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Abstract 

When a hole-like trap appears in deep level transient spectroscopy spectra of devices with an 

AlGaN/GaN heterojunction, surface states at the top of the AlGaN layer are often incriminated. 

However, no deep investigation has proved that this anomalous signal is related to interface 

states. In this work, we made a full study of a hole-like signal which appears in spectra of 

AlGaN/GaN Schottky barrier diodes. The mechanism responsible for the formation of the peak is 

determined, a model is proposed and this is then applied to make our analysis. We show that two 

deep donor levels in the AlGaN layer are responsible for the formation of the hole-like signal and 

we have determined their activation energies and their concentrations. With the help of secondary 

ion mass spectrometry studies, the dominant trap was assigned to a nitrogen antisite defect, which 

is in accordance with the literature. The second trap was tentatively associated with gallium 

vacancy related defects. The mechanism responsible for the formation of the hole-like signal 

allows the loss of electrons in the channel of the diode to be understood, and the amplitude of the 

peak is a way to quantify the importance of this loss. 

 

I. Introduction 

The AlGaN/GaN heterostructure has been demonstrated to be a promising candidate for high 

power amplifiers in the microwave communication system and high-voltage power switches [1- 

4]. The combination of GaN device performance with the low cost of silicon substrates enhances 

the interest of this technology. Despite numerous improvements of GaN power components 

during the last decades, charge trapping effects at deep levels still lead to dynamic on-resistance 

and switching losses [5-7]. To detect these deep traps and determine in which part of the device 

structure they are located, capacitance deep level transient spectroscopy (DLTS) has been applied 

to GaN Schottky barrier diodes (SBDs) [8-11]. 

Hole-like traps are frequently observed in DLTS spectra of devices with n-type AlGaN/GaN 

heterojunctions without any minority carriers. Many works refer to previous studies carried out in 

AlGaAs/GaAs systems to explain the nature of these DLTS signals [12-14]. Hence, hole-like 

traps are often associated with surface states at the ungated SiN/AlGaN interface [15-18]. They 

are sometimes related to bulk traps in the AlGaN layer [19, 20] or to the transfer of electrons by 

tunneling effect from the traps in the lower half of the AlGaN bandgap into the states in the GaN 

buffer [21, 22]. 

To our knowledge, no deep investigation exists to clearly identify the origin of hole-like traps in 

AlGaN/GaN heterojunctions. A detailed understanding of the trapping mechanism involved in 

this anomalous DLTS signal is of fundamental importance to learn which defects affect device 

performance such as the gate-lag, for instance [20]. This work is focused on the study of a hole- 

like signal which appears in DLTS spectra of AlGaN/GaN SBDs. 
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II. Experimental methods 

SBDs were produced on structures grown by metalorganic chemical vapor deposition on 200 mm 

diameter Si(111) substrates. The epitaxy consists of an AlN nucleation layer, followed by 1.6 µm 

AlGaN buffer layers, then a 1.6 μm thick semi-insulating carbon doped GaN buffer layer, a 100 

nm unintentionally doped (UID) GaN layer acting as the channel, an UID AlN spacer and an UID 

AlGaN barrier layer, completed by SiN passivation. Two structures (A and B) were processed 

into diodes with a summary of the key physical parameters around the active region shown in 

Table I. 

 

SBD 
name 

AlGaN 

thickness (nm) 

Al content in 

AlGaN (%) 

AlN 

thickness (nm) 

Ammonia 

partial pressure 

A 24.1 25 1 Low 

B 24.1 22.5 0.7 High 

Table I : Features of AlGaN and AlN layers in structures A and B. 

Interdigitated comb-like diodes with twenty-six 15 x 1000 µm2 fingers were then formed using 

TiN/W as Schottky electrodes and Ti/Al annealed for 30 s at 875 °C as Ohmic contacts. Recessed 

Schottky electrodes were achieved by etching the SiN passivation, the AlGaN/AlN bilayer and 6 

nm of the GaN layer using a low bias chlorine (Cl2/BCl3) etching process with Inductively 

Coupled Plasma - Reactive Ion Etching [23]. A schematic of SBDs can be seen in figure 1. For 

all diodes, the Schottky/Ohmic spacing is 15 µm and the Schottky electrode has 0.5 µm long field 

plates which cover 30 nm of SiN. 
 

Figure 1 : Schematic of Schottky barrier diodes 

produced. See the text in section VI and VII for 

the explanation on the charge transfer. 

 

Capacitance data were acquired with a DLTS system using a Boonton 7200 capacitance meter 

with a 100 mV test signal at 1 MHz. Capacitance transients were recorded in the warm up mode 

but no difference was observed with the cool down mode. Current-voltage measurements were 

carried out with a Keithley 238 source measure unit. 



III. Secondary ion mass spectrometry analysis 

During the growth, the increase of the ammonia partial pressure results in a higher incorporation 

of nitrogen atoms, which leads to a reduction of nitrogen vacancies (VN). As carbon atoms tend 

to incorporate preferentially to VN sites [24], the carbon concentration decreases when the 
ammonia partial pressure rises. 

 

Figure 2 : SIMS profile of carbon and hydrogen 

atoms in AlGaN layers made with a low and high 

ammonia partial pressure P(NH3). 

Figure 2 reports the secondary ion mass spectrometry (SIMS) profile of carbon and hydrogen 

atoms concentration in AlGaN layers formed with the same ammonia partial pressures that those 

used to carry out AlGaN barriers of diodes A and B. With the high ammonia partial pressure 

(SBD B), the carbon concentration is reduced by one order of magnitude. SIMS experiments did 

not reveal any difference between the two AlGaN layers for Si and O atoms. However, the 

concentration of H atoms was slightly higher in the AlGaN performed with a lower ammonia 

partial pressure (SBD A). 

 

IV. Static measurements 

Figure 3 reports capacitance-voltage (C-V) measurements of SBDs A and B at room temperature. 
 

Figure 3 : Capacitance-voltage characteristic of 

diodes A and B carried out at room temperature 
and 1 MHz. 

Figure 4 : Evolution with the temperature of the 

reverse current density (A.m-2) of diode A over the 
square of the temperature. 



We see that the channel is pinched-off at – 6.8 V and – 7.5 V for diodes A and B, respectively. 

When the reverse voltage is below these values, the capacitance is equivalent to two capacitances 

in series associated with the AlGaN-barrier and the SiN insulator located below the field plates. 

As soon as the pinch-off voltage is reached, the 2DEG is completely depleted underneath the 

field plates and the capacitance of the diode strongly decreases to a value related to the 

piezoelectric charge at the AlGaN/GaN interface. 

 

The reverse current of the diodes was measured as a function of the voltage until – 10 V and the 

temperature between 300 K and 500 K. Above 430 K, the reverse leakage current density of 

diodes A (figure 4) and B follows the relation [25, 26] 

 

𝐽 = 𝑎 𝑇2 𝑒𝑥𝑝 (− 
 𝜙𝑏) (1) 
𝐾 𝑇 

 

where J is the reverse leakage current density of the diode, a is a constant, T is the temperature, 

b is the thermal barrier height and K is the Boltzmann’s constant. 
 

 

Figure 5 : Linear fit (straight lines) of experimental 

data points (scatters) for SBDs A and B. The 

current density J is expressed in A.m-2. 

Parameters a and b have been determined by a linear fit of experimental data points in the plot 

ln(J/T2) as a function of 1/T for diodes A and B at – 10 V (figure 5). SBD A has a higher current 

density, which results from a lower barrier height at 0.43  0.01 eV compared to 0.51  0.01 eV 

for diode B. 

In figure 4, we remark that the current is almost identical for a voltage between – 7 V and – 10 V. 

In this range of bias, we see in figure 3 that the channel is pinched off. Consequently, the number 

of electrons in the channel does not change any further with the applied voltage and the current 

saturates. 

 

V. DLTS study 

Figure 6 reports DLTS spectra of diodes A and B recorded with a reverse bias VR = – 10 V, a 

filling pulse height VP = – 2 V, a filling pulse width tP = 10 ms and a rate window RW = 10 Hz. A 
hole-like signal centered at 442 K for both devices dominates the spectra. The amplitude of this 



peak is 20 % larger for SBD B, nevertheless this level is expected to have the same origin in both 

diodes. By changing the reverse bias between – 8 V and – 10 V, keeping VP = – 2 V, a slight 

increase of the low temperature part of the peak takes place (figure 7). 
 

Figure 6 : DLTS spectra of diodes A and B 
recorded with VR = – 10 V, VP = – 2 V, tP = 10 

ms and RW = 10 Hz. 

Figure 7 : DLTS spectra of diode A recorded 

with VP = – 2 V, tP = 10 ms, RW = 10 Hz and 
VR varying between – 10 V and – 8 V. 

 

However, a variation of the filling pulse height between – 3 V and – 1 V, keeping VR = – 10 V, 

leads to an increase of the amplitude and the low temperature part of the peak (figure 8). 

Consequently, the position of the hole-like signal shifts towards lower temperatures. A study with 

rate windows ranging between 10 Hz and 200 Hz allowed extracting the apparent activation 

energy related to the peak. Arrhenius plots performed with a filling pulse width of 10 ms are 

introduced in figure 9. 

 

 

Figure 8 : DLTS spectra of diode A recorded 

with VR = – 10 V, tP = 10 ms, RW = 10 Hz and 

VP varying between – 3 V and – 1 V. 

Figure 9 : Arrhenius plots used to extract the 

apparent activation energies of the hole-like 

trap with diodes A and B. Data were recorded 
with VR = – 10 V, VP = – 2 V and tP = 10 ms. 

As no minority carriers are expected in the GaN layer probed by DLTS, we have therefore to 

understand the physical meaning of this apparent activation energy and to explain the behavior of 

the hole-like signal with the change of the reverse and filling voltages. 



VI. Hole-like signal mechanism 

In figure 10, the DLTS signal undergoes a significant change when the rate window rises. The 

large increase of the peak height cannot be explained by considering only the thermal emission 

rate of a trap [26, 27]. A similar increase of the peak height and the reverse leakage current of the 

diode has been noted when the temperature rises (figure 11). A link is then likely between the 

emission process responsible for the hole-like trap and the arrival in the channel of electrons 

coming from the Schottky electrode. Furthermore, a saturation of the peak height appears with tP 

≥ 50 ms for high temperatures i.e. high rate windows. 

 

 

Figure 10 : DLTS spectra of diode A recorded 

with VR = – 10 V, VP = – 2 V, tP = 10 ms and 

RW varying between 10 Hz and 200 Hz. 

Figure 11 : DLTS peak amplitude (Left axis) 

versus temperature, collected from spectra 

obtained using VR = – 10 V, VP = – 2 V, RW = 

10 Hz and tP varying between 1 ms and 100 

ms. Reverse leakage current of the diode at – 

10  V  (Right  axis)  as  a  function  of  the 
temperature. Results introduced in this figure 

are for diode A. 

When VP is applied, the Fermi level is close to the conduction band minimum of the AlGaN 

layer. Hence, the electrons of the two-dimensional electron gas (2DEG) have a higher probability 

to be transferred towards the AlGaN layer (blue vertical arrows in figure 1) to neutralize donor 

traps that were initially positively charged [28] (green circles with white crosses in figure 1). This 

process is slow because the carriers must cross over the AlN layer by tunneling. Even if the 

tunnel time to cross a barrier is expected to be in the femtosecond range [29], the flow of the 

electrons which follow this way is small because the electric field in the channel does not favor 

this path. Moreover, the AlN layer is added in the structure of the diode to reduce the leakage of 

electrons towards the AlGaN layer [30]. The flow of the electrons which cross the AlN layer is 

then expected to be small. During the filling pulse, the quantity of electrons in the 2DEG is 

therefore reduced, making believe to holes capture in the channel. When the system returns to VR, 

if the temperature is enough high, the electrons trapped in donor states are thermally emitted 

towards the AlGaN conduction band. The reverse leakage current can then refill the 2DEG (red 

horizontal arrow in figure 1) and a negative DLTS peak corresponding to holes emission appears 

in the spectra. This anomalous signal is therefore a reflection of trapping occurring in the AlGaN 

layer and its study allows obtaining features of the donor states. 



VII. Discussions 

A. Determination of trap features 

The change of the peak shape, which leads to a shift of the maximum towards low temperatures 

when VP increases from – 3 V to – 1 V (figure 8), indicates that donor states are bulk deep levels 

with dependence of the emission rate on the electric field [31]. This feature is also supported by 

the increase of the low temperature part of the peak when VR is changed from – 8 V to – 10 V 

(figure 7) [31]. 

Furthermore, the thickness of the AlN film is 1 nm and 0.7 nm in SBDs A and B, respectively 

(Table I). Electrons have therefore to cross over a thicker barrier to reach traps in the AlGaN 

layer with diode A. Thus, for the same pulse duration, fewer electrons are captured and the peak 

amplitude is reduced (figure 6). 
 

 

Figure 12 : Amplitude of the DLTS peak versus the 

pulse duration for diode A. Results comes from 

spectra realized with VR = – 10 V, VP = – 2 V and 

RW varying between 10 Hz and 200 Hz. 

In figure 12, the amplitude of the DLTS peak is plotted as a function of the filling pulse width. 

We observe a delay before the DLTS peak grows which corresponds to the time needed by 

electrons to cross the tunnel barrier formed by the AlN film. The saturation of the amplitude as a 

function of ln(tP) allows us to conclude that traps in the AlGaN responsible for the hole-like 

signal are point defects instead of extended defects [32]. 

The DLTS signal is expressed by [33] 

 
𝑡1 𝑡2 

𝑆(𝑇) = ∆𝐶(0) [𝑒−( 𝜏 
) − 𝑒−( 𝜏 

)] (2) 

 

where C(0) is the capacitance change due to the pulse at t = 0, t1 and t2 are the times of the 

double boxcar method which define the rate window RW and  is the transient time constant. 
 

In the channel, a hole emission is related to the capture of an electron coming from the Schottky 

electrode by the reverse leakage current. The transient time constant  therefore represents the 

capture rate of electrons in the channel. The limiting mechanism is the emission of trapped 
electrons by donor states in AlGaN. An electron comes into the channel and produces the 



disappearance of a hole only if a trapped electron in AlGaN is thermally emitted. Thus, the 

inverse of the transient time constant depends on the reverse leakage current density J (equation 

1) and the capture cross section of electrons in the GaN channel which is related to the emission 

of the electrons located on trap x in the AlGaN barrier [26, 27]. 
 

𝜏−1 = 
𝐽 ∑ 𝜎𝑥 

𝑞 
(3) 

q is the electronic charge. 

The capture cross section x depends on the emission rate of the electrons localized on trap x 

which is thermally activated [34]. Therefore x can be expressed by the following equation. 
 

𝜎𝑥 = 𝑐𝑥 𝑒𝑥𝑝 (− 
 𝜙𝜎𝑥) (4) 
𝐾 𝑇 

cx is a constant and  x is the thermal ionization energy of electrons which fill donor state x in 

the AlGaN layer. 

 

The apparent activation energy Ea which characterizes the evolution of  –1 with the temperature 

is consequently the sum of b and  x. 
 

Figure 13 : Simulation using equations 2-4 of 

the experimental DLTS spectrum of diode A 

shown in Fig. 6. 

Figure 14 : Evolution of the capture cross 

section of traps 1 and 2 found by the 

simulations of DLTS spectra as a function of 

the inverse of the temperature for diodes A 
and B (scatters). Results are shown for tP = 10 

ms. Solid lines are linear fits of data points. 

 
The simulation of the DLTS spectra shown in figure 6 using equations 2-4 demonstrates that two 
traps are involved in the hole-like peak (figure 13). All spectra carried out with five rate windows 

ranging from 10 Hz to 200 Hz were simulated. Both electron capture cross sections 1 and 2 

exhibit a linear dependence on the inverse of the temperature in a logarithm scale (figure 14). The 

slope of these plots allows the values of 1 and 2 to be deduced. 



Table II summarizes data with tP = 10 ms of Ea, for both diodes, extracted from experimental 

Arrhenius plots (figure 9), with Ea – b (see figure 5 for b), 1 and 2 determined from plots 

of ln(x) versus 1000/T (figure 14). 

 

SBD Ea (eV) Ea – b (eV) 1 (eV) 2 (eV) Nt1 (cm–3) Nt2 (cm–3) 

A 1.27  0.03 0.84  0.04 0.80  0.04 0.94  0.04 4.1×1013 1.9×1013 

B 1.28  0.01 0.77  0.02 0.74  0.02 0.85  0.06 5.3×1013 2.3×1013 

Table II : For tP = 10 ms, values of Ea, Ea – b, the thermal activation energy  and the 

concentration Nt of traps 1 and 2 in SBDs A and B, respectively. 

According to the above model, 1 and 2 represent the thermal activation energies with respect 
to the conduction band minimum of two donor states located in the AlGaN layer. Comparing 

both diodes, we notice a reduction in energy of 0.06-0.09 eV for 1 and 2 in diode B. This 
difference is explained by the aluminum content of the AlGaN layers (Table I). The band offsets 

for AlGaN on GaN is EC (Al = 0.25) = 0.466 eV and EC (Al = 0.225) = 0.391 eV for diodes A 
and B, respectively [35]. The difference of 0.075 eV is responsible for the difference observed on 

the energies 1 or 2 between the SBDs. Thus, it is reasonable to conclude that the two traps 
have the same origin in both diodes as suggested by the results in figure 6. 

 

The emission of electrons towards the AlGaN layer during the filling pulse and the providing of 

charge by the reverse leakage current when returning to the reverse voltage change the width of 

the space charge region in GaN layers. Thus, the capacitance of the diode in depletion follows 

these variations of charge. The quantity of traps can therefore be estimated by the relation [33, 

36] 
 

𝑁𝑡 = 
∆𝐶𝑠𝑎𝑡 

𝐶𝑅 
2 𝑁𝐶𝑉 (5) 

where Nt is the concentration of traps, Csat is the amplitude of the DLTS peak at saturation and 
CR is the capacitance of the diode at VR. 

NCV is the effective doping level of the GaN layer in depletion determined by means of C-V 

measurements with [37] 
 

𝑁 =  
𝐶3

 𝑑𝑉 (6) 
𝐶𝑉 

  

𝑞 𝗌0 𝗌 𝑑𝐶 

where C is the measured diode capacitance per unit area, V is the voltage applied to the Schottky 

contact, 0 and  are the dielectric constants of the vacuum and the GaN material, respectively. 
 

NCV was found at 3.67×1015 cm-3 and 3.8×1015 cm-3 for diodes A and B, respectively and CR was 

measured at 4.96×10-11 F. The DLTS peak saturates at Cmax = 3.37×10–13 F (figures 11 and 12) 

and Cmax = 4.03×10–13 F for diodes A and B, respectively. The simulation of the hole-like 

signals at saturation yields the maxima of each trap Csat1 and Csat2. Equation (5) allows these 
values to be converted to trap concentrations. It is clear from the results summarized in Table II 
that the density of trap 1 is higher in SBD B than in SBD A whereas the concentration of trap 2 is 



approximatively the same in both diodes. Nt1 and Nt2 are average values with a variation of 

0.1×1013 cm–3 determined using the simulation of several peaks in the saturated part of figure 

11. 

 

B. Identification of the traps 

Using DLTS, Götz et al. [38] found a dominant deep donor in Al0.12Ga0.88N with an activation 

energy for electron emission to the conduction band of 0.61 eV. The activation energy of this 
level displays a pronounced field dependence. As suggested by Götz et al. [38], it is likely that 

the level found in Al0.12Ga0.88N is the same in GaN (E2 in [8], D2 in [39], DLN3 in [40], B in 

[41]), which has been attributed to nitrogen antisite NGa [39]. Zhu et al. [15] reported a level at EC 

– 0.88 eV in Al0.3Ga0.7N and assigned it to NGa. Therefore, trap 1 found at EC – 0.8 eV in 

Al0.25Ga0.75N and EC – 0.74 eV in Al0.225Ga0.775N agrees well with NGa defects. 
Our SIMS measurements allow C or H related defects to be ruled out as a possible origin for 

traps 1 and 2 since their concentrations are larger in SBD A. However, more incorporation of N 

atoms is expected in SBD B due to the larger partial pressure of ammonia used to carry out the 

AlGaN layer. The association of trap 1 to NGa defects is thus consistent with SIMS results. In 

addition, the nitrogen antisite has already been detected in GaN grown with our epitaxial chamber 

[42-45]. It is thus very likely to find it in the AlGaN layer. 

Finally, we believe that trap 1 is similar with the reported levels ranging between 0.7 eV and 0.9 

eV in Al0.25Ga0.75N [20, 28, 46] and is responsible for the hole-like trap reported at 1.24-1.3 eV in 

AlGaN/GaN SBDs [19]. 

Trap 2 has a thermal activation energy 0.11-0.14 eV larger than trap 1 and its amplitude is 

approximatively the same for both diodes. It is likely that trap 2 is related to a native defect which 

does not involve C, H and N atoms. Assuming that the energy difference between the levels 

related to traps 1 and 2 are similar in AlGaN and GaN materials, trap 2 could be associated with 

Ga vacancy (VGa) related defects [8, 39, 41, 42, 47-49]. 

VIII. Conclusions 

This work introduces a deep study on a hole-like signal which appears in DLTS spectra of 

AlGaN/GaN SBDs. A correlation between the amplitude of the peak and the reverse leakage 

current of the diode has been demonstrated and a mechanism is proposed to explain the formation 

of the hole-like signal. During the pulse voltage, electrons move by tunneling conduction from 

the 2DEG towards the AlGaN layer where they are captured on deep donor states. When the 

temperature is increased and the reverse voltage is applied on the anode, the thermal energy 

removes electrons from the traps and the 2DEG is refilled by the reverse leakage current of the 

diode. The hole-like signal results from the return of electrons into the 2DEG. The simulation of 

the DLTS peak using a model involving a transient time constant, which takes into account the 

thermal activation energy of the reverse leakage current of the diode, leads to the extraction of 

two deep levels in AlGaN. The concentration of the dominant trap depends on the ammonia 

partial pressure used to perform the AlGaN layer and was calculated at 4.1x1013 cm-3 and 

5.3x1013 cm-3 for SBDs A and B, respectively. This trap was assigned to nitrogen antisite defects. 

The second trap was tentatively associated with Ga vacancy related defects. The proposed model 

allows an explanation of the origin of traps reported in the literature. In addition, this work 

demonstrates that information can be extracted from a hole-like signal in AlGaN/GaN 

heterojunctions to access features of traps in AlGaN. We also demonstrated that the amplitude of 

the hole-like signal is an indication of the quantity of electrons which leave the 2DEG. Since the 

reduction of electrons in the 2DEG directly results in a decrease of device performance, the 



appearance of a hole-like signal in DLTS spectra of AlGaN/GaN heterojunctions should be 

thoroughly investigated. 
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