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Abstract: For the High-Luminosity upgrade of the LHC, the current ATLAS inner detector will
be replaced with a new silicon charged-particle tracker, the ITk, which consists of the ITk Pixel
and ITk Strip subdetector. The high voltage multiplexing (HV-Mux) GaNFETs are radiation-
tolerant transistors that permit switching off high voltage to malfunctioning sensors on the ITk Strip
modules. To ensure the reliability of the GaNFETs in the high radiation environment expected at
the HL-LHC, a sample of the production batch was exposed to gamma radiation. The GaNFETs
were characterized pre-irradiation and post-irradiation, and monitored during irradiation.
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1 ATLAS Inner Tracker upgrade for the HL-LHC

The High-Luminosity phase upgrade of the Large Hadron Collider (HL-LHC) is expected to reach
a peak instantaneous luminosity of 7.5 × 10−34 cm−2 s−1, delivering more than 3000 fb−1 proton-
proton collisions. The result is a busy charged-particle tracking system along with a harsher
radiation environment for all the detector components [2] [3].

To guarantee the success of the ATLAS experiment [1], the current ATLAS inner detector
(ID) will be replaced with the Inner Tracker (ITk), an all-silicon based tracking system. The ITk
detector will have higher granularity, faster readout, and significantly more radiation tolerance than
the current ATLAS ID. The ITk consists of two subsystems: ITk Pixel detector [2] and ITk Strip
detector [3].

2 GaNFETs for the ATLAS ITk Strip detector

The ITk Strip subdetector is composed of carbon composite structures loaded with modules, which
house two types of ASICs responsible for data readout: ATLAS Binary Chip (ABCStar) and Hybrid
Control Chip (HCCStar) [3]. In addition, each module’s power-board contains an Autonomous
Monitoring and Control Chip (AMACStar) responsible for control of the module and monitoring
of voltages, currents and temperatures, and a GaNFET responsible for switching off the sensor’s
high biased voltage [3].

As there is not sufficient space to provide a bias voltage to each module, up to 4 modules share
a single high voltage (HV) bias line. If one module’s sensor goes into breakdown, all the modules
sharing the same HV bias become nonfunctional. To avoid losing multiple modules from a single
failure, GaNFETs, commercial Panasonic radiation-tolerant gallium nitride transistors, are installed
in each module’s power board to be operated as HV switches. The GaNFETs drain-source voltage
is the module’s HV and the GaNFET state is controlled by the AMACStar through the gate drive
circuity by providing either 0 or 3.3 V to the gate [4].
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The radiation tolerance design of these GaNFETs needs to be tested to ensure their operability
throughout the tracker’s lifetime. A sample of the production batch of GaNFETs was exposed to
∼1 MeV gamma radiation at Brookhaven National Laboratory (BNL) to study the effects of total
ionizing dose (TID) on the transistors like changes in properties such as voltage threshold shifts.

3 Characterization

Three tests were developed to characterize the performance of GaNFETs: voltage threshold, current
leakage in the off-state and operability under detector-like conditions.

AMACStar controls the GaNFET gate voltage through an oscillating 3.3 V to the HV-mux [4].
The GaNFETs voltage threshold always needs to be significantly below 3.3 V to avoid losing control
of the sensor bias HV. The voltage threshold of each GaNFET in the testing sample was gathered
by providing a large current (2 A) for a short period of time (100 𝜇s).

The current leakage of the GaNFET in the off-state is measured to ensure the HV to the
neighboring modules is insignificantly affected when a sensor fails. This is achieved by using a
dual-channel picoammeter to simultaneously measure the current through the gate and source of
the GaNFET as a function of drain-source voltage.

Furthermore, there are strict requirements on the maximum current consumed by each GaN-
FET. The current consumption in the off-state and on-state with realistic detector conditions were
measured. A 265.4 kΩ resistor and 1 GΩ resistor were used to imitate the impedance of an irradiated
detector and a new detector, respectively.

4 Gamma irradiation

A total of 80 GaNFETs were irradiated with gamma radiation at room temperature. Due to slight
setup misalignment, the GaNFETs received a variable dose rate between 27.6 and 29.4 krad/hr. For
simplicity, the TID was determined using the lowest dose rate to ensure every GaNFET experiences
a TID of at least 50 Mrad.

In the ITk Strip detector, GaNFETs will only operate in the off-state if a module’s sensor fails.
Therefore, 60 GaNFETs were irradiated in the on-state and 20 GaNFETs were irradiated in the off-
state. Throughout the irradiation, the state of each GaNFET was monitored to precisely determine
failure points. Additionally, the state of each GaNFET was switched every 3 hours to verify the
device was still properly operating. The monitoring of the GaNFETs was minimally interrupted due
to communication issues, but irradiation continued. Also, the HV power supply tripped twice. The
first cause was a power short on the HV connector due to the deterioration of the internal insulating
material. This did not affect the GaNFETs since each testing location contained protecting diodes.
The second case happened at a TID of 49.5 Mrad due to excessive current caused by the failure
of at least one GaNFET. To avoid testing interruptions, the GaNFETs continued getting irradiated
without HV for the last 0.5 Mrad.

4.1 Results

Figure 1b shows an average shift of (−3.5 ± 0.1)% in the GaNFETs voltage threshold. The voltage
threshold shift is minimal and will have no effects on detector operations.
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(a) (b)

Figure 1: Data collected with 10 V supplied to the drain through a 5.1Ω current limiting resistor.
(a) GaNFET drain current as a function of gate-source voltage. (b) GaNFET voltage threshold
before and after being exposed to gamma radiation for a TID of 50 Mrad. The voltage threshold is
taken at a drain current ∼0.95 A.

Moreover, an increase in off-state current leakage is shown in Figure 2. Considering only the
GaNFETs that were still operational after the gamma irradiation, the current leakage at a drain-
source voltage of 550 V increased by (66.6 ± 100.6) % with a maximum drain leakage current of
about 490 nA. The increase will have no effect on the operations of the detector since each sensor’s
is expected to require ∼100 𝜇𝐴 or more. Also, four off-state GaNFETs failed the post-irradiation
current leakage test due to excessive HV current consumption.

(a) (b)

Figure 2: Data collected with the gate-source voltage grounded. Four GaNFETs irradiated in
the off-state failed due to excessive drain current post-irradiation (a) GaNFET drain current as a
function of drain-source voltage. (b) Change in off-state current relative to the pre-irradiation data
at a drain-source voltage of 550 V.
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Furthermore, the detector-like conditions test shows that 76 out of 80 GaNFETs can still be
controlled under detector-like conditions. Figure 3 shows that 3 out of 80 irradiated GaNFETs are
effectively always in the on-state, and data from 1 GaNFET could not be obtained post-irradiation
due to an over-the-limit HV current during testing. Figure 3a shows that the off-state drain current
increased after the irradiation. However, Figure 3b shows that the increase in off-state drain current
is minimal at the expected end of lifetime condition.

(a) (b)

Figure 3: Detector-like conditions test results. Data collected using a 1 GΩ and 265.4 kΩ current
limiting resistor to simulate the expected currents of a new and an irradiated detector, respectively.
Four GaNFETs are effectively always in the on-state. Post-irradiation data from one GaNFET is
not available due to over-the-limit current. The GaNFET drain current as a function of gate-source
voltage is shown assuming (a) a new detector, and (b) an irradiated detector.

The four failing GaNFETs, with identification number 9, 20, 60 and 70, were irradiated in the
off-state and they failed after a TID of 36.0 Mrad, 32.8 Mrad, 30.7 Mrad and 45.5 Mrad, respectively.
The monitoring results of one of the failing GaNFET is shown in Figure 4. Although the off-state
GaNFET failure rate is 20%, GaNFETs are expected to operate in the off-state only after the module’s
sensor fails. Two of the failing GaNFETs had a single event burnout (SEB) during irradiation, one
of which can be seen in Figure 5.

5 Conclusions and outlook

60 out of 60 GaNFETs radiated in the on-state remained operational up to a minimum TID of
50 Mrad. 4 out of 20 GaNFETs radiated in the off-state failed at a minimum TID of 30.7 Mrad. 2 of
the failing GaNFETs experienced a SEB. The 4 failing GaNFETs had large current consumption in
the off-state effectively always being in the on-state for ITk Strip detector purposes. GaNFETs will
be in the off-state only when modules fail, so the use of the GaNFET can only increase the lifetime
of the modules sharing the HV bias line even if it later fails.
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Figure 4: GaNFET 20 monitoring during irradiation. The monitored value is the drain voltage
after passing through a 1/50 voltage divider as a function of TID. Failure observed at a TID of
32.8 Mrad were drain voltage oscillations reflect unexpected drain current leakage.

Figure 5: GaNFET 20 post-irradiation SEB.
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