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ABSTRACT In this work, low voltage RF power capability on AlGaN/GaN and InAIN/GaN HEMTs is
analyzed from the perspective of DC and pulse characteristics, for terminal applications whose operating
voltage is usually in the range of 3 to 15 V. Device fabrication is performed on mature AlGaN/GaN
heterojunction as well as strongly polarized InAIN/GaN heterojunction, to make a comparison of low
voltage RF power capability between two devices. Although it suffers from relatively severe RF dispersion,
InAIN/GaN HEMT delivers higher output power density (Poy) than its opponent, benefiting from the
lower parasitic resistance and knee voltage as well as higher output current density. At 8 GHz, Py, of
1.62 W/mm and 1.10 W/mm are achieved for InAIN/GaN and AlGaN/GaN HEMT, respectively, both of
which are biased at class AB operation and V45 of 9 V. However, the tremendous degradation of power
added efficiency (PAE) occurs as the higher drain voltage is applied on InAIN/GaN HEMT, as the result of
the severe gate leakage. What is more, a higher PAE is more necessary than Py, for terminal applications.
Either InAIN/GaN HEMT or AlGaN/GaN HEMT has its own specific voltage range to deliver higher
PAE. Concretely, InAIN/GaN HEMT is more suitable to applications with operating voltage not exceeding
6 V, and AlGaN/GaN HEMT is preferred for ones with relatively higher voltage, accompanied by the
decent PAE as high as 62% to 66% and moderate P, to meet the demand of various low voltage terminal

1 JIEJIE ZHU ' 2, MINHAN MI“'2, MENG ZHANG "~ 2, PENGFEI WANG "' 2, YUTONG HAN2?,

applications.
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I. INTRODUCTION

Attributed to the advantages of wide bandgap, high electron
velocity, large two-dimensional electron gas (2DEG) den-
sity, and high critical breakdown field, GaN-based HEMTs
have been widely utilized in defense and civilian fields,
such as radars, satellites, and macro base stations, where
GaN HEMTs operate at high voltages to deliver high
RF output power density (Poy) and power added effi-
ciency (PAE) [1]-[3]. As for various mobile terminals, RF

devices are required to operate at low to medium voltage
levels from portable power supplies such as battery packs to
provide high PAE and moderate Py [4]. As is known, tradi-
tional GaAs technology has been employed in the terminal
applications mentioned above. However, as a significant
breakthrough, low voltage GaN technology is able to deliver
higher PAE than GaAs technology at the same output power
level to enable lower power consumption [5], exhibiting the
application space of GaN technology could be expanded
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beyond the existing high voltage RF electronics to include
low voltage ones [6], [7]. What’s more, GaN technology
has the superiority in bandwidth than GaAs technology,
which makes it possible to realize high speed broadband
communication as well as significant reduction in the num-
ber of power amplifier (PA), the chip area and the cost
for mobile terminals. Consequently, GaN technology could
be a strong competitor to GaAs technology in low voltage
terminal applications.

To realize high performance GaN HEMTs at low voltage
range, parasitic resistance consisting of contact resistance and
access resistance ought to be reduced, so as to enhance Py
by increasing maximum output current density (Igmax) and
decreasing on-resistance (Ro,) together with knee voltage
(Vknee), and to improve PAE by diminishing Joule heat dissi-
pation. What is particularly noteworthy is that enhanced Py
would be realized mainly via reducing parasitic resistance
and suppressing RF dispersion in the premise of low oper-
ating voltages, which is different from the most commonly
used method to improve Py, by increasing the operating
voltage for high voltage GaN HEMTs. Moreover, off-state
leakage current comprising buffer leakage current and reverse
gate leakage current should also be suppressed to guarantee
a sufficiently high breakdown voltage (at least two times
the operating voltage) and maintain a low standby power
consumption [8], [9].

The lower contact resistance could be achieved by
optimization of RTA process [10], upgrade of ohmic metal
schemes [11], [12], the recess of the barrier layer in
the ohmic regions [13], [14], deposition of Ge and/or Si
prior to ohmic metal evaporation [15], [16], and heav-
ily doping in the ohmic regions by ion implantation or
regrown ohmic contact [17], [18]. Additionally, scaling down
the source-drain distance and adoption of strongly polar-
ized high-Al-content heterojunction are meaningful to the
reduction of access resistance [19]-[21]. Either dielectric
deposition or plasma treatment is utilized in the access region
and gate region to suppress RF dispersion and gate leakage
current, respectively [22]-[26]. Besides, a sufficiently high
aspect ratio should be maintained to strengthen the gate con-
trol and further diminish the buffer leakage current induced
by DIBL.

Up to now, only a few researches on low voltage
GaN HEMTs have been demonstrated, most of which are
concerned with strongly polarized InAIN/GaN heterojunc-
tion [5]-[8]. And the low voltage RF power performance
of AIGaN/GaN HEMT is rarely reported [4]. Moreover, the
relation among DC characteristics, pulse characteristics, and
RF power performance needs to be analyzed deeply and
thoroughly. In this paper, device fabrication is performed
on mature AlGaN/GaN heterojunction and low sheet resis-
tance InAIN/GaN heterojunction, to make a comparison of
low voltage RF power capability between two devices and
find out the influence of multiple factors including parasitic
resistance, Id.max, Vknee, RF dispersion, and gate leakage
on low voltage RF power performance, which is helpful
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FIGURE 1. Schematic cross sections of (a) AlIGaN/GaN HEMT
and (b) InAIN/GaN HEMT.

to guide the design of high performance low voltage GaN
HEMTs in the future.

Il. DEVICE FABRICATION PROCESS

The schematic cross sections of AlIGaN/GaN and InAIN/GaN
HEMTs are shown in Fig. 1. The epilayers of both devices
were grown on semi-insulating SiC substrates by metal
organic chemical vapor deposition. The Alg 25 Gag 75 N/GaN
heterojunction comprised a 2-nm GaN cap, a 22-nm AlGaN
barrier, a 1-nm AIN spacer, and a 1.3-um GaN buffer.
Room-temperature Hall measurement showed a 2DEG den-
sity of 0.86 x 10'3 cm™2 and mobility of 1826 cm?/V-s,
leading to the sheet resistance (Rgy) of 398 €/01. The
lattice-matched Ing 17 Alg g3 N/GaN heterojunction consisted
of a 2-nm GaN cap, an 8-nm InAIN barrier, a 1-nm AIN
spacer, and a 1.3-pum GaN buffer. The density and mobility
of 2DEG were 1.65 x 10!3 cm™2 and 1512 cm?/V-s, leading
to the Rgy of 251 /0, determined by Hall measurement at
room-temperature.

Following device isolation by boron implantation, ohmic
metals consisting of Ti/Al/Ni/Au stacks were deposited
by electron beam evaporation. The AlGaN/GaN sample
and InAIN/GaN sample were annealed in nitrogen ambi-
ent at 850°C for 30 s and 830°C for 30 s, respectively.
The ohmic contact resistances were 0.46 and 0.28
-mm for two samples by using on-wafer transmission line
measurement (TLM). The 120-nm SiN passivation layer
was deposited at 250 °C by PECVD for both samples,
and gate foot was defined by electron-beam lithography.
Subsequently, gate foot was opened by CF4-based plasma dry
etching to remove SiN. Following gate head lithography,
Ni/Au gate stacks were deposited by electron beam evapo-
ration. Eventually, Ti/Au interconnection stacks were evap-
orated by electron beam evaporation after interconnection
lithography. The T-shaped gate was formed with gate length
of 0.2 wm and gate width of 2 x 50 pm. The source—drain
spacing was 2 pm with gate—source spacing of 0.9 wm for
both devices.

11l. DEVICE CHARACTERISTICS AND DISCUSSION

A. DC CHARACTERISTICS

The Keithley 4200 semiconductor parameter analyzer was
used for DC and pulsed I-V measurements. The compar-
ison of transfer characteristics for both devices at Vys of
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FIGURE 2. Comparison of transfer characteristics between AlGaN/GaN
HEMT and InAIN/GaN HEMT on (a) the linear scale and (b) the semi-log
scale at the drain voltage of 6 V.

10*
1000

10' -
= 10
E 107
Z 0%
£ 10°F°

107 f AIGaN HEMT 107 107 F InAIN HEMT 4107

8 7 % 5 4 3 2 1 0 8 7 % 5 4 3 2 1
Ve (V) Vo (V)

FIGURE 3. Transfer characteristics at five typical low drain voltages on the
semi-log scale of (a) AlGaN/GaN and (b) InAIN/GaN HEMTs.
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FIGURE 4. Influence of the operating voltage on the off-state gate leakage
current for AIGaN/GaN and InAIN/GaN HEMTs.

6 V is shown in Fig. 2, exhibiting the peak extrinsic
transconductance (gm.peak) Of 329 mS/mm and 526 mS/mm
as well as the threshold voltage (Vi) of —2.9 V and —4.6 V
for AlGaN/GaN and InAIN/GaN HEMTs, respectively. As
demonstrated in Fig. 2 (b), the off-state drain leakage cur-
rent (Igofr) of InAIN/GaN HEMT is larger than that of
AlGaN/GaN HEMT by 2 orders of magnitude, which would
cause the terrible breakdown characteristics for InAIN/GaN
HEMT. A higher on/off current ratio of 7 orders of mag-
nitude is obtained for AIGaN/GaN HEMT, compared with
that of 5 orders of magnitude for InAIN/GaN HEMT.
Further, the transfer characteristics of both devices at five
typical low drain voltages are shown in Fig. 3 (a) and (b), to
reveal the influence of the operating voltage on the off-state
leakage current. It should be noted that PAE decreases with
the larger reverse gate leakage current or off-state gate leak-
age current (I off), and degrades dramatically once the I off
threshold of about 1 mA/mm is reached [27]. Obviously,
the off-state leakage current is dominated by reverse gate
leakage current for both devices, leading to the Igf is
almost equal to the Igofr. Overall, the Iy off increases with
the larger drain voltage for both devices, as shown in Fig. 4.
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FIGURE 5. (a) Gate diode characteristics and (b) breakdown
characteristics of AlIGaN/GaN and InAIN/GaN HEMTs.
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FIGURE 6. Output characteristics of AlIGaN/GaN and InAIN/GaN HEMTs.

The Iy off increases slowly with the drain voltage and keeps
within the range of 1 x 107 to 3 x 10™* mA/mm for
AlGaN/GaN HEMT, avoiding the potential PAE degrada-
tion. However, even if biased at the lower drain voltages
below 6 V, InAIN/GaN HEMT suffers from the larger I, off of
1 x 1073 mA/mm magnitude. With the drain voltage exceeds
6 V, the Igoff degrades markedly and the Igoff threshold is
reached as drain voltage is above 9 V, which implies the
occurrence of severe PAE degradation.

Fig. 5 presents the gate diode characteristics and
breakdown characteristics of InAIN/GaN and AlGaN/GaN
HEMTs. As shown in Fig. 5 (a), the reverse gate leakage cur-
rent of InAIN/GaN HEMT is larger than that of AlIGaN/GaN
HEMT by nearly 3 orders of magnitude, identical to the case
of the off-state gate leakage current in Fig. 2 (b). The large
gate leakage is attributed to the strong tunneling through the
thin InAIN barrier [8]. In this paper, the breakdown voltage
(Vpr) is defined as the drain voltage where the drain current
density reaches 1 mA/mm, while the device is biased at off-
state. As demonstrated in Fig. 5 (b), the breakdown is caused
by the severe gate leakage for InAIN/GaN HEMT with the
Vi of 18 V, similar to the case in [8]. On the contrary,
a decent Vy, of 82 V is achieved for AlGaN/GaN HEMT
due to rather low off-state leakage current. Additionally, the
breakdown is caused by the combination of gate leakage and
buffer leakage. Concretely, the off-state leakage current is
dominated by reverse gate leakage current under the lower
drain voltage not exceeding 26 V. However, the contribution
of buffer leakage current increases with the higher drain
voltage, ascribed to the poor 2DEG confinement.

Fig. 6 shows the output characteristics of both devices
with the same gate overdrive voltage of 5 V, demonstrating
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FIGURE 7. (a) Pulsed I-V characteristics at the gate voltage of 2 V for
AlGaN/GaN and InAIN/GaN HEMTs. (b) Current collapse and knee voltage
walkout versus quiescent drain bias for both devices.

the Iy max of 1140 mA/mm and 1884 mA/mm as well as the
Rop of 2.7 @-mm and 1.5 Q-mm for AlGaN/GaN HEMT
and InAIN/GaN HEMT, respectively. Besides, a lower knee
voltage of 3.2 V is obtained for InAIN/GaN HEMT, com-
pared with that of 4.2 V for AlGaN/GaN HEMT. Better
on-state characteristics with larger output current den-
sity and smaller on-resistance as well as lower knee
voltage forebode higher P,y and PAE for InAIN/GaN
HEMT.

B. PULSED I-V CHARACTERISTICS
Fig. 7 (a) shows the pulsed I-V measurements of AlIGaN/GaN
and InAIN/GaN HEMTs at the gate voltage of 2 V, with
multiple low voltage quiescent bias points. It can be clearly
seen that the RF dispersion is more serious in InAIN/GaN
HEMT than AlGaN/GaN HEMT, as the result of relatively
immature InAIN barrier crystalline quality. The current col-
lapse and knee voltage walkout as a function of quiescent
drain bias in the range of 3 to 15 V are summarized
in Fig. 7 (b). In details, the current collapse ratio of
AlGaN/GaN HEMT increases almost uniformly with the
quiescent drain bias, and keeps below 4%. However, the cur-
rent collapse ratio of InAIN/GaN HEMT increases relatively
slowly until the quiescent drain bias is beyond 12 V. And
the current collapse ratio of InAIN/GaN HEMT is always
higher than that of AlIGaN/GaN HEMT at the same qui-
escent drain bias. Besides, the knee voltage walkout value
of AlGaN/GaN HEMT is a constant of zero indicating an
ignorable knee voltage walkout, whereas that of InAIN/GaN
HEMT increases with the quiescent drain bias and reaches
as high as 1 V at the quiescent drain bias of 15 V. Similar
to the current collapse, the knee voltage walkout value
of InAIN/GaN HEMT is also always larger than that of
AlGaN/GaN HEMT at the same bias. Both lower current
collapse and ignorable knee voltage walkout are helpful to
reach AlGaN/GaN HEMT’s full potential in large signal
characteristics. On the contrary, the RF power performance
of InAIN/GaN HEMT would be discounted more.
Compared with AIGaN/GaN HEMT, the gate leakage and
RF dispersion of InAIN/GaN HEMT fabricated in this work
are relatively large, which would be suppressed in the follow-
ing device fabrication. The gate leakage and RF dispersion
of InAIN/GaN HEMTs fabricated by different organizations
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TABLE 1. The comparison of gate leakage and RF dispersion for InAIN/GaN
HEMTs.

o Off-state gate Current
Ref. Organization Year leakage (mA/mm) collapse ratio
nm-v o,
[28] Laboratory 2010 / 6%
[29] ETH 2010 3 /
Lille University
[30] of Science and 2011 3.78 x 107! 16%
Technology
[24] University of 2011 1 16%
Notre Dame ’
[31] MIT 2011 7 /
[32] ETH 2011 4.4 %1073 /
[16] BAE Systems 2015 3x 102 /
[33] NTU 2017 1 /
[34] NTU 2018 3 15%
(35) | Univesityof |49 241 x 102 /
Delaware
Xidian 3 o
[36] University 2019 6x10 4%
[37] Cornell 2020 3 /
University
This Xidian 3 o
work University 2021 Sx10 8%
40 40
(a) AlGaN HEMT InAIN HEMT
Vi =6V,V,,=-19V Vi =6V,V, =-34V
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FIGURE 8. Small signal characteristics of (a) AlGaN/GaN HEMT
and (b) InAIN/GaN HEMT.

are compared in Table 1, revealing that the large gate leakage
and RF dispersion are commonly seen and intrinsic weakness
of the existing InAIN/GaN HEMTs.

C. RF POWER CHARACTERISTICS

S-parameters were measured in the frequency range of
1 to 40 GHz using Agilent 8363B vector network analyzer
calibrated with a short-open through calibration standard.
The bias points of (Vgs, Vas = —1.9 V, 6 V) and (Vg,
Vgs = —3.4 V, 6 V) were chosen to achieve the optimal
fi/fmax for AlGaN/GaN and InAIN/GaN HEMTs, respec-
tively. By extrapolating of the short circuit current gain
(JH21]) and the maximum stable gain/maximum available
gain (MSG/MAG) curves using —20 dB/decade slopes,
fi/fmax values of 56/95 GHz and 77/110 GHz are obtained for
AlGaN/GaN and InAIN/GaN HEMTs, respectively, shown
in Fig. 8 (a) and (b). Higher fi/fhax values of InAIN/GaN
HEMT mainly derive from the lower parasitic resistance
together with the higher transconductance.
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FIGURE 10. Output power density and power added efficiency versus low
operating voltage at 8 GHz for AlGaN/GaN and InAIN/GaN HEMTs.

The low voltage RF power capability characterizations
of AlGaN/GaN and InAIN/GaN HEMTs at 8 GHz were
performed in continuous wave using an on-wafer load-pull
system. Both the load and the source impedance were tuned
for the optimum PAE. Fig. 9 shows the output power, the
power gain, and the power added efficiency as a function of
the input power for AlGaN/GaN and InAIN/GaN HEMTs,
both of which were biased at class AB operation. As shown
in Fig. 9 (a), Poy of 1.10 W/mm with PAE of 64% and Py of
1.62 W/mm with PAE of 51% are achieved for AlIGaN/GaN
and InAIN/GaN HEMTs biased at Vgg of 9 V, respectively.
Limited by the lower breakdown voltage of 18 V, InAIN/GaN
HEMT could be characterized not exceeding 9 V [8], while
AlGaN/GaN HEMT would be measured at higher voltages.
At Vg5 of 15V, the PAE as high as 66% is achieved asso-
ciated with Py of 2.41 W/mm for AlIGaN/GaN HEMT, as
demonstrated in Fig. 9 (b).

Output power density and power added efficiency as
a function of typical low operating voltage for AIGaN/GaN
and InAIN/GaN HEMTs are summarized in Fig. 10. The Py
increases with the drain voltage for both devices, benefiting
from increased drain voltage dynamic range and relatively
weak RF dispersion. Within the drain voltage range of 3 to
9V, the Py of InAIN/GaN HEMT is always higher than
that of AlGaN/GaN HEMT, which attributes to higher I max
and lower Vipee as the result of lower parasitic resistance,
in spite of the relatively larger current collapse and knee
voltage walkout for InAIN/GaN HEMT, as shown in Fig. 7.

Benefiting from the lower parasitic resistance, InAIN/GaN
HEMT delivers a 15% higher PAE than AlGaN/GaN
HEMT at the same operating voltage of 3 V. Due to
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the slight increase in off-state gate leakage current from
5 x 1073 mA/mm (Vg = 3 V) to 8 x 1073 mA/mm
(Vgs = 6 V), as shown in Fig. 4, the PAE of InAIN/GaN
HEMT decreases from 65% to 62%. Meanwhile, there
is a large improvement in PAE from 50% to 60% for
AlGaN/GaN HEMT, deriving from the increased drain volt-
age dynamic range. As a consequence, the superiority of
InAIN/GaN HEMT in PAE is weakened at Vg4 of 6 V. At
Vgs of 9V, the off-state gate leakage current increases signifi-
cantly from 8x 1072 mA/mm to 3x 10~! mA/mm in a degree
of 38 times higher, which leads to the large reduction in
PAE to 51% for InAIN/GaN HEMT, much lower than the
PAE of 64% for its competitor. Limited by the poor break-
down characteristics, InAIN/GaN HEMT cannot be measured
at higher drain voltages above 9 V. Even if InAIN/GaN
HEMT could be characterized at 12 V or 15 V, the off-state
gate leakage current has been 23 mA/mm or 85 mA/mm
beyond the threshold of 1 mA/mm, which would be accom-
panied by the huge PAE degradation according to [27].
Whereas, the PAE of AlGaN/GaN HEMT increases contin-
uously with the drain voltage and maintains at 66% for Vg
exceeding 9 V.

By comparing the DC, pulsed I-V, and RF power char-
acteristics between AlGaN/GaN HEMT and InAIN/GaN
HEMT, it is found that a lower parasitic resistance together
with an acceptable RF dispersion plays an important role
in delivering a higher output power and power added effi-
ciency. Different from the above positive factors, a larger
gate leakage has a serious effect on PAE, especially for
the strongly polarized high-Al-content heterojunctions which
usually suffer from the severe gate leakage. In summary,
InAIN/GaN HEMT has the advantage in delivering a higher
Pout over AlGaN/GaN HEMT, attributed to the larger output
current density and smaller on-resistance as well as lower
knee voltage as the result of the lower parasitic resistance,
regardless of the relatively larger but acceptable RF disper-
sion. However, the gate leakage becomes more severe as the
higher drain voltage is applied on InAIN/GaN HEMT, giving
rise to the increasing PAE degradation. As a result, the supe-
riority of InAIN/GaN HEMT in PAE is weakened gradually
with the higher voltages. For low voltage RF applications,
a higher PAE is more attractive than Pgy, and the Pgy
required is at the milliwatt (mW) level which could be easily
satisfied by our devices with gate width of 100 pm. From the
perspective of high PAE, InAIN/GaN HEMT is more popular
with applications with operating voltage not exceeding 6 V,
but is surpassed by AlGaN/GaN HEMT as operating volt-
age is over 6 V. To achieve low voltage GaN HEMTs with
extremely high PAE for terminal applications, device fabrica-
tion should be performed on strongly polarized InAIN/GaN
heterojunction. And the source—drain distance ought to be
reduced as largely as possible. Besides, a lower contact resis-
tance is in demand, which could be satisfied by advanced
regrown ohmic contact process. Then, the RF dispersion
should also be reduced, which can be realized by adjust-
ment of the growth process of InAIN/GaN heterojunction

VOLUME 9, 2021



ZHOU et al.: ANALYSIS OF LOW VOLTAGE RF POWER CAPABILITY

ELECTRON DEVICES SOCIETY

to decrease the surface and bulk traps, optimization of the
passivation process, or adoption of the field-plate structure
to change the distribution of electric field. Most important
of all, the large gate leakage is supposed to be suppressed
by either dielectric deposition or plasma treatment under
the gate.

IV. CONCLUSION

In this paper, AlIGaN/GaN and InAIN/GaN HEMTs have
been fabricated to reveal their low voltage RF power capa-
bility for terminal applications and make a comparison
of the capability between each other. What is more, the
low voltage RF power characteristics are investigated from
the point of view of parasitic resistance, Igmax, Vknees RF
dispersion, and gate leakage, which is useful for guiding
the design of high performance low voltage GaN HEMTs
in the days to come. Compared with InAIN/GaN HEMT,
AlGaN/GaN HEMT has a negligible RF dispersion which
is beneficial to reach AlIGaN/GaN HEMT’s full potential
in large signal characteristics, but larger parasitic resistance
and knee voltage as well as lower output current density
leading to the lower Pyy. Despite the advantage of higher
Pout, InAIN/GaN HEMT suffers from the huge degrada-
tion of PAE at higher drain voltages, ascribed to the more
severe gate leakage. Usually, a higher PAE is more signifi-
cant than Py, to low voltage terminal applications, and not
only InAIN/GaN HEMT but also AlGaN/GaN HEMT has
its own specific voltage range to deliver higher PAE. In
details, InAIN/GaN HEMT is fit for applications with oper-
ating voltages not exceeding 6 V, and AlGaN/GaN HEMT
is more popular with applications with relatively higher
voltages.
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