom figures show the corresponding compression factors at 1 MeV.
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