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a b s t r a c t
We perform a comprehensive electrical transport and physical characterization of metal oxide semiconductor heterostructure field effect transistors with ZrO2 gate dielectrics, having partially (referred here as
MOS-HFET) and fully (here called true-MOS-FET) recessed GaN/AlGaN/GaN barrier, giving normally-on
and normally-off behavior, respectively. The mobility of the MOS-HFETs decreases with the proximity
of the Coulomb scattering centers, situated at the ZrO2/AlGaN interface. The effect of the etching procedure and ZrO2 deposition on the formation of the interfacial charges, Nint, is evaluated by X-ray
Photoelectron Spectroscopy and by fitting the threshold voltage values to numerical model. For the both
device types, the extracted value of Nint lies within 15% around 2.8  1013 cm2, which is of the order of
polarization charge, showing that our low-damage three step etching procedure does not introduce extra
interface states.
Ó 2016 Elsevier Ltd. All rights reserved.

1. Introduction
III-N based power devices are promising candidates for the post
silicon power electronics market. For efficient and safe power
switching, reliable normally-off operation is required [1]. Several
normally-off device concepts have been proposed, for example:
p-type gate, fluorine implantation and barrier recessed Metal
Oxide Semiconductor Heterostructure Field Effect Transistors
‘‘MOS-HFETs” [2–4]. These concepts are all based on the local
depletion of the 2DEG in the gate region. Among all, MOS-HFETs
are particularly attractive because of the inclusion of an insulator
layer between the gate metal and III-N layers, effectively reducing
the gate leakage current Ig and extending the maximum gate voltage overdrive Vover [5]. The carrier mobility of these devices is high
due to separation of the 2DEG and scattering centers [6]. However
the inclusion of an insulating layer introduces unwanted features,
such as a recoverable threshold voltage Vth drift toward positive
values under forward biasing and a stable negative Vth shift that
is proportional to the dielectric layer thickness tdiel, due to positive
⇑ Corresponding author at: Infineon Technologies Austria AG, Siemensstraße 2,
A-9500 Villach, Austria.
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charges at the AlGaN/dielectric interface [7–11]. The latter hinders
other efforts to obtain a positive Vth with MOS-HFETs. This negative
shift can be partially reduced using high-k dielectrics, such as ZrO2,
but additional strategies are needed to further increase Vth. On the
other hand, although theoretical models for the III-N barrier thickness scaling of Vth [12] and channel mobility exist [6], there is a
lack of experimental barrier scaling studies in MOS-HFETs in
gate-recessed devices, which take into account the effect of the
barrier etching.
One of the most promising approaches consists of the full recess
of the III-N barrier layer below the gate contact prior to oxide
deposition. In contrast to partially recessed MOS-HFETs, in the full
barrier recess approach the electron channel below the gate is
formed directly at the III-N/dielectric interface, similar to a True
Metal Oxide Semiconductor (MOS) Field Effect Transistor. The
‘‘True-MOS” approach grants higher threshold voltages, while preserving most of the advantages of the conventional MOS-HFETs
[13–16]. Although high performance True-MOS have been recently
demonstrated, this device concept still suffers from a strong
decrease in the maximum output current Id,max compared to equivalent MOS-HFET structures. This is mainly due to a strong increase
in the channel resistance Rch. The electron mobility considerably
drops beneath the gate, due to the loss of the two-dimensional
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electron gas (2DEG) at the AlGaN/GaN heterojunction [17]. We
have recently presented threshold voltage, Vth, and fixed interface
charge, Nint, analysis in fully recessed True-MOS GaN FET device
exhibiting positive threshold voltage and compared its characteristics to Schottky barrier gate HFET device and MOS-HFET device
with additional ZrO2 gate dielectrics, both prepared on the same
heterostructure material [18].
In this contribution, we complete and enhance our previous
work by additional analysis of MOS-HFET devices with partially
recessed GaN/AlGaN barrier providing thus a comprehensive picture of these devices in respect to III-N barrier thickness scaling,
i.e. from non-recessed, via partially-recessed MOS-HFETs, up to
fully recessed True-MOS. In addition to electrostatic analysis (i.e.
Vth and fixed interface charge) [8–10] of conventional short channel FETs, we also investigate the carrier mobility for different gate
recess conditions using long channel FET structures. The quality of
the etching process obtained by Nit and mobility analysis is correlated with X-ray photoemission spectroscopy (XPS). Finally we
present dynamic IV analysis (DIVA) of the fabricated devices.

2. Materials and devices
The heterostructure we used for the device processing and III-N
etching calibration was grown on 4 in. n-type SiC substrate by metalorganic chemical vapor deposition and was composed of: 50 nm
AlN nucleation layer, 1.2 lm Fe-doped GaN buffer, 820 nm GaN
channel, 10 nm Al0.25Ga0.75N barrier plus 6 nm of n+ Al0.25Ga0.75N
4  1018 cm3 and a 5 nm n+ GaN 5  1018 cm3 capping layer.
We produced four types of device (see Fig. 1): (1) standard MOSHFET with no barrier recess, called MOS, (2) MOS-HFET with
7 nm deep partial recess of the barrier layer, called MOS 7, (3)
MOS-HFET with 11 nm deep partial recess of the barrier layer,
called MOS 11 and (4) True-MOS with full AlGaN barrier recess.
In order to add consistency to the study, we processed the samples
on the same epitaxial wafer which we diced in 1  1 cm2 samples.
The dies underwent the same processing sequence and the only
difference was the gate recess depth. The inter device insulation
was achieved by mesa definition. The alloyed ohmic contacts were
composed of Ti/Al/Ni/Au. Contact resistance Rc and sheet resistance
Rsheet as evaluated by transmission line measurements were 0.7 X/
mm and 726 X/h respectively. The devices were passivated with
100 nm of plasma enhanced chemical vapor deposited SiNx. The

gate trenches were defined by electron beam lithography on a
Poly(methyl methacrylate) (PMMA) photoresist mask in order to
obtain sub micrometer gate features. The etching was performed
with an inductively coupled reactive ion etching (RIE) system in
three steps: first the SiNx passivation was opened with SF6-based
plasma; subsequently the GaN cap was etched through the same
photoresist mask with a SF6/SiCl4 gas mixture in order to obtain
a slanted profile in the SiNx and GaN cap and to remove the native
oxide layer which is often considered as the origin of the etch delay
in III-N Cl-based dry-etching [19,20]; finally, the AlGaN layer was
recessed with a Cl-based inductively coupled plasma (ICP). The
final etching of the III-N material is of crucial importance for the
device performance, thus we optimized the recipe in order to
achieve low DC bias and minimize ion damage. A SiCl4-based
plasma was powered by 15 W RF and 215 W ICP. The DC bias measured during the etching process was 10 V. The process calibration was performed on etching test structures trough a PMMA
mask and by measuring the profile of the produced trench by
atomic force microscopy (AFM) as shown in Fig. 2. We obtained a
linear etching rate of 5 nm/min through both the Al0.25Ga0.75N
and GaN layers (see Fig. 2d). The gate trench profiles of the actual
devices were also investigated by AFM. The recess depth into the
barrier layer is considered to start from the ‘‘wings” of the slanted
gate profile (see Fig. 2b). We experienced a constant increase in
roughness rrms in the bottom of the gate trench with an increase
of the etching time (see Table 1). The etched surface was cleaned
in hot diluted HCl (10 min at 70 °C, H2O:HCl ? 2:1) in order to
remove the native oxide and to prepare the surface for gate oxide
deposition. As final step a C-shaped Ni/Au gate metallization was
evaporated to close the gate stack. A scanning electron micrograph
cross-section of the gate stack is shown in Fig. 2c, showing a
slanted shape of the gate.

3. Results and discussion
3.1. XPS analysis
XPS performed on the surface of equivalent GaN and AlGaN reference samples after surface preparation revealed very low oxygen
content close to the detection limit of the technique (1  1019 atoms cm3 or 0.1 atom%). Subsequently, 35 nm of ZrO2 were
deposited by ALD at 200 °C; tetrakis(diethylamido)zirconium(IV)
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Fig. 1. (a) Schematic top view with dimensions of the devices presented in this contribution. Cross-section of the three device types, where (b) is the standard MOS-HFET, (c)
is the partially recessed MOS-HFET and (d) is the fully recessed True-MOS.
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in good agreement with the expected literature values for HCl treated surfaces [21,22]. The deposition of the ZrO2 layer introduces a
distinct GaOx/ GaON state with a core-level shift of 0.7–0.8 eV
observed in both ZrO2/GaN and ZrO2/AlGaN interfaces [21,22]
which is not present in the just etched surfaces. The etching procedure does not alter the chemical properties of the initial surface
within the sensitivity of the XPS technique. On the other hand,
the ALD deposition induces the partial oxidation of the III-N layer
which is considered as the main source of Nint [9].
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Fig. 2. (a) Extracted AFM profile of a gate trench in a MOS11 device, the recess
depth in the AlGaN was extracted starting from the wings of the slanted gate
profile. (b) AFM micrograph of a gate trench from a MOS11 device. (c) SEM
micrograph of the gate stack cross-section showing recessed area. The cross-section
was obtained by Focus Ion Beam cutting. (d) III-N etching calibration curve. The
extracted etching rate is 5 nm/min.

(ZrNEt2)4 and H2O were used as precursors. The impact of etching
and oxide deposition were analyzed by XPS on dummy samples,
which underwent the same etching procedure and HCl cleaning
used for the gate trench opening. As shown in Fig. 3a and b, the
Ga 3d core level recorded after etching/cleaning and before oxide
deposition in the GaN and AlGaN states (20.2 eV and 20 eV) are

The samples were characterized under direct current DC conditions with a Keithley 4200 semiconductor parameter analyzer. We
extracted Vth from the transfer characteristics by extrapolation
from the linear regime of the drain current Id versus the gate voltage Vg (Fig. 4a). Since the MOS-HFET devices are affected by positive Vth drift under forward bias DVth [6], we acquired the
transfer IVs on virgin devices in a limited Vg range (Vg  Vth  1
to Vg = 2 V) in order to limit DVth to less than 100 mV. We report
in Table 1 the mean Vth for each sample. The True-MOS devices
exhibit a positive Vth of 1.25 V despite the thick ZrO2 gate insulator.
This confirms that the combination of full barrier recess and a
high-k oxide is an effective approach for reducing the negative
Vth shift. As expected upon decreasing the barrier thickness tb,
Vth shifts toward positive voltages [17]. We evaluated DVth for all
the samples from the forward/backward hysteresis of bidirectional

Table 1
Structural and main electrical properties of the studied devices. Legende/remarks: Recess depth is the depth of the etching in the GaN cap/AlGaN barrier, rrms is the root mean
square roughness measured in the bottom of the gate trench after the dry etching, Vth is the threshold voltage, DVth,max and DDit are the maximum Vth shift observed for the
defined stress condition and the density of active trap states related to DVth,max, gm,max is the maximum transconductance, Id,max the maximum output current for Vover = 4 V, Nint
the extracted density of fixed positive charge at the ZrO2/(Al)GaN interface and lmax is the maximum measured mobility. The studied devices have the gate to drain spacing of
12 lm.
Recess depth (nm)
Non-recessed
7
11
Full recess (22 nm)

rrms (nm)
1
1.3
1.7
2.4

Vth (V)
3.0
2.0
0.8
+1.3

DVth,max (mV) @ Vg = 4 V
47
53
34
207

DDit (cm2) @ Vg = 4 V
11

1.9  10
1.4  1011
2.1  1011
8.2  1011

gm,max (S/mm)
0.17
0.20
0.23
0.14

Id,max (A/mm)

Nint (cm2)
13

2.8  10
3.1  1013
2.7  1013
2.4  1013

0.54
0.58
0.62
0.27

(a)

(c)

(b)

(d)

lmax (cm2/V s)
1618
1446
1333
165

Fig. 3. XPS spectra of the Ga 3d core level. The spectra were acquired on etched and HCl-pretreated pure GaN, AlGaN (b and d) and on the respective interfaces with ZrO2 (a
and c). The ZrO2 layers were deposited by ALD in the same condition used for MOS-HFETs and True-MOS. The thickness of the deposited oxide layer was 2 nm. The samples
on which the spectra were acquired are shown in the schematic drawings on the left side of each spectrum.
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3.3. Dynamic IV characterization

(c)
The pulsed IV characterization has been performed in double
pulse configuration with a DIVA system at controlled temperature
of 17 °C. We compared Ron in various pulsed conditions with quiescent points in the pulse off-state (Vg = 0, Vd = 0) and (Vg = Vth  2 V,
Vd = 30, 50, 64 V). The Vg value in the pulse on-state was +3 V and
the pulse durations 0.2 ls, 2 ls and 20 ls with respective off-state
periods of 500 ls, 2 ms and 2 ms. The comparisons of pulse IV
curves for the (0, 0) and (Vth  2, 64) quiescent points and pulse
duration of 0.2 ls for all the studied devices are shown in Fig. 6.
The IV curves with the quiescent point (Vg = 0, Vd = 0) represent a
‘‘reference” condition. Such a pulsed IV was preferred to be taken
as a reference rather than the DC IV curve, due to negligible selfheating effect in the former. The curves with the quiescent point
(Vth  2 V, 64 V) represent switching from an off-state condition
in a power device to the on-state and both gate lag and drain-lag
effects are involved. Here we call IV curves recorded with quiescent point Vg = Vth  2 V and above mentioned Vd values as under
‘‘stress” condition. The device on-resistance related to the reference Ron,ref and stress Ron,s conditions were extracted from the linear region of the Id vs Vd characteristics (Fig. 6). Fig. 7 summarizes
the ratio Ron,s/Ron,ref for all the tested devices in terms of contour
plots where horizontal axis is drain stress quiescent bias and vertical axis the pulse duration. The maximum Ron increase after
stress is comparable for the MOS, MOS 7 and MOS 11 and limited
to 8% (see Fig. 7). The True-MOS is affected by more severe collapse, with a maximum Ron increase of 30%. The full recess of the
barrier thus leads to a degradation of the dynamic properties of
the True-MOS device. On the other hand we do not observe clear
performance degradation in partially recessed devices compared
to the standard MOS. The main degradation thus happens when
the GaN/oxide interface is in direct contact with the electron channel and it is probably related to the interface state - induced
enhancement of the electrical field at the gate edge [24]. Further
improvement is thus needed in order to solve the collapse issue

(a)

(b)

Fig. 4. (a) Measured bidirectional transfer characteristics used for the Vth extraction. (b) Transconductance extracted from (a); gate to drain spacing was 12 lm. (c)
Simulated 2DEG concentration Ns, as function of Vg with indicated fitting values of
Nint for each device. Vth is extracted for Ns = 1  1011.

transfers characteristics acquired at a constant Vg sweeping rate
(0.2 V/s) and in the Vg interval from Vth  1 to 4 V. The DVth for
the applied stress condition is 500 mV and the corresponding
density DDit of the active traps connected to the Vth drift, extracted
according to Ref. [23], is below 1012 cm2 (see Table 1). The
transconductance gm peak is inversely proportional to tb, as
expected (see Table 1 and Fig. 4b). The True-MOS exhibits a smaller
gm peak due to mobility degradation in the gate region (see below).
The output characteristics are displayed for fixed gate overdrive
voltage Vover = Vg  Vth starting from Vover = 1 V to Vover = 4 V
(Fig. 5). The maximum output currents for Vover = 4 V are listed in
Table 1.
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Fig. 5. Typical measured output characteristics of the four studied devices (gate to drain spacing was 12 lm). All the output IVs were acquired at Vover equal to 1, 0, 1, 2, 3
and 4 V. Id,max was extracted at Vover = 4 V. It has to be mentioned that Id,max extracted at high positive Vg might be affected by artifacts due to Vth instability. Thus the Id,max
cannot be fully compared between the four samples.
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Fig. 6. Dynamic IV measurements of the analyzed devices with following quiescent points: (Vg = 0V, Vd = 0V) - ‘‘reference” and (Vg = Vth  2 V, Vd = 64 V) - ‘‘stress” conditions.
The pulse duration during on-state was 200 ns (Vg = 3 V). The Ron values were calculated from the linear part of the IVs (i.e. Vd < Vg). The slope lines related to extraction of Ron,s
and Ron,ref are indicated. The gate to drain separation of the measured devices was Lgd = 4 lm.

Rrel (-)

10

1.39
1.30
1.06

Pulse length (µs)

1

1.22

1.06

1.14
1.06

MOS 11

MOS

0.980

1.06

10

1.14
1.22

1.06

1

1.30

MOS 7
0

10

True-MOS
20

30

40

50

60 0

10

20

30

40

50

60

Off-state bias stress (V)
Fig. 7. 2D maps of the Ron,s/Ron,ref ratio for all the device designs as a function of drain stress quiescent bias (horizontal axes) and pulse duration (vertical axes). The solid black
symbols are measurement points. The gate to drain separation of the measured devices was Lgd = 4 lm.

in the True-MOS. Nevertheless a full treatment of the device
dynamics is beyond the scope of this contribution and will be studied in deep in future works.
3.4. Fixed interface charge determination
The fixed charge density at the III-N/oxide interface Nint was
extracted from the fitting of Vth values for each gate stack to a
model using Gregory Snider’s Schrödinger-Poisson simulator, see
Table 1 [25]. The parameters for the simulations were taken from

Refs. [26,27]. In Fig. 4c we present the simulated electron density
in the 2DEG Ns as a function of Vg. We extracted an average Nint
of 2.8  1013 cm2 which is of the same order as the GaN polarization charge and is close to what was found in literature [8–11]. The
True-MOS exhibits the lowest Nint (Nint = 2.4  1013). Since we did
not observe a direct correlation between Nint and barrier etching
duration, we suggest that the etching is not inducing surface pinning and Nint solely depends on the polarization properties of the
barrier/buffer layers [12]. In True-MOS technology, such a high
concentration of positive interface charges in close contact with

M. Capriotti et al. / Solid-State Electronics 125 (2016) 118–124

123

to the electron channel, as underlined by our experiment. The surface analysis performed by XPS suggests that a variety of chemical
bonds can contribute to Nint and DDit, and that they are formed
mainly during the ALD process of ZrO2. This represents further
challenges for the implementation of oxides in III-N based
normally-off technology and more effort needs to be spent in the
direction of understanding the chemical properties of the III-N/
dielectric interface during the dielectric deposition, as well as in
finding better III-N surface passivation techniques for the subsequent ALD process and in finding more appropriate types of metal
oxides. On the other hand this study suggests that a well-designed
barrier etching does not necessarily introduce new interface states
and recess-based technologies can be successfully implemented
for the production of normally-off devices.
Acknowledgement

Fig. 8. Extracted electron mobility l at various Vover in Fat-FET configuration at
room temperature. The dashed lines are meant as a ‘‘guide for the eyes”. Inset:
schematic representation with physical dimension of the Fat-FET devices used for
the mobility extractions.

the electron channel will increase Coulomb scattering due to ionized impurities (CSII) which is known to reduce electron mobility
in III–V HFETs structures [6,17,28].
3.5. Mobility analysis
The electron mobility ln in the etched channel of MOS-HFETs,
was extracted from devices with large gate length, L = 45 lm,
called ‘‘Fat”-FET, which were processed together with the standard
devices on the same die. The device layout and dimensions are
shown in the insert of Fig. 8. In such a device, the total on resistance Ron given by: Ron = Rc + Rac + Rch can be simplified to Ron = Rch,
where Rac and Rch is the access and channel resistance, respectively. Under such conditions we can extract the channel mobility
by applying [29]:

dId
C g  V over
¼ ln
dV d
L2

ð1Þ

where Cg is the geometrical gate capacitance. Eq. (1) is valid in the
linear region of the output characteristics, thus we applied a linear
fit for the drain voltages in the range Vd  Vover [29]. The extracted
mobility vs. Vover is given in Fig. 8 (see also Table 1). The mobility
drop observed in the MOS samples can be related to the increase
of CSII due to Nint for which the relaxation time s is inversely proportional to the barrier/spacing layer thickness [28]. The observed
dependence of ln vs Vover, 2DEG concentration Ns, Nint and tb has
been reported by Hung et al. who observed that the dominating
scattering mechanism for thin barrier devices and up to Ns  5  1012 cm2 is the remote Coulomb scattering [6]. Thus, according to the numerical simulation shown in Fig. 4c, CSII is limiting the
mobility up to Vover = 3 V. After this limit, other mechanisms like
interface roughness and optical phonons start to have a nonnegligible effect [6,28].
4. Conclusion
In conclusion, the etching recipe developed for the barrier
recess shows a good linearity over a large range of etching times.
Moreover after etching and oxide deposition we do not observe
surface pinning of the III-N surface due to a strong increase of Nint
and DDit. Nevertheless, the channel mobility is strongly influenced
by the presence of those interface states and their relative distance
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