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An investigation on border traps in M-MOSFETSs
with anlng s8Ga.47As channel

Z. Ji, Member, IEEEX. Zhang, J. Franco, R. Gao, M. Duan, J. F. Zhang, W. Zhang, B. Kacze
Alian, D. Linten, D. Zhou, N. Collaert, S. De Gendt, and G. GroesenEkdnw, IEEE

Abstract— Continuing CMOS performance scaling requires
developing MOSFETs of high-mobility semiconductors and
InGaAs is a strong candidate for n-channel. InGaAs MOSFETS,
however, suffer from high densities of border traps, and their
origin and impact on device characteristic are poorly under stood
at present. In thiswork, the border trapsin nMOSFETs with an
Inos3Gana7As channel and Al203 gate oxide are investigated using
the discharging-based energy profiling technique. By analyzing
the trap energy distributions after charging under different gate
biases, two types of border traps together with their energy
distributions are identified. Their different dependences on
temperature and charging time support that they have different
physical origin. The impact of channel thickness on them is also
discussed. Identifying and understanding these different types of
border traps can assist in future process optimization. M oreover,
border trap study can yield crucial information for long-term
reliability modelling and device time-to-failure projection.

Index Terms—Border trap, I11-V, InGaAs, Quantum well,
characterization, mobility, reliability.

[. INTRODUCTION

International Technology Roadmap for Semiconductors (ITR
predicts a power supply of 0.72V will be needed for transist
in high performance logic applications in 2018 [1]. To addre

this, attention is turning to the usé high mobility channel

materials such as InGaAs and Ge for n- and p-MOSFET

(0]

FETs, devices with InGaAs channel are usually grown on
insulating substrate and thus only have three terminals, making
the CPimpossible to be appliedo overcome this difficulty, a
number of drain-current-based methods are proposed, such as
those based on noise I8} and pulsed d~Vg measurements
[11]. The noise-related techniques, such as TDDS mettid [
extract trap information from the steps of drain current due to
individual defects’ detrapping [8] The pulsed d~Vg method
investigates therain current respong®e gate pulses. The ac-
transconductance (AC-gm) method2] extractsthe traps’
energy and spatial location from the frequency dependence of
transconductance, which is attributed to charge trapping as
modulated by an ac gate voltage. The Trap Spectroscopy by
Charge Injection and Sensing (TSCIS) technidiB has been
proposed to extract the energy distribution of border traps
based on charging under the assumption that the charging
process takes plactrough elastic tunneling, which does not
apply to lll-V devices, as we will show in this paper.

In this work, the border traps witle investigated using our

4). By analyzing the trap energy distribution after charging at
fferent Vg levels, two different types of border traps are
identified. They have dramatic different dependences on the

harging time and temperaturgrongly supporting that they

ézcently proposed dischargifigsed energy profile technique
!

respectively. The development of InGaAs devices has mad& of different origins.

encouraging progressin recent years: high intrinsic electron
mobility of 3000 cr¥V-s has been demonstrated by severd

The paper is organized as follows: in Section I, the test
|amples as well as the details of test procedure will be

groups [2 3]. With Al,Os as gate oxide, a low interface Staténtroduced. In Section I, the technique for energy distribution

density (e.g. 2x10 cnr?eV! [4]) anda subthreshold swing o

75mV/dec [2] were obtained. However, intolerable nundier
border traps are found in the oxide, resulting in I-V hysigre

f extraction is firstly explainedit is then used to analyze the

border traps. Two different types of traps are clearly separated.

S0 further justify their separation, their charging time and

and C-V frequency dispersion [5]. These border traps furthf§mperature dependences are investigated. The channel

causesevere Positive Bias Temperature Instability (PBTI) issu

in the long term, shorten the devices’ lifetime to an

unacceptable level, and therefore impede the practical use

such devices [6] at the current status

Conventionally, border traps are investigated using Multi-

Frequency Charge Pumping (CP) technique(Jjike bulk-Si
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[_:hickness dependends also discussedby the end of this
Section Their potential impact on the circu@peation is
bg]efly discussed in Section IV. Finally, Section V concludes

this paper.
[I. DEVICES AND EXPERIMENTAL DETAILS

A. Devices

The nMOFETs with n-type channel are used in this work.
The devices received a (NS treatment prior to the gate oxide
deposition. The gate oxide is a 10 nm ALD®@d with a TMA
initial surface cleaning. ALDAI,O3 on InGaAs using TMA as
the precursor have been reported to effectively reduce As and
Ga oxides throughan interfacial “self-cleaning” reaction
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process and caeld a good quality interfac&$]. Forming gas noting that the contribution of the interface states will be the
anneal at 370C was performed on the finished devices. Theame under all the gdisch Since the Fermi level at sensing
detailed fabrication process flow, the cross section of the devieendition is kept constant. Therefore, if new interface states are
and the TEM micrograph of the gate stack can be found in [2Jenerated, they would induce only a parallel upshift of the
extracted N distribution, as observed in Si devicdgl,[20].
However, Fig.2(d) shows that complete discharging can be
The discharging-based energy profiling techniqud] [is achieved (i.e.,AVn=0V at the end of the discharging
used in this work to investigate border traps. The test sequeseguences), indicating that interface state generation is
is shown inFig.1(a). Vq is firstly raised to a certain charging negligible during the test and that the extracted energy
level Vyen for a pre-specified time to fill the trapsg Was then distribution represents solely the border traps.
lowered to \jdisch1 and the degradation is monitored against
discharge time until its change becomes negligible (e.g. <2mV).

B. Experimental procedure

Once discharge under gMsch1 completed,  was further t-disch (1toN)

reduced to Ydischoand the same procedure is followed. Fgll | L (@)
Vg measurement is taken at the pulse edge with a speed of 3us, Charging >

as marked as thick red lineskig.1(a) [16, 17]. Vi is evaluated le—> | |

using constant current method with the level around fregh V

. . ) Vg,dischl.—
[18]. When Vygiscnis higher than Mo, ls-Vosweeps negatively g disch2 ..
from ‘on’ towards ‘off’, i.e. from Vygisch t0 Vino - 0.5V. n M j\
However, to capture the trap energy location both within a 7 s M A
Vg,dischj — —
<>
1 #2 #i

beyond the InGaAs band gap,décheventually becomes lower
than Mnho and therefore the direction of pulse needs be reversed
and b-V4 will sweep positively from ‘off’ towards ‘on’ , i.e.

# #j

from Vgdisch tO Vth0+0.5V. . ' 06 fch=1ks, RT

A typical measurement result is shown kig.1(b). After Before discharai (b)
charging under Y., for 1ks, Vg is then lower down to each ‘_\/Sc%r-e\/trzczalr%l\q/?lkc
Vgdisch level for 200s. Under eachgMscn the discharging __ 04} u ' ~ \(gdisch-Vth0 =
reaches saturation quickly after several seconds and will = - 8- O- - 8-00- 8 09V
become almost a flat line up to 200s. In order to check the § - O-©O- 00 90-P- O 06V
impact of discharge time, the device was first charged under < 0.2 - D A= DD A= A 0.3V
Vgch f(o; 1Ir<15, andhthefn dihscharged until 1hOk3 unﬁer eachy AV -V - VY- 9 - g.g://
Fig.1(c) shows that further increasing the discharging time to -o-O- -&-0.
10ks will only introduce an extra discharging of 5~6 mV. This 00— f— §- 1<Jo_ it g%o_ < 6
indicates that the trap discharging at a given discharge voltage . )
is dominated by its energy leveh the rest of this work, the Discharge time gken [S]
discharge time of 1s is used for eaciuén 0.6 RT Vgdjsch-Vth0 from 0.9V to -0.8Y/

Before discharging (C)
Vgch-Vth0 = 1.0V/1k
Ill. BORDER TRAPS INIlI -V DEVICES = 0.4 .‘_ gen-Vino = 1.0v/1ks

A. Energy distribution extraction g . AVth(108) B: AVih(10ks) A

To obtain the trap energy distributioklyth after completing < 0.2t A A AdAM Assm 2 5mv
discharging under eachg¥sch (the last point of each trace in Vv yvvew vvyvww v 6mv
Fig.1(b)) is firstly converted to the effective charge density, o0 66000 Goseemn o 6mv
ANq, Which is the equivalent charge density by assuming all 0.0y [ 1Y 144 H desm << 6mv
charges being at the interface. It is calculated based on the 10’ 10° 10° 10°
charge sheet model with the equation: ANgt = (Cox * AVin)/Q. Discharge time, t_disch [s]

Where q_ is the ele_mentary Charge andi€oxide capacnan(_:e. Fig. 1 (a) Vy waveform used for the test. Fult\¥, measurement is taker

The typical ANt is plotted against yfisch and shown in  at the edge with a speed gis3(marked in thick red lines). (b) Typica

Fig.2(a). The next step is to convert W ggisch t0 the results for discharging under differeng M The device was charged &

corresponding energy level denotediwith respect to Ec of ~ Vgen— Vino = 1.0 V under room temperature for 1ks and dischafged

the InGaAs at the surfadg— E., as illustrated iffig.2(b). This ~ 200s “”geiheaChggisih TheTtgta'dthrﬁslhO'd voltage dShif: btegore dis‘(:h)a;
. . . . . . is given es ol “m”. The dash lines are guides to the eye. (c

requires the .relatlonsh_lp bet.wee@.ahd E Thls"rellatlonshllp disgchargiﬁg traz:; with discharging time of 1ogks aftearging aty\{,ch—

can be obtained by simulating with 1D Schrod|nger-P0|sson\,m0 = 1.0 V for 1ks. The empty grey points representael shme

solver [L9]. The result is given ifrig.2(c). It should be noted discharging traces shown in Fig.1(b).

that the horizontal axis dfig.2(c) is Vg—Vin and Mn = Vinot+Vin

varies during dischargingzig.2(d) shows the extracted trap

energy distribution by plotting th&N.: againsE&s-Ec. It is worth
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20 gch-Vitho = .0V, RT
tch= 1ks (@)
15} o
5 oo~
& ol O
o O
X, oU
= O
2 05¢ oo
& O
)
00 Hm 1 1 1
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Fig. 2 Energy profiling extraction ANy in (@) is the charged electron trag
after completing discharging at eachasn The data is taken from the las
point of each trace in Fig.1(b). (b) lllustrationtb® relationship betweer
Er-E. and the energy level of the charged electron tiaps.the conduction
band of InGaAs at the interface and the shadeddeeates the chargec
electron traps. (c) The-E, against \\—Vy, from 1D Poisson simulator [19]
for converting each Yischto anE«-E.,. (d) The extracted energy distributio
of the charged electron traps after charging underVin,=1.0V for 1ks.

o
o

B. Separation of two types of border traps

Following the procedure described kig.2, the trap energy
distributions are extracted under differenfcV The result is

shown inFig.3(b) and the distributions for several high and low
Vg.ch levels are zoomed-in iRigs.3(a) and (c), respectively.

For filling the Type-A under relatively low ¢, ANe: is found

to increase with surface potential and their relation is
independent of Y, as shown inFig.3(c). There are two
possible explanations: 1) More traps at higher energy become
accessible under higher surface potential; and/or 2) more traps
deeper into the dielectric become accessiblg. [These traps
have the same energy level for their ground and charged states,
as illustrated irrig.4(a). In the rest of the work, this type of trap
will be referred to as th€ype-A traps.

However, as shown iRig.3(b), when \j e further increases,
it is found that the trap distribution starts to deviate. With higher
Vg.ch More charged traps can be observed under theEeige
As enlarged irFig.3(a), this difference is a constant whEn
E. is close to the charging level and then gradually diminishes
when Ef approaches toc.EThis cannot be explained by the
Type-A traps which predict the same ANy under the samé-E.
regardless of Y Therefore, there must exist another type of
trap.

It is known that there exists traps which can change their
energy level after capturing an electron due to the change of
their orbital configurations [22]. In the rest of the work, these
traps are called as thEype-B traps. The schematic energy
diagram is shown ifrig.4(b). Once these traps are charged,
thar energy levels will be shifted downwards and therefore they
become too low to be discharged whEnis close to the
charging level. These traps start to discharge vhdaorther
lowers down. Once they are fully discharged, the discharging
traps overlap each other, as showRign3(b). According toab-
initio calculations 22], Oxygen vacancies with various
configurations can exist in ADs wherein the \ configuration
hasan energy level above the InGaAs conduction band and
therefore it could be potentially act as electron trap. For
capturing an electron, the defect will reconfigure to its charged
state \{> which has an energy level lower thag,V.e. the trap
becomes deeper, after trapping. This behavior expected from
theoretical calculations is in line with our experimental
observations for Type-B traps: we therefore conclude that
oxygen vacancies in ADs are a possible candidate for the
Type-B defects. We note that sincex®@d is amorphous, it is
reasonable to assume that the energy levels of each individual
oxide defect in the ¥ and W? configurations are distributed
around the theoretically predicted levé®tably, however, the
ab-initio calculations predict an energy gap betwegnavid
V2 [22]. As a result, it is expected that all the charged TBpe-
traps will not discharge wheh is close to their charging levels
This explains the parallel shift of two consecutive discharging
trace as observed ifig.3(a) and therefore the observed
discharging in this region is to be ascribed to Type-A traps only.

One simple method can be applied to separate these two
types of traps by exploiting the parallel region of the
distributions extracted for two consecutiveV levels, as
illustrated inFig. 5(a): starting with the distribution trace at the
lowest Vgch in which only Type-A traps are involved, the
discharging trace under the next charging levghvAV g cn, is
shifted down to align these two curves within the region of
0.1eV from the charging level. Following this procedure up to
the highest Y, the distribution of Type-A traps can be
extracted. Type-B traps can be extracted by subtracting Type-
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A traps from the total. The extracted Type-A and Type-B trafstraps are electrically neutral, their energy distribution can also

are shown irFig.5(b) andFig.6.

&
' 5 . ;
e > Vgch-Vth0=2.1V
! a
o 4 © Vooh-Vtho=2.5v ' 5;0:( )
‘s 4L - shiftdown : éﬁg
= Overlap_.+ "o
= 3! region (SIE,%& i Shift
2 o 1down
ety :
= SHE
5
X Vigeh-Vth0=0.3V (b
O Vgch-Vth0=0.5V 65)
4t Vgch-Vth0=0.7V
Vv Vgch-Vth0=0.9V (59

Vgeh-Vtho=1.3V &
3L <0 Vgeh-Vtho=1.7v §
Vgch-Vth0=2.1V

Vgch-Vth0=2.5V

ANot [x10" cm?]
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‘ (@)
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S9SEaIOUI OUIA-UIA

1t

o
ﬁw@@é%ﬁgw 1

| X Vgch-Vth0=0.3V (C)
O Vgch-Vth0=0.5V

=}

O_L
o N

0.4 3 e ol

w i B ET | |
-04 -0.2 0.0 0.2 04 0.6

Ef — Ec [eV]
Fig. 3 Trap energy distribution after charging under défe levels,
for 1000sec at room temperature. The distributioresamder all Y, are
shown in (b). The distribution traces under two h&jhé, isch and three
lowest Vj giscnare enlarged and shown in (a) and (c) respectively.

ANot [x10" cm?]
7

©
o

TYPE-A TRAPS TYPE-B TRAPS

(@) (b)
OH-—-- Ef V, @O0-<¢-=--= Ef
V& '&‘
Al,O3 InGaAs Al,03 InGaAs

Fig. 4 lllustration of charging Type-A (a) and Type-B (toqaps. After
charging at Ef, Type-A traps will not change the epéegel while Type-

B traps drop from the ground states to the chargecssahtewer energy
level. Simulation results [22] show that the oxygesara&y may be the
candidate for Type-B traps in which,\and \,? for the ground states anc

the charged states respectively. Fgrédnfiguration (e0), it can act as an
electron trap to capture one electron from the sulesared change to
configuration (ee).

be obtained. Under each, ¥, Type-B traps with their ground
states below E(ycn can be charged: i.e. E¢M) is the energy
level for the ground state. The total TyBeraps, ANqi, charged
under this E(cy can be estimated from the flat region of the
relevant discharging trace shownRig.6(b). By plotting ANot
against E(V,cn, the energy distribution for the ground state of
the Type-B trapds obtained, as shown iRig.7(a). TypeA
traps are also shown for comparison. The result shows that
Type-A traps spread within and beyond the band gap of
InGaAs, while Type-B traps are mainly beyond the band gap.
By differentiating ANy againstE-Ec, the trap density per eV,
ADq, is obtained irFig.7(b). Type-A traps have a peak around
0.4 eV above Ec of InGaAs, while Type-B traps increase
monotonically with higher ground levels.

(a)

ANot
14IHS

N w
T T

Type-A [x10"? cm?

-04 -02 0.0 0.2 0.4 0.6
Ef - Ec [eV]

Fig. 5 (a) lllustration for Type-A traps extraction. Theli8dines denote
the total trap distribution under different Vg_chvde Aligning two
distributions between yn1and Vjc2to assure the region within AE away
from Vgcn1 overlap each other (‘O’), Type-A traps in the energy range
between Vni1and Ve can be extracted. By following the procedure, t
entire Type-A traps distribution can be obtained. The TypeA traps
extracted from the real measured data shown in Fig.3(b).

C.Impact of charging time

The charging time dependence of Type-A and Fo&aps
are shown irFig. 8. The number of charged Type-A traps does
not increase for longer charging time, indicating that all the pre-
existing Type-A traps can be quickly filled to saturation. On the

It is worth noting that the extracted distribution of T¥®e- contrary, the number of charged Type-B traps increases with

traps shown irFig.6(b) represents the charged state of SUCEharging time. Compared with highErE., the Type-B traps
type of traps (i.e., switching traps) because the dischargifgger lowE-E, increases relatively slow. One speculation is

traces used for the extraction are recorded after charging Unggg . se the channel electrons closer to Ec of the InGaAs are

certain \j cn (as illustrated irrig.6(a)). More traps are switched
when higher \cnis applied and these switched traps are main
above the Ec of InGaAs. Although the ground state of the Type-

(elatively less and therefore Type-B traps in this region take
%nger time to get charged.
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8 Ve Vho0aV @ are chargedt higher temperatures due to the phonon-assisted
O vach-Vino=0.67 S Y charging process. The different dependence on temperature and
— L ch- =0. < . . . .
WE 4rg vgch-vxho:o.gv &59 3 charging time supports that there exists two different types of
Vgch-Vth0=1.3V © ; : ; -
S 4l veemvinot v (5559 = traps with d|2ferent physical origin.
¢ Vgch-Vth0=2.1V
= O Vgeh-Vtho=2.5V E o mtch=3s
=, o e tch=100s
) s3rA  Atch=1ks
zZ Q €
< X4 &
& - go 2
04 02 _ 00 02 04 06 =
Ef - Ec [eV] Sy
— 3 <
o X Vgch-Vth0=0.3V
e O Vgch-Vth0=0.5V Charging level indicates '
o ¥V Vgeh-Vth0=0.9V traps' ground state 0 =
o Vgeh-Vtho=1.3V (b) 04 02 00 02 04 06
2 2 J VaehVino-1.7v - - - Ground state, Ef-Ec [eV]
< Vgeh-Vth0=2.1V )
3 O Vgeh-\in0-=2.5V Fig. 8 Charging time dependence of the Type-A and Typeafstat room
®© Q@ temperature. Devices with channel thickness of 5nm are used
= o1t Q - 6
o OO O RT (a)
§ 4 4| & T=47C
! ' r 0
0 rOmrmrcbr ST { <GF) § O T=108°C
-04 -02 0.0 0.2 0.4 0.6 oo
Charged state, Ef-Ec [eV] = g 2t
Fig. 6 (a) Procedure for extracting Type-B traps. Type-&p¢rcan be 0
extracted by subtracting Type-A traps from the tatgs for each Y (b)
Type-B defects extracted from the same set of data shofig.3(b). 6 N (b)
4 o
& | Charging for 1000s under RT (a o % ..
€ 3¢ o 4 (J
S O ol (J
Ze 2 2 .. f
<8 <, 2 o
x 1r = .A! !
o Mo 00 mim] ngtg A

wo
o

-04 -02 00 02 04 06

s , I Ground state, Ef-Ec [eV]

é’ g Fig. 9 Temperature dependence of the Type-A (a) and Tyflg}Braps
2 Type-A traps MD after charging for 3s. Devices with channel thicknesshof &re used.
'ﬁloﬂr—\mr—u—w_\!TH_H_H—H—wH—\D | -

04 02 0.0 02 0.4 0.6 E.Impact of Channel thickness

Ground state, Ef-Ec [eV] . .
_ S The impact of channel thickness on these two types of traps
Fig. 7 (a) Energy distribution of Type-A traps and theLgrdstates‘ofthe is given in Fig.10. Both traps are sensitive to the InGaAs
Type-B traps. For Type-B traps, each point is takemfthe highest — \anne| thickness. More charged traps are observed for thinner

trapping level of distribution trace for each d/ ADg in (b) is the trp . . .
density by differentiating the data in (a). 5nm ahelrthickness are used. channel layerThis is unlikely caused by a poor interface for a

thinner channel device, since similar sub-threshold swing

D.Impact of Temperature values are found [2] for different channel thicknesses. The

The impact of temperatuigalso checked in this sectiofhe fO”(t)k\leghrenisolnS arl:ie :'kelytto IC:’:lusretthlts;1 thlicnI:nrefss defp;art\ﬁiigc?:

Type-A traps will not switch their energy levels after chargin ) the channel carriers ge closer 10 he intertace for thinne

S : . : h]annels and the local electrical field can increase leading to
and it is expected that their charging should be mdependentho

.~ higher trapping. 2) The quantization effect can be enhanced in
the temperature2fi]. On the contrary, Type-B traps can SWItd}he thinner channels, as corroborated by device simulations [2]

their energy levels after c_:harging. If_ their trgpping Process Cghhanced guantization can populate higher energy levels,
be described by the lattice relaxation multi-phonon emissiQhaking the channel electrons energetically favorable for
(LRME) model, it is expected that their capture times reduq&arging traps. This leads to larger PBTthinner channels]

with higher temperature and therefore a strong temperatygd might jeopardize the use of thin channels, although thinner
dependence in trapping can be obsen&]. [Following the  channels could yield improved subthreshold swigg] fand
same extraction method, the energy distribution for the Pypereduced off-current for bettes-scalability R7). 1l -V material

and Type-B traps are obtained under three temperatuFég.in has the potential to meet the high driving current/low Vdd
9(a) and (b) respectively. As expected, the energy distributiorequirement in future. For successful introduction of InGaAs
for Type-A traps is independent of temperaturign9(a). The  devices in real production, a stable high-k gate stacks is equally
distributions of the Type-B traps iRig.9(b) have a strong important as optimizing transport properties of IlI-V channels,
temperature dependence: for a fixed charging time, more tragdrranting further research and development.
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Both Type-A and Type-B traps must be suppressed. OR&R. Jayaraman and C. G. Sodini, "Af Hoise technique to extract the oxide
potential solution is to reduce defect density through proce density near the conduction band edge of silid®EE Trans. Electron

N . evices,vol. 36, pp. 1773-1782, 1989.
optimization 28] For example, it has been reported that thE)]M. J. Uren, D. J. Day, and M. J. Kirton, "1/f arahdom telegraph noise in

border traps can be supressed through various passivatififon meal - oxide - semiconductor field effect transistors, Appl. Phys.
methods, such as (N}JS passivation and forming gasLett, vol. 47, pp. 1195-1197, 1985.

annealing 29]. Another possible solution is tese a different [10] T.Grasser, H. Reisinger, P. J. Wagner, F. Schagio\VékGoes, and B.

- . - . Kaczer, "The time dependent defect spectroscopy (TDES) the
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