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GaN material holds an advantageous position in the fabrication of power devices. This
advantage is manifested by the possibility to perform GaN based devices working in high
voltage, high current, high frequency and high temperature conditions. However, despite
these theoretical forecasts, trapping mechanisms limit the performances of the GaN based
devices revealed by the so-called “drain current collapse”. Our study is based on a
methodology to understand trapping mechanisms in GaN metal-insulator-semiconductor
high-electron mobility transistors. This work was achieved by means of electrical and
optical characterization techniques such as Fourier transform deep level transient
spectroscopy and photoluminescence. The activation energy and the apparent capture
cross section of eight traps were extracted in normally-off (Ids=0A when Vgs=0V)
AlGaN/GaN heterostructure technology used for power conversion. Six of these traps,
E1=0.16eV, E2=0.31eV, E3=0.46eV, E4=0.5eV, E5=0.64eV and E6=0.79eV are electron
traps located in the channel. An identification has been proposed for each trap. Two hole-
like traps, H1=0.17eV and H2=0.74eV were assigned to the Mg and C doping of the GaN
buffer layers, respectively. These traps might play a role in the current collapse which
appears after the application of a large reverse voltage on the gate of the device.
Furthermore, the results obtained using electrical and optical techniques allowed
concluding that oxygen atoms and dislocations are incorporated in GaN layers during the
growth.

l.Introduction

Efficiency and energy management, with the least losses, present today one of the most
famous global concerns. Particularly, works are in progress to increase performances of
energy conversion systems [1]. Unfortunately, the efficiency of these systems is limited by
restricted properties of traditional switching silicon based devices [2]. Therefore, over the last
years, due to their inherent material characteristics, gallium nitride has attracted a particular
attention to perform power high-electron-mobility transistors (HEMTS) [3]. The large band
gap of gallium nitride provides it promising properties such as a high breakdown voltage and
a high temperature operation capability, useful for high-power applications [4]. In high-power
switching systems, normally-off characteristics are favored to realize the fail-safe requirement
[5]. For this purpose, several architectures and processes have been proposed such as thin
AlGaN barrier, Gate Injection Transistor [6], Fluorine ion treatment [7], p-GaN gate
structures [8] and metal-insulator-semiconductor (MIS) recessed gate structures [9, 10].
Despite these technological efforts, the dynamic on-resistance degradation and the current
collapse remain open issues to overcome because they seriously reduce the switching
performance of devices [11-12]. These effects are reported to be related either to surface
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states [11, 13] or to charge trapping at deep levels [14]. As a result, a great deal of interest has
been generated in detecting and identifying these trapping centers and in determining in which
part of the device structure they are located. In this work, we studied GaN MIS capacitors
using a buried Mg doped GaN layer to isolate the channel from the semi-insulating C doped
GaN buffer.

Il. Experimental methods

Electrical study was carried out with MIS capacitors grown by metalorganic chemical vapor
deposition on a 200nm diameter Si substrate, oriented (111). The epitaxy consists of an AIN
nucleation layer, followed by AlGaN buffer layers, then a 1.8um thick semi-insulating carbon
doped GaN buffer layer, 100nm of Mg doped GaN (Na = 3x10Ycm?), a 200nm
unintentionally doped GaN layer acting as the channel, a 1 nm unintentionally doped AIN
layer and a 21.4nm unintentionally doped Alo20Gao.soN barrier layer. The Mg-activation
anneal of the samples was done at 820°C. SisN4 was used for the passivation of the stack (Fig.
1a). Interdigitated comb-like capacitors with six 15x1000um? fingers were then formed using
TiN/W as gate metal and Ti/Al annealed for 30s at 875°C as ohmic contact (Fig. 1b).
Recessed gate electrodes were achieved by etching SisNs passivation and 35nm of the
AlGaN/GaN bilayer using a dry etching process. 30nm of Al,Oz were used to form the gate
oxide. Static electrical characteristics and deep level transient spectroscopy data were
acquired with a Fourier transform deep level transient spectroscopy (FT-DLTS) system from
PhysTech (FT 1030) using a Boonton 72B capacitance meter with a 100mV test signal at
1MHz. Capacitance transients were recorded between 80K and 450K in the warm up mode.

I 15pm I 15um I 15pm |
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Figure 1: (a) Schematic of a normally-off AlGaN/GaN MIS capacitor and (b) planar image of MIS capacitors
studied in this paper.

Optical measurements were performed with four samples consisting of 1.5um thick doped
GaN layer grown on Si. One sample has a Mg doping at 1x10cm™ and three samples have a
C doping at 5x10%cm3, 5x10%cm™? and 5x10'cm, respectively. The PL steady state
measurements of the doped GaN layers grown on Si were performed by means of a solid state
laser (CryLas — Berlin) using a continuous excitation source at 266nm wavelength and an
excitation power density in the 1-10W.cm range. PL emissions were dispersed by a single-
grating monochromator (Jobin Yvon HR 640). All spectra were corrected by the transfer
function of the optical setup including cryostat window, lens and monochromator.

[ll. Experiments and results

A. Static measurements

Typical capacitance — voltage (C-V) characteristics of GaN MIS capacitors recorded at
different temperatures are depicted in Fig. 2. When the temperature increases, the pinch-off
voltage position shifts towards lower voltages, suggesting charge trapping effects between



80K and 400K. Room temperature C-V measurements (shown in the inset of Fig. 2) point out
that the diode exhibits a low voltage hysteresis (less than 40.7mV) which results of a very low
amount of residual charges in the Al.Oz insulating layer.
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Figure 2: C-V characteristics carried out at different Figure 3: |-V characteristics carried out at different
temperatures. The inset reports an hysteresis effect temperatures. The inset reports a low reverse current of
obtained by sweeping up and down the voltage at 8nA with a bias of 0V at 297K.

299K.

Current — voltage (I-V) measurements recorded at various temperature below 380K (Fig. 3)
reveal a low reverse current of 8nA at a bias of 0V which emphasizes the good electrical
quality of the MIS capacitors.

B. DLTS analysis
In Fig. 4, we see DLTS spectra recorded with a reverse bias Vr = 0V, a filling pulse height Vp
=2V, a filling pulse width tr = 1ms and four period widths Tw between 2ms and 5s.
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Figure 4: DLTS measurements of AlGaN/GaN MIS Figure 5: Arrhenius plots extracted from DLTS data in
capacitors recorded with Vg = 0V, Vp = 2V, tp = 1Ims Fig. 4.
and four Tw varying from 2ms to 5s.

Taken into account the pinch-off voltage found in Fig. 2, we determine that the probe zone is
located in the 2DEG channel of the device. Six electron traps labelled E1, E2, E3, E4, E5 and
E6 emerge in Fig. 4. Arrhenius plots reported in Fig. 5 allowed extracting the features of each
trap. Activation energies and apparent capture cross sections are summarized in Table 1.



Defect Ea(eV) o (cm?) Proposed Identification

El 0.16 3x10°15 Vy related [15, 16]

E2 0.31 3.9x1015 RIE-induced surface damage [17, 18]
E3 0.46 2.8x1013 Vy related [19]

E4 0.50 8x104 Possibly C related [20, 21]

E5 0.64 1.2x1014 Vea related [22-27]

E6 0.79 5x101° N related [19, 28]

H1 0.17 3.6x10%° Mg related [29, 30]

H2 0.74 1.1x10"% C related [31, 32]

Table 1: Activation energies and apparent capture cross sections of the deep levels found in this work and their
proposed identification according to previous works.

Traps E5 and E6 are commonly observed in epitaxial GaN and are related to gallium vacancy
(Vca) and interstitial nitrogen (N,), respectively. Traps E1 and E3 which are Nitrogen vacancy
(Vn) related, are expected to be formed by the etching process. The inductively coupled
plasma (ICP) etched surface was found to be N-deficient, meaning that a number of VN were
produced by ICP etching [33]. Trap E2 was associated to reactive ion etching (RIE) surface
damage and has already been related to the effect of an ICP-RIE etched surface [34]. Despite
the absence of carbon during the growth of the channel, residual carbon atoms could
incorporate the epitaxial layer especially at the vicinity of the carbon doped GaN buffer layer.
This trend could explain the appearance of trap E4.

In Fig. 6, we see the evolution of the spectra as a function of the filling pulse duration
between 100us and 20ms. DLTS data were recorded with a reverse bias Vr = 0V, a filling
pulse height Vp = 2V and a period width Tw = 200ms.
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Figure 6: DLTS measurements of AlGaN/GaN MIS Figure 7: Evolution of the peak amplitude of trap E1
capacitors as a function of the filling pulse duration. versus the filling pulse duration extracted from data in
Fig. 6.

Figs. 7 and 8 report the evolution of the peak amplitude for traps E1, E2, E3, E4 and E6
versus the filling pulse duration. We observe a saturation of the DLTS signal above 5ms for
traps E1, E2, E3 and E4, which is expected for point defects. However, trap E6 exhibits a
logarithmic dependence of the peak amplitude on the range of tp used (Fig. 8b). Such a trend
is consistent with a line defect behavior [35]. Previous works support this result by associating
this trap to threading dislocations [36, 37]. The nature of trap E5 was not determined due to
the difficulty to find the peak maximum on the spectra of Fig. 6. Despite the detection of traps
E1 to E6 in the channel, these deep traps are not expected to play a role in the current collapse
[38].
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Figure 8: Evolution of the peak amplitude of traps (a) E2, E3, E4 and (b) E6 versus the filling pulse duration
extracted from data in Fig. 6.

Keeping a filling pulse height Vr = 2V, we applied a reverse bias Vr = — 10V to increase the
depletion region of the capacitor and probe the carbon doped GaN buffer layer. In Fig. 9, we
see that using a filling pulse width tr = 1ms and a period width Tw = 1s, two dominant hole-
like traps labelled H1 and H2 are observed. Arrhenius plots extracted from DLTS data in Fig.
9 are reported in Fig. 10 and the signature of the traps are summarized in Table 1. H1 and H2
are Mg and C related defects, respectively. Trap H1 is assigned to Mgga acceptors [39] and
trap H2 to Cn-On complexes [31, 32]. Minority carrier injection is necessary to observe these
hole-like traps. It can come either from the Mg doped GaN which is p-type even if this layer
is assumed to be largely depleted or from the semi-insulating C doped buffer layer which is
expected to be slightly p-type [40].
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Figure 9: DLTS measurements of AlGaN/GaN MIS Figure 10: Arrhenius plots extracted from DLTS data
capacitors recorded with Vg = — 10V, Vp = 2V, tp = inFig. 9.
Imsand Tw = 1s.

The domination of traps H1 and H2 in Fig. 9 indicates that (i) the reverse bias Vr = — 10V
allows extending the space charge region beyond the Mg doped GaN until the C doped GaN
buffer layer, (ii) oxygen atoms are incorporated in the epitaxial GaN layers during the growth
and (iii) these levels are more efficient to trap carriers than traps E1 — E6.



C. Photoluminescence study

Photoluminescence measurement of the Mg doped GaN sample carried out at 12K is reported
in Fig. 11. ABEL1 consists of the neutral Al acceptor bound exciton line [41] and is related to
Mgca acceptor [39]. DAPL is a donor-acceptor pair luminescence involving Mgca acceptor.
The other lines at lower energies represent a set of replicas separated by the energy of LO
phonon in GaN which is about 91meV. DBX3-LO represents the LO phonon interaction with
a donor bound exciton line. DBX3 is an overlay of an ionized donor bound exciton (D*X)
related to DBX2 and a deep donor bound exciton [42]. The neutral donor bound exciton
DBX2 is related to the oxygen donor [42]. In Fig. 12, we can also see the Y7 line with the
characteristic LO phonon replicas. The Y7 line is associated to an exciton bound to a
structural defect [43]. Reshchikov and Morkog [43] suggested that the Y7 line arises from
recombination of an exciton bound to some point defect that is in turn trapped by the stress
field of the threading-edge dislocation. The photoluminescence result reported in Fig. 11 is
consistent with the DLTS analysis described in section B since both characterization
techniques allow concluding to the presence of an acceptor level assigned to Mgca and the
existence of oxygen atoms and dislocations in GaN layers.
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Figure 11: Photoluminescence spectrum of Mg doped Figure 12: Photoluminescence spectra of C doped GaN
GaN sample recorded at 12 K and 1W/cm?. samples recorded at room temperature and 0.6W/cm?.

Oscillations are caused by interference effects in the
Si/GaN/Air cavity.

Fig. 12 reveals photoluminescence spectra of C doped GaN layers carried out at room
temperature. A yellow luminescence (YL) band centered at 2.2eV arises on all spectra and is
C doping dependent. The YL band has been attributed to the result of electronic transitions
implying the Cn-On complex [31, 32]. This finding is consistent with the assignment of trap
H2 observed by DLTS to Cn-On level (see section B) and confirms the presence of oxygen
associated with substitutional carbon atoms in GaN layers.

IV. Conclusion

AlGaN/GaN MIS capacitors have been studied using FT-DLTS and photoluminescence. In
the channel region, six electron traps E1 — E6 have been identified. Among them, traps E1, E2
and E3 are expected to be formed by the etching process. E4 could be related to residual
carbon atoms at the vicinity of the C doped GaN buffer layer. Traps E5 and E6 are commonly
observed in epitaxial GaN. Trap E6 exhibits a logarithmic dependence of the peak amplitude
on the range of tp used. This result is consistent with previous works which associate this trap
to threading dislocations. Extending the space charge region beyond the Mg doped GaN until
the C doped GaN buffer layer, spectra are dominated by two hole-like traps H1 and H2. H1 is
related to Mgca acceptors and H2 is ascribed to Cn-On complexes, highlighting the presence



of oxygen in GaN layers. The photoluminescence study on Mg and C doped GaN samples
supports the existence of traps involving Mgea acceptors, Cn-On complexes and dislocations
in GaN epitaxial layers composing the MIS capacitors. The domination of traps H1 and H2 on
DLTS spectra suggests that these levels might play a role in the current collapse which
appears after the application of a large reverse voltage on the gate of the device.
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