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Abstract

Recent advances in nitride semiconductors have led to
significant progress in the development of GaN-based
optoelectronic devices including light-emitting diodes, lasers,
and detectors. In this context, development of high-
performance GaN-based ultraviolet (UV) photodetectors
(PDs) for potential application in a high-radiation environment
have been carried out. Due to the hetero-epitaxial growth of
GaN on foreign substrates, considerable lattice mismatch
exists between the epilayer and substrate that results in a large
density of threading dislocations in GaN. These line defects
offer an additional highly conductive path to the carriers for
transport across metal/semiconductor Schottky junction-based
PDs via dislocation-assisted tunneling. In this article, the role
of dislocation on the optoelectronic properties of the GaN
epitaxial layer and Schottky junction-based GaN UV detector
is presented. Unique methods to control the carrier tunneling
and enhance the detector performance have been demonstrated
for device-specific applications. Finally, the performance of
the fabricated device was tested under “Co Gamma irradiation
where a fast self-recovery of the device response within a day
after irradiation signifies its compatibility for operation in high
radiation zones.

1. Introduction

Semiconductor optoelectronic devices based on GaN have led
to a significant progress recently, which results in the
development of GaN based UV PDs for light detection in the
spectral range of 280 nm to 360 nm. Such detectors are
important for many applications including visible blind UV
detection, usage in strategic sectors, UV astronomy, and
medical science and also in the industry as flame detectors and
solar UV monitors [1]. Due to their visible blind nature,
radiation-resistance and thermal stability, these devices offer
several advantages over conventional photomultiplier tubes
and Si-based UV detectors [2]. Compared to Si-based devices,
nitride devices are more radiation tolerant because of a high
displacement energy. Also the leakage current of GaN PDs is
lower as compared to Si due to wider band gap, which clearly
demonstrates a high radiation resistance of GaN. It makes GaN
a suitable candidate for potential applications in the harsh
environments of nuclear reactors, particle accelerators and
spacecraft[3].

Although great achievements have been made in GaN based
optoelectronic devices, there are several challenges in growing
good quality GaN epilayers. In general, GaN based epitaxial
layers are grown by two techniques namely, Hydride Vapour
Phase Epitaxy (HVPE) and Metal Organic Vapour Phase
Epitaxy (MOVPE) [4,5].
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The lack of a suitable substrate for GaN is the first and foremost
difficulty in growing high crystalline quality. Among all the
foreign substrates like sapphire, SiC and silicon, sapphire is the
primary choice for growing GaN due to its availability, low
cost, surface morphology and high temperature stability
compared to other substrates, irrespective of having a large
lattice mismatch of ~14% with GaN [6]. However, such a large
lattice mismatch leads to high density of threading dislocations
in epilayers usually in the range of ~10’-10" cm” [7]. A major
consequence of this appears in terms of a large n-type
conductivity of GaN epilayers due to the unintentional doping
by residual impurities such as silicon and oxygen. However, in
order to optimize the performance of optoelectronic devices,
the dopant density of constituent layers needs to be controlled
with good precision. In a highly defective material system like
GaN/sapphire, a careful assessment of the electronic transport
parameters such as carrier mobility, background carrier
density, leakage current is mandatory prior to the development
of a working device. Significant efforts have been made by
many researchers for reducing the density of threading
dislocations by incorporating low temperature grown buffer
layers [8], SiNx interlayer [9], substrate patterning, and
innovative surface treatments of the substrate. Irrespective of
the progress reported via such attempts and the corresponding
development of novel nitride devices, GaN epilayers still
possess a large density of threading dislocations [10] that
substantially contributes to the leakage current in nitride
devices[5].

This work deals with the fabrication of high performance GaN
based UV PDs for potential application in high radiation
environments. A reasonable control of the dislocation
formation during epitaxial growth and a knowledge of
dislocation behaviour are the two pre-requisite for optimizing
the performance of a nitride device. The two issues addressed
here are: (1) epitaxial growth of GaN is presented by
highlighting the problems related to dislocation density, and
(2) the role of dislocations in the performance of GaN-based
radiation hard UV PDs. In particular, results from the metal-
semiconductor-metal (MSM) and metal-oxide-semiconductor
(MOS) configurations of GaN PDs are presented, where a
state-of-the-art performance of GaN based MOS devices is
demonstrated. Systematic electronic transport measurements
have been performed to understand the fundamental
mechanisms associated with current conduction in GaN
epilayers. A few samples have also been tested under a high
dose of “Co gamma rays, which proves the radiation resistant
nature of indigenously developed GaN devices along with a
fast self-recovery and thereby signifies their usefulness for
possible applications in harsh radiation environment.

2. Experimental details

GaN epitaxial layers are grown on 2 inch sapphire substrate by
HVPE and MOVPE techniques. Thickness of GaN epilayers is
5 um and the layers are n-type doped. The samples are cut into
square pieces (5x5 mm’) from 2 inch epilayer and Ohmic
contacts are made with indium metal by rapid thermal
annealing at 375 °C for 40 s in nitrogen ambient. Carrier
concentration and mobility values for each sample are
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measured using Hall technique [ 11]. The measurement set up is
shown in Figure T.3.1(a) and the detailed measurement
procedure is discussed elsewhere [12]. Capacitance—voltage
(C-V) measurements are performed to extract the carrier
concentration as a function of temperature, where Ni (15
nm)/Au (100 nm) Schottky contacts were fabricated on top
GaN surface. A Keithley 590 analyzer operated at | MHz was
used to measure the C—V characteristics. The current-voltage
(I-V) characteristics measured in dark and under illumination
with a 325 nm UV laser and transient photocurrent
measurements are carried out using the Keithley 2450 source
meter. The Hall and C-V/V-I measurement are performed in
configuration 1 and 2 as shown in Figure T.3.1 (b)
Furthermore, the room temperature photo-response
measurements are carried out using a 100 W xenon lamp
(excitation source), a 320 mm focal length monochromator,
and a lock-in amplifier as shown in Figure T.3.1(c). A 325 nm
He—Cd laser is also used for the measurement of responsivity
and transient response of the PDs.

3. Effect of dislocation in GaN epitaxial layer

In order to realize the impact of dislocation on the electrical
transport properties in GaN epitaxial layer, measurements are
meticulously carried out on 5 um thick GaN/Sapphire
epilayers grown by HVPE and MOVPE. It is found that though
the two samples possess a carrier density of ~2x10"* cm™, their
origin is very different. It is observed that the carrier
concentration measured by Hall for HVPE grown samples is
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two orders larger than the value provided by C-V technique as
shown in Figure T.3.2(a). Such a large difference in carrier
concentration is associated with the formation of a degenerate
layer at the layer-substrate interface, which consisted of a large
density of threading screw and edge dislocations [10]. A two
layer model is used to extract the appropriate values of carrier
concentration of HVPE grown samples from Hall data as
shown in Figure T.3.2(b). Furthermore, although the corrected
carrier concentration and mobility graphs has a regular shape
[13], the corrected carrier concentration are still 2 orders larger
than the C-V values at room temperature. Gotz et al. [14] have
also studied HVPE GaN epitaxial layers by Hall and C-V
techniques where they have found one order difference
between the carrier concentration values for 13 and 7 um thick
GaN layers. Further, a difference of ~3 orders was observed for
1.2 pm thick GaN layer. In order to understand this point, the
carrier concentration values measured by several researchers
are plotted along with our values in Figure T.3.2(b). Here,
trends are clearly observed, where the difference between
carrier concentration values measured by the Hall and C-V
techniques reduces at large thickness of GaN epilayer. It is
learnt that there exists a critical thickness for HVPE GaN
epilayers below which the electronic transport properties of
layers grown on top of them are severely limited by the
interfacial charged dislocations as shown by the inset of Figure
T.3.2(b).

Fig. T.3.1: (a) Schematic of the experimental set up showing- (1) magnet pole pieces, (2) sample heater, (3) sample, (4) sample
holder, (5) cryo-cooler, (b) schematic of sample holder with configuration 1 and 2 for Hall and C-V / I-V measurement, and (c)
schematic representation of spectral response measurement setup where symbols C, FE, M, L and S stand for mechanical chopper,
filter, monochromator, lens and sample, respectively.

Fig. T.3.2: (a) Temperature dependent carrier concentration values without (Uncorr-Hall) and with (Corr-Hall) two layer model is
compared with C-V for HVPE grown GaN templates, (b) carrier concentration values plotted as function of layer thickness for
HVPE grown GaN epilayer, where A (5 um): this work, Al (1.2, 7, and 13 um): Ref. [14], and A2 (20 um): Ref- [15]. Inset shows a
comparison of the numerically calculated Hall values with the carrier concentration measured by C-V, and (c) schematic layer
structure of a nitride device grown on top of HVPE GaN templates.
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On the contrary, MOVPE grown samples are found to be less
influenced by interfacial dislocations, which makes them
attractive for device fabrication. Further, the impact of
dislocations on the electronic transport properties of
Au/Ni/GaN Schottky diodes fabricated on HVPE GaN
template is evaluated. It is found that one needs to consider the
activation of two donors operating in the two separate
temperature ranges for understanding the temperature
dependence of Schottky junction parameters like barrier height
and ideality factor [16]. The origin behind these donors are the
fundamental mechanisms associated with: (1) thermionic
emission (TE) of carriers originating from bulk donors like Si
that dominates at high temperature, and (2) thermionic field
emission (TFE) associated with charged dislocations that
dominates at low temperature. The understanding developed is
therefore critical where dislocations might limit the charge
transport in nitride devices grown on such templates as
schematically shown in Figure T.3.2(c). One might assume that
the charge carrier transport mainly occurs via path-1 through
the GaN epitaxial layer/template. However, the charge
transport predominantly occurs via path-2 and is going to be
severely limited by the dislocations present in the degenerate
layer lying at the interface.

4.Fabrication of GaN UV detector

With the knowledge of the electronic transport properties of
GaN epilayers, the next step is to fabricate GaN metal-
semiconductor-metal (MSM) UV PDs. As described in the
previous section that the electronic transport characteristics of
HVPE GaN epilayers are largely influenced by the threading
dislocations. On the other hand, MOVPE GaN epilayers are
found to be free from such limitations. It is therefore obvious
that MOVPE GaN epilayers might be a preferred choice for the
fabrication of optoelectronic devices. However, a high cost
associated with MOVPE GaN epilayers becomes a major
factor that compels researchers to look for other alternatives
like HVPE GaN epilayers. MSM PDs are made on MOVPE
and HVPE GaN epilayers for comparison purpose. The device
geometry is shown in Figure T.3.3(a-d). Contrary to the general
understanding, it is surprising to note that the photo response of
HVPE based PDs is found to be ~3 times higher than that of the
MOVPE based devices [17] as shown in Figure T.3.4.

Fig. T.3.3: (a) Schematic diagram showing the device
structure, (b) cross-sectional view of the device, (c) optical
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microscopic image of the device after second step of
photolithography prior to metallization where PPR stands for
the positive photoresist, and (d) final device subsequent to the
metallization and lift-off procedure.

Fig. T.3.4: Room temperature spectral response of GaN MSM
PDs.

Further, the overall performance of HVPE based PDs are found
to be better than those fabricated on MOVPE GaN, in spite of
the variations in device geometry or the operating conditions.
It is explained by considering the difference in the depletion
layer width, which is primarily determined by the different
procedures adopted for the doping of HVPE and MOVPE GaN
samples. A large carrier concentration at the edge of the
depletion width in MOVPE grown GaN epilayer leads to
higher (lower) leakage current (barrier height) despite a low
dislocation density. Moreover, Si doping increases the
concentration of Ga vacancies, which reduces the minority
carrier diffusion length due to the presence of deep level
defects [18]. These Ga vacancies trap the photo generated
carriers in depletion region leading to the observed reduction in
the transient response of PDs fabricated on MOVPE grown
sample.

In temperature dependent I-V measurements, the TFE process
mediated by carrier tunnelling can be considered as a probable
mechanism, which can explain the I-V characteristics shown
in Figure T.3.5. The reverse bias current under this model as
proposed by Padovani and Stratton [19] can be expressed as:

q?] (1)

where, /,, ; is the saturation current, V, is the applied bias, and
parameter ( is expressed as ¢=E By \_ ant] B T
00 kT kT J
where, k is the Boltzmann constant, 7 is the temperature in
Kelvin and E,, is the characteristic tunnelling energy, which is

proportional to VNb.

Ipp = Ippg s exp [_
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Thus, a large value of E,, indicates about the dominance of TFE
mechanism in charge transport. It is observed that I-V
characteristics of both the samples can be reasonably fitted by
Equation (1) over a wide temperature range, as shown in Figure
T.3.5(a & b). The values of E, obtained from the fitting
procedure are plotted in Figure T.3.5(c) for both the samples.

A sharp change in the value of characteristics tunnelling energy
isseenat~200K for HVPE GaN as shown in Figure T.3.5(c),
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which explain the switching of electronic transport mechanism
from TE to TFE during the cooling down. On the other hand,
TFE is found to be the dominant transport mechanism at all
temperature in devices fabricated on MOVPE grown epilayers.
The analysis presented here indicates that controlling the
density of threading dislocations is not the sole criteria for
improving the performance of GaN Schottky PDs, rather one
also need to be careful about the density of point defects, which
can also marginalize the key figure-of-merits.

Fig. T.3.5: Temperature dependent I-V characteristics of (a) HVPE, and (b) MOVPE GaN, where the respective solid lines show the
corresponding theoretical curves based on the TFE model, and (c) temperature dependence of characteristic tunnelling energy
(E,,) shown for the two GaN samples, error bars include both the statistical andfitting errors.

5. Improvement in device performance using oxide
interlayer

In order to improve the device performance further, GaN based
MOS detector is fabricated by including an oxide layer in the
device architecture. A thin layer of ZrO, (SiO,) is inserted
between the metal and the semiconductor to obtain Au/Ni/ZrO,
(Si0,)/GaN MIS PD structure as shown in Figure T.3.6.

Fig. T.3.6: Optical microscopic image of the device (a) without
and (b) with oxide inter layer, (c-d) schematic diagram
showing the device structure.

It is observed that the leakage current reduces drastically by 28
(8) times due to insertion of ZrO, (SiO,) leading to a
considerable improvement in the photo response as shown in
Figure T.3.7(a). The oxide passivated samples show a
relatively flat response in shorter wavelength side due to a
suppressed surface recombination of photo generated carriers.
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Moreover, at an optimum ZrO, thickness of 3 nm, a high photo
responsivity of 27 A/W is achieved as shown in Figure T.3.7(b)
along with the fast response of the device with a rise (fall) time
of 28 ms (178 ms), respectively [20]. It is also found that the
thickness of ZrO, layer plays a critical role in controlling the
photo-response and transient response of the devices.
However, beyond an optimum thickness of oxide interlayer,
the device response slows down to 146 ms (256 ms) along with
a reduction in responsivity, which is mainly governed by the
impediment of hole tunnelling across the oxide layer as
schematically represented in Figure T.3.7(c). When the
thickness of the oxide layer is low, holes with small energy can
tunnel through the barrier. For a larger oxide layer thickness,
the tunneling probability reduces, and holes with higher energy
will only be able to tunnel through the triangular barrier.
Consequently, a low value of photo-response is recorded for
larger (>3 nm) values of ZrO, layer thickness. It is worth to note
that the detectivity (D*) of PDs with optimized thickness of
ZrO, interlayer is found to be similar or better than the recently
reported state-of-the-art values for visible blind UV GaN PDs
with similar dark current as shown in Figure T.3.8.
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Fig. T.3.7: (a) Relative response of Au/GaN, Au/SiO,
(Zr0,)/GaN and Au/GaN devices, (b) responsivity of GaN PDs
with different thickness of ZrO, layer, and (c) energy band
diagram for GaN PDs under reverse bias with varying ZrO,
thickness (black dashed lines), where arrows 1 (2) represent
tunneling through high (low) energy hole traps.

Fig. T.3.8: State-of-the-art values of D* versus dark current for
GaN UV detectors of the present work along with reported
values are plotted for comparison purpose where A: Ref [21],

Al: Ref[22], A2: Ref [23], A3: Ref [24], A4: Ref [25], A5: Ref
[26].

6. Importance of dry etching for device fabrication in
vertical geometry

Fabrication of an optoelectronic device with smaller geometry
requires precise pattern transfer, which can be achieved by
photolithography and selective spatial etching of the material.
Due to the involvement of sapphire substrate, which is of
insulating nature, bottom contacts are to be made on the n-GaN

layer.
\
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For fabricating light emitting diodes or PIN PDs based on
GaN/sapphire, it is essential to etch part of the sample to
expose the bottom n-layer for contact formation and the
conduction occurs in vertical geometry. In case of GaN,
reactive ion etching (RIE) is a preferred method since wet
chemical etchants are not available. However, during this
process, several kinds of plasma-induced damages can lead to
the creation of lattice defects and dislocations, ion
implantation or formation of dangling bonds on the surface
[27]. In this section, importance of RIE and its impact on
device performance is discussed.

6.1 RIE induced damages in GaN

In order to investigate the impact of plasma etching, the surface
morphology of etched GaN epilayers is examined by scanning
electron microscopy (SEM). Representative SEM image
depicting the surface morphology of GaN epilayer before and
after plasma etching with 250 W RF power is shown in Figure
T.3.9. The SEM images show that the ion bombardment during
dry etching roughens the surface, which indicates that the other
material properties may also be altered by the energetic
impinging ions. Further, RIE induced damage also impact the
optoelectronic properties of GaN epilayers and also the
photoresponse of Schottky PDs. The intensity of near band
edge photoluminescence peak reduces considerably after dry
etching, which indicates the generation of non-radiative
recombination centers due to energetic ion bombardment.

Fig. T.3.9: SEM image of (a) un-etched, and (b) 250 W RF
power etched GaN.

Fig. T.3.10: Plasma etching induced degradation andpost etch
O, plasma treatment induced recovery of photo response of
Au/Ni/GaN Schottky detector.
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The peak spectral response of Au/Ni/GaN Schottky PD shows
up to 90% reduction post plasma etching [27] as shown in
Figure T.3.10. Moreover, the surface morphology as well as
device response significantly improves in the above band gap
region after post etch O, plasma treatment. It clearly shows a
systematic improvement made in the photo-response of
detectors subsequent to the O, plasma treatment, which
validates the usefulness of the process.

6.2. Fabrication of GaN UV detector in vertical geometry
using RIE

After developing an in-depth understanding on the extent of
damage created by plasma etching on the surface morphology
and optoelectronic properties of GaN and a method of recovery
of the damage by O, plasma treatment, the immediate aim is to
fabricate a GaN PIN detector using RIE. Using the optimized
etch parameters, mesa etching is performed to fabricate GaN
PIN detector as schematically shown in Figure T.3.11(a). It
also presents the depth profile of major dopants, namely Mg for
p-type and Si for n-type, present in the epitaxial structure
performed using secondary ion mass spectrometry (SIMS)
technique.

Fig. T.3.11: (a) Schematic diagram of GaN PIN detector along
with SIMS profile showing the major dopants profile of Mg and
Si for the p and n-GaN layers, respectively (b) room-
temperature spectral response of GaN PIN detector at an
applied bias of 0.5V.
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The spectral response of the detector is recorded over the
spectral range of 280-400 nm showing a peak responsivity of
80 mW/A at 362 nm and a high value of D* of 6x10" Jones as
shown in Figure T.3.11(b), which is found to be better than that
of GaN MOS detector. The results presented here are helpful in
gaining the required understanding of RIE induced damage
and also in the minimization of plasma etch induced
degradation in optoelectronic properties of GaN epitaxial layer
and spectral response of GaN UV PDs.

7.Impact of gamma irradiation on device performance
One of the major aims of the present work is to test the
performance of PDs under high radiation environment and the
same is discussed in this section. Here, the effect of “Co
gamma irradiation on the electronic transport properties of
heavily doped n-type GaN epilayers and Schottky PDs is
discussed. A steady rise of carrier concentration in GaN
epilayer with increasing irradiation dose is observed. By
considering a two layer model, the contribution of interfacial
dislocations in carrier transport is isolated from that of the bulk
layer for both the pristine and irradiated samples. The bulk
carrier concentration is fitted by using the charge balance
equation, which indicates that no new electrically active
defects are generated by gamma radiation even at 500 kGy
dose [28]. The irradiation induced rise of carrier concentration
is attributed to the activation of native Si impurities that are
already present in an electrically inert form in the pristine
sample. This observation is found to be unique, especially for
highly conducting samples. It is also seen that the irradiation
induced nitrogen vacancies stimulate the diffusion of oxygen
impurities, leading to the observed increase of the interfacial
carrier concentration. Further, the leakage current of GaN PDs
is compared with that of GaAs device with similar background
carrier concentration of ~ 10" cm”. A two order increase in
leakage current after irradiation in GaAs PD is observed
whereas only a nominal rise of leakage current is observed in
case of GaN. This is because GaN has higher displacement
energy, which results in lesser number of generation-
recombination (g-r) centres after irradiation. Large band gap of
GaN further restricts the increase in g-r current, leading to only
a nominal increase in leakage current in comparison to GaAs.
Further, to investigate the impact of y irradiation on the charge
collection efficiency of GaN based Schottky PDs, the spectral
response of pristine and 200 kGy irradiated GaN Schottky
photodiodes is compared in the range of 300-400 nm as shown
in Figure T.3.12. It is observed that the peak spectral response
decreases by 60% after irradiation, which can be attributed to
the reduction of charge collection efficiency. However, the
photo response partially recovers after 16 hours of irradiation,
which is found to recover completely within a day. Such a
recovery of spectral response is attributed to the room
temperature annealing of irradiation induced defect states,
which signifies the compatibility of devices for operation in
high radiation zones.
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Fig. T.3.12: Photo response of GaN Schottky photo detector
after irradiation with “’Co gamma source.

8. Conclusion

In-depth electronic transport measurements have been
performed on MOVPE and HVPE-grown GaN epilayers. The
presence of a highly conducting interfacial layer was observed
in HVPE GaN epilayers. On the other hand, MOVPE GaN
epilayers were found to be free from this limitation, which
makes them attractive for device development. A method to
enhance the detector performance has been demonstrated by
the insertion of a thin layer of ZrO, forming GaN MIS PDs. The
role of ZrO, layer thickness was found to be rather critical,
where the specific detectivity of the devices were found to be
similar, or better than the state-of-the-art values reported in the
literature. Further, the role of RIE in the fabrication of smaller
devices was discussed where a method to recover the RIE
induced damage is demonstrated by using post-etch O, plasma
treatment. Finally, the GaN detectors were tested under a high
dose of gamma irradiation, where a fast self-recovery of the
spectral response signifies their usefulness for possible
applications in a radiation environment.
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