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ABSTRACT We report on p-channel metal-insulator-semiconductor heterostructure field-effect transistors
(MISHFET) based on p-GaN/uid-GaN/Al0.29Ga0.71N single heterostructures on sapphire substrates, grown
by metalorganic vapor phase epitaxy (MOVPE). The impact of p-GaN layer removal and channel layer
thickness adjustment by dry-etching on the characteristics of the MISHFET are investigated. Depending
on the remaining GaN thickness (tGaN), the fabricated MISHFET show either depletion-mode (d-mode)
operation with a threshold voltage Vth of 3.8 V and an on-current |ID,on| of 9.5 mA/mm (tGaN = 21 nm)
or enhancement-mode (e-mode) operation with Vth of −2.3 V and |ID,on| of 1.5 mA/mm (tGaN = 12 nm).
Independent of the etching depth, all devices exhibit a very low off-state drain current |ID,off|∼10−8 mA/mm
and a steep subthreshold swing (SS) between 80 and 89 mV/dec. Similar to n-channel devices, a Vth
instability caused by charge trapping at the dielectric/semiconductor interface is found, emphasizing that
careful interface engineering is required for good device performance.

INDEX TERMS 2DHG, p-channel, e-mode, MISHFET.

I. INTRODUCTION
In order to exploit the full potential of wide-bandgap
III-nitrides for high-performance electronics, p-channel tran-
sistors of e-mode type and with properties comparable to
their n-channel counterparts are required [1]. High elec-
tron mobility transistors (HEMT) are generally based on
metal-polar Al(Ga,In)N/GaN heterostructures, which induce
a high-density, high-mobility two-dimensional electron gas
(2DEG) that constitutes the transistor channel. Coupled with
the ability to handle high voltages, GaN HEMT are very
attractive for switching large voltages or generating high
powers at RF frequencies [1].
p-Channel field-effect transistors (FET) on the other

hand, which are typically based on a GaN/Al(Ga,In)N
heterostructure, lag far behind their n-channel counter-
parts, due to challenging growth and processing issues.
Nevertheless, p-channel FET are of interest for several
applications requiring high-temperature operation or for

complementary logic in analogy with CMOS [2]. Reported
p-channel transistors realized by metalorganic vapor phase
epitaxy (MOVPE) are typically based on an Al(In)GaN
barrier with an unintentionally doped (uid) GaN channel
layer on top, both grown pseudomorphically on a relaxed
GaN buffer [3], [4], [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14]. Furthermore, p-GaN-gated HEMT structures,
originally developed for high-power switches, have been
most recently utilized to investigate p-channel devices [15],
[16], [17], [18], [19], [20]. The double-heterostructure design
typically results in the formation of a 2DEG below and
a 2DHG above the Al(In)GaN barrier [3], [4], [5], [6],
[7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17],
[18], [19], [20], [40]. This can be advantageous for mono-
lithic integration of n- and p-channel devices [6], [7],
[8], [20] on the same wafer, but it could also be an
issue due to parasitic coupling of n- and p-channels, leak-
age at elevated temperature etc. [4], [40]. Single GaN/AlN
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heterostructures, which contain only a 2DHG, are usually
realized by molecular beam epitaxy (MBE) on single-crystal
AlN substrates or templates [21], [22], [23], [24], [25].
Based on these binary heterostructures, p-channel transis-
tors with the highest reported carrier (∼5×1013cm–2) and
current densities (∼400 mA/mm) were shown. However,
these devices often suffer from a low on/off current
ratio (≤ 104) [23], [24], [25]. The high cost associated
with AlN substrates may also be considered as a severe
drawback. The challenges of heteroepitaxial growth of high-
quality AlGaN buffer layers on foreign substrates like Si or
sapphire have limited reports on such structures to just a
few [45], [46], [47].
This work presents p-channel metal-insulator-

semiconductor heterostructure field-effect transistors
(MISHFET) based on a p-GaN/uid-GaN/Al0.29Ga0.71N
single heterostructure grown by MOVPE on an AlN buffer
layer on sapphire. In contrast to the common double-
heterostructure approach using a relaxed GaN buffer, a
partially relaxed (85 %) AlGaN buffer layer is employed
here. A nominally undoped GaN channel is grown strained
on the AlGaN buffer, and only a 2DHG channel is induced
by the polarization difference between these two layers
(Fig. 1 (a)). This structure allows the adjustment of the
threshold voltage from d-mode to e-mode by appropriate
choice of the channel thickness. By inserting Al2O3 as a
leakage reducing gate dielectric, MISHFET operation with
large on/off ratios can be targeted.
A common challenge for p-channel devices is to enable

low-resistive ohmic contacts [26]. Contact properties can
be improved by growing a highly doped p-GaN contact
layer [3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13], [14],
[15], [16], [17], [18], [19], [20], [21], [22], [23], [24], [25],
[26] on top of the uid-GaN channel, in which the 2DHG is
formed. In the past, due to the relatively large n-type uid
concentration in GaN, the channel had to be either inten-
tionally p-doped [27] instead or the p-GaN contact layer
above was also explicitly utilized as a carrier supply layer
for the channel (similar to conventional III-V HEMT) in
earlier publications [3], [4], [5], [6]. The high quality of
today’s state-of-the-art GaN no longer requires such uid-GaN
channel background compensation [22].
The p-GaN ohmic contact layer makes it however chal-

lenging to realize FET with good gate control. Therefore,
p-GaN needs to be removed or at least recessed in the
active area. Another aspect is the known diffusivity of Mg
in GaN [42] at MOVPE growth temperatures which can
result in parasitic p-type doping of the GaN channel below
the p-GaN contact layer. In the following, we investigate
the effect of etching the p-GaN contact layer and thin-
ning down the GaN channel on the characteristics of the
fabricated transistors. Extensive Hall and DC characteriza-
tion of test structures and FET is performed. Additionally,
C-V (capacitance-voltage) measurements are employed to
analyze the impact of implementing the gate dielectric
Al2O3.

FIGURE 1. (a) Schematic device structure of the p-channel MISHFET with
etching depth Detch of the (p-)GaN recess and the corresponding
remaining GaN layer thickness tGaN. (b) Simplified process flow. The ohmic
source (S) and drain (D) contacts consist of Ni/Au (20/20 nm) and the gate
(G) contact of Mo/Au (50/200 nm).

II. EXPERIMENTAL
The p-GaN/uid-GaN/AlGaN/AlN stack was grown on a
2-inch sapphire substrate in an AIXTRON 200/4 RF-S
MOVPE system. The epitaxial structure (Fig. 1 (a)) con-
sists of a 300 nm AlN buffer layer (low-temperature AlN
nucleation and high-temperature AlN), a ∼3 μm AlGaN
buffer layer, a 20 nm uid-GaN channel layer and a 14 nm
p-GaN cap (Mg: ∼3·1019 cm–3). From high-resolution X-ray
diffraction analysis, we have determined the Al content and
relaxation of the buffer layer to be x = 0.29 and ∼85 %
respectively. The FWHM of the asymmetric (105) AlGaN
reflex determined from a reciprocal space map is equal to
324 arcsec at a distance of 20 mm off-center. The GaN layer
(consisting of p-GaN contact and uid-GaN channel layer) is
found to be pseudomorphically grown on the AlGaN buffer
layer with ∼ 4 % relaxation. More details on the growth
as well as the dependence of the structural and electrical
properties on the Al content in the barrier and on the GaN
channel thickness are discussed in [45].
After growth, Mg activation was performed in an RTA

(rapid thermal annealing) system in N2 atmosphere at 700 ◦C
for 15 minutes. Subsequently, test structures for characteri-
zation by Hall and transmission line measurements (TLM)
as well as MISHFET devices were fabricated. The pro-
cess flow is sketched in Fig. 1 (b). On the whole 2-inch
wafer, ohmic source and drain contacts, consisting of Ni/Au
(20/20 nm), were deposited by e-beam evaporation and
thermally annealed in air at 535 ◦C for 10 minutes. The
devices were isolated using an ICP-RIE (inductively cou-
pled plasma - reactive-ion etching) mesa etch process with
BCl3 (∼100 nm etching depth). After characterization by
Hall measurements and TLM, the wafer (sample ED0) was
diced into four samples. For each piece, a (p-)GaN recess
with different etch depths Detch was performed by cyclic
O2/BCl3 ICP-RIE digital etching [18]. The ohmic contacts
served as etch masks in this process. The etching depth
per cycle was previously determined by AFM (atomic force
microscopy) to 3.2 nm using calibration samples. The num-
ber of cycles used for each sample piece determines its name:
ED4, ED5, ED6 and ED7. With the initial total GaN layer
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FIGURE 2. (a) Top-view SEM images of the fabricated p-channel MISHFET,
with G: gate, S: source and D: drain. (b) Zoomed-in image of the active
device region.

thickness of 34 nm of the unetched ED0 (20 nm uid-GaN
+14 nm p-GaN), the remaining GaN thicknesses tGaN of
ED4 – ED7 can be calculated from the number of cycles
(see Tab. 1). Taking the nominal etch rate and thicknesses
into account, we expect sample ED4 to have been etched
such that an ultra-thin p-GaN layer is left on top of the GaN,
whereas sample ED5 is expected to be recessed slightly into
the uid-GaN channel
To form the MISHFET gate dielectric, 10 nm Al2O3

were grown by plasma-enhanced atomic layer deposition
(PEALD). Al2O3 also serves as a surface passivation in the
access regions [38]. The PEALD process was performed at
a substrate temperature of 300 ◦C, and oxygen and trimethy-
laluminum were used as precursors. Finally, after exposing
the ohmic contacts by dry etching (BCl3-based ICP-RIE),
metallic gates and contact pads consisting of 50 nm Mo and
200 nm Au are evaporated in one process step (cf. Fig. 1 (b)).
In Fig. 2, top-view SEM images of the fabricated p-channel
MISHFET with a gate-length LG = 2 μm, drain-source dis-
tance LDS = 10 μm and gate width WG = 50 are shown.
Hall measurements were repeated after Al2O3 deposition.
The results are discussed further below, but it should be
mentioned already here that the carrier concentration and
mobility values for samples ED4 - ED6 were found to be
almost identical within the margin of error before and after
Al2O3 deposition. Sample ED7 yielded measurable values
only when covered with Al2O3 (s. Tab. 1).

III. RESULTS AND DISCUSSION
A. OHMIC CONTACTS AND 2DHG PROPERTIES
The unetched sample ED0 was characterized by TLM mea-
surements (Fig. 3 (a)). Extracted values for specific contact
resistivity (rc) and normalized contact resistance (RC) are
in the range of 2.0×10–4 �cm2 and 21.0 �mm. A specific
ohmic contact resistivity rc of ∼1×10–4 �cm2 for ohmic
contacts on p-GaN is within the range of published values

TABLE 1. Overview of the samples with varying etching depth Detch and
corresponding remaining total GaN thickness tGaN. The 2DHG density pS
and mobility μp determined by Hall measurements before and after Al2O3
deposition.

FIGURE 3. TLM measurement results of the annealed Ni/Au p-type ohmic
contacts (sample ED0): a) a linear fit of normalized total resistance (RT)
against contact spacing (d) along with extracted characteristics: sheet
resistance (Rsh), specific contact resistivity (rc), normalized contact
resistance (RC) and transfer length (Lt) and b) corresponding I-V
characteristics for varying d. A schematic TLM test structure is shown as
inset.

for annealed Ni/Au metal stacks [7]. Fig. 3 (b) shows the I-V
curves of the ohmic contacts measured at different spacing
d which demonstrate linear ohmic characteristics.

After removal of the p-GaN and recess of the GaN chan-
nel, ohmic behavior is maintained (not shown here), however
the contact resistance increases steadily with reduced GaN
channel thickness between the TLM contacts. This is most
likely caused by a modified potential distribution and cur-
rent crowding at the contact edges with increasing sheet
resistance of the channel layer. A growing specific contact
resistance extracted by TLM up to the ∼1×10–3 �cm2 range
is observed, which is still sufficiently low for good device
operation.
The impact of the (remaining) total GaN thickness tGaN

including the p-doped contact layer, on the electrical prop-
erties of the 2DHG is investigated in detail using Hall
measurements (Fig. 4) and is compared to theoretical expec-
tations. The measured hole concentration decreases almost
linearly with reciprocal thickness 1/tGaN . This is in good
agreement with theory, which – assuming a uid-GaN chan-
nel on the AlGaN buffer layer – to a first approximation
predicts that the hole concentration in the 2DHG p2DHG
depends on the GaN thickness tGaN according to [41]:

p2DHG ≈ σint

q
− ϕs · ε0εGaN

q · tGaN (1)

Here σint is given by the polarization difference between
GaN and the AlGaN buffer, εGaN is the relative permittiv-
ity of GaN [41] and ϕs represents the surface potential as
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FIGURE 4. Average 2DHG densities pS and mobility μp determined by Hall
measurements for ED0 – ED7 with varying etching depth Detch, i.e., GaN
thickness tGaN, measured before the Al2O3 dielectric deposition. Sample
ED7 (star symbols) was measured after Al2O3 deposition. Note: Nominally,
p-GaN is completely removed for tGaN ≤ 20 nm. The average values and
error bars are based on at least 4 measurements per sample.

the difference between valence band and Fermi level at the
GaN surface. In addition, we have calculated the expected
carrier concentration using Sentaurus TCAD [15] and the
structure shown in Fig. 1(a). We have employed the given
material parameters, and only modified the valence band
offset according to [21] by adjusting the electron affinity of
AlGaN. The surface potential was set to ϕs = 1.6 eV [17],
and the relaxation of the GaN channel was also taken into
account.
The measured carrier concentration values are quite close

to the theoretical prediction. However, in the region of the
uid-GaN, the slope with thickness is distinctly different from
theoretically expected, and the values of ps are systemati-
cally higher than the calculated ones (with exception of the
thinnest sample). We believe that this is indicative of Mg
that has diffused from p-GaN into the uid-GaN channel and
results in a systematic increase of carrier concentration. Our
previous growth and characterization study [45], which dis-
cussed similar heterostructures as the ones presented here,
also yielded systematically larger carrier concentrations than
expected for a uid-GaN channel. The measured 2DHG Hall
mobility decreases steadily from 14.1 cm2/Vs for the non-
recessed sample ED0 (tGaN = 34 nm) to 4.5 cm2/Vs for
sample ED7 (tGaN = 11.6 nm). The trend of lower mobility
with lower carrier concentration is opposite to the behav-
ior observed in the past [5]. Therefore, in the present case,
accumulated etch damage with extended etch time appears
to be a likely origin of the mobility reduction observed here.
On the other hand, reduction of mobility with lower carrier
concentration due to less screening of ionized impurities and
delocalization of the 2DHG might also play a role.

B. DC DEVICE CHARACTERISTICS
The transfer and output characteristics of transistors fabri-
cated on samples ED4 to ED7 are shown in Fig. 5 and

FIGURE 5. DC performance of p-channel MISHFET with varying tGaN:
(a) Transfer characteristics in semi-log scale at VDS = −5 V, the dotted line
indicates the current at which Vth was determined. (b) Transconductance
profile at VDS = −5 V and (c) maximum transconductance extracted from
the output characteristics in Fig. 6.

Fig. 6, respectively, demonstrating transistor operation with
excellent DC performance. The transfer characteristics of
MISHFET processed on samples ED4 to ED7 were recorded
at VDS = −5 V by sweeping VGS from positive to neg-
ative values (“to”-sweep). The output characteristics were
measured starting in the off-state and stepwise turning the
transistors into accumulation. The current levels correlate
with the carrier concentrations determined by Hall (s. Fig. 4),
reaching maximum levels of ∼10 mA/mm for sample ED4
with largest value of tGaN (21 nm). In general, the maximum
current is limited for all samples by the low hole mobil-
ity which dominates the operation of our long gate-length
devices. For comparison, a 100× higher mobility value (com-
parable to a typical electron mobility) would result in current
levels in the same range as found for n-channel devices of
similar dimensions. This and the additionally high access
resistance values are also affecting the extrinsic transcon-
ductance values, which are drastically reduced with lower
GaN thickness (Fig. 5 (b)). The gm profiles are also skewed
by the fact that the devices have not reached full saturation at
VDS = −5 V. Nevertheless, maximum gm values estimated in
saturation from the output characteristics (cf. Fig. 6) clearly
confirm this trend (Fig. 5 (c)).

The threshold voltages Vth, extracted from pristine devices
at a drain current of |ID| = 10−2 mA/mm, shift with decreas-
ing tGaN in negative VGS direction (Fig. 5 and 7). For shallow
etching, samples ED4 and ED5 with tGaN of 21 and 18 nm
show d-mode operation with Vth of +3.8 V and +0.9 V. As
the etching depth increases, we observe e-mode behavior for
samples ED6 and ED7, with Vth of −0.8 V and −2.3 V,
respectively. Note: When correlating the threshold voltage
of the fabricated devices with the 2DHG density determined
by Hall measurements, we have to consider that these mea-
surements were performed on ungated structures. In the case
of the transistors, Mo used as low-work function gate metal
most likely enhances the barrier height resulting in an addi-
tional depletion of the 2DHG and rendering the thin-channel
devices normally-off. On the other hand, one also may want
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FIGURE 6. DC output characteristics of p-channel MISHFET based on
GaN/Al0.29Ga0.71N with varying tGaN.

to consider the impact of the (unintended) Mg doping on
the threshold voltage. An exact calculation requires knowing
the precise Mg doping concentration and profile. A simple
estimate can be performed though, considering an additional
sheet charge density of ps_extra = 2 · 1012cm−2 in agreement
with the extra charge seen in Figure 4 and also consistent
with the data from [45]. This estimate predicts a shift of
Vth in positive direction by 0.4 - 0.6 V, depending on the
thickness of the channel in the range between 12ñm and
20ñm.
Due to the effective insulation provided by the Al2O3

gate dielectric, all devices (ED4 – ED7) reach low off-state
current values |ID,off| in the range of ∼10-8 mA/mm, inde-
pendent of the etching depth. Therefore, an excellent current
on/off ratio of ∼108 is achieved and a steep subthreshold
swing (SS) is obtained for all devices, which is between
80 mV/dec (ED4) and 89 mV/dec (ED7). These values,
which are close to the theoretical limit of SS at room temper-
ature, are attributed to the good quality of the highly resistive
AlGaN buffer layer and the GaN/AlGaN interface. However,
hysteresis and other trap-related effects are observed, as will
be discussed further below. In contrast to many other publi-
cations on p-channel devices [3], [5], [10], [12], [13], [14],
[16], [21], [23], [25], [48], [49], no non-linear turn-on behav-
ior is observed in the output characteristics of all fabricated
p-channel MISHFET in Fig. 6 as a result of the linear and
low-resistive ohmic contacts.

FIGURE 7. Comparison of extracted Vth (squares) and Ron (circles) of

p-channel MISHFETs in dependence of tGaN . Rglobal recess
on−calc (filled triangles)

and Rgate recess
on−calc (open triangles) represent the on-resistance estimated

from the measured contact and sheet resistances for the recess of the
complete source-drain region and assuming a gate recess only.

Fig. 7 shows the on-resistance Ron extracted at VDS =
−5 V plotted as a function of the GaN layer thickness tGaN.
Included is also the calculated on-resistance for each sam-
ple, derived from Ron−calc = 2 · Rc + LDS · RSh, the contact
resistance Rc measured by TLM and sheet resistance RSh
obtained by Hall measurements.
Etching the complete source-drain region not only shifts

the threshold voltage from positive to negative values, but
increases the on-resistance as a result of decreasing 2DHG
density in the access regions as well. The clear trade-off
between Ron and Vth visible in Fig. 7 might only be avoided
if the (p-)GaN recess is limited to the gate region. This can
be visualized when we estimate the on-resistance by utiliz-
ing the measured contact and sheet resistances determined
by TLM. For comparison, the total resistance Rglobal recess

on−calc
for the complete gate-drain region is also shown, which is
in excellent agreement with Ron extracted from the output
characteristics. We conclude that an on-resistance (Rgate recess

on−calc
in Fig. 7) below 1 k� · mm could be achieved even for
normally-off devices. On the downside, such an approach
may lead to higher off-state leakage currents and degraded
three-terminal breakdown characteristics.

C. INVESTIGATION OF DIELECTRIC/SEMICONDUCTOR
TRAPS
Charge trapping at a dielectric/semiconductor interface is
known to cause hysteresis in I-V and C-V characteristics,
often summarized as Vth instability in GaN-based n-channel
and p-channel transistors [19], [30], [31]. A gate dielectric
such as Al2O3 between the gate metal and the AlGaN bar-
rier or GaN channel layer can result in a high density of
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FIGURE 8. a) Dual-sweep transfer curves of fabricated e-mode p-channel
MISHFET ED6 and b) dual-sweep C-V profiles of a MIS diode on sample
ED6 at the first and second measurement, measurement frequency (fm) of
10 kHz. A schematic top-view of a large-area diode with a diameter of 100
μm is shown in the inset.

states at the Al2O3/semiconductor interface. Depending on
their energetic location, these states can either be charged or
discharged over the course of a measurement cycle or are
“frozen” in a state depending on the biasing history.
The p-channel devices presented here are also revealing

several instabilities which may be directly related to dielec-
tric/semiconductor charges. First, a close investigation of the
output characteristics already discussed in Fig. 6, show an
anomalous “bunching” of the I-V curves recorded in the gate
voltage range of VGS = −4 . . . − 6 V . This behaviour is
most predominant for ED7 and ED6, the devices with small-
est channel charge, but visible for the other samples as well.
The reduction of the transconductance for large accumulating
gate biases is a known effect for compound semiconductor
transistors, usually associated to, i.e., reduced modulation
efficiency [32], velocity saturation [33] or parasitic MESFET
formation [34]. However, as is clearly seen in Fig. 6, for
gate biases more negative than VGS =∼ −6 V , the curves
are increasingly separated, hence a larger transconductance
is apparent. One would expect a transconductance profile
measured at sufficiently large drain bias to yield two dis-
tinct maxima. However, we found no stable biasing sequence
to reliably record this behavior while measuring the transfer
curves. On the other hand, the “bunching” of the IV curves
in output characteristics was quite well observable across
all devices and samples. It appears that for a limited range
of intermediate gate biases, some channel charge is “lost”,
possibly by capture in interface states.
To investigate the interface trapping effects, we have ana-

lyzed transistor dual-sweep transfer curves and dual-sweep
C-V curves of large-area metal-insulator-semiconductor
(MIS) diodes fabricated on the same samples.
In Fig. 8 (a), transfer characteristic measurements of sam-

ple ED6 are shown, with VGS swept from +4 V to −8 V
(to-sweep) and then from −8 V back to +4 V (back-sweep).
The first transfer curve measurement (blue in Fig. 8 (a))
exhibits a large hysteresis width �Vhys of around 3.7 V. The
second dual-sweep transfer curve recorded approx. 1 minute
after the first one (red) shows a significantly reduced hys-
teresis �Vhys of 0.8 V, resulting in a threshold voltage shift
between the two measurements of �Vth = 2.9 V (extracted

FIGURE 9. C-V measurements of large-area MIS diodes at f = 10 kHz
recorded with a sweep rate of ∼ 1 V/s. Hysteresis width and threshold
voltage shift are indicated in the figure.

from the to-sweeps). It is notable that the back-sweeps of
the two consecutive measurements are almost identical. Such
behavior is similar to what has been reported in [19] for
p-channel transistors and in [21] for n-channel devices. In
accumulation (here at negative biases), interface states can
capture free holes from the 2DHG channel. The threshold
voltage shift between two consecutive sweeps is caused by
deep traps which apparently do not have sufficient time to
discharge before the second measurement is started. Shallow
levels can release their trapped holes already during the back-
sweep, resulting in the smaller hysteresis for the subsequent
measurements.
This described behavior is not only visible in the

MISHFET transfer characteristics, but can also be detected
in C-V measurements performed on MIS diodes with a diam-
eter of 100 μm, shown in Fig. 8 (b). Vth of our MIS diodes
as well as hysteresis width �Vhys have been determined at
those bias values VD for which the measured capacitance
equals Cmax/2 (found at VD = −6 V). The hysteresis width
and the threshold voltage determined by C-V measurements
are quite comparable to the values found for the transfer
curves.
C-V measurement results for the samples with different

GaN channel thickness are displayed in Fig. 9, displaying
for each the first and second measurement recorded with a
sweep rate of ∼ 1 V/s. For clarity, only the first back-sweep
is shown for each sample, as the back-sweeps are almost
identical for successive measurements (see Fig. 8 for com-
parison). The maximum bias in accumulation was limited to
VD = −6 V, larger values lead to destructive breakdown of
the Al2O3 dielectric.
The total density of charge trapped at the interface

Ntrap,tot correlates directly with the hysteresis width �Vhys
between to- and back-sweeps. The threshold voltage shift
�Vth between two consecutive to-sweeps on the other
hand is related to the deep traps Ntrap,d at the dielec-
tric/semiconductor interface, which do not discharge between
the two consecutive measurements (the second measurement
was repeated within 1 minute after the first). As a result, the
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TABLE 2. Summary of values extracted from C-V measurements. Remaining
GaN thickness tGaN calculated from C-V measurements. Calculated �Vth
and �Vhys as well as associated trap densities Ntrap,d and Ntrap,tot.

difference between Ntrap,tot and Ntrap,d represents an estimate
of the concentration of shallow traps, which are discharged
between two consecutive measurements under our specific
conditions.
From �V th and �Vhys, we can estimate the corre-

sponding density of deep traps Ntrap,d and the total trap
density Ntrap,tot (assuming that all trapped charges are
located at the Al2O3/GaN interface) by using the following
expression [21]:

Ntrap = Cins�V

q
= εins�V

q · tins (2)

where εins represents the dielectric constant of the dielectric
layer and tins its thickness. The results are summarized in
Table 2. It is remarkable that the values for the hysteresis
width �Vhys are very similar, and consequently the esti-
mated total trap density Ntrap,tot lies in a very narrow range
from 1.3 − 2.0 × 1013cm−2 for all the investigated samples.
Given that the interfaces of the samples have been exposed
to the same process (dry etch and Al2O3 deposition), this
conclusion appears plausible. On the other hand, we see
that the threshold voltage shift �Vth and the corresponding
deep trap density Ntrap,d are increasing quite systematically
with reduced GaN thickness. A plausible explanation for this
behavior could be accumulated etch damage with extended
etch depth, resulting in an increased density of deep-level
defects. This hypothesis is also consistent with the previously
mentioned mobility degradation observed with rising recess
etch depth.
From the capacitance in accumulation (at VGS = −6 V),

we can also estimate the effective thickness of the GaN
channel by calculating the channel capacitance Cch =
(Cox ·Cmeas)/(Cox−Cmeas), with measured total capacitance
Cmeas and the oxide capacitance Cox. The GaN channel thick-
nesses were calculated using the dielectric constants of GaN
(εGaN = 10.3 [25]) and Al2O3 (εAl2O3 = 8.9 [26]) and the
nominal thickness of the dielectric layer (tAl2O3 = 10 nm)
and are summarized in Table 2. The values are in reasonable
agreement with our estimate from the etch rate mentioned
before (s. Tab. 1).

Finally, it is worth recalling that the accumulation-bias
C-V curve of n-channel AlGaN/GaN MISHFET usually
shows a second plateau associated with the capacitance of
the dielectric layer [21]. This is due to the large number of
carriers which overcome the AlGaN barrier. In our devices,
such a second plateau could not be found and the fairly con-
stant capacitance in accumulation also indicates that there

FIGURE 10. Benchmark of III-nitride p-channel HFET highlighting
on-current·gate-length product vs. on/off ratio.

is no flooding of the interface with free carriers at nega-
tive gate bias. As mentioned, accumulation bias was limited
by the breakdown of the Al2O3 dielectric. Nevertheless, the
missing barrier between 2DHG and interface enables charge
transfer to and from the interface, potentially leading to
severe transient effects.

IV. CONCLUSION
In conclusion, we have examined the DC characteristics
of p-channel MISHFET using strained p-GaN/uid-GaN on
(almost) relaxed Al0.29Ga0.71N buffers. By adjusting the
channel thickness, we can shift the device characteristics
from depletion- to enhancement-mode. The devices yield
excellent on/off ratios and subthreshold swings SS for all
channel thicknesses investigated here, demonstrating the
good quality of the epitaxial material. Both e-mode and d-
mode devices exhibit state-of-the-art on-current·gate-length
products, placing them among the best performing transistors
as shown in Fig. 10.
Nevertheless, severe hysteresis and Vth instability have

been observed, as revealed by dual sweep I-V and C-V
measurements. More detailed analyses and further process
developments are necessary to elucidate how these effects
can be minimized. Selective-area growth of p-GaN contact
layers may help to avoid surface damage related to dry etch-
ing and to avoid Mg diffusion into the uid-GaN channel. Still,
the unhindered charge transfer from 2DHG channel to the
dielectric/GaN interface may prove to be a serious challenge.

REFERENCES
[1] H. Amano et al., “The 2018 GaN power electronics roadmap,”

J. Phys. D, Appl. Phys., vol. 51, Mar. 2018, Art. no. 163001,
doi: 10.1088/1361-6463/aaaf9d.

[2] S. J. Bader et al., “Prospects for wide bandgap and ultrawide bandgap
CMOS devices,” IEEE Trans. Electron Devices, vol. 67, no. 10,
pp. 4010–4020, Oct. 2020.

[3] H. Hahn et al., “P-channel enhancement and depletion mode GaN-
based HFETs with quaternary backbarriers,” IEEE Trans. Electron
Devices, vol. 60, no. 10, pp. 3005–3011, Oct. 2013.

[4] H. Hahn, B. Reuters, A. Pooth, H. Kalisch, and A. Vescan,
“Characterization of GaN-based p-channel device structures at ele-
vated temperatures,” Semicond. Sci. Technol., vol. 29, no. 7, 2014,
Art. no. 75002.

254 VOLUME 11, 2023

http://dx.doi.org/10.1088/1361-6463/aaaf9d


BECKMANN et al.: DEPLETION- AND e-mode p-CHANNEL MISHFET BASED ON GaN/AlGaN SINGLE HETEROSTRUCTURES

[5] B. Reuters et al., “Fabrication of p-channel heterostructure field effect
transistors with polarization-induced two-dimensional hole gases at
metal–polar GaN/AlInGaN interfaces,” J. Phys. D Appl. Phys., vol. 47,
no. 17, 2014, Art. no. 175103, doi: 10.1088/0022-3727/47/17/175103.

[6] H. Hahn et al., “First monolithic integration of GaN-based enhance-
ment mode n-channel and p-channel heterostructure field effect
transistors,” in Proc. 72nd Device Res. Conf., 2014, pp. 259–260,
doi: 10.1109/DRC.2014.6872396.

[7] R. Chu, Y. Cao, M. Chen, R. Li, and D. Zehnder, “An
experimental demonstration of GaN CMOS technology,” IEEE
Electron Device Lett., vol. 37, no. 3, pp. 269–271, Mar. 2016,
doi: 10.1109/LED.2016.2515103.

[8] A Nakajima et al., “GaN-based complementary metal-oxide-
semiconductor inverter with normally off Pch and Nch MOSFETs
fabricated using polarisation-induced holes and electron channels,”
IET Power Electron., vol. 11, no. 4, pp. 689–694, 2018. [Online].
Available: https://doi.org/10.1049/iet-pel.2017.0376

[9] N. Chowdhury et al., “First demonstration of a self-aligned GaN
p-FET,” in Proc. IEEE Int. Electron Devices Meeting (IEDM), San
Francisco, CA, USA, 2019, pp. 4.6.1–4.6.4.

[10] N. Chowdhury et al., “Field-induced acceptor ioniza-
tion in enhancement-mode GaN p-MOSFETs,” in Proc.
IEEE Int. Electron Devices Meeting (IEDM), 2020, p. 5,
doi: 10.1109/IEDM13553.2020.9371963.

[11] N. Chowdhury, Q. Xie, and T. Palacios, “Self-aligned E-mode GaN
p-channel FinFET with ION >100 mA/mm and ION/IOFF >107,”
IEEE Electron Device Lett., vol. 43, no. 3, pp. 358–361, Mar. 2022,
doi: 10.1109/LED.2022.3140281.

[12] A. Krishna et al., “AlGaN/GaN superlattice-based p-type field-effect
transistor with tetramethylammonium hydroxide treatment,” Physica
Status Solidi (a) vol. 217, no. 7, 2020, Art. no. 1900692.

[13] W. Zhang et al. “Investigation of normally-off GaN-based p-channel
and n-channel heterojunction field-effect transistors for monolithic
integration,” Results Phys., vol. 24, May 2021, Art. no. 104209Y.

[14] Y. Yin and K. B. Lee, “High-performance enhancement-mode
p-channel GaN MISFETs with steep subthreshold swing,” IEEE
Electron Device Lett., vol. 43, no. 4, pp. 533–536, Apr. 2022.

[15] N. Chowdury 2019 “p-channel GaN transistor based on
p-GaN/AlGaN/GaN on Si” IEEE Electron Device Lett., vol. 40,
no. 7, pp. 1036–1039, Jul. 2019.

[16] Z. Zheng, W. Song, L. Zhang, S. Yang, J. Wei, and K. J. Chen, “High
ION and ION/IOFF ratio enhancement-mode buried p-channel GaN
MOSFETs on P-GaN gate power HEMT platform,” IEEE Electron
Device Lett., vol. 41, no. 1, pp. 26–29, Jan. 2020.

[17] C. Yang et al., “Enhancement-mode gate-recess-free GaN based
p-channel heterojunction field-effect transistor with ultra-low sub-
threshold swing,” IEEE Electron Device Lett., vol. 42, no. 8,
pp. 1128–1131, Aug. 2021.

[18] J. Chen et al., “Investigation on the interface trap characteristics
in a p-channel GaN MOSFET through temperature-dependent sub-
threshold slope analysis,” J. Phys. D Appl. Phys., vol. 55, Nov. 2021,
Art. no. 95112.

[19] Z. Zheng et al., “Threshold voltage instability of enhancement-
mode GaN buried p-channel MOSFETs,” IEEE Electron Device Lett.,
vol. 42, no. 11, pp. 1584–1587, Nov. 2021.

[20] Z. Zheng et al., “Gallium nitride-based complementary logic inte-
grated circuits,” Nat. Electron., vol 4, pp. 595–603, Jul. 2021. [Online].
Available: https://doi.org/10.1038/s41928–021-00611-y

[21] G. Li et al., “Polarization-induced GaN-on-insulator E/D
mode p-channel heterostructure FETs,” in IEEE Electron
Device Letters, vol. 34, no. 7, pp. 852–854, Jul. 2013,
doi: 10.1109/LED.2013.2264311.

[22] R. Chaudhuri, S. J. Bader, Z. Chen, D. A. Muller, H. Xing, and
D. Jena, “A polarization-induced 2D hole gas in undoped gallium
nitride quantum wells,” Science, vol. 365, no. 6460, pp. 1454–1457,
2019.

[23] S. J. Bader et al., “Gate-recessed E-mode p-channel HFET with high
on-current based on GaN/AlN 2D hole gas,” IEEE Electron Device
Lett., vol. 39, no. 12, pp. 1848–1851, Dec. 2018.

[24] S. J. Bader et al., “GaN/AlN Schottky-gate p-channel HFETs with
InGaN contacts and 100 mA/mm on-current,” in Proc. IEEE Int.
Electron Devices Meeting (IEDM), 2019, pp. 4.5.1–4.5.4.

[25] K. Nomoto et al., “GaN/AlN p-channel HFETs with Imax
>420 mA/mm and ∼20 GHz fT / fMAX ,” in Proc. IEEE Int. Electron
Devices Meeting (IEDM), 2020, pp. 8.3.1–8.3.4.

[26] G. Greco, F. Iucolano, and F. Roccaforte, “Ohmic contacts to gal-
lium nitride materials,” Appl. Surface Sci., vol. 383, pp. 324–345,
Oct. 2016.

[27] M. Shatalov et al., “GaN/AlGaN p-channel inverted heterostructure
JFET,” IEEE Electron Device Lett., vol. 23, no. 8, pp. 452–454,
Aug. 2002, doi: 10.1109/LED.2002.801295.

[28] H. Hahn, G. Lükens, N. Ketteniss, H. Kalisch, and A. Vescan,
“Recessed-gate enhancement-mode AlGaN/GaN heterostructure field-
effect transistors on Si with record DC performance,” Appl. Phys.
Exp., vol. 4, no. 11, 2011, Art. no. 114102.

[29] “Sentaurus Device.”Accessed: Feb. 2022. https://www.synopsys.com/
silicon/tcad/device-simulation/sentaurus-device.html

[30] C. Mizue, Y. Hori, M. Miczek, and T. Hashizume, “Capacitance–
voltage characteristics of Al2O3/AlGaN/GaN structures and state
density distribution at Al2O3/AlGaN interface,” Jpn. J. Appl. Phys.,
vol. 50, Art. no. 21001, Feb. 2011.

[31] G. Lükens, H. Yacoub, H: Kalisch, and A. Vescan, “Limitations
of threshold voltage engineering of AlGaN/GaN heterostructures
by dielectric interface charge density and manipulation by oxygen
plasma surface treatments,” J. Appl. Phys., vol. 119, May 2016,
Art. no. 205706, doi: 10.1063/1.4952382.

[32] L. D. Nguyen, L. E. Larson, and U. K. Mishra, “Ultra-high speed
modulation-doped field-effect transistors: A tutorial review,” Proc.
IEEE, vol. 80, no. 4, pp. 494–518, Apr. 1992, doi: 10.1109/5.135374.

[33] D. R. Greenberg and J. A. del Alamo, “Velocity saturation in
the extrinsic device: a fundamental limit in HFET’s,” IEEE Trans.
Electron Devices, vol. 41, no. 8, pp. 1334–1339, Aug. 1994,
doi: 10.1109/16.297726.

[34] K. Lee, M. S. Shur, T. J. Drummond, and H. Morkoc, “Parasitic
MESFET in (Al, Ga) As/GaAs modulation doped FET’s and MODFET
characterization,” IEEE Trans. Electron Devices, vol. 31, no. 1,
pp. 29–35, Jan. 1984, doi: 10.1109/T-ED.1984.21470.

[35] M. Kane et al., “Determination of the dielectric constant of GaN in
the kHz frequency range,” Semicond. Sci. Technol., vol. 26, no. 8,
2011, Art. no. 85006.

[36] A. Winzer, N. Szabó, A. Wachowiak, P. M. Jordan, J. Heitmann, and
T. Mikolajick, “Impact of postdeposition annealing upon film prop-
erties of atomic layer deposition-grown Al2O3 on GaN,” J. Vacuum
Sci. Technol. B, vol. 33, no. 1, 2015, Art. no. 1A106.

[37] A. Bhouri and J.-L. Lazzari, “Composition dependence of the band off-
sets in wurtzite nitride-based heterojunctions,” Mater. Sci. Semicond.
Process., vol. 41 pp. 121–131, Jan. 2016.

[38] Ł Janicki, R. Chaudhuri, S. J. Bader, H. G. Xing, D. Jena, and
R. Kudrawiec, “Electric Fields and Surface Fermi Level in Undoped
GaN/AlN Two-Dimensional Hole Gas Heterostructures,” Physica
Status Solidi–Rapid Res. Lett., vol. 15, no. 4, 2021, Art. no. 2000573.

[39] T. Hashizume, S. Ootomo, and H. Hasegawa, “Suppression of cur-
rent collapse in insulated gate AlGaN/GaN heterostructure field-effect
transistors using ultrathin Al2O3 dielectric,” Appl. Phys. Lett., vol. 83,
pp. 2952–2954, Sep. 2003. doi: 10.1063/1.1616648.

[40] Z. Zheng, T. Chen, L.Zhang, W. Song, and K. J. Chen, “Unveiling
the parasitic electron channel under the gate of enhancement-mode
p-channel GaN field-effect transistors on the p-GaN/AlGaN/GaN plat-
form,” Appl. Phys. Lett., vol. 120, Apr. 2022, Art. no. 152102.
[Online]. Available: https://doi.org/10.1063/5.0086954

[41] H. Hahn. “Dissertation RWTH aachen university.” 2014. [Online].
Available: https://publications.rwth-aachen.de/record/464317

[42] K. Köhler, R. Gutt, J. Wiegert, and L. Kirste, “Diffusion of Mg dopant
in metal-organic vapor-phase epitaxy grown GaN and AlxGa1−xN,”
J. Appl. Phys., vol. 113, no. 7, 2013, Art. no. 73514.

[43] A. Kumar and M. M. De Souza, “Modelling the threshold voltage of
p-channel enhancement-mode GaN heterostructure field-effect transis-
tors,” IET Power Electron., vol. 11, no. 4, pp. 675–680, 2018. [Online].
Available: https://doi.org/10.1049/iet-pel.2017.0438

[44] X. Niu et al., “Analytical model on the threshold voltage of p-channel
heterostructure field-effect transistors on a GaN-based complemen-
tary circuit platform,” IEEE Trans. Electron Devices, vol. 69, no. 1,
pp. 57–62, Jan. 2022, doi: 10.1109/TED.2021.3129712.

[45] C. Beckmann et al., “MOVPE-grown GaN/AlGaN heterostructures
on sapphire with polarization-induced two-dimensional hole gases,”
J. Phys. D: Appl. Phys., vol. 55, no. 43, 2022, Art. no. 435102.
[Online]. Available: https://doi.org/10.1088/1361–6463/ac89ff

[46] N. Aggarwal et al., “Investigating the growth of AlGaN/AlN het-
erostructure by modulating the substrate temperature of AlN buffer
layer,” SN Appl. Sci., vol. 3, p. 291, Feb. 2021.

[47] Y. Feng et al. “Strain-stress study of AlxGa1−xN/AlN heterostructures
on c-plane sapphire and related optical properties,” Sci. Rep., vol. 9,
Jul. 2019, Art. no. 10172.

[48] K. Zhang, M. Sumiya, M. Liao, Y. Koide, and L. Sang, “P-Channel
InGaN/GaN heterostructure metal-oxide-semiconductor field effect
transistor based on polarization-induced two-dimensional hole gas,”
Sci. Rep., vol. 6, no. 1, pp. 1–7, 2016.

[49] H. Du et al., “High-performance E-mode p-channel GaN FinFET on
silicon substrate with high ION /IOFF and high threshold voltage,”
IEEE Electron Device Lett., vol. 43, no. 5, pp. 705–708, May 2022.

VOLUME 11, 2023 255

http://dx.doi.org/10.1088/0022-3727/47/17/175103
http://dx.doi.org/10.1109/DRC.2014.6872396
http://dx.doi.org/10.1109/LED.2016.2515103
http://dx.doi.org/10.1109/IEDM13553.2020.9371963
http://dx.doi.org/10.1109/LED.2022.3140281
http://dx.doi.org/10.1109/LED.2013.2264311
http://dx.doi.org/10.1109/LED.2002.801295
http://dx.doi.org/10.1063/1.4952382
http://dx.doi.org/10.1109/5.135374
http://dx.doi.org/10.1109/16.297726
http://dx.doi.org/10.1109/T-ED.1984.21470
http://dx.doi.org/10.1063/1.1616648
http://dx.doi.org/10.1109/TED.2021.3129712


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Helvetica-Condensed-Bold
    /Helvetica-LightOblique
    /HelveticaNeue-Bold
    /HelveticaNeue-BoldItalic
    /HelveticaNeue-Condensed
    /HelveticaNeue-CondensedObl
    /HelveticaNeue-Italic
    /HelveticaNeueLightcon-LightCond
    /HelveticaNeue-MediumCond
    /HelveticaNeue-MediumCondObl
    /HelveticaNeue-Roman
    /HelveticaNeue-ThinCond
    /Helvetica-Oblique
    /HelvetisADF-Bold
    /HelvetisADF-BoldItalic
    /HelvetisADFCd-Bold
    /HelvetisADFCd-BoldItalic
    /HelvetisADFCd-Italic
    /HelvetisADFCd-Regular
    /HelvetisADFEx-Bold
    /HelvetisADFEx-BoldItalic
    /HelvetisADFEx-Italic
    /HelvetisADFEx-Regular
    /HelvetisADF-Italic
    /HelvetisADF-Regular
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


