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Design and realization of THz InAlAs/InGaAs InP-based PHEMTs
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Abstract . In this paper, 90-nm T-shaped gate InP-based In, , Al, ,, As/In, . Ga, ,;As pseudomorphic high electron
mobility transistors (PHEMTs) with well-balanced cut-off frequency f; and maximum oscillation frequency f,,,, are
reported. This device with a gate-width of 2 x25 um shows excellent DC characteristics, including a maximum
saturation current density I, of 894 mA/mm, and a maximum extrinsic transconductance g, .., of 1640 mS/mm.

The off-state breakdown voltage ( BV, ) defined at a gate current of ImA/mm is 3.3 V. The RF measurement

off-state

is carried out covering the full frequency range from 1 to 110 GHz, an extrapolated f, of 252 GHz and f,,,, of 394

GHz are obtained, respectively. These results are obtained by the combination of gate size scaling, parasitics re-
duction and the on-wafer measurement in the full frequency band from 1 to 110 GHz.

Key words: InP,PHEMTs,InAlAs/InGaAs,on-wafer measurement ,monolithic microwave integrated circuits (MMICs)
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cealed weapons, broadband satellite communications and
low noise detector'?). Due to high carrier density and
superior electron mobility and velocity in the high InAs
mole fraction InGaAs channel, InP-based pseudomorphic
high electron mobility transistors (PHEMTs) have dem-
onstrated high frequency, low noise, high gain and low
power consumption performance. Therefore, these de-
vices are considered to be a unique candidate for those
applications. Many high performance InP-based PHEMTs
have been reported*'.

Excellent performance can be obtained by the com-
bination of gate size scaling, parasitics reduction, and an
increase of InAs mole fraction in the channel that im-
proves electron transport properties. However, with In-
content increased, the impact ionization effects will be-
come serious due to the decreased energy band gap E,
which have a number of negative consequences, such as
reduced breakdown voltages, increase in output conduct-
ance and Kink effects, and permanent device degrada-
tion'®’. A method of increasing the effective energy band
gap E;  in the channel is to introduce energy quantiza-
tion by reducing the channel thickness to dimensions
comparable to the electron wavelength, which is shown in

Fig. 171,
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Fig.1 Effective energy-gap E; . as a function of chan-
nel thickness

1 AT SERE R TR 18 J2 5 E A A2 1

In this paper, the InAs mole fraction has been in-
creased to 0. 65, the thickness of channel was reduced to
11 nm for channel quantization, and the gate-length was
reduced to 90-nm. The devices exhibit the RF character-
istics of f, =252 GHz and f,, =394 GHz. Excellent DC
characteristics are also demonstrated with a maximum
saturation current density of 894 mA/mm and a g, . of

1640 mS/mm.

1 Device epitaxial structure

The epitaxial wafer was grown by molecular beam
epitaxy ( MBE) on 3-inch semi-insulating InP (100 )
substrate. As shown in Fig. 2 and Table 1, the structure
consists of a 10-nm thick n* In, ,Ga, ,As and a 10-nm
thick n* In, s; Ga, ,; As cap layer for enhanced ohmic
contacts, a 14-nm thick undoped In, 5, Al; ,cAs as Schot-
tky barrier, a unstrained 3-nm thick undoped In, 5, Al; ,

As spacer layers, a 11 nm thick quantized and strained
In, ¢sGa, ;5 As channel layer, and a 400 nm thick undo-
ped In, s, Al 5 As buffer layer. A Sid-doping (5SEI12

em ) was inserted in the Schottky layer to supply elec-
trons for current conduction.

Fig. 2 The schematic cross-section of InP-based
PHEMT

K2 InP PHEMT # i/ 5 i &

Table 1 InP-based PHEMT epitaxial Structure
#1 InP PHEMT 4MEEH#ITRERE

Layer Material Doping Thickness
Cap layerl Ing (Gay 4As 2 %x10%em 3 10 nm
Cap layer2 Ing 53Gag 47 As 5%x10%em 3 10 nm
Barrier layer Inj 5, Al 45 As undoped 14 nm
Si 8-doping layer 5 x10'? ¢m 2
Spacer layer Ing 5, Aly 45 As undoped 3 nm
Channel layer Ing ¢5Gagy 35 As undoped 11 nm
Buffer layer Ing 5, Al 45 As undoped 400 nm

S. I. InP Substrate

A room temperature electron mobility of 10 500
em’/V + s has been achieved with a sheet charge of 3 x
10" ¢cm ~°.

2 Device fabrication

As shown in Fig. 2, the gate electrode is located at
an offset position from the center toward the source. Due
to minimizing the gate-to-drain capacitance (C, ) and
the source resistance (R,) by reducing in the distance
between the source and gate, the structural improvement
enhances the maximum stable gain (MSG), as well as
the extrinsic transconductance (g, ).

The short foot of the T-shaped gate enhanced the
cut-off frequency (f,) as well as the wide head of the T-
shaped gate minimized the parasitic gate resistance
(R,). In this device, the space of source-drain and
space of source-gate were 2 pm and 0.8 pm.

The PHEMTs fabrication was based on both optical
and electron beam lithography (EBL). Firstly, the tran-
sistor mesa was chemically wet etched to provide isolated
active areas by removing a ~200 nm thickness to expose
the buffer layer. Secondly, source and drain ohmic con-
tacts were spaced 2pm apart by a lift-off process, fol-
lowed by the formation of ohmic contacts. The contact re-
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sistance (R,) of 0. 035Q) « mm and the specific contact

resistivity of 1.3 x10 7€) - cm ~* were obtained by using
Transmission Line Method (TLM).

The most important process was the gate fabrication,
which included gate lithography, recess, and metalliza-
tion. The active devices feature T-shaped Ti-Pt-Au
gates, which were defined by electron beam lithography
in a three-layer resist (PMMA) process. At first, three
layers of electron beam resist were coated on the surface,
then electron beam lithography ( EBL) were carried out
in turn. Secondly, the gate recess was etched using a
succinic acid based solution till barrier layer. Finally, a
Ti-Pt-Au gate metal was evaporated and lifted off.

Source

.

Passivation layer

0 e g s

S-4800 10.0kV 4.9mm x70.0k SE(U) 500nm

Fig.3 The SEM photograph of T-gate
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At last, the devices were passivated with 200-nm
plasma enhanced chemical vapor deposited ( PECVD)
SizN, for good reliability, robustness, low leakage cur-
rent and high breakdown Voltage. The SEM photograph
of the fabricated T-gate is shown in Fig. 3.

3 Device performance

3.1 DC characteristics

The DC characteristics were measured by an HP
4142B semiconductor parameter analyzer. Fig. 4 shows
the characteristics of drain current ([, ) versus drain-
source voltage ( V, ) with various gate-source voltage
(V) of the device at room temperature. The gate-source
voltage (V) increased from —0.6 V (bottom) to 0.2
V (top) by a step of 0.2 V. It can be seen from Fig. 4
that the PHEMTs exhibited good pinch-off characteristics
and saturation drain current. This device can be well
pinched off with a threshold voltage (V,,) of —=0.6 V.

However, the kink effect occurs obviously as shown
in Fig. 4, which is caused mainly by two factors. The
first one is linked with traps in the InAlAs buffer layer,
the traps capture energetic electrons and release them
when drain bias increases. It can be reduced by impro-
ving the quality of InAlAs buffer layer. The other one is
attributed to impact ionization process in the InGaAs
channel, as the content of InAs in the channel in-
creased, the energy gap decreased, so the impact ioniza-
tion phenomenon became serious. When the drain bias
increases to certain value, impact ionization is initiated
at the drain-side gate edge and extends all the way to the

drain contact, details were shown in our previously
work'® . In this work, energy quantization is introduced
to increase the energy gap for reducing the impact ioniza-
tion phenomenon.
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Fig.4 DC characteristics of the device
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As shown in Fig. 5, the characteristics of the
transconductance g,, and the drain current I, versus V,
at V,_of 1.5 V are demonstrated. The maximum g, of
the device at a V of 1.5 V and a V_ of -0.15V was
1640 mS/mm. This high transconductance is due to the
superior electron transport properties in the In, ( Ga, 35
As channel and low ohmic contact resistance. A high
drain current density of 894 mA/mm was observed at a

V, of 0.6 V.
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As shown in Fig. 6, the off-state breakdown voltage
(BV ym. ) defined at a gate current of 1 mA/mm is
3.3 V, which benefited from the 200 nm thick Si;N,
passivation layer and quantized channel. The gate leak-
age current was very small, which was crucial for the
lower frequency LNA applications since gate current was
a contributing component to shot noise'’’.
3.2 RF characteristics

The on-wafer RF measurement was performed by u-
sing an Anritsu MS4647A series vector network analyzer
and an Anritsu 3 743 A frequency extender module (70
KHz ~ 110 GHz) in National Institute of Metrology from
1 to 110 GHz with 0.5 GHz/step. At the meantime, the
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Fig.6 The gate leakage current of the device
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Cascade probe station Summit 12 K, the CPW 1110-A-
GSG-100 probe and Impedance standard substrate (ISS)
were used as well.

LRM + ( Line-Reflect-Reflect-Match ) calibration
was performed on the ISS to calibrate the system cover-
ing the full frequency range from 1 to 110 GHz at a
time. The approach relies on three kinds of standards: a
Line standard, two reflection standards and a match
standard, which are shown in Fig. 7. The LRM + cali-
bration procedure is used to make the measurement ref-
erence plane at the tip of the probe, details on the cali-
bration procedure are shown in references''"""). The S-
parameters after LRM + calibration are shown in Fig.
8, which is shown that the return loss is less than —25

dB up to 110 GHz.
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Fig.7 Line-Reflect-Match standards
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In order to obtain accurate S-parameters of the de-
vice, the S-parameters of the pads which were fabricated
for on-wafer measurement should be removed. The com-
parisons of S-parameters before and after de-embedding
are shown in Fig. 9.

Compared with traditional measurement in separate
frequency bands such as 0 ~40 or 50 GHz, 50 ~ 75
GHz, 75 ~ 110 GHz, the continuity of the measured data
is much better. As shown in Fig. 10, the H,, gain, and
MAG/MSG versus the frequency are demonstrated. The
current gain H,, decreased roughly with a —20 dB/dec-
ade slope as the frequency increased, so the f, =252
GHz was obtained by extrapolating H,, to 0 dB with the
same slope.

The maximum power gain MSG and MAG are relat-
ed to the stability factor k of the device; when k <1, the
maximum gain is MSG, which decreased with a slop of
- 10 dB/decade; when k£ > 1, the maximum gain is

MAG, which decreased with a slop of —20 dB/decade.
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The inflection point (k£ =1) was measured at 102 GHz,
where a maximum gain of 11.8 dB was obtained, so the
S =394 GHz was obtained by extrapolation with a —20
dB/decade slope.

Excellent DC and RF performance are shown in Ta-

ble 2 comparison with published HEMTs.

Table 2 Comparison with published HEMTs
£2 5E8%% HEMTs SEM33tE

Referance L, 1y, & Jr/fruax  Test range
/om /mAsmm ™' /mS-mm~'  /GHz /GHz
[12] 150 582 1052 1517303 0 ~40
[13] 150 681 952 164/390 0 ~40
[14] 100 850 1150 180/ - -
[15] 100 530 700 183/230 -
[16] 100 900 1200 2207300 1~110
[17] 88 591 765 150/ 201 0 ~40
[18] 70 700 1600 300/300 -
[16] 50 1300 1600  380/380 1~110
This work 90 894 1640  252/394 1-~110

Previously, due to the instrumentation limit or the
discontinuities caused by measured separately in several
different bands from 1 to 110 GHz, such as 0 ~40/50
GHz, 50 ~75 GHz and 75 ~ 110 GHz, there would be
many system errors and the continuity of data is bad. So
most of the HEMTs were measured from 0 to 40 GHz,
and the characteristics beyond 40 GHz were extrapola-
ted'*""7! " However, the inflection point was usually
beyond 40 GHz, there would be a bigger error by extrap-
olation if the inflection point was not measured. So our
extrapolated f, , based on inflection point is much more

accurate than those without inflection point''>"*'*7),

4 Conclusion

90 nm InP-based PHEMTSs with well-balanced cutoff
frequency f, and maximum oscillation frequency f,, were
reported. Due to the scaling gate size, parasitics reduc-
tion and the on-wafer measurement in the full frequency
band from 1 to 110 GHz, excellent performance has been
achieved, including a maximum saturation current of 894
mA/mm, and a maxmium extrinsic transconductance of

1640 mS/mm, f, and f,,, of 252 GHz and 394 GHz, re-

spectively.
Acknowledgement

This research is supported by the National Natural
Science Foundation of China ( Grant No. 61275107 ).
The authors would like to thank the members from Na-
tional Institute of Metrology for their helpful discussions
and strong technical support on 1 ~ 110 GHz on-wafer
measurement. The authors also would like to express
their appreciations to Director He Da-Wei, Engineer Liu
Ya-Nan and Du Guang-Wei of Hebei Semiconductor Re-
search Institute for their help.

References

[ 1] Gunnarsson Sten E, Wadefalk N, Zirath H, et al. A 220 GHz ( G-
Band) Microstrip MMIC Single-Ended Resistive Mixer [ J]. IEEE Mi-
crowave and wireless components letters. 2008 , 18(3) ;215 —217.

[2]Leuther A, Tessmann A, Damman M, et al. 50 nm MHEMT Technol-
ogy for G- and H-Band MMICs [ C]. 2007 International Conference on
Indium Phosphide and Related Materials. Matsue, Japan, 2007 ;24 —
27.

[3]Kim D-H, del Alamo J A. 30 nm InAs PHEMTs With Ft = 644GHz
and fmax = 681GHz [ J]. IEEE Electron Device Letters, 2010, 31
(8): 806 —808.

[4]Kim D-H, del Alamo J A. 30-nm InAs pseudomorphic HEMTs on an
InP substrate with a current-gain cutoff frequency of 628 GHz [J].
IEEE Electron Device Letters, 2008, 29(8) : 830 —833.

[5]Deal W, Mei X B, Kevin M K, et al. THz Monolithic Integrated Cir-
cuits Using InP High Electron Mobility Transistors [ J]. [EEE Trans-
actions On Terahertz Science and Technology, 2011,1(1) . 25 —32.

[6 ] Gaudenzio Meneghesso, Neviani A, Oesternolt, et al. On-state and
off-state breakdown in GalnAs/InP composite-channel HEMTs with
variable galnAs channel thickness [ J]. IEEE Transactions On Electron
Devices, 1999, 46(1):2-9.

[7]Bahl S R, del Alamo J A. Breakdown Voltage Enhancement from
Channel Quantization in InAlAs/n* -InGaAs HFETs [J]. IEEE Elec-
tron Device Letters, 1992, 13(2) :123 —125.

[8]Wang Z M, Luo X B, Yu W H, et al. 2D Simulations of Kink Phe-
nomenon in InAlAs/InGaAs/InP HEMTs [ C]. IEEE 2013 Interna-
tional Conference on Microwave Technology & Computational Electro-
magnetics. Qingdao, China, 2013 :320 —323.

[9]Grundbacher R, Lai R, Barsky M, et al. 0.1 wm InP HEMT devices
and MMICs for cryogenic low noise amplifiers from X-band to W-band
simulation; 14" Indium phosphide and related material conference
IPRM, 2002 [ C]. Stockholm, Sweden, 2002 455 —458.

[10]Scholz R F, Korndorfer F, Senapati B, et al. Advanced technique for
broadband on-wafer RF device characterization [ C]. 63rd ARFTG Mi-
crowave Measurements Conference Digest Spring. 2004 :83 —90.

[11] Voinigescu S P, Dacquay E, Adinolfi V, et al. Characterization and
Modeling of an SiGe HBT technology for transceiver applications in the
100-300 GHz range [ J]. [EEE Trans Micro Theory Tech, 201260
(12) :4024.

[12]Zhong Y H, Wang X T, Su Y B, et al. High performance InP-based
InAlAs/InGaAs HEMTs with extrinsic transconductance of 1052 mS/
mm [ J]. Journal of Infrared and Millimeter Waves, 2013, 32(3) ;193
—197.

[13]Zhong Y H, Zhang Y M, Zhang Y M, et al. 0.15 pum T-gate In, s,
Al, sAs/In, 5;Ga, ,; As InP-based HEMT with £, of 390 GHz [J].
Chin. Phys. B, 2013, 22(12) .128503.

[14]Liu C H, Mei X B, Chou Y C, et al. Sub-mW operation of InP HEMT
X-band Low-Noise amplifiers for low power applications [ C]. 2009
Annual IEEE Compound Semiconductor Integrated Circuit Symposium ,
Oct 11 - 14, 2009, Greenshoro, USA, p. 1.

[15]Liu L, Alt A R, Benedickter H, et al. InP-HEMT X-band low-noise
amplifier with ultralow 0.6 mW power consumption [ J]. IEEE Elec-
tron Device Letter. 2012, 33(2), 209 —211.

[16 ] Tessmann A. 220 GHz metamorphic HEMT amplifier MMICs for high-
resolution imaging applications [J]. IEEE Journal of Solid-State Cir-
cuits. 2005,40(10) :2070 —2076.

[17]Zhong Y H, Wang X T, Su Y B, et al. An 88 nm gate-length In ,
Ga, ,;As/Ing 5, Al s As InP-based HEMT with fmax of 201 GHz [J].
Journal of Semiconductors, 2012, 33(7) :074004.

[18]Smith D, Dambrine G, Orlhac J-C. Industrial MHEMT technologies
for 80 ~220 GHz applications [ C]. Proceedings of the 3rd European
Microwave Integrated Circuits Conference. Amsterdam, The Nether-

lands, 2008 ; 214 —217.



