CELA)

: NSC 99-2120-M-009-005-

©99# 08" 0l p % 100&07°* 31p
PR A AR REREE S k (9)

S
. J;Ka i%‘r‘

I

i

DR Lpi\.,dﬁ—;

DR EHE AN FEMAR 2 AT 2R A

P& % F O 100# 097 07 p



BRI L A0 2K Z T RE R SRR RHITL M FE R AR
J& #*
vaags 0 BEAre B FAAVR

3+ E %E P NSC99—2120—M—009—005—
FAHRE 2010 08 % 01 p 2 2011 & 07 * 31 ¢

FEAIEL I E
LRAFA IRED RRGLRARE CFIRG RE-IAR K- F R
B B P FIEE Bk

FRFEAR ﬁ%ﬁ‘%éﬁ‘%?ﬁ‘%@ﬁ~4ﬁﬁ~%ﬁg~
BAHF s BRIRE s bRk PR B L3RR B AT R CFER A%

SEFLHFAU(EEY PUFE L) WAL Dages

i$%ﬁ%éﬁuT@@Qawﬁ:
ENCRGRIE S Pl WERUE S
Di*%wfﬂi_ﬁw%uﬁﬁf—Q

WA RESEEREFLEZF L 2% 2R
D@%@wpxﬁéﬂ*Pxﬁ?a*ﬁ

LA ﬁ:%égﬁﬁpﬁﬁé‘ﬁJE#ﬁﬁﬁ‘ﬂi‘pffé‘
31]%“:,‘1-%}.7;1]]‘5—’1 A s BB 43
Whz el uwipdpa -[- W= 287 2B 43
8 FE

¢ % 2 g 100 & 9 o



Bats t £33 2T Rl M RMH S e BIE RS ARTR o AR

Panp L EM1 L So Rl HFEEel %?%ﬁi EFHRE S FRRFAR AP
W PR 0 ok S R B AR AR TR PR R MR AR KRR
HEFPTHEITEEF I REFH %t sl BT W HF T 388 F 2 2 Rl
o Z I Hp e Mg B @%]#rﬁ” REART L AMKETRTER ) TR AT A
AEIRAAEL A0 2 AR B AMTRT RE i BET M o
b= I ELEMER AR ﬁ‘ﬁxﬁﬂ‘iff?;@ e Rk FARICfE VR IR E S X
RFZFREL I RIVFER L LG LiF T Rt e 2 8RN m
tEgEs TMA TP BB T R @ o MIUVFR T RS GRS ~ BRE G e
5 TMA B RI2T - AR P a @i i XPS & T R mdf 3t > 1 ida
A K Pt 4FICMOS 2 Jis * &« £_MOS QWFET % ~ i i # HEEHTARREFETR A E
£ 65 B KPR e ARG A RE PR F‘”ﬁT RRITMA et o
T oRE MAEE AL em A 4 B F AL TMA fp iR o

BEYIER
Keywords: Quantum-Well FET, InAs, ultra-low power, digital logic, atomic layer deposition
(ALD), surface treatment

Current Si-CMOS technology has come to a limit that novel semiconductors as alternative
channel materials (Ge, InSbh, InsGa;xAs, InAs) are urgently needed for high-speed and
low-power logic devices for post CMOS era. Recent research shows Il1-V heterostructure
field-effect transistors demonstrate aggressive merits due to its high electron mobility and rather
mature process technology. The outstanding low field electron transport characteristics of I11-V
materials make ultrahigh-speed switching at very low supply voltage possible. Therefore, we
present the latest advancement of 40 nm InAs/In,Ga;xAs composite channel Quantum-Well FET
that have achieved excellent digital logic characteristics at very low supply voltage.

For the high-x/lllI-V integration, the inversion behaviors of atomic-layer-deposition
Al,O3/n-1ng 53Gag 47As metal-oxide semiconductor capacitors are also studied by various surface
treatments and post deposition annealing using different gases. By using the combination of wet
sulfide and dry trimethyl aluminum (TMA) surface treatment along with pure hydrogen annealing,
a strong inversion capacitance-voltage (C-V) response is observed.

Ex situ sulfide and HCI wet chemical treatments in conjunction with in situ TMA
pretreatment were performed before the deposition of Al,O3 on n-InAs surfaces. The effect of
surface treatments on the physical and electrical properties of the Al,Os/n-InAs structures were
discussed in detailed. The effect of interface states on the accumulation capacitance behavior is
small and does not depend on the surface treatments. Results also revealed that the



HCl-plus-TMA treatment has a stronger effect on the reduction of donorlike traps than the
sulfide-plus-TMA treatment.
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1. Introduction

For device scaling in Si technology, the physical gate length of Si transistors used in the
current 65 nm generation node is about 30 nm and the size of the transistor will reach 10 nm in
2012. Recently, the International Technology Roadmap of Semiconductors also forecasted
integration of planar I1l11-V compound semiconductor FETs with Si technology is one of the
promising solutions for the future post-Si CMOS technology to extend Moore’s law well into the
next decade [1]. These main reasons are due to their outstanding electron transport properties,
their relative maturity, and demonstrated reliability when compared with other candidates, such
as carbon nanotube transistors and semiconductor nanowires [2]. Generally, the extremely high
transconductance and excellent RF performance have been demonstrated recently by
InAlAs/In,Ga;xAs MHEMTs on GaAs substrate or InP substrate with ultra short gate length
[3,4].

Low DC power consumption is always a highly desired property for practical system
applications. However, maintaining device performance with low drain bias can only be achieved
through optimized device technology which also plays a critical role for high-speed low-power
digital applications. Having the properties of electron mobility as high as 20,000 cm?/Vs at
room temperature, higher electron peak velocity, low electron effective mass and a reasonable
energy bandgap (0.36 eV), InAs materials have attracted numerous attentions as
transistor-channel of Quantum Well FETs (QWFETS) for future high-speed and low-power digital
applications [5].

In the meantime, compared with numerous studies of high-k/GaAs and InGaAs structures,
the study of the high-k/InAs structure is still relatively unexplored. Aside from the application in
the inversion-mode MOS field-effect transistor, the application of InAs as a channel for MOS
QWEFETs is also very promising [6,7]. As a result, we also study the electrical characteristics of
atomic layer deposition (ALD) Al,Os/n-InAs with various surface treatments, including sulfide
and HCI treatments in conjunction with an in situ trimethyl aluminum (TMA) pretreatment.
Experimental results and C-V simulations are combined to investigate the electrical properties of
Al,O3/InAs MOSCAP structures. Effects of surface treatments on the C-V behavior in
accumulation, depletion, and inversion regimes are discussed [8].

2. Result and Discussion

The aim of this project is to develop 40-nm I1I-V QWFETs and Ge QWFETs on the Si
substrate for future post CMOS logic and high speed RF applications. For 40-nm InAs QWFETs
development, in order to avoid the short channel effect (SCE), the QWFET was fabricated by
reducing gate to channel distance. The QWFET was also careful evaluated in terms of impact
ionization at different drain bias voltage. Fig. 1 shows the |-V characteristics and
transconductance improvement with vertical scaling of the device using two-step recess and
Pt-buried gate technique.



The 40 nm device exhibits improved performance such as better current saturation, lower
output conductance, and smaller threshold voltage shift after scaling. The RF and logic
performances of 40 nm device are shown in Fig. 2 and Fig. 3. The gate delay time was evaluated
to be 0.62 psec at 0.5 volt drain bias.
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We also report the first result of a strained Ings,GagssAs channel high electron mobility
transistor featuring highly doped Ing4GagsAs source/drain (S/D) regions. The schematic of
conventional device structure and the proposal strained device structure are shown in Fig.4. A
lattice mismatch of 0.9 % between the channel material (Ings,GapssAs) and S/D material
(Ing.4Gap sAs) has resulted in a lateral strain in the Ings,Gag4gAs channel region, where the series
resistance of the device was reduced due to the highly doped S/D regions. An experimentally
validated device simulation was performed for the proposed HEMT, and the results show that
there are 60 % drive-current increase and 100 % transconductance improvements, compared to
the conventional structure as shown in Fig. 5. A remarkable 150-GHz increase in the cutoff
frequency has been seen for the proposed structure over the conventional one. The average
electron velocity and mobility in the channel for conventional device and proposed device are
compared in Fig. 6 and Fig. 7.
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Strong inversion was observed for the MOS capacitor with interface trap density less than
5x10™ evlcm™ by the simple surface treatment method. Fig. 8 shows the multifrequency C-V
responses of ALD Al,O3/n-Ings3Gag47As MOS capacitor and the inset in this figure shows the
corresponding G-V curves. The XPS spectra of the capacitors with different surface treatment
conditions are shown in Fig. 9.

The material and electrical characteristics of ALD Al,Os/InyGa;xAs structure with In
content of 0.53, 0.7 and 1.0 were investigated, the frequency dispersion ~ hysteresis ~ Dj;
distribution ~ leakage current are quite small provided proper surface treatment methods were used.
Fig. 10 and Fig. 11 present C-V characteristics and interface trap density of the MOS capacitors.
The studied Dy, frequency dispersion, C-V hysteresis, are among the smallest reported in
literatures.

Ex situ sulfide and HCI wet chemical treatments in conjunction with in situ trimethyl
aluminum (TMA) pretreatment were performed before the deposition of Al,O; on n-InAs
surfaces. X-ray photoelectron spectroscopy analyses show a significant reduction of InAs native



oxides after different treatments. Fig. 12 shows the C-V characterization of Al,O3 /n-InAs
structures. The frequency dispersion in the accumulation regime is small (<0.75 %/dec) and does
not seem to be significantly affected by the different surface treatments. The interface trap
density profiles extracted from the simulation is shown in Fig. 13. It shows donorlike interface
states inside the InAs band gap and in the lower part of the conduction band. Low interface trap
density in the range of 1012 eV "*cm™ was achieved by this simple surface treatment method.
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Current Si-CMOS technology has come to a limit that novel semiconductors as alternative
channel materials (Ge, InSb, In,Ga;.,As) are urgently needed for high-speed and low-power logic
devices for post CMOS era [1]. Recent research shows III-V heterostructure field-effect
transistors demonstrate aggressive merits due to its high electron mobility and rather mature
process technology [2]. The outstanding low field electron transport characteristics of III-V
materials make ultrahigh-speed switching at very low supply voltage possible [3]. Here, we
present the latest advancement of 40nm InAs/In,Ga, As composite channel High Electron
Mobility Transistor (HEMT) devices that have achieved excellent digital logic characteristics at
very low power level.

Aggressive epitaxial design and Process enhancements are being implemented to achieve a high
performance InAs HEMTs. The epitaxial structure of the InAs/In,Ga;.,As composite channel
HEMTs was grown by molecular beam epitaxy (MBE) on InP substrate, which provides very
high electron mobility and high carrier density. The structure is as shown in Fig. 1. The gate
length of the T-shaped gate was 40 nm and was defined by tri-layer resist system of ZEP-
520/PMGI/ZEP520 for E-Beam lithography. The side-recess spacing (Lgq) of 80nm was
precisely controlled by controlling the etching time and were measured by Scanning Electron
Microscope.

The suitability of the InAs HEMTs is evidenced by several relevant key metrics such as gate
delay time (CV/I), Ion/Iogr ratio, drain-induced barrier lowing (DIBL), and sub-threshold slope
(SS). Fig. 2 shows the drain-source current density versus gate-source voltage Vggat Vpg = 0.5,
and 0.05 V. As shown in these plot, it is clearly seen that the InAs channel device exhibits high
drain current density Ipg (1000 mA/mm) at relative low drain voltage, Vpg = 0.5 V. In addition,
the DIBL and SS were 50 mV/V and 89 mV/dec, respectively. This small DIBL represents the
overall insensitivity of V to circuit design details and manufacturing variations. The SS which
represents the switch transition of the device is steep. The sharp sub-threshold characteristics
resulted in an Ion/Ior ratio of 2.16 x 10°. Fig. 3 shows the Ion/Iopr current ratio as function of
various V1’. The peak Ion/Iorr ratio which exceeded 10° almost coincides with V7 definition of 1
mA/mm, which demonstrates that InAs HEMTs is physically suit for the logic application. The
extracted intrinsic gate delay as a function of the defined threshold voltage (V1’) as defined by
J.Guo [4] is shown in Fig. 4. These low intrinsic gate delay values are attributed to the extremely
high transport properties of InAs material.

Fig. 5 and 6 show the comparison between InAs HEMT with state-of-the-art Si-MOSFET and
InSb in term of gate delay time and Ion/Iopr value. Over all, the InAs HEMTs exhibit better
digital logic performance than Si-MOSFET with the same gate length.
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Introduction

Due to the rapid growth of wireless communication systems, high frequency packages become
very important and they require compactness, low cost and high performances even at frequency
up to 60 GHz. Flip-chip assembly using organic substrate at very high frequency has become a
cost competitive packaging method in semiconductor industries.

The coefficients of thermal expansion (CTEs) of GaAs chip and RO 3210 organic substrate are
5.4 and 13 ppm/K, respectively, which result in a large CTE mismatch in flip-chip package. The
effect of thermomechanical stress is generated by the CTE mismatch from the package materials
in the assembly [1-3]. In this work, a demonstration of flip-chip assembled
Ing 5,Alg43As/Ing sGag4As mHEMT on organic substrate is presented. The DC and RF
characteristics of the package were measured and compared to the bare die data at operating
frequency from 2 to 110 GHz. Correlation between flip-chip bonding temperatures and the RF
performance is investigated in this study.

Experiment

The in-house fabrication process of Ing spAlg43As/Ing ¢Gag4As mHEMT device with 150 nm gate
length was presented in the previous report [4]. For organic substrate fabrication, the seed layers
of Ti/Au were deposited by E-gun evaporator. Then, a thin layer of photoresist was applied and
exposed by UV light for circuit patterning. A 3 um thickness of circuit was electroplated in a
cyanide based gold plating solution. For the bump formation, a thick photoresist was applied on
the substrate surface and followed by UV light exposure. The gold bump height of 25 um was
electroplated with optimized parameters such as electroplating density and time. After plating, the
seed layers of Ti/Au were removed and the FET was for flip-chip assembled with Au-to-Au
thermal compression method.

Results and Discussion

The IV characteristics before and after flip-chip assembly at the bonding temperature of 200 °C
(for both the substrate and the device sides) are illustrated in Fig. 1. The drain current of the
packaged device was slightly reduced as compared with the bare die data. The transconductance
(gm) as a function of gate voltages was measured at a V4 of 0.8 V as depicted in Fig. 2. The g,
results presented match suite well before and after the assembly with the maximum value around
535 mS/mm. Fig. 3 shows on wafer S-parameter measurement results of the bare die and the flip-
chip packaged device from 2 to 110 GHz. The measured insertion gain (S21) of flip-chip
packaged device decayed around 4 dB up to 30 GHz. The degradation of the package
performance at high temperature bonding may be caused by thermomechanical stress due to large
CTE mismatch between GaAs chip and RO 3210 substrate. Therefore, the bonding temperature
of the substrate was reduced to 100 °C to avoid the performance degradation. Fig. 4 shows the RF
performance of the packaged device at low temperature bonding of substrate under the same bias
condition. The flip-chip packaged device showed less than 1 dB degradation up to 110 GHz as
compared with the bare die data. The results demonstrate that flip chip package using organic
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substrate can be used for nano scale mHEMT devices for high frequency applications with very
small performance degradation up to 110 GHz.

Conclusion

The Ing 5pAlp43As/Ing sGag4As mHEMT was successfully fabricated on organic substrate by using
flip-chip technology. The poor performance of flip chip package showed 4 dB of reduction in
insertion gain at high bonding temperature of 200 °C. In order to improve the performance of the
packaged device, low bonding temperature at 100 °C was presented and obtained less than 1 dB
degradation up to 60 GHz. Flip-chip bonding process at low temperature can effectively improve
the performance of the package.
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