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In this work, a hetero-epitaxial Alg49Ing 51As/Gag47Ing s3As metamorphic high electron mobility transistor
(mHEMT) grown by metal-organic chemical vapor deposition (MOCVD) on p-type silicon substrate has been success-
fully demonstrated. A novel AlGaAs/AlAs period multiple quantum well (MQW) composite buffer scheme is developed
to effectively tune the leakage current from the buffer layer. The quantized room-temperature Hall mobility of the two-
dimensional electron gas (2DEG) is larger than 7800 cm?/V-s, with an average sheet carrier density of 4.6x10'2 cm™2.
Two-stage electron beam (EB) lithography technology by a JBX-6300 e-beam lithography system is developed to realize
a 0.13-um mHEMT device on Si substrate. A maximum transconductance Gy, of up to 854 mS/mm is achieved, and is
comparable to that of mHEMT technology on GaAs substrate with the same dimension. The fr and fiax are 135 GHz and

120 GHz, respectively.
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1. Introduction

As Si-based complementary metal-oxide semiconductor
(CMOS) scaling is approaching to the limit of Moore’s Law,
the urgency to explore a new alternative to the conventional Si
devices is increasing. Over the past decade, III-V materials
have received active and continuous attention as channel alter-
natives for an n-field effect transistor (n-FET) in future CMOS
technology. GalnAs as a channel material closely matches
InP, and has shown tremendous potential due to its high elec-
tron mobility and low power operations.I!! Recently, All-
nAs/GalnAs high electron mobility transistor (HEMT) on Si
substrate, which effectively takes advantage of the high carrier
drift velocity of GalnAs channel HEMT and the large wafer
size and mechanical strength of Si substrate, has been expected
to be the most promising device for high-speed and low-power
digital logic applications.!>3] A seamless, robust heteroge-
neous integration of high-performance GalnAs mHEMT on
Si substrate will enable low-voltage, high-speed III-V-based
logic circuit blocks to be combined with the main stream Si
CMOS technologies for microprocessor applications in the
foreseeable future. To combine the superior carrier trans-
port properties of III-V compounds with Si technologies, one
straightforward wafer-level solution directly heteroepitaxially
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deposits good-quality III-V materials on silicon substrates for
device applications. Several different technologies are used in
most of the recent studies, such as MBE and MOCVD, to de-
velop AllnAs/GalnAs mHEMTs on the same epi-wafer. How-
ever, they still have major technological challenges to be over-
come, including the high-density threading dislocation defects
in the epi-layers resulting from the large lattice mismatch and
the differences in the thermal expansion coefficient between
the Si and grown III-V compounds.*"! In 2008, Lau et al.
were the first to report and demonstrate metamorphic layer
structures grown on Si substrates by MOCVD.?l However, the
device suffered relatively large gate leakage current from the
Ge intermediate layer or composition grading buffer layers.
In this paper, in order to reduce the leakage current and
improve the comprehensive DC and RF characteristics, a com-
bination of expitial composite buffer growth technology of Al-
GaAs/AlAs MQW and two-stage EB lithography technology
is developed to realize a 130-nm AllnAs/GalnAs mHEMT
on Si substrate. The unique composite buffer layer of an
AlGaAs/AlAs MQW for the transition from Si to the active
device layer is developed to optimize the quality of the het-
erostructure material and to improve the DC and RF perfor-
mances. The surface morphology and threading dislocation
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defects of mHEMT during the epitaxial growth by MOCVD
are analyzed in detail. Finally, the devices of 130-nm gate-
length mHEMT with a novel, less than 2-um metamorphic
buffer layer are fabricated and comprehensive DC and RF de-
vice characteristics are reported.

2. Materials growth and device fabrication

The Algaolng s1As/Gag47Ing53As mHEMT is grown
on a 4-inch (001) oriented p-type silicon substrate by
MOCVD (1 inch=2.54 cm). From top to bottom in
Fig. 1(a), the Alp49Ing 51 As/Gag 47Ing.s3As mHEMT consists
of a 13-nm Gag 47Ing 53As cap layer heavily doped with Si
(7x10'8 cm_3), 13-nm undoped Alg 49Ing 51 As Schottky bar-
rier layer, Si-delta-doping layer (6x10'? cm~3), 5-nm un-
doped Alg.49Ing 51 As spacer layer, 30-nm Gag 47Ing 53 As chan-
nel, and a 2.0-pum composite buffer stack. From bottom to top,
the 2.0-um composite buffer stack includes 300-nm GaAs nu-
cleation layer, 10-period AlGaAs/AlAs MQW layers (1 pm),
300-nm low temperature (HT)/high temperature (HT) GaAs
buffer layer, 30-nm Gag 47Ing s3As strain balance layer, and
300-nm composite LT/HT InP-lattice-matched AllnAs buffer
layer grown at 500 °C/600 °C. The corresponding epitaxial
structure schematic diagram is shown in Fig. 1(a). The 10-
period AlGaAs/AlAs MQW (1 um) is introduced into the HT-
GaAs buffer layer to further prevent the defection or dislo-
cation from penetrating into the top InP-matched layer. The
thickness of the composite buffer is successfully scaled down
to 2 um for the first time. High-resolution triple-axis x-ray
diffraction (HRXRD) is used to monitor the composition and
relaxation state of these layers. The measured full-width at
half maximum (FWHM) values of the GaAs buffer and InP
buffer are around 328 arcsec and 320.3 arcsec, respectively,
which indicates a good crystalline quality that is desirable for
the good device performance.

A cross-sectional TEM image of the mHEMT grown
on Si substrate with composite buffer is shown in Fig. 1(b),
where few misfit dislocations and 60-degree threading dislo-
cations could be observed in the composite buffer. The ac-
tual thickness of each layer is consistent with the designed
thickness. The 300-nm thick AllnAs buffer, which includes
LT and HT grown layers, is grown as a high resistivity iso-
lation layer. A comparatively low defect density exists in
the HT-AllnAs buffer due to the insert of LT-AllnAs layer,
which has a thickness of at least 150 nm as an effective buffer
to effectively prevent the threading dislocations. The simu-
lated band diagram and corresponding electron distribution of
Alg 49Ing 51As/Gag 47Ing 53As mHEMT with a quantum well
structure is illustrated in Fig. 1(c). The excellent characteristic
of distribution of channel carries and crystalline quality guar-
antee the development of high-performance GalnAs mHEMT
on silicon substrate.
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Fig. 1. (color online) (a) Nominal structure of mHEMT device on
Si substrate, (b) TEM cross-section micrograph of mHEMT structure
(note: panels (a) and (b) are not drawn to scale), (c) simulated band
diagram and electron distribution of the mHEMT with quantum well
structure.

An atomic force microscopy (AFM) image of an
Alg 49Ing 51As/Gag 47Ing 53As mHEMT structure across a
scanned area of 5 pmx5 pum is shown in Fig. 2(a). The root
mean square (RMS) value of surface roughness of 2.4 nm is
measured. Compared with Lau e al.’s work,!”) a smoother
surface is demonstrated. In order to characterize the qual-
ity of the 2D electron gas (DEG), the Van Der Pauw—Hall
measurements are carried out at 300 K and 77 K. The mea-
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sured electron mobilities of 7800 cm?/V-s and 23000 cm?/V s
are obtained at 300 K and 77 K, with corresponding sheet
carrier densities of 5x10'2 cm~2 and 3x10!2 cm~2, respec-
tively. The mobility of 2DEG at 77 K is greatly enhanced, and
these mobility values are somewhat comparable to that of sim-
ilar structure grown on GaAs substrate by MOCVD. %] The
excellent mobility performance of AllnAs/GalnAs mHEMT
on Si substrate is attributed to the smoother InP-lattice-
matched AllnAs buffer layer and AlGaAs/AlAs MQW com-
posite buffer layer.

Two-stage electron beam (EB) lithography technology
by a JBX-6300 e-beam lithography system is developed to
fabricate a 130-nm AllnAs/GalnAs mHEMT on Si substrate.
Firstly, AllnAs/GalnAs mHEMT is isolated by wet chemi-
cal etching, followed by source/drain definition. Then, the
Ohmic metallization is achieved by the electron beam evap-
oration of Ni/Ge/Au/Ge/Ni/Au and lift-off process. At the
same time, the measurement of contact resistivity is per-
formed by transmission line model (TLM) method, a typi-
cal result is 0.06 Q-mm. Secondly, first-stage EB lithogra-
phy is used to determine the gate-footprint of T-shaped gate.
The 100-nm SiN, layer is deposited, followed by coating
ZEP520 electron beam (EB) resist. ZEP520 EB resist is ex-
posed at 1000 pc/cm? and is then developed in ZEN-N50
for 5 s. Then, SiN, film is etched by CHF3;/CF4/O, reac-
tive ion etching (RIE) to mechanically support the T-shaped
gate. The second-stage EB lithography is employed to form
the gate-head pattern by coating bilayer polymethylmethacry-
late/polymethylglutarimide (PMMA/PMGI) EB resist, fol-
lowed by the EB exposition and selective development.!1%!1]
Thirdly, the gate-recess etching is performed by the use of
Succinic-based acid to remove the highly doped GalnAs cap
layer, followed by gate metallization through evaporating
Ti/Pt/Au on the AllnAs barrier layer and lifting off. Finally,
the electrodes of the mHEMT device were formed by the e-

beam evaporation of Ti/Au and the lift-off process for the
AllnAs/GalnAs mHEMT. A SEM cross-sectional photograph
of T-shaped gate with 130-nm gate-length and 400-nm head-
widths is shown in Fig. 2(b).
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Fig. 2. (color online) (a) AFM image of a typical mHEMT structure, and (b)
TEM cross-section micrograph of T-shaped gate

3. DC Characteristics

The measured current—voltage output characteristics of
0.13 umx 100 um AllnAs/GalnAs mHEMT on Si substrate at
room temperature by HP 4155 semiconductor parameter an-
alyzer are shown in Fig. 3(a), where the gate—source voltage
Vs increases from (bottom) —2.4 V to (top) 0.6 V in step of
0.2 V. The maximum drain current (/ps max) of 1.13 A/mm is
obtained at Vgs = 0.6 V and Vps = 2 V, and is a new record of
GaAs mHEMT on Si substrate. The peak extrinsic transcon-
ductance (Gm,max) of 854 mS/mm is obtained at the gate bias
Vgs = —0.15 V and the drain bias Vps = 1.5 V as shown
in Fig. 3(b). The threshold voltage (Vi) of —0.8 V is de-
rived by a linear extrapolation from the transfer curve shown
in Fig. 3(b) at Vps = 1 V, and indicates that the device is a
depletion-mode transistor. The drain current after pinch-off is
less than 1.8 mA/mm at Vgg = —2.0 V and Vps = 1.0 V. The
leakage current characteristic of the gate Schottky barrier of
the mHEMT on Si substrate is shown in the inset of Fig. 3(b),
where a slightly high reverse gate leakage current is due to
the lack of passivation and a relatively high Schottky barrier
height of 0.4 V is determined as the gate voltage when gate
current is 0.1 mA. The gate leakage characteristic can be fur-
ther improved by optimizing the structure of MQW composite
buffer and InP-lattice-matched AllnAs buffer, which will be

performed in future.
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Fig. 3. (color online) DC characteristics of a 0.13 pmx 100 pm

mHEMT: (a) I-V characteristics and (b) transfer characteristics.
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4. RF performance

The RF performance of 0.13 pumx100 pm All-
nAs/GalnAs mHEMT on Si substrate is obtained from the S-
parameter measurements in a frequency range from 0.1 GHz
to 39.1 GHz by Cascade Microtech probes and an HP8722
network analyzer at room temperature. The network ana-
lyzer is calibrated using an off-wafer standard short-open-
load-through calibration, and on-wafer open and short patterns
are used to de-embed the parasitic capacitances and induc-
tances of the probe pads from the measured S-parameters of
the mHEMT. Figure 4(a) shows the current gain |/51|* and the
maximum stable gain (MSG)/maximum available power gain
(MAG) from the measured S-parameters after de-embedding
as a function of frequency under the peak fr bias condi-
tion Vgs = —0.4 V and Vps = 1.0 V. The current cutoff fre-
quency fr is estimated to be 135 GHz from the extrapola-
tion of |hy; |2 with —20 dB/decade line, and the maximum
frequency of oscillation fp.x of 120 GHz is extrapolated by
the —20 dB/decade slope in MSG/MAG curve. To the best of
our knowledge, ft of 135 GHz is the highest ever reported for
AllnAs/GalnAs mHEMT on Si substrate by MOCVD featur-
ing the same gate-length. The dependence of ft on the gate
bias is shown in Fig. 4(b), where fr is symmetrical about gate
voltage Vs and demonstrates a good linearity with Vgg at both
low and high gate biases.

The relationship between fi,x and fr is characterized
by Eq. (1), and is determined by the source resistance Ry,
gate resistance Rg, drain conductance Gy, intrinsic transcon-
ductance Gy, capacitance ratio Cg /ng between the input
gate-source capacitance and the feed-back gate—drain capac-
itance, and voltage gain Gp,/Ggs. Table 1 shows the ex-
tracted equivalent circuit model parameter values from the
measured 10 GHz-30 GHz S-parameters at Vgs = —0.1 V and
Vps = 1.0 V. Especially, to a great extent, the value of fiax

largely depends on the capacitance ratio Cgs/Cgq and voltage
gain G, /Ggs. The relatively low output conductance (Ggs) of
14.8 mS and Gy, /Gy, of 7.2 are successfully obtained. More-
over, the capacitance ratio Cys /ng of 2.4, which is mainly
responsible for the degradation of fi,x in our mHEMT, leads
to the high fiax of 120 GHz.
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Fig. 4. (color online) (a) Current gain and MSG/MAG as a func-

tion of frequency for a 0.13 pmx100-um mHEMT (Vpg = 1.0 V,
Vgs = —0.1 V). (b) Small-signal characteristic of a 0.13 pmx100-pm
mHEMT with Vg varying from —0.8 V to 0.4 V.
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Table 1. Small-signal equivalent circuit model parameters of 130-nm
mHEMTs.

ColfF CwlfF  Gu/mS — Gg/mS  Cas/Cud

14.8 2.4 7.2

Gm / Gds

20.7 8.13 107

Table 2 shows a comparison of mobility (i), Gn, fr, and
Jfmax for the recently reported AllnAs/GalnAs HEMTs, which
are grown by MBE or MOCVD on GaAs or InP or Si sub-
strates. The DC performance of mHEMTSs grown by MOCVD

4( R xG
\/(“‘X S 1/ Gas + R X G/ G

4
+ 1+ 1 4+ GmRs)?
) 5CgS/ng< CgS/ng>( " b)

is comparable to those of HEMTs by MBE. The metamor-
phic growth technology is used to manufacture mHEMTSs on
Si substrates in this work, and therefore more dislocations and
rougher surface are inevitably introduced in the active layers
than lattice-matched ones on InP substrates. However, they
still exhibit attractive RF characteristics, which are very en-
couraging to the manufacture of metamorphic HEMTs on Si
substrates by MOCVD for high-speed and low-power digital
logic applications in the future.
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Table 2. Comparison of performance among AllnAs/GalnAs HEMTs.

Hetero-structure Sub Growth u Lg/nm G/(mS/mm) fr/GHz fmax/GHz Date Ref.
Ing 55 AlAs/Ing 53GaAs GaAs MBE N/A 100 750 154 300 2004 [12]
Ing 55 AlAs/Ing 53GaAs GaAs MBE 9100 150 750 140 240 2007 [13]

InAlAs/InGaAs InP MBE 8500 150 800 151 172 2006 [14]
Allng 50As/Galng s3As Si MOCVD 4540 1000 587 32 44 2008 [2]
Ing7GaAs /Ing sp AlAs Si MBE 10000 80 1200 302 2007 [3]
Allng 43 As/Galng o As Si MOCVD 7800 130 854 135 120 2014 this work

5. Conclusions

In this work, metamorphic AllnAs/GalnAs HEMTs on
silicon substrates grown by MOCVD have been successfully
fabricated by two-stage EB lithography technology and MQW
composite buffer growth technology. In these high-quality
Gag 47Ing 53As structures, the novel metamorphic buffer layer
developed has a length of less than 2 um, which effectively
accommodates the lattice mismatch between the mHEMT de-
vice and the silicon substrate, thereby leading to a high-
performance mHEMT with a relatively small gate leakage cur-
rent. A 130-nm gate-length depletion-mode mHEMT exhibits
a saturated peak DC transconductance of 854 mS/mm and an
intrinsic fr of 135 GHz at Vpg = 1.0 V and Vgs = —0.1 V.
These encouraging results show the possibility of integrating
the high-speed and low-power AllnAs/GalnAs mHEMT with
the large-size and strong-mechanical-strength Si substrate for
ultra-high-speed logic digital applications. The technology of
mHEMT on silicon substrate by MOCVD that we have devel-
oped is very attractive for manufacturing low cost, large-scale
similar CMOS ICs.
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