Journal of Ovonic Research Vol. 19, No. 6, November - December 2023, p. 763 - 773

Colossal permittivity, impedance analysis and electric properties
in AIGaN/GaN HEMTs

H. Mosbahi®, A. Essaoudi®, N. E. Gorji¢, A. Gassoumi’’, A. Almohammedi®

A. Helalif, M. Gassoumi®

“ Department of Transport Technology and Engineering, Higher Institute of
Transport and Logistics, University of Sousse, Tunis’Laboratory of Condensed
Matter and Nanosciences, University of Monastir, Monastir 5000, Tunisia
“Mechatronic Engineering, Technological University Dublin, Dublin 15, Ireland
Department of Physics, Faculty of Science, King Khalid University, P.O. Box
9004, Abha, 61413, Saudi Arabia

*Department of Physics, Faculty of Science, Islamic University of Madinah,
Madinah, 42351, Saudi Arabia

'Laboratory of Micro-Optoelectronics and Nanostructures (LMON), University of
Monastir, Avenue of the Environment, 5019 Monastir, Tunisia

The electric and dielectric processes of AlGaN/GaN/Si HEMTs produced by molecular
beam epitaxy were examined utilizing direct current-voltage, impedance spectroscopy, and
DLTS measurements. Using current-voltage measurements, the DC electrical
characteristics of AlIGaN/GaN/Si HEMTs revealed the self-heating effect. The relaxation
dynamics of charge carriers appear to be studied by the conductance mechanism and
electric modulus formalisms. Behavior that is frequency dependent has been observed in
impedance spectroscopy. Last but not least, DLTS data have demonstrated the existence of
electron traps. The prevalence of parasitic effects and conduction mechanisms are
remarkably correlated with deep levels.
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1. Introduction

AlGaN/GaN high electron mobility transistors (HEMTs) have drawn lots of attention for
high-frequency and high-power applications [1-4]. Nitride based materials feature properties such
as wide band gaps, large breakdown bias voltage, high saturation velocity, high electron mobility,
high efficient carrier transport as well as a wurtzite material [5]. A two-dimensional electron gas
(2DEG) in AlGaN/GaN heterointerface results from high carrier density due to the effect of strong
spontaneous and piezoelectric polarization fields [6]. Silicon, sapphire and silicon carbide are the
substrates on which the nitride layer are grown [7,8]. These substrates determines the crystalline
quality of the layers and leads to high dislocation densities [9]. By optimizing the growth condition
and design parameters, performance of AlGaN/GaN heterostructure transistors have been
improved [6, 10-12]. Encouraging results were obtained in this research field.

Reliability limitation of HEMTs AlGaN/GaN has primarily focused on impurities and
defects. Know reliability issues for HEMTs AlGaN/GaN are parasitic effects due to current
collapse, self-heating, kink effect, leakage current, gate-lag, drain-lag as well as traps in devices
[13-17]. The origin of the parasitic effects were characterized by different techniques. The
techniques are current-voltage measurements, capacitance-voltage characteristics, pulse
measurements, deep level transient spectroscopy, Fourier transform deep-level transient
spectroscopy, conductance deep level transient spectroscopy and impedance spectroscopy
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[9,17,18-22]. To overcome limitations of the AlGaN/GaN HEMTs reliability, a considerable
progress has continued the study of these heterostructures to reduce parasitic effects.

In the present work, we described the electrical properties, conductance mechanism,
relaxation process and DLTS measurements of AlGaN/GaN/Si HEMTs. For the same HEMT
structures, we have also discussed the electrical characteristics required by impedance
spectroscopy, showing low acquired dielectric loss. Results has been correlated in order to explain
the origin of the electron transport.

2. Background

2.1. Electrical and dielectric measurements

Electrical behavior of the devices can be described by different techniques such as DC
measurements, impedance spectroscopy and DLTS. Impedance spectroscopy can be expressed by
various parameters as follows:

Complex impedance:

Z(wW)=2"(w)+jZ”(w) ©)
Complex modulus:
M (w) =M’ (w) +j M” (w) )
Complex permittivity:
g (w)=g" (W) +]&” (W) 3)
Tangent loss:
E|'|' I-'m}
t8(8) = - “)

withw=2mnf
where fis the frequency.

Impedance spectroscopy measurements were performed using a HP4192 LF impedance
analyser. The conductance characteristic were recorded from the excitation potential for ac
measurements. The DC measurements is carried out by Hewlett Packard 41428 Modular.
Experimental data were made in the dark at atmospheric pressure.

DLTS is a technique to characterize the defects in AlGaN/GaN/Si HEMTs. DLTS
measurements were realized using a PAR 410 capacitance meter lock-in detection.

2.2. Experimental

The AlGaN/GaN HEMTs under investigation are grown on silicon (111) substrate by
using molecular beam epitaxy (MBE). The active layers consist in a 500 nm thick of undoped
AIN/AlGaN buffer, a 1.8 um undoped GaN channel, a 23 nm thick of undoped Alo26Gao.74N
barrier and a 1 nm n'- GaN cap layer. The ohmic contact pads are patterned using e-beam
lithography. Hereafter, the metallization by means of evaporated 12/200/40/100 nm Ti/AI/Ni/Au is
deposited at 900°C during 30s. The Schottky gate is realized using 100/150 nm Mo/Au layers.

3. Direct-current characteristics
Direct-current measurements have been performed on AlGaN/GaN/Si HEMTs at room

temperature. Fig. 1 shows the drain—source current as a function of drain-source voltage at
different V. It is found that the maximum of drain-source current is 0.22 A. However, the
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saturation current exhibits a negative conductance at large drain-source voltage. It is worth
noticing that this behavior is due to the self-heating. It can be seen that the self-heating results
from a increase in the local temperature of 2DEG, a decrease in the electron mobility and trapping
centers in heterointerface [17].
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Fig. 1. Direct-current characteristics of the AIGaN/GaN/Si HEMTs devices at different bias voltages.

Electron transport parameters are summarized in Table 1. The transconductance (gn) and
the threshold voltage shift (Vi) have been revealed from the relevant drain-source current as
function gate-source current l4-Vgs plots. These parameters are assigned to the electron sheet
concentration in the 2DEG conductive. The barrier height (V) and the ideality factor (1), have
deduced from the gate leakage current -V, an attempt to analyze the quality of Schottky contact
[17-18]. It can be seen that these parameters evaluated the performance and transport properties of
AlGaN/GaN/Si HEMTs.

Table 1. Electron transport parameters of the AIGaN/GaN/Si HEMT.

Tas (A) gm (MS/mm) | Van (V) 1 Vi, (V) R+Ri (Q)
0.22 210 41 1.01 0.78 42

4. Electrical conductance analysis

To avoid the charge transport in transistors, conductance measurements are recommended.
Fig. 2(a) shows the total conductance variation as a function of radical frequency at different
polarization V. As can be noticed, the conductance spectra shown certain typical properties such
as at high-frequency increase and at low-frequency plateau. It is found that a change in the total
conductivity slopes was noting in the high- and low-frequency areas. As also shown, two different
regions are observed from conductance variation. At low-frequency, the detected plateau is
frequency-independent and increase with the rise voltage. This clearly shows that the plateau is
due to the long-distance movement of the charge carriers and correspond to dc conductance (oqc).
The ac conductance, however, obeys a power law feature at high-frequency. In addition, the total
conductance of AlGaN/GaN described as follows [23]:

6 (W) =04+ W* &)

where o4 is the dc conductance and w* is the charge carriers transport characteristics. w is the
angular frequency and s is the critical exponent refers to the conduction mechanism type in
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structure. The parameter is determined from slopes of the linear parts of conductivity
characteristics. The inset of Fig. 2b presents the conductivity characteristics at Vgs = 0V, as an
example. Fig. 2b shows the critical exponent as a function of gate-to-source voltage. It is found
that the critical exponent decrease going from 0.59 to 0.54 as a function of gate-source voltage
rises. It should be noted that the critical exponent reduction is assigned to the barrier
inhomogeneity, interface roughness and structural defects [24-28].
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Fig. 2. (a) Frequency-dependent conductance of the AlGaN/GaN/Si HEMTs devices at different Bias
voltage. (b) Variation of critical exponent. The inset represents the linear fit of conductance characteristics.

5. Impedance formalism

Fig. 3a shows the real part of complex impedance as a function of radical frequency at
different bias voltage. It is found that the real part of impedance decreases with the frequency
increase. As also shown, the Z’ value decreases with deceasing gate-to-source voltage. Moreover,
the real part of impedance shows the presence of constant region independent of frequency and
decreases till a specific frequency. This behavior is due to the decrease in barrier height at
AlGaN/GaN heterostructure [17]. Fig. 3b show the imaginary part of complex impedance as a
function of radical frequency at different bias voltage. It is worth noticing that the imaginary part
of impedance value increases initially with the frequency and exhibits a maximum before
decreasing. However, the peak broadening is shifted to higher frequencies. This clearly that the
peak broadening is slightly asymmetrical in character. This has led to a relaxation time process.
The process caused by defects presence in AlGaN/GaN interface [17]. To more study the
conductance characteristics, complex impedance plane are recommended. Fig. 3c shows the cole-
cole plane plots of AlGaN/GaN HEMTs at different bias voltages. It is found that the presence of
semi-circle not concentered on the real axis. As also shown, the diameter of the semi-circle
decreases with decreasing applied bias voltages. It is worth noticing that the reduction of diameter
is due to the conduction behavior thermally activated. However, to obtain the electric answer,
impedance results were analyzed by the Z view software [29]. All spectra could excellently be
fitted to the equivalent circuit. Fig. 3d shows the complex impedance spectrum at Vgs = OV and
the equivalent electrical circuit. It should be noted that the best fit for the impedance data included
two parallel circuits (CPEw/Ry, and CPE/Rapeg) and series resistance (Rs) connected in series, as
illustrated in the inset of Fig. 3d. the parameters obtained for the electrical equivalent circuit are
summarized in Table 1. The constant phase element (CPE) is expressed as follows [30]:

1

ZerE = Gnp®. g (©)

where f is the frequency, a is the empirical exponent and Q; is the interface charge. As can be seen,
the CPE behavior include surface roughness, or non-uniform current distribution [30-33]. This
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implies that the CPE is assigned to traps and 2DEG depletion in AlGaN/GaN heterointerface. The
relationships between real (Z’) and imaginary (Z’’) part components of the impedance connected
to the equivalent circuit can be expressed as [30]:

1 n 1
R;*+ (2§ %hQy  Rpggg+ (277,

Z=7Z'+jz"=R_+ (7)

where Rs, Ry, and Ropeg are the resistance of ohmic contact, cap/barrier layers and 2DEG
respectively. We report in Table 2 the values of the different resistance and CPE as deduced at
different bias voltage. As can be seen, the electrical equivalent circuit parameters decreases with
the voltage bias. This lowering is assigned to the decrease of electron mobility and trapping effects
in devices.

Table 2. Electrical parameters of equivalent circuit deduced from impedance data for
AlGaN/GaN/Si HEMTs devices at different bias voltages.

\% Rs Ry CPE)y b R2pEG CPE ot

0 390 626E9 7,05E-12 0,89476 563E9 7,83E-12 0,89619
-1 379 479E9 6,84E-12 0,92981 416E9 5,86E-12 0,92576
-2 374 204E9 5,97E-12 0,9342 141E9 3,51E-12 1,028
-3 366 128E9 4,09E-12 0,93992 65E9 2,98E-12 1,028
-4 364 101E9 3,44E-12 1,051 38E9 1,98E-12 1,046

Fig. 3e shows the variation of resistance as a function of gate-to-source voltage. It is found
that the series resistance remains constant with the voltage bias. This implies that the leakage
current remains much small in heterostructures. As also shown, bulk resistance (R, and Rapeg)
increases with the increase of Vgs. However, bulk resistance values are higher than series
resistance. The amount in bulk resistance is due to the occurrence of charge carrier in AlIGaN/GaN
heterointerface. More especially, a distribution of charge generation/recombination time constants
is created by contribution of defect levels and trap states, in the band structure [30]. To determined
trap distribution properties, adjusting bulk resistances values are recommended. Inset of Fig. 3e
shows the bulk resistances as a function of bias voltage in log-log scale. It is worth noticing that
the bulk resistance exhibits a linear variation. The slope values are determined from the linear fit
of Ln (R — V). However, it is found that the slopes to be 0.97 and 0.99 of R, and Rupeg
respectively. This clearly shows that the conductance of traps is due to an exponential trap
distribution. This implies that the carriers may be trapped by impurities or defect levels or trap
states [18].
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Fig. 3. Frequency-dependent of (a) the real part of impedance, (b) the imaginary part impedance, (c)
Cole-cole plots of complex impedance, (d) Fits according to the equivalent circuit, (e) Variation of
resistance. Inset the plot of log Rb and Rxpgc of the AIGaN/GaN/Si HEMTS devices.

6. Dielectric conductance analysis

Dielectric permittivity measurements have been performed on the sample. Fig.4 shows the
permittivity imaginary parts (¢’’) as a function of radical frequency. It should be noted that the
permittivity imaginary decrease with the increase in frequency. As also shown, the permittivity
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imaginary parts remains constant at higher frequency range. The latter behavior is due to
dispersive of the (Mo/Au)/AlGaN/GaN Schottky barrier diode results from a strain relaxation in
the AlGaN barrier layer under the (Mo/Au) Schottky gate [26,34-36]. It can be seen that the strain
relaxation mechanism is enhanced due to collision between piezoelectric polarization dipoles and
phonons [26]. The permittivity imaginary scaling as illustrated in the inset of Fig. 4. The scaling is
determined from slope of the linear of €’’— w characteristics in a logarithmic scale. It is found that
the scaling has been obtained around -1.01. This clearly shows that the relaxation mechanism will
occur to cause permittivity falls [36]. Fig. 5 shows the dielectric loss as a function of radial
frequency at different bias voltage. As can be seen, the loss tangent decreases with increases
frequency. This implies that the colossal dielectric reponse and the barrier inhomogeneity is
improved decrease in the dielectric loss. It should be noted that the dielectric loss rises sharply at
lower frequencies. This proposal of explanation agrees will the relaxation mechanism results by
decreasing permittivity. At higher frequencies, the dielectric loss, however, reaches constant
values. It is found that the remains loss becomes thermally activated in conductance mechanism
results from an increase of piezoelectric polarization. The remains loss is due to the occurrence of
energy and transport conductivity. This has led to the strain relaxation in the AlGaN barrier layer
[36].
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Fig. 4. Frequency-dependent Dielectric constant of the AlGaN/GaN/Si HEMTs devices at
different bias voltage. The inset present the scaling of the ¢’ (w).
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Fig. 5. Dielectric loss (tan 0) of the AIGaN/GaN/Si HEMTs devices at different bias voltage.
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7. Complex modulus analysis

Complex modulus were also derived for AlGaN/GaN/Si HEMTs under dielectric
measurements. From complex bulk properties, the conductance effect and the relaxation process in
the devices [37]. The complex modulus is derived from the complex dielectric permittivity as
follows [36,38]:

M*(ew) = $=M'+jm” ®)
where M’ and M’ are the real and the imaginary electric modulus parts respectively.

Fig. 6a shows the real electric modulus parts as a function of radial frequency. It is found
that the real modulus parts increases with frequency. The increase in the M’(®), however, favors
the dispersion tendency and relaxation process. This implies that the continuous dispersion is
produced by the charge carriers mobility and the electric conduction in AlGaN/GaN
heterointerface [36].

Fig. 6b shows the imaginary electric modulus parts as a function of radical frequency at
different gate-to-source voltage. It can be seen that the imaginary modulus parts shows a two
peaks. It is worth noticing that the two peaks are asymmetric peaks. Symmetric peaks are
enhanced due to relaxation process in HEMT devices. This implies that the relaxation behavior is
caused by thermally carrier generation activated at AlGaN/GaN heterostructure [36]. It is worth
noticing that the existence of a deep levels and a structural defects in HEMTs. However,
inhomogeneous Schottky barrier and conductance mechanism are assigned to the effect of traps on
the device.
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Fig. 6. (a) Real electric modulus, (b) Imaginary electric modulus of the AIGaN/GaN/Si HEMTs devices
at different bias voltage.

8. DLTS experiments

DLTS technique is an experimental tool for studying electrically active defects in devices.
Fig. 7 shows the DLTS signal of AIGaN/GaN/Si HEMT. It is found that the DLTS signal is
composed of two peaks. The two deep electron traps named Al and A2. The binding energies of
these defects are evaluated from their signatures. Signatures of these defects are determined from
the Arrhenius plot, as illustrated in the inset of Fig. 7. The physical parameters obtained for the
electron traps are summarized in Table 3.



Table 3. Physical parameters of the electron traps in AlGaN/GaN/Si HEMT.

Electron traps | Al A2

Er (eV) 0.26 1.05

on (cm?) 4.16.107' 5.42.10°5
Nr (cm?) 2.4.10 4.52.10
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The electron trap Al is found to have an energy level at 0.26 eV, a capture cross section of
4.16.10"° cm® and a concentration of 2.4.10"> cm™. It can be seen that this traps is similar to that
reported by Mosbahi et al. [17,19,39] in a previous work for an MBE grown AlGaN/GaN/Si using
DLTS and CDLTS. The same defect is also observed by Fang et al [40] for an HVPE grown n-
GaN using DLTS. As an attempt of explanation, the electron trap Al should to be a complex
involving a pair of N- and Ga- vacancies. This trap might be a defect located at the AlGaN/GaN
heterointerface.
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Fig. 7. DLTS spectra of the AIGaN/GaN/Si HEMTs. The inset illustrated the binding energies of Traps.

The deep center A2 is characterized by an ionization energy of 1.05 eV, a capture cross
section of 5.42.107" cm? and a density 4.52.10'"> cm™. It seems that this trap is observed in an
AlGaN/GaN/Si HEMT for the first time to our knowledge. The nature of such a defect remains an
open question.

9. Conclusion

In the present work, we have investigated the transport properties of AlGaN/GaN/Si
HEMTs. The electrical and dielectrical behavior of the devices is characterized by using DC,
G(w), impedance, modulus and DLTS measurements. In fact, the DC and conductance behaviors
shows a number of anomalies assigned to deep levels. As for the complex impedance data, they
relevated that the cole-cole plane plots were fitted by an appropriate equivalent circuit. Moreover,
dielectric studies enhaced that the relaxation behavior is caused by the presence of deep levels in
devices. Traps in AlGaN/GaN/Si HEMTs were measured by DLTS technique. These traps are
responsible for trapping/detrapping phenomena in heterostructure.
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