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AlGaN/GaN high electron mobility transistors (HEMTs) are grown on 2-inch Si (111) substrates by MOCVD.
The stacked AIGaN/AIN interlayer with different AIGaN thickness and indium surfactant doped is designed and
optimized to relieve the tensile stress during GaN epitaxial growth. The top 1.0 pym GaN buffer layer grown on the
optimized AIGaN/AIN interlayer shows a crack-free and shining surface. The XRD results show that GaN(002)
FWHM is 480 arcsec and GaN(102) FWHM is 900 arcsec. The AGaN/GaN HEMTs with optimized and non-
optimized AlGaN/AIN interlayer are grown and processed for comparison and the dc and rf characteristics are
characterized. For the dc characteristics of the device with optimized AIGaN/AIN interlayer, maximum drain
current density Iqss of 737 mA/mm, peak transconductance G, of 185mS/mm, drain leakage current density
Iq4s of 1.7pA/mm, gate leakage current density Iys of 24.8 pA/mm and off-state breakdown voltage Ver of 67V
are achieved with Ly/Wy/Lgs/Lgq = 1/10/1/1 pm. For the small signal rf characteristics of the device with
optimized AlGaN/AIN interlayer, current gain cutoff frequency fr of 8.3 GHz and power gain cutoff frequency
fmax of 19.9 GHz are achieved with Ly/Wg/Lgs/Lga = 1/100/1/1 pm. Furthermore, the best rf performance with

fr of 14.5 GHz and fmax of 37.3 GHz is achieved with a reduced gate length of 0.7 pm.

PACS: 71.55.Eq, 71.55.Ak, 73.40.Kp

With a wide band gap, high breakdown field, high
thermal conductivity, large saturated velocity and ex-
cellent electron transport performance, AlGaN/GaN
High electron mobility transistors (HEMTs) are very
promising in the applications of high-power, high-
breakdown voltage,!'*?) high-frequency, high speed and
high efficiency operation,!” 7] especially in microwave
power devices.[)] As the substrate for GaN growth,
sapphire has the bottleneck of bad thermal conduc-
tion, which limits the improvement of power density
of the AlIGaN/GaN HEMT device and SiC substrates
are so expensive that it hinders the application of the
GaN material. Therefore, Si is the best alternative
substrate for its low cost, good thermal conductivity
and integration with the mature Si-based processing
techniques. [

Because of the large differences of lattice constants
and thermal expansion coefficients between the GaN
epilayer and the Si substrate, the high dislocation den-
sity and bad stress state exist in the GaN epilayer
grown on the Si substrate, which results in the bad
GaN quality and cracked surface morphology.[’— ']
Compared with those on SiC or sapphire substrates,
AlGaN/GaN HEMTs grown on Si substrates suffer
from poorer crystalline quality, smaller critical-layer
thickness and higher buffer leakage current density,
which limit their applications.

The performance of AlGaN/GaN HEMT devices is
seriously affected by the quality and surface morphol-
ogy of the GaN buffer layer. In order to improve GaN
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quality, relieve the tensile stress, increase the critical
thickness of continuous GaN buffer layer and obtain
crack-free surface morphology, the structure of bottom
layers for HEMT growth should be optimized. It was
reported!"?~ " that LT AIN interlayer could be used
to relieve the tensile stress in the GaN layer grown on
the Si substrate and so as to reduce the cracks in the
grown GaN epilayer. In addition, it could also block
the spreading of the edge and mixed dislocations from
the substrate to the GaN epilayer.

In this work, the stacked AlGaN/AIN interlayer
was designed and optimized to relieve the tensile
stress during GaN epitaxial growth. The AGaN/GaN
HEMTs with optimized and non-optimized Al-
GaN/AIN interlayer were grown and processed for
comparison and the dc and rf characteristics were
characterized.

The AlGaN/GaN HEMTs were grown on Si
(111) substrates by low-pressure MOCVD in an Aix-
tron 2000HT system. Trimethylgallium (TMGa),
trimethylaluminum (TMAL), trimethylindim (TMIn)
and ammonia (NHj) were used as the Ga, Al, In and
N precursors, respectively. Biscyclopentadienyl mag-
nesium (CgaMg) and silane (SiH4) were used as the p-
and n-type doping sources. Ho or Ny is served as the
carrier gas. The 2-inch Si (111) substrates with high
resistivity of more than 3000 Q2-cm and the thickness
of 280 pm were chosen. Before the Si substrates were
loaded into the growth chamber of the MOCVD sys-
tem, they were cleaned by the standard cleaning pro-
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cess of Radio Corporation of America (RCA). Prior to
growth, the substrates were heated up to 1190°C for
10 min under the Hy ambience to remove the native ox-
ide on the surfaces of the Si substrates. Then around
40nm AIN nucleation layer was grown at 1150°C for
initiation of GaN growth on the Si(111) substrates,
followed by the SiN, mask layer grown at 1160°C on
top of the AIN nucleation layers. Then 0.8 pm un-
doped GaN transition layer was grown at 1170°C by
vertical growth on the exposed AIN nucleation layer
and lateral overgrowth on the SiNx mask layer. After
that, the stacked AlGaN/AIN interlayer was grown on
the 0.8 um GaN transition layer to further reduce the
tensile stress, with growth temperature of 950°C for
AIN and 1150°C for AlGaN. Subsequently, continuous
1.0 pm GaN buffer layer was grown at 1170°C on the
AlGaN/AIN interlayer. Finally the HEMT structure
was grown on top of the continuous 1.0 pm GaN buffer
layer. The typical HEMT structure consists of a 1 nm
AIN spacer layer, a 2nm undoped AlGaN spacer layer,
a 15nm Si-doped carrier supplying layer and a 3nm
undoped cap layer, with Al composition of 30% and
modulation-doped Si concentration of 5 x 10'® cm™3.

In order to more effectively release the tensile
stress, the stacked AlGaN/AIN interlayer was opti-
mized for growth of the top continuous GaN buffer
layer. The bottom 10 nm AIN in the stacked layers was
grown with growth temperature of 950°C and growth
pressure of 100 mbar and the top AlGaN layer was
calibrated with different thickness. The growth tem-
perature and pressure of AlGaN layer were 1150°C
and 100 mbar, same as those of the AIN nucleation
layer, in order to decrease the parasitic reaction be-

ing at low temperature and high pressure. The ini-
tially optimized results of A1GaN/AIN interlayer with
AlGaN thickness of 500 nm was reported,['”) and the
optical micrographs, TEM images and Raman spec-
tra of GaN with optimized AlGaN/AIN interlayer (Al-
GaN:500 nm) and with non-optimized AlGaN/AIN in-
terlayer (AlGaN:0nm, namely, only single AIN inter-
layer) were compared. In this Letter, the stacked
AlGaN/AIN interlayer is further optimized and the
growth thickness of the AlGaN layer is calibrated with
Onm (only single AIN interlayer), 125 nm, 250 nm and
500nm. Afterwards, the indium surfactant is doped
in the AlGaN layer to further improve the GaN qual-
ity.
AlGaN/GaN HEMT devices with optimized (sam-
ple a: 250nm AlGaN, with indium surfactant doped)
and non-optimized (sample b: 500nm AlGaN, with-
out indium surfactant doped) AlGaN/AIN inter-
layer were fabricated for comparison. The source
and drain ohmic contacts were prepared by evap-
orating Ti/Al/Ni/Au (20nm/150 nm/50 nm,/80 nm)
multi-layer metals in e-beam evaporator, followed by
rapid thermal annealing (RTA) at 850°C for 30s
in Ny ambient. The gate was defined by contact
photolithography and formed by evaporating Ni/Au
(50nm /300 nm) metals for Schottky contacts.

The variation of AlGaN thickness with Onm,
125nm, 250 nm and 500 nm and the effect of indium
surfactant on GaN quality of AlGaN/GaN HEMT
samples were studied by XRD measurement and the
sample surface was observed by the optical micro-
scope. The GaN quality and surface morphology of
AlGaN/GaN HEMT samples are shown in Table 1.

Table 1. Comparison of the samples with different thickness of AlGaN interlayer and with and without indium surfactant doped

in AlGaN interlayer by XRD measurement.

Samples AlGaN thickness in FWHM of GaN FWHM of GaN Surface
stacked interlayer (nm) (002) (arcsec) (102) (arcsec) morphology
0 564 1380 Cracked
Without indium 125 534 1134 Crack-free
surfactant doped 250 510 984 Crack-free
500 552 1248 Crack-free
With indium surfactant doped 250 480 900 Crack-free

Table 2. Comparison of RT Hall results of samples (a) and (b).

Samples Rs (Q/sq) Mobility (cm?/v-s) N (103 cm~2)
(a) AlGaN 250 nm, with In doped 302 1160 —1.78
(b) AlGaN 500 nm, without In doped 426 900 —1.65

According to Table 1, the sample without Al-
GaN in the stacked AlGaN/AIN interlayer shows the
cracked surfacel'”] and the worst GaN quality, while
all other samples with AlGaN layer show crack-free
surface observed by the optical microscope, which in-
dicate the stacked AlGaN/AIN interlayer can more
effectively release the tensile stress and improve the
GaN quality. Additionally, the sample with AlGaN
thickness of 250nm has better GaN quality than

the samples with 125nm and 500 nm. Furthermore,
the indium surfactant doped in 250 nm AlGaN inter-
layer further improves the GaN quality compared with
the samples without indium surfactant. Thus it can
be concluded that the stacked AlGaN/AIN interlayer
with indium surfactant doped can more effectively re-
lease the tensile stress and improve the GaN qual-
ity. Thus the optimized AlGaN/AIN interlayer was
achieved with AlGaN thickness of 250 nm and indium
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surfactant doped.

The mercury-probe capacitance-voltage system
was employed to characterize the properties of 2DEG
in the AlGaN/GaN HEMTs with optimized (sample
a) and non-optimized (sample b) AlGaN/AIN inter-
layer for comparison. The profiles of capacitance ver-
sus voltage (C-V') and concentration versus thickness
(n—d) are shown in Figs. 1 and 2. According to the C—
V measurement, basically the same HEMT structure
with barrier thickness of 20.0nm and 2DEG concen-
tration of around 1.0 x 102° cm~3 is achieved for sam-
ples a and b. However, the pinch-off voltages of sam-
ples a and b are different (—3.5V and —3.3V, respec-
tively). It indicates the performance of AlGaN/GaN
HEMT device is different between samples a and b,
due to the different quality and surface morphology of
the GaN buffer layer, caused by the different structure

of the stacked AIGaN/AIN interlayer.

The 2DEG density and mobility of samples a and
b (7mm X 7mm) were characterized at room tem-
perature (RT) by the van der Pauw Hall measure-
ment. Ohmic contact was prepared using e-beam
evaporated Ti/Al/Ni/Au, followed by annealing at
850°C for 30s under Ny ambient. Table 2 shows the
comparison of RT Hall results between samples a and
b. According to the Hall results, sample a with op-
timized AlGaN/AIN interlayer shows higher mobility
and higher N, than sample b with the non-optimized
AlGaN/AIN interlayer, which indicates that the opti-
mized AlGaN/AIN interlayer can improve quality and
surface morphology of the GaN buffer layer, so as to
effectively reduce the impurity scattering and enhance
the mobility and Ny of Al1GaN/GaN HEMT, very con-
sistent with the C—V results.
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Fig. 1. Mercury-probe C-V profiles of

Fig. 2. The 2DEG profiles of samples

Fig. 3. The dc I35 — V45 characteris-
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Fig.4. The dc transfer (Izs — Vys)

characteristics of samples a and b.
ples a and b.

Fig. 5. Gate leakage currents of sam-

Fig. 6. Off-state breakdown voltages
of samples a and b.

Table 3. Comparison of the dc transfer characteristics of samples (a) and (b).

Idss (mA/mm)

Ids (pA/mm)

Gm Q@ Vys QVyy Iys(pA/mm) Ver (V)
Samples @ Vy; =2.0V, g Vin (V) @ Vgs=-8V, gs bt B
Qv =10V (mS,/mm) (V) (V) @V, =6V QVygs=-35V @ Izs =1mA/mm
(a) 737 185 -1 6 —2.6 1.7 24.8 67
(b) 549 148 —2 5 —2.7 2.6 700.8 40
The dc output and transfer characteristics  output and transfer characteristics of samples a and b

of samples a and b with device dimensions of
Ly/W4/Lgs/Lga = 1/10/1/1um were measured by
using an HP4156A precision semiconductor parame-
ter analyzer. Figures 3-6 show the dc current-voltage
(Ias — Vgs) characteristics, transfer (Igs — Vys) char-
acteristics, gate leakage currents and off-state break-
down voltages of samples a and b. The detailed dc

are shown in Table 3 for comparison.

According to Table 3, sample a has a higher
maximum drain current density Igss than sample b,
which is caused by good surface morphology achieved
in sample a with optimized AlGaN/AIN interlayer.
Additionally, sample a has lower drain leakage cur-
rent density I;s and much lower gate leakage cur-
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rent density Igs than sample b, which is caused by
high resistance in the GaN buffer layer with opti-
mized AlGaN/AIN interlayer for sample a. Further-
more, sample a achieves a higher off-state breakdown
voltage Vg than sample b, resulting from good sur-
face morphology and high resistance in GaN buffer
layer grown on optimized AlGaN/AIN interlayer. The
improved dc results of AlGaN/GaN HEMTs were
achieved by using the optimized AlGaN/AIN inter-
layer, compared with those reported for the same de-
vice dimensions.['0~ 1]

Sample (a): With optimized A1GaN/AIN interlayer

L o =1.0pm, W, =100 pm, 4
G—D=1.0pm, G—S=1.0pm

20 V=6V, V,=—-1.6V b

s Vgs

Frequency (GHz)

Fig. 7. The rf small signal characteristics of sam-
ple (a) with device dimensions of L,/Wy/Lgs/Lgq =
1/100/1/1 pm.
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Fig. 8. The rf small signal characteristics of sample a with

device dimensions of Ly /Wy /Lgs/Lgq = 0.7/100/1/1 pm.

For high frequency characteristics, on-wafer S-
parameter measurements of sample a with the op-
timized AlGaN/AIN interlayer were carried out by
using an HP 4142B modular dc source/monitor
and an Agilent 8722ES network analyzer with Cas-
cade microwave probes. Sample a with device di-
mensions of Ly/Wy/Lgs/Lga = 1/100/1/1pm and
Ly/Wy/Lgs/Lga = 0.7/100/1/11m were measured.
The rf small signal characteristics of the device are
plotted in Figs.7 and 8. The fr of 8.3GHz and
fmax of 19.9 GHz were achieved with dimensions of
Ly/Wy/Lgs/Lga = 1/100/1/1pm. Further, high rf

performance with fr of 14.5 GHz and fi,.x of 37.3 GHz
was achieved by reducing the gate length to 0.7 pm.

In summary, the stacked AlGaN/AIN interlayer
with AlGaN thickness of 250nm and indium sur-
factant doped can more effectively release the ten-
sile stress and improve the GaN quality. For the
dc characteristics, maximum drain current density of
737mA /mm, peak transconductance of 185mS/mm,
drain leakage current density of 1.7pA/mm, gate
leakage current density of 24.8pA/mm and off-
state breakdown voltage of 67V were achieved with
Ly/Wy/Lgs/Lgq =1/10/1/1pm. For the small signal
rf characteristics, fr of 8.3 GHz and fi,ax of 19.9 GHz
were achieved with L, /W, /Lgs/Lgq = 1/100/1/1 pm.
Furthermore, the best rf performance with fr of
14.5 GHz and fax of 37.3 GHz was achieved with a
reduced gate length of 0.7 pm. The improved dc and rf
characteristics of Al1GaN/GaN HEMTs were achieved
by using the optimized AlGaN/AIN interlayer.
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