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High-performance low-leakage-current AlIGaN/GaN high electron mobility transistors (HEMTS) on silicon (111) sub-
strates grown by metal organic chemical vapor deposition (MOCVD) with a novel partially Magnesium (Mg)-doped GaN
buffer scheme have been fabricated successfully. The growth and DC results were compared between Mg-doped GaN
buffer layer and a unintentionally one. A 1-pum gate-length transistor with Mg-doped buffer layer exhibited an OFF-state
drain leakage current of 8.3 x 1078 A/mm, to our best knowledge, which is the lowest value reported for MOCVD-grown
AlGaN/GaN HEMTs on Si featuring the same dimension and structure. The RF characteristics of 0.25-pm gate length

T-shaped gate HEMTs were also investigated.
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1. Introduction

AlGaN/GaN HEMTs are excellent candidates for power
electronics and radio frequency (RF) devices due to their su-
perior properties in high-power, high frequency and high-
temperature applications.!'! Although sapphire and SiC are
commonly used substrates for the growth of AlGaN/GaN
HEMTs, silicon is emerging as a promising alternative be-
cause of its low cost, large size, as well as its potential for inte-
gration with advanced Si electronics. However, the growth of
high quality GaN HEMTs on Si is more challenging than that
on sapphire or SiC because of the larger mismatches in lattice
and thermal expansion coefficient, resulting in a higher den-
sity of dislocations and cracks. Moreover, during the growth
of GaN films on Si substrates, the auto-doping of silicon from
the substrate into the GaN buffer layers may occur at temper-
atures over 1000 °C, leading to a low resistivity buffer layer
and large buffer leakage current. Those issues may cause a
low breakdown voltage, which is undesirable for power device
operation.

To increase GaN HEMTs’ breakdown voltage, many
groups have chosen to grow a fairly thick buffer with multiple
interlayers for strain management (%1, However, it is difficult
to avoid a high density of dislocations and cracks if the buffer
layer is too thick. In this study, the doping compensation was
utilized to increase the resistivity of the unintentionally doped
GaN buffer layer and reduce the buffer leakage current.

A high-resistivity GaN buffer layer grown on a sap-
phire substrate has been achieved by compensating the donors
with acceptor states including Fe-doped, C-doped, and so
on, 79! the OFF-state breakdown voltages have increased over
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1000 V.81 However, as another acceptor, the growth technol-
ogy of Mg-doped buffer layers by MOCVD has lagged be-
hind since the Mg-doped buffer layers have been successfully
demonstrated,[1%111 and the details of AlIGaN/GaN HEMT
with Mg-doped buffer layers by MOCVD need to be further
explored.

Therefore, in this work, we have used a buffer layer less
than 2 um thick, with a partially Mg-doped 1.0 pm GaN por-
tion to increase the buffer resistivity. The DC and RF char-
acteristics will be compared between the samples with Mg-
doping and without Mg-doping.

2. Experiment

The Alg,5GaN/GaN HEMTs were grown on 2-inch Si
(111) substrates by low-pressure MOCVD in an Aixtron
2000HT system. The Si substrates were high resistivity (>
3000 Q-cm) and 280 pwm thick. Trimethylgallium (TMGa),
trimethylaluminum (TMALI), trimethylindim (TMIn) and am-
monia (NH3) were used as the Ga, Al, In and N precursors,
respectively. Biscyclopentadienyl magnesium (Cp,Mg) was
used as the p-type dopant, while silane (SiH4) was used as the
n-type dopant, Hy or N, served as the carrier gas. The as-
grown epi-layer structure of the AlGaN/GaN HEMTs on Si is
shown in Fig. 1.

Prior to the growth, the substrates were heated up to
1190 °C for 10 minutes in an H, atmosphere to remove the
native oxide. Then, a 40 nm-thick AIN nucleation layer was
deposited at 1150 °C, followed by a SiN, mask layer growth
at 1160 °C U2 This SiN, mask did not cover the AIN surface
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completely. The partial coverage served the purpose of en-
hancing lateral growth of GaN with better crystalline quality.
A 0.8 pm-thick undoped GaN layer was grown on the par-
tially exposed AIN nucleation layer with a SiN, in situ mask
at 1170 °C. After that, stacked AlGaN/AIN interlayers were
grown on top to further reduce the tensile stress, with a growth
temperature of 950 °C for the AIN layer and 1150 °C for the
AlGaN layer. Subsequently, a continuous 1 pum-thick GaN
buffer (consisting of an 875 nm-thick undoped portion on top
of a 125 nm-thick Mg?* doped lower region) was grown at
1170 °C. Finally the barrier structure was grown, including 1
nm AIN spacer and 20 nm Al »5Gag 75N barrier layer.

i—A10,2_5GaN layer 2 nm cap

n-Aly,;GaN doped layer 15 nm barrier

i-AIN layer 1 nm spacer

875 nm buffer

i-GaN layer

Aly2sGaN/GaN layer 250 nm/20 nm interlayer

1.0-uym GaN buffer

i-GaN layer 800 nm transition

Fig. 1. (color online) Schematic of AlIGaN/GaN HEMT buffer layer
structure on Si substrates.
The surface morphology of buffer layers with sample A
(with Mg-doped) and sample B (without Mg-doping) were
characterized by an atomic force microscope (AFM). From

Figure 3 plots the SIMS curves of the Mg dopant pro-
files in both the referential samples A and B as functions of
depth from the surface. A clear Mg peak can be found in
Fig. 3(a). In addition, the oxygen content in the buffer with
Mg-doping (Fig. 2(a)) is lower than that in other buffers with-
out Mg-doping (Fig. 2(b)), which may create a lower buffer
leakage current and better device performance.!*!

The pinch-off voltage Vi, and AlGaN barrier layer thick-
ness d of both the samples A and B were characterized by
the mercury-probe capacitance-voltage (C-V) analyzer. As
shown in table 1, sample A shows almost the same mobility
and channel sheet resistance (R;) compared with sample B,
which means that Mg-doping in the GaN buffer layer did not
introduce too much impurity scattering and reduced the mo-
bility in the 2DEG.

Fig. 2. (color online) AFM images of sample A, partially Mg-doped: RMS =
0.8 nm (a) and sample B without Mg-doping: RMS = 0.8 nm (b).

Table 1. Comparison of mercury-probe C-V and 2DEG profiles of sam-
ples A and B.
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Fig. 3. (color online) SIMS measurements of the Mg of samples A (a) and B (b).

A quite standard HEMT process has been done with sam-
ple A and sample B for comparison. The gate length of the
devices was 1 pum, with 1 pm gate—source and 1 pum gate—

drain spacing. No additional passivation processes or plasma

treatments were utilized in this study. The 0.25 wm T-shaped
gate device was also done by a simplified trench fabrication
process. The 100 nm-thick SizN4 was deposited on the epi-

taxial layers by plasma-enhanced chemical vapor deposition
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(PECVD). The gate was defined by a JEOL JBX-6300 e-beam
lithography system with ZEP520A photoresist. The gate pat-
tern was then transferred to the Si3N4 by dry etching. The
inset of figure 7 shows a cross-sectional SEM photograph of
the HEMT with a 250 nm T-shaped gate and an 800 nm-wide
head.

3. Results and discussion

The buffer leakage current was assessed by the structure
in Fig. 4, where the source drain was isolated by plasma etch-
ing. The leakage current of sample A is almost three orders of
magnitude lower than sample B with the voltage between drain
and source Vps = 0 V=10V and the distance between drain and
source Lps = 10 um, which indicates the higher resistivity of
the Mg-doped buffer layer than that without Mg-doping.
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Fig. 4. (color online) (a) Buffer leakage current of AIGaN/GaN HEMT
on Si substrates. (b) The testing pad diagram.

Figure 5 shows a typical current—voltage (I-V) and trans-
fer characteristics of the AlGaN/GaN HEMTs with a Mg-
doped buffer layer and without a Mg-doped buffer layer. The
maximum drain current of HEMT with a Mg-doped buffer
layer was 1.1 A/mm at Vgs =2 V and Vpg = 10 V. The max-
imum extrinsic transconductance was about 300 mS/mm at
Vs = —0.4 V and Vps = 10V, the device threshold voltage
was around —2.3 V. A recorded OFF-state drain leakage cur-
rent of 8.3 x 10~8 A/mm (at Vgg = —8 V and Vpg = 10 V) have
also been observed compared with those featuring the same
dimensions and structure [''~141. An ON/OFF current ratio up
to 1.33 x 107 was also obtained. Figure 6(a) shows the mea-
sured gate leakage current Igs = 7.9 x 10~ A/mm (with par-
tial Mg-doping) and 6.4 x 10~* A/mm (without Mg-doping)

at Vgs = —35 V, respectively, which confirmed that the drain-
to-source leakage through the buffer layer was dramatically
reduced.
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Fig. 5. (color online) Typical /-V and transfer characteristics of a

Lg = 1.0 pum HEMT (sample A), Lg and Wi mean gate length and

gate width, respectively, G-D and G—G mean the distance between gate

and drain and the distance between gate and source, respectively, gv is

transconductance.
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Fig. 6. (color online) (a) OFF-state breakdown characteristics of the
fabricated AIGaN/GaN HEMTs with a Mg?* doping GaN buffer on
Si substrates OFF-state breakdown voltages (Vggr). (b) Measured gate
leakage current as a function of gate bias.
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In addition, as shown in Fig. 6(b), the OFF-state break-
down voltage of GaN-based HEMT (Vgr = 104 V) with a
partial Mg-doped buffer layer could be increased dramatically
compared with the standard HEMT without a Mg-doped buffer
(Var =43 V).

The DC characteristics of the devices with a Mg-doped
buffer layer are rather comparable to the state of the art of
GaN HEMT; that have been reported during the last few years
[15-201 " The OFF-state drain leakage current of the device
was successfully reduced to 8.3 x 1078 A/mm, to our best
knowledge, which is the lowest with the same dimensions
and structure,[!'~1#! confirms that the partially Mg-doped GaN
buffer layer is an effective way to reduce the leakage current
of transistors.

The RF characteristics of both samples A and B were
also compared using cascade microtech probes and an HP8722
network analyzer from 0.1 GHz to 39.1 GHz. As presented
in Fig. 7, 0.25-um gate-length AIGaN/GaN HEMT with a
Mg-doped buffer layer exhibits fr = 31.3 GHz (fr means
the current-gain cutoff frequency) and fiax = 22.3 GHZ (fmax
means the maximum available gain) while the standard HEMT
without Mg-doping shows fr =40 GHz and fin.x = 26 GHz, at
the optimum bias condition of Vgg = —1.0 Vand Vpg = 10 V.
Although the HEMT with a Mg-doped buffer layer achieves
comparable extrinsic Gy, 21% lower fr and 14% lower fiax
are observed. Gate-to-source capacitance Cgs and gate-to-
drain capacitance Cyq are extracted from S-parameters at Vgs
with maximum Gy,. The HEMT with a Mg-doped buffer layer
achieves Cgs = 0.3 pF/mm and Cyq = 0.052 pF/mm, much
higher than those of the standard HEMT (Cgs = 0.25 pF/mm,

Cyqa = 0.045 pF/mm). The drastically increased Cgs and Cyq re-
sult in a lower ratio of transconductance-to-gate capacitance,
leading to significantly decreased RF performance. These re-
sults mean that the Mg-doped buffer layer could bring some
disadvantage to the RF performance as the increased parasitic
capacitance scheme of the buffer layer. Further explorations
are necessary to fully reveal the mechanism of the Mg-doped
buffer layer.
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Fig. 7. (color online) Small signal RF characteristics of 0.25 um de-
vices.

Table 2 shows the comparison of different AlGaN/GaN
HEMT performances, which were grown by MBE or MOCVD
on sapphire or Si substrates with similar dimensions of
HEMTs. The DC performance of HEMTs with Mg-doped
buffer layers is favored compared with that of HEMT tech-
nology with multiple interlayers or C- and Fe-doping. These
results are very encouraging toward integrating high speed and
high frequency power devices on Si platforms by MOCVD.

Table 2. Comparison of AlGaN/GaN HEMT performance. Lg, W,y and Lgq are the gate length, the gate width and the distance between gate

and drain, respectively.

Structures Size Breakdown voltages Approaches Year Ref.
AlGaN/GaN HEMT, on patterned Si Lg/Wg/Lgg =1/100/2 um Vok =50V patterned substrate 2005 [15]
AlGaN/GaN HEMT, on grooved sapphire ~ Lg/Wg/Leq = 1/100/1 pum Vik =74V thick buffer layer 2005 [16]
AlGaN/GaN HEMT, on sapphire Lg/Wy/Leg =0.7/150/1 um Vg =90V thick GaN cap layer 2004 [17]
AlGaN/GaN/InGaN/GaN Lg/Wg/Lgg =1/10/1 um Vik > 60V new structure 2007 [18]
AlGaN/GaN HEMT, on sapphire Lg/Wg/Lgg =1/10/3 um Vok =95V low density drain (LDD) 2007 [19]
AlGaN/GaN HEMT, on Si Lg/Wy/Leg = 1/10/2 um Vok =90V fluorine ion implantation 2011 [20]
AlGaN/GaN HEMT, on Si Lg/Wg/Lgg =1/10/1 um Vok = 104 V Mg-doped buffer layer 2012  this paper

4. Conclusion

In conclusion, high-performance low-leakage-current Al-
GaN/GaN HEMTs on silicon (111) substrates grown by
MOCVD have been fabricated successfully. A partially Mg-
doped GaN buffer has been introduced to increase the buffer
resistivity and reduce the leakage current. A 1 um gate-length
transistor exhibited a recorded OFF-state drain leakage cur-
rent of 8.3 x 10~ A/mm and a high ON/OFF current ratio up
to 1.33 x 107 (Vgs from —8 V to 2 V and Vps = 10 V). The
results show that MOCVD-grown AlGaN/GaN HEMTs on Si

with a Mg-doped buffer scheme are a promising prospect for
integrating high speed and high frequency power devices on
Si platforms.
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