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Abstract. High response speed sensors made of thin GaN-based structures can be important for the optical readout
of the radiation signals in harsh radiation environment at hadron accelerator facilities. In this work, the metal-
semiconductor-metal structure sensors formed on the MOCVD grown GaN heterostructures have been studied. The
proton-induced luminescence (PI-L) and the BELIV (barrier evaluation by linearly increasing voltage) transients
have simultaneously been recorded during 1.6 MeV proton irradiation emitted by a Tandetron type accelerator. The
PI-L and BELIV measurements allowed for tracing the evolution of the parameters of recombination. The radiation
damage on GaN-based sensors has been examined by capacitance-voltage (C-V) and deep-level transient
spectroscopy (DLTS) methods. The dominant radiation defects introduced by 1.6 MeV proton beam have been

unveiled.
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1. INTRODUCTION

GaN offers many advantages over the silicon
material for sensor fabrication due to the higher
breakdown field, lower leakage currents and elevated
operating temperatures [1]. These properties make
GaN a promising material for applications in chemical,
gas, biological and pressure sensors [2], radiation
imaging systems [3] and high energy particle detectors
[4]-[5]. GaN can be used for detection and tracking of
high-energy particles or dosimetry by recording both
the electrical and optical signals [6]-[7].

In this work, the multi-quantum-well-(MQW)-
based GaN structures grown by MOCVD (metalorganic
chemical vapour deposition) technology were
investigated in order to trace the evolution of radiation
damage. The proton-induced luminescence (PI-L) and
the BELIV (barrier evaluation by linearly increasing
voltage) transients were simultaneously recorded
during exposure to the 1.6 MeV proton beam. The
dominant radiation defects introduced by 1.6 MeV
proton beam have also been ex situ examined by the
deep-level transient spectroscopy (DLTS).

2. SAMPLES AND EXPERIMENTAL SETUPS

The 1 um thick InGaN/GaN metal-heterostructure-
metal sensors made of commercial light emitting
diodes (LEDs, Optosupply OSB4XNE1E1E [8]) were

investigated. The multilayer heterostructures of 0.25
um thickness and 1x102 c¢cm?2 area were grown on
sapphire substrates by MOCVD technology. This LED
structure also contains a multi-quantum—well (MQW)
layer. These sensors contained contacts (100 nm thick)
to a sandwich structure.

Several techniques were applied to have the
baseline characteristics before irradiations.
Temperature-dependent BELIV [9] measurements
were performed to identify the barrier capacitance, to
separate the current components attributed to the
carrier extraction as well as generation and to evaluate
carrier traps in device material. The effective doping
concentration of Nes=3.5%x107 cm™ has been evaluated
at room temperature for a pristine sensor, by using
BELIV technique. The proton-induced luminescence
(PI-L) spectra and the BELIV transients have
simultaneously been recorded during 1.6 MeV proton
irradiation emitted by a linear particle accelerator
Tandetron 4110A. There, the 17 um stopping range for
1.6 MeV protons in GaN was estimated by using the
Monte Carlo code SRIM (Stopping and Range of Ions
in Matter) [10]. Therefore, 1.6 MeV protons are
penetrative for the 1 um thick InGaN/GaN
heterostucture sensors.

For in situ measurements, the GaN-based sensors
were installed within a proprietary vacuum chamber
[11]. The coaxial and fiber-optics probes allow for
simultaneous recording of the electrical (BELIV, Isc)
and optical (PI-L) signals. The BELIV circuitry
contains an adjusted output of a generator of the
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linearly increasing voltage (LIV), a sensor under test
and a load resistor (Rr), connected in series. The
BELIV signal is recorded by a DSO6102A oscilloscope
using a 50 Q load input. The proton induced
luminescence spectra were recorded using an Avantes
AvaSpec 2048 TEC spectrometer.

The deep level transient spectroscopy (DLTS)
technique was ex situ applied to identify the deep traps
in the irradiated samples. The capacitance-DLTS (C-
DLTS) technique is used to trace the time-varied
barrier capacitance transients dependent on
temperature, determined by the carrier thermal
emission from deep levels [12]. The DLTS technique
served for the evaluation of the thermal activation
energy, of capture cross-sections for electrons and
holes, and for estimation of the concentration of carrier
traps as well as the trap distribution within structure
depth [12]. C-DLTS spectra over temperature range of
10-400K were recorded by using a HERA-DLTS
System 1030 spectrometer [13]. The PhysTech software
installed within HERA-DLTS spectrometer was
employed for analysing of the measured DLTS spectra.

3. RESULTS AND DISCUSSION

3.1. BELIV characteristics of pristine sensors

The BELIV transients, recorded using the pulse
technique for barrier evaluation by linearly increasing
voltage (LIV), was applied as a fast tool for the
characterization of the barrier capacitance, for
separation of the current components ascribed to
carrier extraction as well as generation and for the
estimation of carrier traps within a device material.
The BELIV transients were examined varying
temperature from 25 to 70 °C and using reverse (Ur)
polarity LIV pulses. There, BELIV transients were
recorded using fixed reverse (Ur) voltage pulses with a
peak value of Up=8 V and pulse duration of 7,=50 ps.
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Figure 1. The barrier capacitance (peak value) dependence on
temperature

The initial current peak within a BELIV transient,
which appeared due to barrier capacitance charging,
corresponds to the barrier capacitance value Cbo, which
is dependent on the effective doping concentration
~Nef/2 [14]. As shown in Fig. 1, the amplitude of this
peak increases linearly with enhancement of
temperature. This result implies the increase of the
effective doping Neg=NptNr due to trap ionization,
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where Np is the donor concentration and Nr is the
concentration of the net space charge produced by
ionized traps, as these could be positively or negatively
charged defects [15]. The effective doping
concentration, as  determined from = BELIV
measurements at room temperature, is
Nef=3.5%10"7 cm’3.
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Figure 2. The violet-light flux dependent photoresponse
(short-circuit current) recorded on the pristine sensor

The short-circuit current (Isc) dependence on
photon flux (F) of the violet-light illumination (A=405
nm) is illustrated in Fig.2, as obtained for a non-
irradiated sensor. The flux of the light source was
varied using optical filters and calibrated using a
ThorLabs power-meter PM100D with S120VC, while a
beam cross-sectional area was controlled by using a
diaphragm. The obtained near-linear Isc-F dependence
(within a log-log scale) implies suitability of GaN-
based structures for the detection of irradiation
characteristics.

3.2. Variations of characteristics during proton
irradiation

Tracing of evolution of the radiation defects during
irradiation can be a dosimetry tool based on the GaN-
sensors. Owing to the GaN sensor availability to record
both the electrical and optical signals, the impact of the
radiation defects introduced by a proton beam was
studied at room temperature by combining the in situ
measurements of the BELIV and proton-induced
luminescence (PI-L) characteristics.
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Figure 3. Fluence-dependent barrier charging current
measured during irradiation at room temperature
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The fluence-dependent peak values of the BELIV
current (Fig. 3) indicate the decrease of the barrier
capacitance Cpo with enhancement of irradiation
fluence. This result indicates that radiation-induced
defects partially compensate the dopants introduced by
LED fabrication. At the highest irradiation fluence
(@=6x10"5 cm=), the BELIV signal decreases by a
factor of 3, compared to its value in the pristine sensor.
The BELIV signal in sensor irradiated with the highest
fluence acquires a square-wave shape, which is typical
for a fully-depleted sensor where geometrical
capacitance determines the BELIV transient. This
result implies that the heterojunction sensor under
heavy irradiation approaches to the capacitor-like
device. The observed decrease of the peak values of
BELIV current indicates the changes of the effective
doping concentration from Nes=3.5x107 cm3, for a
pristine sensor, to Neg=2.4x107 cm3, for the sensor
irradiated with the highest fluence. The depletion
width of ~250 nm has been estimated for the sensor
irradiated with the proton fluence of ®=6x10% cm2.

The PI-L spectra consist of four bands: (i) the ultra-
violet (UV) spectral band (UV-L) of rather small
intensity; (ii) violet (V-L) PI-L peaked at 420 nm (2.9
eV); (iii) blue band (B-L) PI-L peaked at around 465
nm (~2.7 eV); (iv) the yellow-green (YG-L)
luminescence band with a peak at 550 nm (~2.3 €V).
Variations of the peak intensity for two the most
intensive PI-L bands are depicted in Fig. 4. The broad
YG-PI-L emission band suffers a fast luminescence
quenching during irradiation. The YG-PI-L band is
likely to be attributed to either the VcaOn complex [16],
[17] or to the carbon-related defects Cx and CxOw [17],
[18]. The intensity of the B-PL band peaked at 465 nm
decreases with fluence increase. This B-PI-L band
might be ascribed to the transitions of carriers within
donor-acceptor (D-A) pairs [20]. The intensity of the
V-PI-L band increases with irradiation fluence and
becomes dominant at the largest fluences of @>5x10%
cm2, This band can emerge due to the formation of
vacancies ascribed to radiation defects in the electron-
blocking AlGaN layer of GaN LEDs [21]. The additional
R-PI-L peak at 700 nm appears in the highly irradiated
sensor, which is related to the proton beam excited
luminescence in the sapphire substrate, due to Cr-
ascribed centres [22].
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Figure 4. Variations of the PI-L peak-intensities for B and
YG spectral bands as a function of proton irradiation fluence

3.3. CV characteristics and DLTS spectra

Capacitance-voltage measurements allow for the
estimation of the shallow dopant concentration Ns and
their distribution in the space charge region. Two
slopes, typical for the heterostucture-based LED’s, can
be deduced from the C-2-V characteristics (inset for Fig.
5). Each slope can be ascribed to the n- and p-doped
layers having different dopant concentrations. The
turning-point within C-V’s indicates a full-depletion
voltage for the less doped layer. The effective doping
concentration evaluated from C-V characteristics are
estimated Nef=4x10'7 cm3 for the pristine sensor and
Ne=2.2x10v7 cm3 for the sensor irradiated with the
highest fluence. These values are in rather good
agreement with Ny values extracted from BELIV
measurement. The dopant removal is the main
radiation-damage effect in semiconductor radiation-
detectors. Variations of capacitance for the heavily
irradiated sensor do not exceed 10 % of the average
value being of the same magnitude with measurement
errors. This result implies a weak dependence of
capacitance on reverse voltage in heavily irradiated
sensor. It has also been deduced from C-V’s (Fig. 5)
that values of barrier capacitance in a sensor,
irradiated with a proton fluence of 6x10% cm= is
decreased by a factor of 3.6, at least, compared to its
value in the pristine sensor, due to the decrease of the
effective dopant concentration (Nef=Np-Na). The C2-V
characteristics for the pristine and heavily irradiated
samples also indicate rather thin (d<200 nm) n- and p-
doped GaN layers.
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Figure 5. C-V characteristics obtained for the pristine GaN
sensor and for that irradiated with the proton fluence of
6x10%5 cm2. C2-V plots are depicted in the inset

The distribution of the concentration of shallow
centres Ns within depth of the space charge regions x4
has been evaluated by using C-V data. The Ns(xq) is
expressed as Ns(xd(Ur))=2/qe0eS?(d(1/C?)/dUr), where
xd(Ur)=(2e0eUr/qNs)2, q is the elementary charge, €o
is vacuum permittivity, ¢ is the material permittivity
and S is the area of the heterostructure. Profiling of Ns
depth distribution was performed using the analysis
instruments installed within HERA-DLTS
spectrometer. A step-like profile of the Ns distribution
obtained for the irradiated sensor implies the radiation
damage in both layers of the heterostucture. The
absolute N;s values ascribed to the less-doped layer (for
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xd<90 nm in Fig. 6) correlate well with those Neg
parameters extracted from C-V’s and BELIV
transients. The Ns values in irradiated sensor for
Xxd<100 nm are decreased relative to that in the pristine
sample and their distribution for both n- and p-GaN
layers shows a nearly flat profile. The depth profile of
N; (Fig. 6) obtained for the pristine sensor exhibits a
sharp peak, which can be related to the MQW at heavy-
doped layer. However, the Ns profiling errors and
intricate structure of layers allow only the qualitative
tracing of dopant depth-distribution.
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Figure 6. The distribution of the shallow centre concentration
N;s within sensor depth obtained for the pristine sensor and
the sensor irradiated with 6x10'5 cm-2fluence

The C-DLTS spectra recorded for the pristine and
the irradiated sensor are illustrated in Fig. 7. These
DLTS measurements were performed over a
temperature range of 10-400 K using filling pulse of 1.5
V voltage. To insure the complete filling of traps, the
500 ms injection pulses were employed. The reverse
bias voltage was varied in the range from 1 Vto 10V,
which corresponds to the scan depths of about 80—-140
nm. Rate windows were varied from 1 msto1s.
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Figure 7. C-DLTS spectra recorded on the pristine sensor and
sensor irradiated with proton fluence of 6x10%5 cm2

The post-irradiation DLTS spectroscopy on sensors
was performed by comparing these spectra with that
obtained before irradiations. The DLTS signals on the
noise level have only been detected for the pristine
sensor (Fig. 7). While, a spectral structure containing
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broad peaks has been observed for the irradiated
sensors. The radiation defect concentration varied
near-linearly with irradiation fluence for the examined
@ range. It has been obtained that the amplitude of a
spectral peak (Er:;) at 100 K is independent of the
reverse-bias voltage Ur. This result implies a nearly-
homogeneous distribution of the radiation-defect
concentration within the depletion region. The broad
DLTS spectral band, covering the temperature range of
250-350 K, clearly indicates the overlapping of two
spectral peaks, at least.
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Figure 8. The Arrhenius plots obtained for several spectral
peaks recorded on the sensor irradiated with proton fluence
of 6x105 cm2

The amplitude of the latter (Ere, Er3) peaks
increases with enhancement of the reverse-bias
voltage. This points to a non-uniform distribution of
concentration of the radiation-defects (Er2, Er3) within
the deeper regions of heterostructure materials, far
from the interface layer. The Arrhenius plots have been
displayed by using PhysTech software. The Arrhenius
plots (Fig. 8) have been depicted using the relevant
shifts of the peak positions over the temperature scale,
dependent on the rate-window and on the correlation
function (available within a PhysTech software).

Values of the thermal-activation energy Er, of trap
concentration Nt and of their capture cross-section o,
extracted from analysis of the Arrhenius plots, are
listed in Table 1, as estimated for several deep traps.

Table 1. Parameters of traps for sensor irradiated with a
proton fluence of 6x10!5 cm2 evaluated using Arrhenius plots

Level | Ec-Er(eV) | Nr(cmw3) o (cm?)
Em 0.08 2.6x1013 2x10-18
Er- 0.45 2x1015 6x10-16
Ers 0.62 1.8x10%3 2x10-13

The traps, characterized by sets of the (Er, N1, 0)
parameters have been attributed to the radiation-
induced defects, as follows: i) the traps with activation
energy of E1;=0.08 eV are ascribed to the nitrogen
vacancy Vn [23]; ii) the deep levels with Er-=0.45 eV
are associated with radiation-defect complexes of
rather shallow donors [21]-[22]; iii) the centres
characterized by the Er3=0.62 €V are attributed to the
unidentified defect, which has been observed by several
authors [23]-[24].
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4. CONCLUSIONS

The sensors based on InGaN/GaN heterostructures
have been studied in order to evaluate the radiation
tolerance of such types of detectors and to trace the
evolution of the dominant radiation defects with
enhancement of irradiation fluence. The pristine
heterostructure sensors, as deduced from the
temperature-dependent BELIV transients, contain low
concentration of grown-in defects. Examination of the
in situ evolution of proton-beam excited luminescence
(PI-L) and BELIV transients, during 1.6 MeV proton
irradiation, allowed to identify the full-depletion state
for the heavily irradiated sensors and to separate the
channels of the radiative recombination.

Scanning of the effective doping Ns depth-
distribution within InGaN/GaN heterostructure
showed Ns(x) profile of step-like shape with rather flat
segments, attributed to both n- and p-GaN layers, for
the sensors irradiated with proton fluence of 6x10%
cm2,

The radiation defects, ascribed to the nitrogen
vacancy, to the unidentified defect, and to the
complexes of shallow donors have been revealed by
using C-DLTS technique.

The potential for the application of GaN-based
sensors by detecting both the electrical and optical
signals in a harsh radiation environment has also been
demonstrated in this study. Detection of both the
electrical and optical signals also may be applicable for
characterization of HEMTs [27]-[29].
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