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X-Band GaN Power HEM Ts with Power Density of 2. 23W/ mm
G own on Sapphire by MOCVD *
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Abgtract : The growth ,fabrication ,and characterization of 0. 21 m gatelength AlGaN/ GaN HEM Ts,with a high
mobility GaN thin layer as a channel ,grown on (0001) sapphire substrates by MOCVD ,are described. The uninten-

tionally doped 2.3 m thick GaN epilayers grown with the same conditions as the GaN channel have a room tempera

ture electron mobility of 741cm?/ (V - ) at an electron concentration of 1.52 x 10%cm™ 3. The resistivity of the thick

GaN buffer layer is greater than 10%Q - c¢m at room temperature. The 50mm HEM T wafers grown on sapphire sub-

strates show an average sheet resistance of 440. €2/ O with uniformity better than 96 %. Devices of 0. 21 m x 44 m

gate periphery exhibit a maximum extrinsc transconductance of 250mS mm and a current gain cutoff frequency of
77GHz. The Al GaN/ GaN HEM Tswith 0. 8mm gate width display a total output power of 1. 78W (2. 23W/ mm) and
alinear gain of 13.3dB at 8 GHz. The power devices al s0 show a saturated current density as high as 1. 07A/ mm at a

gate biasof 0.5V.
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1 Introduction

Al GaN/ GaN high electron mobility trans stors
(HEM Ts) have recently attracted much attention
due to their potential for their applicationsin high-
power , high-temperature, high-frequency micro-
electronic devices® ®'. GaN possesses large band
gap (3. 4eV) ,very high breakdown field (3 x
10°V/cm) ,and extremely high peak (3 x10’cm/ s)
and saturation velocity (1.5 x 10°cm/ s)!®. These
propertiesin combination with the large conduction

band off set and the high-densty two-dimensonal
electron gas(2DEG) on the order of 10®cm ” at
the AlGaN/ GaN interface,make the Al GaN/ GaN
heterostructures superior to conventional semicon-
ductor heterostructures such as GaAsbased and
InP-based onesin thefield of high power and high
temperature microelectronic devices** . Such semi-
conductor devices are very attractive for power ap-
plications at X-band and even above.

In recent years,tremendous progress has been
made in the DC and RF performance of GaN based
HEM Ts due to improving crystal quality in Al-
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GaN/ GaN structures and optimization of device
procesing. AlGaN/ GaN HEM Ts grown on SC
substrates with dimensonsof 0.5% m x 246/ m and
afield-plate length of 1. Y4 m have already demon-
strated a continuous wave output power density of
32.2W/ mm and power-added efficiency (PAE) of
54.8 % at 4GHz; devices with a shorter field plate
of 0. ¥ m a0 generated 30. 6W/ mm with 49. 6 %
PAE at 8GHZ!"'. A current gain cutoff frequency
(fr1) of 121GHz and maximum frequency of oscil-
lation (fmx) oOf 162 GHz were measured on the Al-
GaN/ GaN HEM T with a 0. 121 m gatelength
grown on SC substrate' .

We have previoudy reported RFMBE grown
AlGaN/ GaN HEM Ts with gate length and width
of 1 and 8Q m,respectively ,and obtained a drain
current dendty of 925mA/mm,a peak transcon-
ductance of 186mS mm, and a fr of 18. 8GHZ'*'.
We have a0 reported a RFMBE grown Al GaN/
GaN HEMT with high Al content!™ . In this pa
per,X-Band AlGaN/ GaN power HEM Ts with a
power dendty of 2. 23W/ mm at 8 GHz grown by
metal organic chemical vapor deposition (MOCVD)
on sapphire substrates are reported. To raise the
2DEG mobhility in the channel ,an unintentionally
doped GaN thin layer with high mobility was in-
serted between Al GaN barrier and GaN buffer with
high redstivity. The 50mm HEMT wafers with
this structure grown on (0001) sapphire substrates
by MOCVD exhibit a sheet resstance of 440. €2/
O with uniformity better than 96 %. The HEM T
devices with 0. 21 m x 4Q m gate periphery fabrica
ted usng the epi-wafers exhibit a maximum extrin-
sc transconductance of 250mS mm and a fr of
77GHz. The AlGaN/ GaN HEM Ts with 0. 8mm
gate widths display a total output power of 1. 78W
(2. 23W/ mm) and a linear gain of 13. 3dB at
8GHz. The power devices also show a saturated
current density as high as 1L 07A/ mm at a gate hias
of 0.5V.

2 Sructure growh and device fabri-
cation

The AlGaN/ GaN HEMT structures were
grown on (0001) sapphire substrates by MOCVD.
The cross section of the HEM T devices is shown
in Fig. 1. The growth of the structure began with
an unintentionally doped 2. ¢ m thick high ress
tive GaN buffer layer, followed by an undoped
110nm thick GaN layer with high mobhility as the
channel layer. Finaly ,about 5nm undoped and 150
nm S-doped Al GaN barrier layers were grown. In
contrast to a conventional AlGaN/ GaN HEMT
structure ,this AlGaN/ GaN HEM T structure em-
ployed an undoped high mobility GaN thin layer as
the channel layer ,which sgnificantly enhancing the
mobility of the 2DEGin the channel ,and therefore
helping to improve the performances of the fabricer
ted AlGaN/ GaN HEM T devices.

The HEMT structural materials were then
processed into devices with a source-drain spacing
of 31 m and a gate length of 0. 21 m. First ,the de-
vice iolation was achieved by usng multiple-ener-
gy heliumion implantation. Then,source and drain
ohmic contacts were formed by rapid thermal an-
nealing of electron-beam evaporated Ti/ Al/ Ti/ Au
in N2 ambient at 750 for 30s. Finally ,the Schott-
ky gate was defined by lift-off technology and the
gate metallization was redlized by usng electron
beam evaporated Pt/ Ti/ Au.

3 Resultsand discussion

To improve 2DEG transport properties of the
AlGaN/ GaN HEMT structure,an unintentionally
doped 110nm thick GaN layer with high electron
mobility wasintroduced into the HEM T structure.
Thisthin GaN layer was grown between the Al-
GaN barrier layer and the thick high resstive GaN
buffer layer ,usng the identical growth conditions
to those of the 2. 4 m thick bulk GaN epilayers.
The variable-temperature Hall measurement re-
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Schematic cross section of an Al GaN/ GaN

sultsfor the 2. 31 m thick bulk GaN epilayer are
shown in Fig. 2. From thisfigure we know that the
room temperature Hall mobility of the bulk GaN
film grown on sapphire substrate is as high as
741cm’/ (V - s) at a background electron concen-
tration of only 1.52 x 10°cm™®. As the tempera
ture decreases ,the Hall mobility increases gradual-
ly ,up to its maximum value 2020cm?/ (V - s) at
149K ,and then decreases. The background electron
concentration will increase with raisng tempera
ture. To the best of our knowledge,the obtained
room temperature mobility value for the uninten-
tionally doped 2. % mrthick bulk GaN isone of the
best results in the world usng the same growth
technique. The HEM T devices will benefit from
the HEM T structure,with the thin GaN layer as
the channel , which was grown usng the same
growth conditions as those of the thick bulk GaN
layer with high mobility.

Asshownin Fig.1 ,just below the GaN chan-
nel layer with high mobility ,there is a thick GaN
buffer layer. The first priority of this layer is to
have high resstivity to prevent current leakage be-
tween source and drain. Using unintentionally
doped growth technique ,which we have applied for
patent ,we success ully achieved high resistive GaN
layer on sapphire substrate. Its electrical reddtivi-
ty dependence on temperature is shown in Fig. 3.

Fig.2 Electron mohility and concentration as a func-
tion of sample temperature for an unintentionally doped
2.5mm thick bulk GaN epilayer on sapphire

From this figure we acquire that the resstivity of
the GaN buffer is2.9x10%Q - cm at room temper-
ature,which corresponding to a sheet resstance
larger than 10"Q/ O ,about three orders of magni-
tude higher than the sheet res stance value (10°Q/
O) reported by Lee et al. ™. When the tempera
tureisincreased to 673K ,the resstivity of the GaN
buffer is 2 x 10° Q -
temperatures ,the GaN buffer layer has high res s-

cm. Therefore,even at high

tivity and can effectively prevent leakage current
between source and drain from happening. For high
power devices or high operation temperatures,this
is very important.
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Fig.3 Temperature dependence of the electrical ress
tivity of the 2 8 m thick GaN buffer layer grown on
sapphire substrates by MOCVD

Sheet redstance mapping of the grown Al-
GaN/ GaN HEM T wafer was conducted by a Le
highton Electronics usng a contact-less measure-
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ment system. The measured sheet resistance map
for the 50mm HEM T wafer is shownin Fig.4. The
wafer exhibits a maximum resi stance of 467. X2/ O
and a minimum value of 417. X2/ O. The average
sheet resstance is 440. €2/ O ,with the res stance
uniformity being 96.5 %.

Fig.4 Sheet resstance mapping of the grown 50mm
AlGaN/ GaN HEM T wafer

The direct current (DC) characteristics of the
Al GaN/ GaN HEM T devices fabricated with the
50mm HEM T wafer were measured usng HP4142
and HPA4155 semiconductor parameter analyser.
Shown in Fig.5 is a typical drain current-voltage
(lesVas) characteristics measured for a device with
gate length and width of 0. 21 m and 0. 8mm,re-
spectively. The source-drain spacing of the deviceis
3 m. The gate is biased from 0.5 to - 5V in the
step of - 0.5V. The device exhibited a maximum
drain current density of 1. 07A/ mm at a gate bias
of 0. 5V. The pinch-off voltage of this device was a
bout - 5V and the knee voltage was between 4
5V. At high current levels sgnificant self-heating
of the devices took place for the poor thermal con-
ductivity of sapphire substrates,limiting the maxi-
mum drain current. This makes it clear that SC
should be chosen as a thermally highly conductive
substrate to overcome the self-heating problem. All
the HEM T devices measured exhibit good saturar
tion and pinch-off characteristics.

DC trander characteristics of a typical 0.21 m
x4 m A1GaN/ GaN HEMT are shownin Fig.6,
which was measured when the drai n-to- source volt-
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Fig.5 laVas characteristics of a typical A1GaN/ GaN
HEM T grown on sapphire substrate with gate length
and width of 0.2/ m and 0. 8mm ,respectively

age was kept at 6V. On thisfigure,the drain cur-
rent and transconductance are plotted against gate
bias voltage. It is obvious that this device has
reached a maximum extringc transconductance of
250mS mm at V4 = - 4.5V. As the gate bias volt-
age increases, the drain current will increase and
incline to saturate gradually. Whereas the trans
conductance exhibits a different variation tenden-
cy it increases rapidly first ,up to its maximum val-
ue ,and then decreases.
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Fig.6 DC trander characteristicsof atypica A1GaN/
GaN HEMT grown on sapphire substrate with gate
length and width of 0.2 and 4Q m ,respectively

To investigate high frequency characteristics
of the devices, small-signal Sparameter measure-
ments were made. From the S-parameters,current
gain hey can be calculated. Figure 7 shows the
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small sgnal frequency response from the typical
02 mx4@u mA1GN/ GaN HEM T device. An ex-
tringc fr of 77GHz was extrapolated. We believe
that such a high fr can be partly attributed to the
insertion of the thin high mohility GaN layer be
tween the AlGaN barrier and the high redstive
GaN buffer layer.
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FHg.7 Small sgna RF characteristic of the 0.2/ m x
4Qu m Al GaN/ GaN HEM T device

Onwafer power measurements at 8 GHz were
performed usng a focus loadpull system. The
power performance of the 0. 21 m x 0. 8mm device
biased at V4 =30V is shown in Fig. 8. The device
had alinear gain of 13.3dB. The measured continu-
ous wave (CW) output is 32 5dBm
(1 78W) and the corresponding output power den-
sity is 2.23W/ mm.

power
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Fig.8 Power performance of the 0. 21 m x 0. 8mm

Al1GaN/ GaN HEM T at 8GHz
at Vas =30V.

The device was biased

4 Conclusion

50mm Al GaN/ GaN HEM T wefers with a high
mobility GaN thin layer as the channel are grown
by MOCVD on (0001) sapphire substrates and
0. 21 m gatelength HEM T devices are fabricated.
The unintentionally doped bulk GaN epilayers with
thickness of 2.3 m have a room temperature mob-
ility of 741cm?/ (V - ) at an electron concentration
of 1. 52 x 10" cm™®. The resistivity of the GaN
buffer layer is greater than 10°Q - cm at room tem-
perature. The 50mm HEM T wafer shows an aver-
age sheet resistance of 440. X2/ O with uniformity
better than 96 %. The fabricated HEM T devices
exhibit a high drain current and DC transconduct-
ance of 1. 07A/ mm and 250mY mm , respectively.
The current-gain cut-off frequency of the devices
with gate width of 4 m is measured to be about
77GHz. The devices with gate width of 0.8 mm al-
0 display a high total output power of 1.78 W (2.
23 W/ mm) with alinear gain of 13.3dB at 8 GHz.
Our results show that GaN HEM T with a thin lay-
er of high mobility GaN as a channel between the
Al GaN barrier and the high resstive GaN buffer
layer has strong potential for power applications at
X-band frequencies.
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