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In this paper, using a numerical simulator, we investigated the current-voltage characteristics of a Pt/n-GaN
thin Schottky diode on the basis of the thermionic emission (TE) theory in the 300 to 500 K temperature
range. During the simulations, the effect of different defect states within the n-GaN bulk with different
densities and spatial locations is considered. The results show that the diode ideality factor and the threshold
voltage decrease with increasing temperature, while at the same time, the zero-bias Schottky barrier height
(Dpo) extracted from the forward current density-voltage (J-V) characteristics increases. The observed
behaviors of the ideality factor and zero-bias barrier height are analyzed on the basis of spatial barrier height
inhomogeneities at the Pt/GaN interface by assuming a Gaussian distribution (GD). The plot of apparent

barrier height (@, 4p) as a function of ¢/2kT gives a straight line, where the mean zero-bias barrier height

(®,, ) and the standard deviation (g9) are 1.48 eV and 0.047 V, respectively. The plot of the modified

activation energy against ¢/kT gives an almost the same value of @,, and an effective Richardson constant

A" 0f 28.22 Acm™K 2, which is very close to the theoretical value for n-type GaN/Pt contacts. As expected,
the presence of defect states with different trap energy levels has a noticeable impact on the device electrical

characteristics.
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1. Introduction

Gallium nitride (GaN) is one of the most interesting semiconductor compounds well suited for operating in
any application in which the environmental temperatures or level of radiation might damage conventional
silicon (Si1) or gallium arsenide (GaAs) electronics [1]. Compared with other materials, the most attractive
properties of GaN are its wide-bandgap energy, high carrier saturation velocity, high thermal conductivity
and stability, high breakdown electric field, and capability to form high-quality heterostructures with good
transport properties [2]. In recent years, a great number of GaN-based devices, such as light-emitting
diodes, laser diodes, photodetectors, and radiation detectors have been developed [3-5].

Schottky structures offer significant advantages over p-i-n ones both in terms of superior switching
characteristics and reduced reverse recovery power losses [6]. Several studies on GaN Schottky diodes have
been carried out using different metals such as platinum (Pt) [7-9], palladium (Pd) [7-9], gold (Au)
[7,10,11], nickel (Ni) [7,9,12], chromium (Cr) [13], and titanium (Ti) [7,14]. In particular, Pt has a high
work function, which makes it ideal for use as Schottky contacts on n-type GaN substrates. In fact,
according to the Schottky-Mott model, the Schottky barrier height (SBH) is dependent on the metal work
function and semiconductor electron affinity. Finally, Pt appears resistant to oxidation and corrosion [15].

In this paper, the current density-voltage (J-V) characteristics of a Pt/n-GaN Schottky diode are
investigated in a wide range of temperatures by a careful simulation study, which is useful for evaluating
different aspects of barrier formation and current transport mechanisms. The temperature dependences of
SBH and ideality factor are interpreted on the basis of the thermionic emission (TE) theory and assuming
a Gaussian distribution (GD) of SBH on the basis of the Tung [16] as well as Werner and Giittler [17]
models.

The device is well suited for ultraviolet detection applications. With this purpose, the impact of the
presence of shallow and deep acceptor trap energy levels in the GaN bulk with different densities of states
is also investigated. A wide range of operating temperatures and exposure to high levels of radiation

strongly affect the device performance and detection properties, generating charged defect centres [18,19].



2. Device structure

A schematic cross-sectional view of the Pt/n-GaN Schottky diode proposed in this work is shown in Fig. 1.
Starting from a GaN n* substrate with a doping concentration of 5x10' cm™, a 5-um-thick epitaxial layer
with a donor doping level of 1x10'® cm™ and a Pt metal layer, which acts as the anode region, are
considered. The diode has been designed in order to perform a theoretical breakdown voltage close to 1400
V at room temperature.

Using the Silvaco TCAD 2D simulator [20], the device structure has been finely meshed and the

metal/semiconductor and the n/n" interfaces have been accurately refined.

3. Physical models

The key physical models used in the simulation include the Shockley-Read-Hall (SRH) and Auger
recombination processes, incomplete doping activation, impact ionization, bandgap temperature
dependence, and carrier mobility as a function of both doping and temperature. The temperature

dependence of the GaN bandgap [21] and intrinsic carrier concentration [22] are assumed in the forms of

2 2
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where Eqo = 3.396 eV is the bandgap energy at 7 = 300 K.
Starting from the effective intrinsic carrier concentration, the Auger [23] and SRH [24] recombination

rates are modeled using the standard expressions:
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where C, = 1x103%cmSs™! and C, = 1x103! cmSs™ are the Auger coefficients, Ey is the difference between
the trap energy level and the intrinsic Fermi level, and 7, and 7, are the carrier lifetimes dependent on the

doping level, as described by Scharfetter’s relation [23]:

TOn,P

Tn,p = Vn.p © (5)
N
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Here, N is the total impurity concentration for a given device region, and 7o, = 0.5 ns, N,,,°*1 = 5x1016 cm,

and y = 1 are the reference parameters [22].
The electron and hole impact ionization rates, a,p,, which are defined as the number of electron-hole

pairs generated by the carriers traveling a unit distance along the direction of the electric field, are modeled

using the following empirical expression:

b,
Gy = x| <. ©)

The coefficients aop and by are listed in Table 1.

Assuming the Fermi-Dirac statistics, the incomplete ionization of impurities can be expressed using [25]:

N = N, , ™
1+2[]\[Zjexp[ dej
N N, (8)

where Ny and N, are the substitutional n-type and p-type doping concentrations, AE, and AEy are the

acceptor and donor energy levels (e.g., AEs =16 meV for Si and 4E,= 175 meV for Mg), and Nc and Ny

are the electron and hole densities of states varying with temperature, as given in Ref. 22.
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Finally, to model the carrier mobilities, the Caughey-Thomas analytic model is used [26].
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Here, N 1s the local (total) concentration of the ionized impurities, and min n,p, max np, @, f, and y are the

ILLn,p - ll’lmin"

GaN-specific model parameters summarized in Table II [27].

In addition, Canali’s model [28] is used to model high field-dependent mobility.

Ko p —l/l(n‘p
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where uon,p 1s the low electric field mobility and v, 1s the temperature-dependent saturation velocity given
in Ref. 24:
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Note that the simulation models assumed in this work have also been used in other recent papers of ours
focusing on several SiC-based devices and, in particular, Al-implanted 4H-SiC p*-i-n diodes [29-32]. In
those papers, the models with their specific material parameters were also validated by comparison with

experimental results obtained in a wide range of currents and temperatures.
4. Results and discussion
4.1 Analysis of the current density - voltage - temperature characteristics

For a Schottky barrier diode with relatively low doping levels, we can assume that the current is due to
thermionic emission, meaning electrons in the conduction band travel over the potential barrier but not

through it. The relationship between the applied voltage and the current density is given in Refs. 33 and 34:

J=J, exp(%j[l—exp[—i—;j} (14)
n



where ¢ is the elementary charge, T is the temperature in Kelvin, & is the Boltzmann constant, » is the
ideality factor, and Jy is the reverse saturation current density, which can be extracted by extrapolating the
straight line of In(J) to intercept the axis at zero voltage. The ideality factor » is generally higher than 1 and
it is used to indicate the deviation of practical diodes from the ideal thermionic emission model. The

saturation current of the Schottky barrier can be expressed as

J, = AT? exp[— qkq;"hj' (15)

Here, A" is the effective Richardson constant, which is equal to 26.4 Acm™2K2 for GaN [35] and @5 is the
Schottky barrier height. Assuming a forward bias voltage V' > 3kT/q [36], the conventional diode equation

can be considered in the form of

J =J,exp (nqk—l;j (16)

The simulated J-V characteristics of the presented Pt/n-GaN Schottky diode for a wide range of currents
and temperatures are shown in Fig. 2.

In Fig. 2(a), we can note two regions where the temperature-dependent forward J-V characteristics
behave differently. At low and medium current levels (V' < 1.3 V), where the dominant current conduction
mechanism is thermionic emission, the curves tend to shift toward the left and then upward as the
temperature increases. This behavior is mainly due to the temperature dependence of intrinsic carrier
concentration as well as carrier lifetime and the increase in electron thermal energy. At a forward voltage
bias close to 1.3 V, corresponding to a current density of about 400 Acm™, however, all the curves cross
each other at the same point. Therefore, in the series resistance region (V> 1.3 V) in Fig. 2(a), a negative
temperature coefficient of current is observed, as reported in Ref. 22, in which quite similar GaN-based
Schottky rectifiers have been investigated. Assuming that the diode series resistance is dominated by the
resistivity effect of the GaN regions underlying the anode contact, this current behavior can be explained

considering that the electron mobility decrease with temperature increasingly limits the device current

capabilities.



The diode reverse leakage current densities in the same range of temperatures are shown in Fig. 2(b). A
very low current density of 2.12x107"” Acm™ at -100 V and T = 300 K is calculated. However, this value
increases significantly with temperature, which is possibly caused by a decrease in Schottky barrier height
owing to the image force at the highest reverse biases, making thermal field emission transportation
mechanisms more important. The breakdown voltage is in excess of 1300 V at all temperatures, assuming
a current density on the order of 1 mAcm™ as the threshold.

The values of @, and n, in the temperature range considered, are shown in Fig. 3. These behaviors are
calculated from the low voltage J-V characteristics in forward bias, before the curves become dominated
by the series resistance and deviate from linearity.

@;, and n are temperature-dependent. In particular, with increasing temperature, the ideality factor n
decreases from 2.315 at 7= 300 K to 2.207 at 7' = 500 K, while the SBH @&; increases from 1.446 eV at
T=300K to 1.465 eV at T=500 K. The SBH at room temperature is lower than the ideal value of 1.540 eV
estimated on the basis of the Schottky-Mott model. During the calculations, we assumed a homogenous
barrier at the interface and we extracted the Schottky parameters from the Arrhenius plot of the activation
energy In(Jy/T?) against ¢/kT using Eq. (15), as shown in Fig. 4.

As can be seen, the Arrhenius plot shows a straight line, where the effective Richardson constant is
obtained from the line intercept with the activation energy axis, resulting in 4" = 10.24 Acm?K™. SBH is
obtained from the line slope, providing @, = 1.42 eV. Note that 4" is lower than the expected theoretical
value of 26.4 Acm2K™2,

The discrepancies observed in the temperature dependences of both @, and n, as well as the lower value
of A" have often been attributed to current transport mechanisms not following the ideal TE theory, because
of the existence of barrier inhomogeneities unavoidable even in the most carefully fabricated devices
[36-39]. Since the current transport across the metal/semiconductor interface is a temperature-activated
process, at low temperatures, electrons can surmount low barriers and the current transport will be
dominated by current flowing through patches of low SBH and having a large value of the ideality factor.

Therefore, the ideality factor simply indicates the barrier uniformity and it increases in an inhomogeneous

7



barrier [40]. When temperature increases, more and more electrons have sufficient energy to surmount a
higher barrier. Consequently, the dominant barrier height will increase with temperature and bias voltage.
Different types of barrier distribution function at the interface have been reported in the literature [41-43].

In our study, we use Werner and Giittler’s model [17] with the assumption of a Gaussian distribution p(®y)

of SBH, with the standard deviation gy at an approximately mean ¢_bo given as

(-2, 2} (17)

1
D, )=—
p( b) O'O /_272_ eXp|: 20_5

where the term 1/ o,,+/27 is a normalization constant. Therefore, the total forward current density across

the Schottky structure can be expressed as
7= [ i (@, V) (®,)d,, (18)

where J(®y, V) is the amount of current density at the barrier height @, and the bias voltage 7 on the basis
of the ideal TE theory. Then, introducing J(®s, V) and p(®») from Egs. (14) and (17) into Eq. (18), and

calculating the integration to obtain the current density across the Schottky barrier under forward bias, we

can write
J = A*TZ exp q (QS 40'02 exp qV |:1—exp(—qV):| (19)
kT\ " 2kT n,, kT kT )|’
qP, ,
J, = A*T? exp| — 1A | 20
0 p[ «T j (20)

where n4p, has to be considered as the apparent ideality factor and @ 4y, 1s the apparent SBH. The

comparison of Eq. (14) with Eq. (19) gives

2
qo
Pt = Poo =g

b, App

1)

Werner and Giittler assume that the mean SBH is linearly bias-dependent because &, =@, + p,V,

whereas the standard deviation ¢ has bias dependence in the form of &2 — o = p,V" . Here, p2 and p; are

8



temperature-independent voltage coefficients, which quantify the voltage deformation of barrier

distribution. The expression of the apparent ideality factor n4p, as a function of temperature is given by [17]

1 qp
—1= A/ 22
My 2" 2kT 22

The plot of @4y against ¢/2kT in Fig. 5 shows a rather straight line as expected. The values of @,, and

zero-bias standard deviation oy are obtained from the intercept and the slope of the straight line as 1.48 eV
and 0.047 V, respectively.

Likewise, the plot of the term (n7!-1) against ¢/2kT shows a straight line as shown in Fig. 6. The values
of p> and p; are calculated from the intercept and slope of the reported straight line as -0.52 and 0.0026 V,

respectively. Combining Eqgs. (20) and (21), we obtain the modified activation energy expression as

J, 20'2 ES @_
n() () e

The plot of In(J, / T?)—q’c. / 2k>T? as a function of ¢/kT should also be a straight line, according
to Eq. (23), with a slope and intercept immediately giving @_bo and A", respectively. Using the least-squares
linear fitting for the obtained curve shown in Fig. 7, we obtain @, , = 1.49 eV and 4= 28.22 Acm2K?. As
can be seen, the value of @, is almost the same as that extracted from Fig. 5. On the other hand, the value

of A", obtained from the modified activation energy plot, is very close to the theoretical value of

26.4 Acm-*K? for n-type GaN.

4.2 Analysis of an acceptor trap state effect

In this section, we discuss the effects of an acceptor trap concentration Ny of 1x10' cm~on the Pt/n-GaN
Schottky diode J-V characteristics at four different trap energy levels. In more detail, we simulate the
forward and reverse J-V characteristics firstly with the shallow trap level H2 (E,+0.25 eV), then with the

deep levels H1 (E£,+0.87 eV), H4 (E,+1.19 eV), and HS5 (E,+1.76 e€V), and finally in the presence of all



four trap levels H2, H1, H4, and HS, as shown in Fig. 8. The trap parameters used for the simulations are
listed in Table III.

On the basis of the simulation results, it is evident that the presence of traps has a significant impact on
the device forward-bias electrical characteristics, especially when the trap states are located at the deepest
energy levels. In addition, the diode threshold voltage tends to increase.

On the other hand, it is obvious that the leakage currents of diode structures containing traps are smaller
than those of trap-free devices and we can calculate a leakage current of 1.8x10"° Acm™ at -100 V when
all trap levels are considered. The observed behaviors of current density, in both forward and reverse biases
when the trap level becomes deeper, have to be mainly related to a reduction in GaN majority carrier
concentration. To ensure this, the distribution of electron concentrations along the device structure,
corresponding to each trap level in both forward and reverse biases, is shown in Fig. 9.

It is seen in Fig. 9 that the electron concentration considerably decreases in the GaN n” region in both
forward and reverse biases, especially for the deepest trap level H5 and when all trap levels are present,
which is due to the important hole density generated by the ionized acceptor trap states.

The effects of acceptor trap states with different concentrations and energy levels on the diode ideality
factor and Schottky barrier height are shown in Figs. 10 and 11, respectively. Figure 12 shows the effect of
the existence of an acceptor trap density N4 of 1x10'° cm™ in GaN on the energy band diagram of the Pt/n-
GaN Schottky diode for each of the following trap types (H2, H1, H4, and HS5). In addition, in Fig. 12, the
case in which all trap types are present at the same time with a total trap density of 4x10'® cm™ is also
reported. The ideality factor remains constant with the trap concentration at the shallow trap level H2 and
increases at the deep trap level HS, as expected from the role of traps as recombination centers. Similarly,
from Fig. 11, the Schottky barrier height increases with the increase in deep trap density and remains quite
constant at the shallow trap level H2. On the other hand, it is clearly shown in Fig. 12 that SBH increases
when the trap level becomes deeper and reaches a maximum of 1.52 when all trap types are present in GaN.

This is an effect of displacement damage induced by energetic particle irradiation. The introduced traps

10



cause the corresponding reductions in conductivity, mobility, and minority carrier lifetime, meaning a

reduction in the majority carrier density in GaN.

5. Conclusions

In this paper, a simulation study of the J-V-T characteristics of a Pt/n-GaN Schottky diode has been
presented and the effects of shallow and deep acceptor trap levels with different densities into the GaN
regions have been investigated. The ideality factor decreases and SBH increases with the increase in
temperature. These behaviors have been interpreted on the basis of the TE theory assuming a GD of SBH.
By plotting the apparent barrier height against ¢/2kT, the zero-bias mean value @,, and the standard
deviation oy have been determined to be 1.48 eV and 0.047 V, respectively. From the modified activation

energy plot, practically the same value of @, has been extracted, and an effective Richardson constant of

28.22 Acm™K™?, which is very close to the theoretical value, has been calculated. The linearity of the
modified activation energy plot and the closeness of the Richardson constant to its theoretical value verify
the assumed GD of SBH.

We also found that the presence of acceptor trap levels in bulk GaN affect considerably the electrical
characteristics of the diode. In addition, the ideality factor and SBH take high values for acceptor trap
concentrations equal to and beyond 1x10'® cm?, especially for the deepest trap level H5 and when all trap

levels are present, because of the important hole densities generated by the ionized acceptor trap states.
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Fig. 1. Pt/n-GaN Schottky diode schematic cross section (plot not in scale).

Fig. 2. Simulated J-V characteristics of the Pt/n-GaN Schottky diode in the 300-500 K temperature range.
(a) Forward bias. Inset: forward J-J characteristics in linear scale. (b) Reverse bias.

Fig. 3. Ideality factor and SBH extracted from the forward J-V characteristics of the Pt/n-GaN Schottky
diode in the 300-500 K temperature range.

Fig. 4. Arrhenius plot of the activation energy In(Jo/T?) vs ¢/kT.

Fig. 5. @y 4pp vs q/2kT according to a GD of SBH.

Fig. 6. (n"'-1) vs q/2kT according to a GD of SBH.

Fig. 7. Modified activation energy plot of In(J, / T?)—qg’c. / 2k>T? vs q/kT according to a GD of SBH.

Fig. 8. Simulated J-V characteristics of the Pt/n-GaN Schottky diode introducing the H2, H1, H4, and H5
trap energy levels at 7= 300 K. (a) Forward bias. (b) Reverse bias. Inset: magnified view of the reverse J-
V' characteristics up to -4 V.

Fig. 9. Electron concentration along the Pt/n-GaN structure at different trap energy levels at 7= 300 K.
(a) Forward bias. (b) Reverse bias.

Fig. 10. Ideality factor as a function of acceptor trap state density at 7= 300 K. Inset: magnified view of
the ideality factor in the 2.25-2.65 range.

Fig. 11. Schottky barrier height as a function of acceptor trap state density at 7= 300 K. Inset: magnified
view of SBH in the 1.445-1.456 eV range.

Fig. 12. Energy band diagram of Pt/n-GaN Schottky diode with an acceptor trap density N.4 of 1x10'® cm™

for each acceptor trap level at 7= 300 K.
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Table I. GaN impact ionization parameters [22].

Carrier ao (cm™) bo (Vem™)
Electron 2.41x108 3.40x107
Hole 5.41x10° 1.96x107

Table II. GaN carrier mobility parameters.

. Mmax Mmin Nref
Carrier p y
(em*Vis!)  (em?V's!)  (em?)
Electron 1418 55 2x1017 2 -3.8 1
Hole 175 30 3x10'7 5 -3.7 2
Table III. Trap simulation parameters [44].
Activation Electron capture cross Hole capture cross
Trap level Density (cm™)
energy (eV) section (cm?) section (cm?)
H2 0.25 1x1016 1.7x10°"7 1.7x10°1°
H1 0.87 1x1016 7.4x10°14 7.4x10713
H4 1.19 1x10'6 2.3x10°13 2.3x10714
H5 1.76 1x10'6 1.2x1012 1.2x101
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