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Abstract

AlGaN/GaN HEMTs grown on high resistive silicon (111) substrate grown by molecular beam epitaxy
have been investigated using impedance measurements. Passivation of the HEMT devices is made in
order to improve the electron transport. As has been found from conductance data, the electron traps are
eliminated after passivation. The impedance spectroscopy has been, on the other hand, studied from the
electrical transport. As a result, a complex impedance plot was revealed an equivalent circuit models
indicating single semicircles and the solid interface.

1. Related Works

AlGaN/GaN high electron mobility transistors (HEMTSs) are promising candidates for high frequency and
high-power applications [1-5]. The main reason is that nitride based materials have large breakdown
bias voltages, wide band gaps, efficient carrier transport and extraordinary saturation velocity as well as a
low power consumption [6, 7]. As a result, from the strong spontaneous and piezoelectric polarization
fields and large conduction band discontinuity, a two-dimensional electron gas (2DEG) can create at the
AlGaN/GaN interface with a relatively high electron mobility and high density [8, 9]. The optimization of
growth conditions and design parameters improvements the performance of AlGaN heterostructure
transistors. However, the AIGaN/GaN HEMTs occasionally exhibit poor reliability leading to a limitation of
the devices’ performance. For instance, defects, impurities, current collapse, gate-lag and drain-lag will
seriously affect the devices’ performance and reliability [10—13]. In particular, different techniques have
been used to study the origin of the active traps and especially their locations [14-16]. On the other hand,
the direct current and the radio-frequency characteristics characterized current collapse, gate-lag and
drain-lag. In addition, these phenomena can lead to a degradation in performance for AIGaN/GaN HEMTs
operating at large signal conditions. To limitation of the trapping effects and overcome inconveniences
for AIGaN/GaN HEMTs as a solution is recommended Surface passivation [8]. As can be noticed, current
collapse, gate-lag and drain-lag are reduced by surface passivation [8, 17]. In the present work reports on
a study of unpassivated and passivated AIGaN/GaN/Si HEMTs using impedance spectroscopy. For the
same HEMT structures, we have also investigated the frequency dependent conductance analysis and
the electrical equivalent circuit characteristics.

2. Experiments

The AlIGaN/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/AIGaN buffer,a 1.8 um
undoped GaN channel, a 23 nm thick of undoped Al ,6Gag 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/Al/Ni/Au is deposited at 900°C during 30s. The Schottky gate is
realized using 100/150 nm Mo/Au layers. On the other hand, the AIGaN/GaN/Si HEMTs are passivated
by 100/50 nm SiO,/SiN with N,O pretreatment. Impedance spectroscopy has been used as a technique

to investigate the charge carrier transport mechanisms and relaxation processes in the AIGaN/GaN/Si
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HEMTs heterostructures. Measurements were performed using a HP 4192 ALF impedance analyzer at
atmospheric pressure and room temperature. Real Z’ and imaginary Z" parts of impedance
characterization of the devices are carried out by capacitance and conductance measurements.

3. Conductance Characteristics

The frequency dependent (100 Hz - 10 MHz) conductance measurements is employed to investigate
defects in the device. Figure 1 shows the conductance/w as a function of radial frequency at different

bias voltage V. It is found that the conductance increases in passivated HEMTs going from 4.10" 1010

8.107 % F. As also shown, conductance decreases with frequency at higher range and increases in lower
frequency. The conductance signal of an unpassivated AlGaN/GaN/Si HEMT, however, indicates that one
deep electron trap is present in the devices. The electron trap could be a defect located at the AlIGaN/GaN
heterointerface [8, 17, 18]. In addition, this electron trap is related to surface states [8]. As can be noticed,
the passivation with N,O pretreatment led to suppression of traps in surface [8].

4. Impedance Measurements

Impedance spectroscopy has been proven to be a useful tool to understand the interface processes and
the transport mechanisms in devices'. Then, we have used this technique to understand the charge
transport and study the conductance mechanism in the AIGaN/GaN/Si HEMTs. At an applied frequency,
the complex impedance of a system can be written as [19] :

Z=Zp+iZ; =2 +|Z" Q)

where Z’ and Z" are real and imaginary part components of the impedance. Fig.2 shows the real part of
impedance as a function of radial frequency at different bias voltage. As can be seen, the magnitude of
Z' decreases with the frequency increase. On the other hand, the real part of passivated AIGaN/GaN
HEMTs shows the presence of constant region and a decreasing tendency at high frequency. In addition,
the values of the real part of impedance decreases after passivation with N,O pretreatment. This means
that the quality of the Schottky contact is improved by passivation, however, the decrease in barrier height
[8]. Fig.3 shows the imaginary part of impedance signal as a function of radial frequency at different bias
voltages. As can be noticed, the spectrum of an unpassivated and passivated AlIGaN/GaN/Si HEMTs is
composed of one overlapped peak. The variation of the imaginary part of impedance as a function of
radial frequency presents a maximum peak at particular frequencies. It is found that the imaginary part
of the impedance increases with the radial frequency and reaches a maximum value before decreasing
again. In addition, the peak position shifts to higher frequencies and the peak intensity decreases with
decreasing bias voltages. This indicates a relaxation time process. It should be noted that the
contribution of relaxation process may possibly be explained by the presence of defects in AIGaN/GaN
heterointerface. Fig.4 shows the complex impedance plot of an unpassivated and passivated
AlGaN/GaN/Si HEMTs at different bias voltages. It is worth noticing that the single semi-circle in complex
plane is derived from the ac reponse with frequency. In addition, all the semicircles exhibit some
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depression instead of a semicircle centered on the x-axis. It is found that the impedance spectrum is
displayed a single semi-circle at bias voltages and the diameter of the semi-circle decreases with
decreasing applied bias voltages. It should be noted that the impedance results were analyzed by the Z
view Software [20]. However, all spectra could excellently be fitted to the equivalent circuit. Fig.5 shows
the complex impedance spectrum at Vs = 0V and the equivalent electrical circuit. This clearly shows that
the best fit for the impedance data consisting of an additional series resistance R connected in series
with two parallel circuits CPE,/Ry, and CPE;/R,pgs. The impedance of the equivalent circuit at the
AlGaN/GaN heterointerface can be expressed as [19] :

. 1 1
Z=Zr+jZ = R, + + 2
R I i ; Ri_h"‘ (Ejfac]ub'qh R - +{2jfac]at-Qt ( j

Z2DEG

where R, R, and R,pgg are the resistance of the ohmic contact, cap/barrier layers and 2DEG respectively.
CPE, is the capacitive element of the barrier/cap layer, Q, is the charge of the barrier/cap layer, CPE; is
the frequency dependent trapping of 2DEG charge carriers and Q; is the charge of 2DEG. Let CPE be the
constant phase element, it is given according to [19] :

1 1
P8 = o QT @nbe.Q 3)

with 0 < a < 1. Fora = 0, the system is described by a resistor, while for a = 1 an ideal capacitor is
described.

It can be noticed that the CPE behavior include varing thickness or composition, surface roughness, or
non-uniform current distribution [21-23]. The CPE accounts is used to successfully model an equivalent
circuit of AIGaN/GaN heterointerface including effects due to traps and 2DEG depletion and frequency
dispersion. The parameters obtained for the electrical equivalent circuit are summarized in Table 1. As
can be seen, the resistance (Rg, Ry, and Rypgg) decreases after passivation. However, the CPE; and CPE,,
increases due to the defect levels in the AIGaN/GaN HEMTs which create a distribution of charge
generation/recombination time constants [19]. It should be noted that the passivation gives rise to a more
improved electron transport. This improvement is assigned to the reduction of electron traps.

5. Summary

In the present work, we have investigated the effects of passivation on the transport characteristics of
AlGaN/GaN/Si HEMTs. The electrical behavior of the transistor device is characterized by using
impedance measurements. As has been shown, passivation of SiO,/SiN with N,O pretreatment improves

the electron transport and reduces the electron traps. As a consequence, an equivalent circuit model is
found to be the best model of correlation electrical properties of the AIGaN/GaN/Si HEMT devices.
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Tables

Table 1: Fitting parameters of impedance data for AIGaN/GaN/Si HEMT devices before and
after passivation at Vg = OV.

Rs(@) Ry(@)  CPE,(F) oy  Ropec(@) CPE(F) o
Unpassivated 3492  g31107 2441072 105 390107 7821072 092

Passivated 345 347.4 389108 078 8643 95610717 1.03
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Figure 1

Conductance spectra of the AlIGaN/GaN/Si HEMTs.
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Figure 2

Real part of impedance of the AIGaN/GaN/Si HEMTs at different bias voltage.
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Figure 3

Imaginary part of impedance of the AIGaN/GaN/Si HEMTs at different bias voltage.
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Figure 4

Complex impedance plot of the AIGaN/GaN/Si HEMTs at different bias voltage.
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Complex impedance spectrum at Vgs = 0V and the AIGaN/GaN/Si HEMTs equivalent circuit.
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