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Abstract

We investigate the proton energy loss in GaN in an energy range between 0 and 65 MeV. The
energy of protons generated by a cyclotron at about 65 MeV is varied by inserting an energy-
absorbing medium of varying thickness. The precise modeling of the GaN Schottky diode
response as a function of the absorbing medium thickness allows us to demonstrate that the
energy absorption loss in GaN precisely follows the Bethe theory. In addition, we can identify
the region of the detector contributing to its response to a proton beam, which is of prime

importance for proton detector optimization.



1. Introduction

The energy loss of high energy particles in matter has been calculated a century ago and is well
described by the Bethe formula [1]. This formula gives the average energy loss per unit distance
or unit distance times density, but does not describe the random nature of the collisions and the
related fluctuations in the energy loss. These fluctuations were first described by Landau [2]
with a universal asymmetric probability density function, and refined by others [3, 4].
Experimentally, stopping ranges and straggling ranges have been measured in Silicon and
Germanium [5, 6]. GaN is currently becoming the most important semiconductor after silicon.
AlGalnN alloys are nowadays widely used in LEDs for lighting and displays, for lasers in the
Blu-ray technology, and start to emerge for electronic applications in the radio frequency and
power domains. GaN is a wide band gap material with a strong chemical and mechanical
stability. As a result, GaN is expected to be more robust than many other semiconductors
against degradation under ionizing radiations. High Electron Mobility Transistors based on
nitrides are expected to be more radiation resistant than Si or GaAs devices [7, 8] and could
replace them for space applications and in harsh environments. Schottky diodes based on GaN
were also recently demonstrated to be sensitive, linear, and stable detectors for high energy
protons with applications in proton therapy [9]. Hence, it becomes timely to investigate the
energy loss of high energy particles in GaN. In this letter, we study the spectral absorption of
protons in a GaN based Schottky diode.

2. Measurements
GaN Schottky diodes were fabricated. A 10 um un-doped active region was grown on a doped
GaN substrate by Metal Organic Chemical VVapor Deposition (MOCVD) in an Aixtron 6Closed
Coupled Showerhead. A Schottky contact based on 10 nm of Pt followed by 100 nm of Au. was
deposited on the top while an ohmic contact was deposited on the back. All fabrication details
can be found elsewhere [9]. The diodes were tested in the Medicyc line (Lacassagne Proton
Therapy Center, Nice), with 64.8 MeV protons and were found to respond linearly with proton
beam current. The results suggested that the response was originating from the un-doped GaN
region [9], while the 300 um thick GaN substrate was not or not noticeably contributing due to
its high doping level. In fact, the carrier collection is much higher in the depletion region of the
Schottky diode than in the remaining un-doped GaN region. The depletion region is estimated
to be a few um thick, so that the contributing material thickness is likely to be even less than
10 um. Some photoconductive gain was found, possibly related to the low field region in the

un-doped GaN layer, leading to a response larger than the pure photovoltaic response expected
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in a Schottky diode. The question of the contributions of the depleted region, of the un-doped
region, and of the substrate, will be discussed at the end of the paper. Let us note also that the
protons are incident on the front side of the diode, so that the proton energy distribution in the
device is equal to the incident proton energy distribution.

The initial proton energy is set by the cyclotron and cannot be varied. In order to tune the
energy of protons incident on the GaN diode, we have inserted PMMA (poly(methyl
methacrylate)) with a varying thickness in front of the GaN diode. This was done in two ways.
First, we inserted PMMA plates with an increasing total thickness from 0 to 31 mm. The
stopping range being about 30 mm in PMMA, we were able to cover the whole energy range
from 64.8 MeV down to zero. The Schottky diodes was reverse biased from 0 to -1V. The
isochrone cyclotron delivers proton pulses with a duration of 7 ns and a frequency of 25 MHz.
However, our setup was not able to time resolve the pulses and all measurements were made in
CW. For a proton current of 20 nA, the current in the GaN diode was 0.18yA at OV and
increasing to 14 pA at -1V. Figure 1 shows the detector current at OV as a function of PMMA
thickness, normalized by its value without PMMA (0.18pA). We observe that the current is
first constant for increasing PMMA thicknesses, then increases and finally abruptly decreases.
This is in qualitative agreement with expectations and represents the Bragg peak in GaN. It was
however impossible to measure the peak with a higher resolution with individual PMMA plates.
Hence, we implemented a second way of measuring this peak with a higher resolution by using
a 90 steps PMMA wheel with an increasing thickness, from 23.7 to 30.3 mm. The wheel was
rotating and its rotation angle was monitored so that the detector current could be continuously
measured as a function of the wheel position or PMMA thickness. In order to shift the thickness
range towards a zero transmission, a2 mm PMMA plate could be added to the wheel. Figure 1
shows the current at 0V as a function of PMMA thickness, including points measured with the
additional 2 mm plate. We observe that the Bragg peak is much better resolved, with a larger
dynamics, compared to the first method based on individual PMMA plates. This is explained
by the lateral straggling of the beam in the PMMA. For practical reasons, individual plates
could not be placed very close to the detector and the beam broadening was increased in the air
gap between the plates and the detector. In addition, the broadening is even further increased
due to the numerous PMMA/air interfaces. On the contrary, the wheel could be placed very
close to the GaN diode and there were two interfaces only, both leading to a smaller impact of
lateral straggling. We performed the same measurements at different biases, and obtained
similar results with however a tendency to reduce the peak dynamics (relative peak amplitude
reduced by 13% at -1V).
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Figure 1: Current in the GaN diode at zero bias as a function of the PMMA thickness. The
current is normalized by its value without PMMA. The PMMA is inserted in the form of
individual plates (pink dots and line) or of a rotating wheel (blue dots) along the proton beam
in front of the GaN diode.

3. Interpretation and modeling

In order to interpret the results, one must calculate the energy loss in the PMMA. The energy
loss and stopping range in PMMA (density 1.18) are given by the Ziegler table (SRIM software)
[10]. The stopping range has been carefully verified experimentally as PMMA is routinely used
in proton therapy to shift the penetration range in the tissues. The mean proton energy after
crossing a given PMMA thickness can be calculated, and is found to first decrease linearly with
PMMA thickness up to about 24 mm and then to decreases more and more rapidly between 24
and 30 mm. One can then plot the GaN diode response as a function of the mean proton energy.
We find a broad spectral response (not shown), with a peak at 5.8 MeV and a full width at half
maximum of 12 MeV, with a response extending to negative energies. This is absolutely
different from the expected energy loss spectrum shown in Fig.2 (note that the energy axis is in
log scale), which is a narrow curve peaked at about 0.1 MeV and reaching zero for a proton
energy equal to zero. The experimental curve must be understood in term of mean energy of
the protons, and is strongly affected by the fact that protons are not mono-energetic anymore
after passing through the PMMA. This broadening in energy has been described by Landau [2]

and is calculated in the SRIM software by the straggling range, which increases along the proton
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path (roughly as the square root of the travelled distance) and reaches 1.2mm for 30 mm of
PMMA for 64.8 MeV protons. In order to take the longitudinal straggling into account, we used
a distribution function of the effective PMMA thickness with a FWHM of 1.2 mm. We used
either a Gaussian distribution or an asymmetric function close to the Landau distribution, with
a broader width on the large PMMA thickness side which reflects the broader width on the high
energy loss side in the Landau distribution [2]. Similar results were obtained in both cases and
we will present results obtained with the Gaussian distribution. For each proton energy, we
calculated the absorption in GaN by using the absorption spectrum dE/dx given by the SRIM
software. For a given PMMA thickness, the absorption in the GaN detector is given by:

L+AL
A(L) = f R(E(x),T) X g(x) dx

L—-AL
L and x are the nominal and effective PMMA thicknesses respectively, E(X) is the mean energy
of protons of initial energy 64.8 MeV after crossing a PMMA thickness of x, R(E,T) is the
energy absorbed in a GaN slab of thickness T by protons of energy E, and AL is the thickness
range for the integration. AL varies as the longitudinal straggling S(L) for protons of initial
energy 64.8 MeV and after crossing a PMMA thickness of L. For instance, for a PMMA
thickness of 30mm, S(30 mm) = 1.2 mm as mentioned earlier. g(x) is the Gaussian (or Landau)
function with a FWHM equal to S(L). In practice we took AL=S(L), so that we integrate for
Gaussian values g(x) larger then 1/16. Figure 2 shows the energy loss in GaN calculated by
SRIM. Please note that the energy axis is in log scale in order to show the highly peaked
function at small energies. The energy absorbed in a GaN layer is directly related to the energy

loss shown in Fig.2.
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Figure 2: Energy loss in GaN as a function of proton energy, calculated from the SRIM
software, and used to model the GaN response. Inset: variation of the proton energy along its
path in GaN

However, it is not simply given by the product of the differential energy loss (dE/dx) by the
thickness T as the absorption saturates at the Bragg peak. Such a saturation occurs when
dE/dxxT ~E. Even for 1um thick GaN layer, at 100 keV, the energy loss reaches 190 keV/um
leading to saturation and a complete absorption. In order to calculate the correct absorption, we
must integrate the absorption loss along the proton path and find the variation along the path of
the mean proton energy Ecan (X), as we did for PMMA. The inset of Fig.2 shows the variation
of the proton energy along its path in GaN. The energy decreases first linearly with distance in
GaN and then decreases more and more rapidly, as it does in PMMA.. Then, we can calculate
the absorption in a GaN layer of any thickness T at any position x by calculating Ecan (X) - Ecan
(x+T). We performed the calculation of the integral in three cases: 1 um, 10 pm (undoped

region) and 300 um (substrate). Figure 3 shows the result of the calculation and its comparison
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with experimental data (same experimental data as in Fig.1, for the wheel only). Note that all

curves have been normalized to unity at the peak.
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Figure 3: Experimental response of the GaN diode as a function of PMMA thickness (same as
in Fig.1 for the wheel) and corresponding calculated responses for three GaN layer thicknesses

(2pm, 10 pm and 300 pm)

We observe that the best fits are obtained for absorption regions that are 1 to 10 um thick. We
cannot be more precise and cannot deduce the exact thickness of the contributing region in this
1-10 pum range. However, our results indicate that the GaN substrate (300 pm) does not
contribute as the corresponding fit clearly deviates from experimental data, which confirms our
initial assumption. The experimental peak is slightly broadened on the small PMMA thickness
side compared to the theoretical one, which can be mostly explained by the lateral straggling in
PMMA. Lateral straggling is smaller with the wheel than with the plates, but remains non
negligible. Indeed, lateral straggling in 30 mm thick PMMA reaches 740 um, while the beam
has a Gaussian shape with a full width at half maximum of 7 mm, and the GaN diode is 1 mm
wide. Lateral straggling tends to reduce the signal when the thickness increases, which
counterbalances the increase of energy loss. Other possible parasitic effects such as external

photoemission from the GaN layers or from the metal contacts could also contribute. Another



possible deviation could arise from the relation between absorption and current. It is commonly
assumed that the number of electron hole pairs created by the absorption of an energy AE is
given by AE/(3xEg ) where Eq is the band gap energy. Any deviation from this law as a function
of energy would modify the exact response shown in Fig.3. However, in this energy range, such
a deviation from a constant ratio between absorption and proto-current is very unlikely. Finally,
let us add that longitudinal straggling in GaN was not taken into account. Indeed, for energies
larger than 2 MeV, protons incident on GaN are passing through the 10um GaN region (see
Fig.2), and longitudinal straggling in GaN will just affect their stopping range in the substrate,
with no incidence on the detector response. For energies smaller than 2 MeV, longitudinal
straggling in GaN is smaller than 1 um, and can be neglected compared to the 10 um GaN
thickness. As explained in a previous publication [9], the response at OV can be described by
the photovoltaic response originating from the depletion layer which is 0.4um for a doping of
10 cm. The diffusion length is less than 1um in GaN [11], so that a 1 pm thick region can
be assumed to contribute to the response at 0V. When the bias increases, the large increase of
response cannot be explained from the increase of the depletion region only, and a contribution
from the whole un-doped region with a photoconductive gain is likely to explain the response.
This information agrees with the conclusion of the present study based on the spectral

dependence of the response.

4. Conclusion
In conclusion, we have experimentally measured the proton energy loss in GaN and we have
demonstrated that it precisely follows the theoretical spectral variation given by the Bethe
formula [1] and shown in Fig.2, at least up to 65 MeV. We have also shown that this spectral
response can be used to identify the region contributing to the current in a device where many
regions are absorbing, which will strongly help in developing proton detectors and improving

their performance.
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FIGURE CAPTIONS

Figure 1: Current in the GaN diode at zero bias as a function of the PMMA thickness. The
current is normalized by its value without PMMA. The PMMA is inserted in the form of
individual plates (pink dots and line) or of a rotating wheel (blue dots) along the proton beam
in front of the GaN diode.

Figure 2: Energy loss in GaN as a function of proton energy, calculated from the SRIM
software, and used to model the GaN response. Inset: variation of the proton energy along its
path in GaN

Figure 3: Experimental response of the GaN diode as a function of PMMA thickness (same as
in Fig.1 for the wheel) and corresponding calculated responses for three GaN layer thicknesses

(2pm, 10 pm and 300 pm)
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