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This paper reports on the presence of deep-level defects in polycrystalline GaN thin films induced during the
sputter deposition of Au Schottky barrier diodes (SBDs). The n-GaN films, with a thickness of approximately 300
nm were electrodeposited on (111) Si substrates using a low-cost method and a current density of 3 mA.cm™ for 3
hours. Structural analysis by X-ray diffraction, scanning electron microscopy, and atomic force microscopy
confirmed the polycrystalline nature and good quality of the films. Deep-level transient spectroscopy (DLTS)
revealed a broad, asymmetric peak around 265 K in the as-deposited SBDs, indicating the presence of multiple
defects. Laplace DLTS resolved four distinct defects with energies ranging between 0.40 eV and 0.60 eV. Thermal
annealing between 450 - 500 K increased the reverse leakage current with only minor changes in the forward-
bias characteristics. However, annealing at 550 K significantly reduced the leakage current by two orders of
magnitude and improved the rectification ratio by one order of magnitude. All samples exhibited significant
series resistance. Capacitance-voltage measurements revealed a reduction in the free carrier density near the
surface, suggesting the sputter process introduced additional deep level defects. Furthermore, the deep-level

Laplace deep-level transient spectroscopy
Annealing

energy (and therefore the likely defect composition) was found to be sensitive to the annealing temperature.

1. Introduction

III-V nitride materials, such as GaN, AIN, and InN, are highly suitable
for high-power and high-temperature optoelectronic devices because of
their wide direct band gaps and high saturation velocities [1]. Poly-
crystalline GaN offers several practical advantages over
single-crystalline GaN, particularly for cost-effective, large-area appli-
cations. It can be grown on diverse substrates such as silicon, ITO glass,
and metals using low-temperature, low-cost methods like sputtering or
electrodeposition, avoiding the complexity and expense of epitaxial
growth. Although polycrystalline GaN contains more grain boundaries
and defects, these can enhance performance in gas sensors and photo-
catalytic devices by increasing surface activity and charge-transfer ef-
ficiency. Polycrystalline films also show strong adhesion and excellent
chemical stability, enabling reliable operation under harsh conditions
[2-10].

Importantly, the bandgap of GaN alloys can be modified between
0.69 eV and 6.3 eV by the substitution of Ga with either In or Al. For

* Corresponding author.

example, when alloyed with In, the bandgap of InyGaj 4N ranges from
0.69 eV - 3.4 eV, whereas for AlyGa; 4N, bandgaps of 3.4 eV - 6.2 eV are
possible.

Interestingly, GaN crystallizes into either zinc blend (cubic), rock salt
(cubic) or wurtzite (hexagonal) crystal structures. Cubic GaN is meta-
stable, whereas the hexagonal form is thermodynamically stable [11].
Moreover, intrinsic GaN is n-type, highly doped (~10'® cm™®) because of
the incorporation of residual donor impurities during crystal growth
[12], whereas p-type GaN is difficult to grow. This is due to the absence
of dopants with delocalized holes acting as shallow acceptors. For
example, the hole of Mg (substituting Ga) is highly localized and
therefore forms a deep acceptor in GaN. The selection of growth
methods for GaN and its ternary alloys is based on the intended appli-
cation, material quality requirements, and scalability. To this end, mo-
lecular beam epitaxy (MBE) and metal-organic chemical vapor
deposition (MOCVD) are among the most widely used techniques for the
growth of high-quality epitaxial GaN thin films [13-15]. These are,
however, expensive techniques.
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Fig. 1. The Au/n-GaN/Al SBD structures used in this study.

In this work, electrochemical bath deposition, an inexpensive growth
technique, was used to grow polycrystalline GaN. Additionally, Schottky
barrier diodes (SBDs) are fundamental to semiconductor device tech-
nology and are preferable to regular p-n junction diodes because of their
fast switching, low forward voltage drop, and short reverse recovery
time. For these reasons, SBDs are regularly used in high-frequency ap-
plications and microwave systems, as well as in power rectification and
clamping circuits [16-18]. Moreover, high-quality SBDs are commonly
fabricated on epitaxial GaN by sputter deposition, but little information
is available on electrochemically deposited (ED) GaN. Some advantages
of this technique, compared with resistive deposition, include the ability
to deposit metallic compounds stoichiometrically and to deposit metals
with high melting points at high deposition rates and improved adhesion
[19,20]. The disadvantage, however, is that the high energy associated
with sputtered atoms may, upon collision, dislodge atoms from their
stable lattice position, causing a cascade of atomic displacements. These
displacements cause perturbations in the periodic lattice potential,
resulting in unintended states (defects) in the forbidden gap These lat-
tice defects are, by and large, located in the near-surface region [20,21]
where they significantly affect carrier dynamics and therefore the op-
tical and electrical properties of the material and subsequently fabri-
cated devices [22,23]. While defects in epitaxially grown GaN have been
extensively studied, this research focuses on characterizing electrically
active defects in polycrystalline GaN thin films grown by a cost-effective
electrochemical bath deposition method. Additionally, the study ex-
amines how these defects respond to thermal treatment.

2. Experimental procedure

Electrochemical deposition was used to prepare polycrystalline GaN
thin films on Si (111) substrates (1 cm x 1 cm) with a carrier concen-
tration of 3.5 x 105 cm™. The films were prepared at room tempera-
ture by mixing 0.034 mol/dm? Ga(NO3)3 and 0.025 mol/dm® of
NH4NO3 in deionized water. Deposition of the GaN film on the Si was
facilitated via a simple electrochemical cell consisting of a carbon anode
and a Si cathode (the substrate), while the mixture, under continuous
stirring, served as the electrolyte. The chemical reaction evolves as
follows:

Ga(NO3)s; HyO — Ga®' + 3NOY
NH4NO3 + Hy0 — NHi "+ NOY
NH}*+ NOY - NH3+ HNO;

Ga (NO3)3 + NH3 — GaN + 3HNO;

The current density during growth was maintained at 3 mA.cm2, and
the growth period was 3 hours. The structural and microstructural
properties of the resulting GaN films were investigated using X-ray
diffraction (XRD) performed with a Bruker D2 Phaser diffractometer
equipped with Cu Kas radiation (A = 1.54056 A) operating in Bragg-
Brentano (6-20) reflection geometry. Surface morphology and micro-
structural features were examined using scanning electron microscopy
(SEM) with a Zeiss Ultra Plus field-emission gun (FEG) microscope,
while atomic force microscopy (AFM) measurements were carried out
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Fig. 2. XRD pattern of the h-GaN thin film electrodeposited on Si (111) using a
current density of 3 mA.cm™. The growth period was 3 h.

using a Bruker Dimension Icon to further characterize the surface
morphology of the deposited samples.

To form ohmic contacts, a 140 nm Al layer was deposited through a
metal contact mask onto the GaN surface using resistive evaporation. No
annealing was required to form a low resistance ohmic contact. Au SBDs
were evaporated on the same surface next to the Al ohmic contact.
Notably, Tang et al. showed that sputter damage could be limited during
SBD fabrication by resistively evaporating a thin 20 nm gold layer before
proceeding with sputter deposition [24]. The Au SBDs fabricated in this
study were therefore deposited using a similar two-step process depicted
in Fig. 1. Au dots, 10 nm thick and 0.6 mm in diameter, were resistively
evaporated through a metal mask directly onto the GaN layer. No
adhesion layer was needed. Next, an additional 90 nm thick Au layer
was sputter-deposited onto the already established 10 nm Au/GaN/Al
SBDs.

Sputter deposition was performed at a DC bias of 350 V and a
discharge current of 0.05 A with an RF power of 20 W applied. The
sputtering duration \ was 5 minutes. During the deposition the chamber
pressure was maintained at 8 Pa and the target was positioned 50 mm
above sample holder. The quality and basic electrical properties of the
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28.7 nm

Fig. 3. (a) SEM and (b) AFM images of a 100-nm-thick electrodeposited GaN thin film grown in this study. For comparison, (c) shows an SEM image of a GaN layer

grown for 30 minutes under similar deposition conditions [28].

GaN films were assessed using current-voltage (I-V) and capacitance-
voltage (C-V) measurements, while the electrical characteristics of the
sputter—induced defects were investigated using deep-level transient
spectroscopy (DLTS) [25] and Laplace DLTS [26]. The I-V and C-V
measurements were conducted at room temperature, using an HP 4140B
PA meter/voltage source and an HP 4192 impedance analyser.
Following the initial characterization, the samples were annealed at 450
K, 500 K and 550 K in Nj gas for 10 minutes to evaluate the evolution
and thermal stability of the sputter-induced defects.

3. Results and discussion
3.1. Structural characterization

X-ray diffraction (XRD) patterns of the ED GaN thin films grown at a
current density of 3 mA.cm™ for 3 hours are depicted in Fig. 2. These
XRD patterns show a high degree of agreement with the JCPDS 50-0792
(Joint Committee for Powder Diffraction Standards) cards used to
identify the phases present in the XRD patterns, which are commensu-
rate with the structure of hexagonal (h) - GaN. The main peaks are
observed at 32.05°, 34.30°, and 37.69°, confirming the hexagonal
wurtzite phase of GaN for the films. The average crystallite size was
calculated via Scherrer’s formula [27]:

092
" peosty’

(€Y

where D represents the crystallite size, A represents the wavelength of
the incident X-rays (1.54 A for Cu Kq1), 0p represents the Bragg angle,
and S corresponds to the full width at half maximum of the XRD peak.
Importantly, owing to the relatively low intensity of the h-GaN peaks
observed in the XRD pattern, only a rough estimate of the crystallite size
could be obtained. By applying Scherrer’s method, the average

crystallite size for the sample was estimated to be approximately 20 nm.

Fig. 3(a) and (b) show the SEM (2 kV operating voltage) and AFM
micrographs, respectively, of the GaN thin films grown for 3 h at a
current density of 3 mA-cm™2. This current density was selected because
it resulted in optimum grain sizes, as reported in a previous study [28].
The polycrystalline GaN surface is uniform yet uneven, with a roughness
of approximately 1.96 nm and consists of agglomerated particles, with a
maximum height of ~30 nm, as confirmed by AFM. Fig. 3 (c) is included
for comparison and shows a SEM micrograph of a similarly electro-
deposited GaN layer deposited for 30 minutes at a current density of 3
mA.cm? [28]. As previously reported, the growth time strongly in-
fluences the morphology of the GaN layers [28]. Growth initiates with
the nucleation of small clusters, which subsequently coalesce into larger
islands that contain significant cracks (Fig. 3(c)) [28]. Extending the
growth time (to 3 hours in this study) resulted in a rough but continuous
layer. The layers become continuous, most likely because the cracks
become covered as the islands increase in size and merge with prolonged
growth.

3.2. Electrical characterization

I-V and C-V characteristics

The I-V characteristics of an SBD for which the current crosses the
barrier, primarily owing to thermionic emission, are described by the
following equation [29,30]:

I(V) =1 [exp (%) - 1] , (2)

where V is the applied voltage, n is the ideality factor, g is the elemen-
tary charge and k is Boltzmann’s constant.
Here, I;, and the saturation current is expressed as [29,31]:
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I, = AA'T? exp( - —qibj’fv) . 3)

where A is the cross-sectional area of the SBD, A* is the effective
Richardson constant, and ¢y, y is the zero bias barrier height.

In the region of the log(I) vs V plot where the voltage drop due to
series resistance is negligible (i.e., V>>IR;), Eq. (2) simplifies to:

I(V) = Lexp (%) . @

The ideality factor and the saturation current, I;, are obtained from
the slope and y-intercept, respectively, of a linearized plot of Eq. (4),
whereas the barrier height is extracted from Eq. (3). The series resis-
tance, R, of the measured devices was determined by fitting Eq. (2) to
the experimentally obtained log(I) vs V plots.

It is instructive to note that a high series resistance, R;, would affect
the impedance of the complex series RC circuit which constitutes the
SBD, Therefore, DLTS measurements may be influenced in several ways:

Since a SBD with notable series resistance acts as a voltage divider,
the voltage drop (AV = ILusRs) across Ry will reduce the effective bias
across the junction. This may lead to incomplete trap filling, particularly
for traps located deeper in the depletion region or those with higher
capture barriers. Because the transient current during the filling pulse
varies dynamically, the instantaneous voltage drop across the SBD also
changes, and may cause spatial non-uniformities in trap filling. How-
ever, since DLTS measures the average emission of charge from filled
traps above the crossover point, this effect is not expected to alter the
intrinsic defect emission rate. To accurately resolve a trap emission rate
in DLTS, the junction RC time constant must be significantly shorter than
the emission time constant of the defect; otherwise, the transient be-
comes distorted and no longer reflects the true trap kinetics [25].
Clearly, a significant R should introduce an additional time constant, 7
= RC, that can obscure the true trap emission rate and, therefore, may
distort the measured capacitance transient. This could result in a
broadening and temperature shift of the DLTS peaks. Moreover, when R
is significant, the circuit impedance deviates from a purely capacitive
response, leading to an underestimation of the actual junction capaci-
tance and a corresponding reduction in DLTS signal amplitude.

In our case, the series resistance of our Schottky barrier diodes was
measured directly from a fit of Eq. (2) to the forward-bias I-V charac-
teristics. and was sufficiently small to assume that the effective bias
across the depletion region remained essentially unchanged during the
filling pulse. The applied pulse amplitude can therefore be considered
accurate, with negligible impact on trap filling.

Additionally, DLTS measurements were performed at 1 MHz, where
the influence of R; on the junction capacitance is suppressed and
R,C was smaller than the emission time constant of the detected traps.
These conditions confirm that significant distortion of the capacitance
transient and the extracted emission rates due to R, are unlikely.
Accordingly, the recorded transients are considered to reliably reflect
the intrinsic defect properties of the material, in agreement with that
reported by [32].

The capacitance per unit area of an SBD is given by [30]:

1 2
G2 +qe; (N, — Ng)A?

iVbiiV—%T}, (5)

where ¢ is the permittivity of (in this study) hexagonal GaN and where V
is the applied voltage. Here, “+” and “-“ refer to p-type and n-type
materials, respectively. For the latter, Ny > Ny, V; < 0 and V < 0.

The x-axis intercept of an 1/c? vs V plot gives V;, which in turn is
related to the built-in potential, V};, via the equation V; = — Vj; + kT
/q, where T is the measurement temperature. The C-V-derived barrier
height, ¢, ¢y, is given by:

Prev =Voi+Vo=—Vi +Vo+ kT/q. 6)
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Fig. 4. Current-Voltage characteristics of the sputtered Au/GaN/Al SBD before
and after annealing at different temperatures (a). The inset graph displays the
I-V characteristics of resistively evaporated Au/GaN/Al SBDs on similar GaN
films grown at 3 mA.cm? [28] and 1 mA.cm™ [1 2], respectively. Leakage
current and rectification ratio (b) and ideality factor and barrier height, derived
from I-V measurements (c), as a function of the annealing after annealing at
different temperatures. (Note: Stars represent barrier height and squares
represent ideality factor).
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Fig. 5. (a). 1/c? versus V plots of the sputter deposited Au SBD before and after
annealing between 450 K and 550 K. The inset figures were obtained from
resistively evaporated SBDs on similar n-GaN films grown at 3 mA.cm? [28]
and 1 mA.cm™2 [12], respectively. Note the substantial change in the free carrier
profile, especially near the surface, following alpha particle irradiation [12],
Fig. 5 (b). Depth profiles of free carrier concentration in sputtered Au/GaN/Al
SBDs before and after annealing. Insets show data from resistively evaporated
on GaN films grown at 3 mA.cm” 2[28] and 1 mA.cm’® [12].

¢y cv> Which is determined in this way, is the so-called flat band
barrier height since it is determined from 1/c? vs V, where 1 /c2—0. V,
is related to the density of states in the conduction state,N, and the free
donor concentration, Ny and is given by:

kT. N,

The derivative of Eq. (5) allows the determination of the free carrier
depth profile [29]:

dc?

-1
v - 2(qe,A’Ng) 8)

Fig. 4(a) shows typical semilogarithmic I-V plots obtained at room
temperature (RT) of the as-sputtered and subsequently annealed (450-
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550 K) Au/GaN/Al SBDs investigated in this study. The large reverse
current is tentatively attributed to grain boundary conduction and/or
barrier height inhomogeneity, which is expected considering the surface
morphology of the GaN film surface. Notably, the reverse leakage cur-
rent increases significantly with increasing annealing temperature be-
tween 450 K and 500 K and then drastically decreases following
annealing at 550 K. The inset in Fig. 4(a) displays the I-V characteristics
of resistively evaporated Au/GaN/Al SBDs on similarly grown GaN films
at 3 mA.cm [28] and 1 mA.cm™ [12].

All the SBDs exhibited rectifying behaviour with significant series
resistance. The rectification ratio decreases after annealing at 450 K but
improves at 500 K and 550 K. This trend is evident from the plots of the
series resistance and leakage current versus the anneal temperature.

To compare the leakage current and rectification ratio as a function
of annealing temperature, the current for each diode was measured at
+1 V, as shown in Fig. 4(b). The leakage current reached a maximum
after annealing at 450 K, but decreased to its lowest value following
annealing at 550 K.

Fig. 4(c) presents the ideality factor and Schottky barrier height,
extracted from the I-V characteristics, for both the as-sputtered and
annealed Au SBDs. The barrier height remained relatively stable at an
average of 0.57 eV for the as-grown sample and those annealed at 400 K
and 500 K. However, for the sample annealed at 550 K, the barrier
height increased to 0.68 eV, representing an enhancement of approxi-
mately 20%.

The series resistance is also strongly temperature dependent and
increases from 456 Q (sputtered) to 1861 Q (sputtered and annealed at
550 K), most likely due to changes in the composition and structure in
the near-surface region [33]. In comparison, contacts that were evapo-
rate resistively (reported in an earlier study) have the lowest series re-
sistances [12,28]. It is worth noting too that the ideality factor of the
sputter-deposited Au/GaN/Al SBDs fabricated in this study is substan-
tially lower (~ 44% on average) than that of the Au/GaN/SBDs resis-
tively deposited on similar EC-grown h-GaN layers [12,28].

The results obtained from C-V measurements of the sputter-deposited
Au/GaN/Al SBDs and their response to annealing are depicted in Fig. 5.
In Fig. 5(a), the 1/c? versus V plots show that the carrier concentration is
nonuniform and increases sharply toward the surface. The decrease in
capacitance following annealing indicates that the observed donor-type
defects are annealed.

Fig. 5(b) shows the free carrier density depth profiles of the SBDs
before and after each annealing step. In all measurements, the same bias
range was used. The depth profiles clearly indicate that the depletion
region extends deeper into the semiconductor after each annealing
stage. Since the I-V characteristics suggest that the Schottky barrier
height does not change significantly, this shift is attributed to the
annealing of donor-type defects near the metal/semiconductor inter-
face. These defects are located so close to the interface that they are not
detectable through C-V depth profiling. Although a substantial number
of defects anneal out at 450 K and 550 K, very little defect annealing is
observed between 450 K and 500 K.

The evolution of the carrier density profiles near the surface further
suggests the diffusion of donor-type defects into the bulk of the semi-
conductor, with the extent of diffusion increasing as the annealing
temperature rises. The characteristic dip in the carrier concentration is
observed to shift progressively deeper below the surface with higher
annealing temperatures. Notably, because this feature consistently ap-
pears within approximately the same bias range, it is more plausibly
attributed to interface-related states rather than a real reduction in the
free carrier concentration [33-35]. The free carrier concentration of the
sputter-deposited samples before annealing (measured at a depth of 0.2
pm) was approximately 2.0. x 10'® cm™. As the annealing temperature
increased, a decrease in the free carrier concentration beyond 0.2 pm
was observed, together with a clear drift of carriers away from the
surface into the GaN film. For the sample annealed at 550 K, a minimum
carrier concentration of 1.5 x 10'® cm™ was recorded at a depth of 0.3
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Table 1
I-V and C-V characteristics of the as-grown sputter-deposited and subsequently
annealed GaN samples.

Sample n Dy g Dy - I R; Ny-N,
v v ) @  (em®
(eV) (eV)

Sample a [28] 1.80 0.76 0.92 5.09 x 100 416 1.20 x
9 106

Sample b [28] 2.30  0.60 0.71 243 x100 241 1.70 x
6 1016

GaN as-grown 2.4 0.58 1.18 1.20 x 100 550 1.10 x
[12] 6 10'®

Irradiated GaN 2.6 0.64 2.2 1.20 x 100 7500  1.10 x
[12] 7 10'®

Sputtered sample 1.64 0.58 0.82 8.83 x10° 456 2.70 x
7 1016

Annealedat 450K 2.23  0.57 0.63 1.66 x 100 1032  1.42 x
6 10'6

Annealed at 500K 2.37  0.56 0.94 198 x 100 1313 1.57 x
6 1016

Annealed at 550K 1.48  0.68 0.98 6.50 x 100 1816  6.96 x
8 15

10

pm, followed by an increase to approximately 7 x 10> at 0.65 pm.
Furthermore, it was observed that a-particle irradiation [12] produced a
substantial modification in the free-carrier distribution, particularly
near the surface.

The C-V derived barrier height (¢, ¢y), except for that of samples
annealed at 450 K, appears to increase with increasing annealing tem-
perature and is, on average, as expected, greater than that obtained via I-
V measurements, in which the value is ~ 40%. The large difference and
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inconsistency in ¢, y Vs ¢ cy are attributed to, among other factors,
the drastic increase in carrier concentration close to the surface of the
GaN films (see Fig. 5). Additionally, the two techniques are fundamen-
tally distinct. The difference between the I-V and C-V barrier heights can
be explained by considering how the variation in the barrier height
across the surface of the diode influences the measurement in each case.
In the case of I-V characteristics, regions with different barrier heights
are effectively parallel, implying that the region with the lowest barrier
height will dominate the current transport behavior. Therefore, for
Schottky diodes with barrier height variations, the low barrier height
regions are expected to control the I-V characteristics. This effect is
enhanced by the exponential dependence of the current on the barrier
height. With respect to C-V measurements, regions of a Schottky contact
with different local barrier heights contribute different capacitances.
The measured capacitance therefore represents a weighted average of
these contributions, resulting in C-V measurements smoothing out, or
averaging, spatial variations in the barrier height. As a consequence,
barrier height inhomogeneities typically cause a larger reduction in the
I-V derived barrier height than in the C-V-derived value. In addition, the
reduced image-force lowering expected for materials with high free-
carrier concentrations further influences the current transport dy-
namics in this system [33,36,37].

Table 1 lists the basic electrical properties obtained from the I-V and
C-V measurements for the sputter-deposited Au/GaN/Al SBD before and
after annealing. The ideality factor of the unannealed SBD was 1.64,
which, following annealing, increased and reached a maximum of 2.37
at 500 K. Further annealing at 550 K resulted in an improvement in the
ideality factor from 2.37 to 1.48. This improvement is attributed to the
recrystallization of the GaN film and a commensurate decrease in the
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Fig. 6. The DLTS spectra of the sputtered SBDs before and after annealing. The spectra were recorded at a reverse bias of -2 V, a pulse of 2 V and a pulse width of 1
ms. The inset shows corresponding data for resistively evaporated contacts on GaN films grown at 1 mA-cm™2 [12]. The rate window was 80 s for all samples.
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surface state density.

As is clear from the presented I-V and C-V results summarized in
Table 1, the quality of the devices differs substantially from one
annealing temperature to the next, and annealing (as is the case for the
550 K anneal) may result in significant improvement in some of the I-V
characteristics of the SBDs. This improvement is attributed to the
removal or migration of defects away from the active region of a device
[34], enhanced crystallinity [35], a reduction in surface states (such as
nitrogen vacancies, oxygen interstitials and Ga dangling bonds) [32],
and stress relief in the material. Notably, the barrier height obtained
from C-V measurements is greater than that derived from I-V measure-
ments. This discrepancy arises because I-V measurements are more
sensitive to interface states and barrier inhomogeneities. Additionally,
significant series resistance reduces the apparent barrier height in I-V
measurements compared with that in C-V measurements [29,30].

Fig. 6 shows conventional DLTS spectra obtained from the sputter-
deposited Au/GaN/Al SBDs before and after annealing between 450 K
and 550 K. As a rough approximation for DLTS, Ny =~ 2N4AC/C, where
Nr is the defect concentration, Ny is the carrier concentration, AC is the
change in capacitance and C is the capacitance. Therefore, 2NgAC /C is
plotted on the vertical axis. The values for C and Ny (at -2 V bias) were
taken from room-temperature C-V measurements, which are close
enough to the temperature at which the DLTS peak was observed, to be
reasonable approximations. Owing to the large change in carrier density
(and subsequent change in capacitance), the region probed by the DLTS

measurements differed from one sample to the other.

For the unannealed SBD, a broad asymmetric peak was detected at
approximately 265 K, similar to that observed by V.R. Reddy et al. [1].
The asymmetry suggests that this peak is most likely composed of more
than one defect. The capacitance transient should consequently be
composed of several emission rates.

a. Annealing at 450 K led to a decrease in the peak intensity, indicating
a reduction in the defect concentration by approximately 34% rela-
tive to the unannealed sample. The peak also shifted to 246 K, sug-
gesting that deeper defect levels had annealed out, leaving primarily
shallower states.

b. Annealing at 500 K caused an increase in the trap concentration to
58% of the as-grown peak height, accompanied by a shift of the peak
to 262 K.

c. Annealing at 550 K resulted in a further decrease in the peak height
to 43% of the original trap concentration, along with an additional
upward shift of the peak position to 275 K.

Since the carrier concentration changes after each annealing stage,
the depth probed by DLTS also varies. After annealing at 550 K, the
probed depth is significantly greater than that for the 450 K- and 500 K-
annealed samples, which exhibit similar carrier concentration profiles.
Therefore, the decrease in peak height observed after 550 K annealing
could partly be attributed to a concentration gradient of the defects,
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decreasing with depth. A similar effect may occur after the 450 K
annealing stage; however, because the change in carrier concentration is
small, its impact is expected to be much less pronounced.

Overall, annealing modifies both the nature and the concentration of
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defects present in the GaN films. The DLTS peaks in all spectra, except
for the sample annealed at 450 K, exhibit asymmetry, suggesting that the
peaks arise from multiple defect states.

When DLTS is used, an electrically active defect is usually charac-
terized in terms of its apparent capture cross section and activation
energy, commonly referred to as its DLTS signature. The electron
emission rate as a function of temperature is given by [38]:

c—E
en(T) = Un<vn>§_0NCTzexp< o ) . 9
1

where o, is the apparent capture cross section, (v,) is the average
thermal velocity of the electrons, go/g; is the relative degeneracy of the
defect before and after emission, N, is the density of states in the con-
duction band, T is the temperature, and E. — E; is the activation energy
of the trap. The activation energy and apparent capture cross-section of
the observed defects were determined from the slope and y-intercept of
en(T)/T? versus T!, respectively. For each defect, Arrhenius plots are
shown as inserts.

It should be noted that high electric fields within the depletion region
can enhance electron emission rates from deep traps through field-
assisted tunnelling or Poole-Frenkel effects, potentially causing shifts
in the activation energies or emission rates observed in DLTS and Lap-
lace DLTS. In our study, the reverse biases applied during DLTS mea-
surements were limited to -2V producing an electric field equivalent to
that used by Markevich et al for their low field limit [39].

Fig. 7 shows the Laplace DLTS spectra of the unannealed sputter-
deposited SBD recorded at 285 K, 290 K and 295 K for the peak detec-
ted at 265 K in the conventional spectrum. These measurements used a
reverse bias of -2 V and a filling pulse of 2 V with a pulse width was 1 ms.
As expected, the asymmetric peak was resolved into multiple defect
components with activation energies of 0.60 eV, 0.58 eV, 0.57 eV, and
0.56 eV in the as-deposited sample. The emission rates associated with
each component increased systematically with temperature, confirming
that the algorithmic separation of the peak into four constituents is
reliable.

Interestingly, as shown in Fig. 8(a), upon annealing at 450 K, the
conventional DLTS peak, apart from shifting downward in temperature,
also displayed good symmetry, suggesting more closely spaced compo-
nents. In agreement with this observation, the Laplace DLTS resolved
only one peak, with an energy level of 0.52 eV. We therefore conclude
that all the peaks except Egsg annealed out at 450 K. The slight
discrepancy in the energy levels is probably due to the influence of the
other nearby peaks. Fig. 9 compares the Laplace DLTS spectra recorded
at 290 K after each annealing stage, clearly showing that Eg 52 and Eg sg
are observed at similar temperatures, providing further evidence that
they are related to the same defect.

After annealing at 500 K, a set of four distinct peaks were present, as
shown in Fig. 8(b) and listed in Table 2. The different positions on the
Laplace DLTS spectrum, as shown in Fig. 9, indicate that these peaks are
not related to the earlier peaks. We therefore conclude that these peaks
are due to defects that diffuse from the interface. Annealing at 550 K
leads to yet another set of four defects, as shown in Fig. 8(c). A com-
parison of the peak positions in Fig. 9 reveals that the peaks observed
after annealing at 550 K are like those observed after annealing at 500 K.
This shift could be explained by the lower carrier density after annealing
at 550 K reducing the electric field in the depletion region, consequently
shifting the peaks to lower emission rates.

The defects observed in this study have DLTS signatures similar to
those in the literature [37,40-42]. More recently, theoretically and
experimentally, this defect has been attributed to Feg, acceptor state by
D. Wickramaratne, et al. [43], M. Horita et al. [44] and P. Kruszewski et
al. [45].

The results obtained from the I-V, C-V and DLTS measurements
reveal that the defect states identified by DLTS are closely linked to
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Fig. 9. Laplace DLTS spectra at 290 K obtained from the sputter-deposited Au/GaN/Al SBDs for all annealing stages.

variations in series resistance (Rs) and barrier height (&) obtained from
I-V and C-V. The change in charge transport properties, reflected in Ny -
N, from C-V, aligns with trap levels detected in DLTS, indicating the
influence of deep-level defects on carrier dynamics. Furthermore,
annealing significantly alters defect states, leading to a marked shift in
both deep-level and electrical characteristics.

This comprehensive relationship provides valuable insight into how
defect states affect the overall electrical performance of a material.

The activation energies associated with each peak and their details
are listed below in Table 2.

4. Conclusion

GaN thin films were synthesized on Si (111) substrates via electro-
chemical deposition. X-ray diffraction (XRD) confirmed the poly-
crystalline nature and hexagonal wurtzite structure of the GaN thin
films. Scanning electron microscopy (SEM) and atomic force microscopy
confirmed that the layers were continuous. Au Schottky barrier diodes
were fabricated by sputtering Au on top of a 10 nm, resistively evapo-
rated circular dot. The I-Vand C-V results indicate that the ideality factor
increased with increasing annealing temperature to 500 K but improved
substantially upon annealing at 550 K. The barrier height remained
approximately constant (0.58 - 0.56 eV) upon annealing at 450 K and
500 K. However, annealing at 550 K resulted in a ~14% increase in ¢,.
Notably, the series resistance increased with increasing annealing tem-
perature, most likely due to changes in the morphology and composition
of the thin film in the near-surface region [33]. The C-V results revealed

that the carrier concentration of the samples was inversely correlated
with the annealing temperature. The C-V depth profiles suggest that the
free carrier concentrations of these films are nonuniform and decrease
sharply away from the surface region. Similar observations were made
for all the layers for which the SBDs were resistively evaporated [12,28].
In conclusion, DLTS measurements revealed an asymmetric peak that
could be split into four peaks by Laplace DLTS. After annealing, all but
one of the components anneal at 450 K, where only a single peak is
observed. This leads to the lowest defect concentration in the system.
Annealing at 500 K introduced a set of 4 defects that differ from previ-
ously observed defects. After annealing at 550 K, the peak seemed to
shift to a lower emission rate. A possible explanation would be a
reduction in the electric field due to the lower carrier density.
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Table 2
Electronic properties of the sputter-induced defects in GaN before and after
annealing.
This study Similar defect observed in
literature
Sample defect E, 6q (cm?) E, (eV) 64 (cm?) Refs.
(eV)
Resistive Eo32 = 1.9 x 10 [12]
sample 0.32 17
Sputtered Eo60 0.60 5.4 x 10 Ec —-0.61 9.5 x [46]
sample Eo.ss 0.58 14 As=059 10" [47]
Eosy  0.57 20%x100 As=0.59 9.0x10  [47]
Eos6 0.56 3 As=059 '° [471
5.0 x 10° 9.0 x 10
13 16
6.6 x 10 9.0 x 10
13 16
Annealed at Eos2 0.52 1.9 x 10 As = 0.59 9.0 x 107 [47]
450 K 14 16
Annealed at Eo.60 0.60 1.1 x 107 Ec —0.61 9.5 x [46]
500 K Eos1 0.51 13 As=059 10" [471
Eo.46 0.46 7.0x 10 Ep= 9.0x 10" [48]
Eo4s 0.45 5 0.41 16 [48]
52x10  Ep= 2.6 x 107
15 0.41 17
1.5 x 10° 2.6 x 107
14 17
Annealed at Eo.60 0.60 2.4x10° Ec -0.61 9.5 x [46]
550 K Eos1 0.51 14 As=059 10" [471
Eo.a1 0.41 5.0 x 10 Eri= 9.0 x 10 [48]
Eo.40 0.40 15 0.41 16 [48]
3.7 x 10 En= 2.6 x 107
16 0.41 17
8.4 x 10 2.6 x 10
16 17
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