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ABSTRACT

Reducing supply voltage is a promising way to address the power dissipation in nano
electronic circuits. However, the fundamental lower limitsobthreshold slope (SS) within
metaloxide-semiconductor fielgeffect transistors (MOSFETS) is a major obstacle to further
scaling the operation voltage without degrading ON/@F&t i o i n todayods int
Tunnel fieldeffect transistors (TFETd)enefit from steep switching characteristics due to the
guantummechanical tunneling injection of carriers from source to channel, rather than by
conventional thermionic emission in MOSFETs. TFETs based on growy ¢idmpound
semiconductoand Ge heterogicturesfurther improve the OMtate current and reduce SS due
to the low bandgap energies and smaller carrier tunneling mass. The mixed arsenide/antimonide
(As/Sb) InGa.xAs/GaAsSh.y and Gelh,Ga..As heterostructures allow a wide range of
bandgapenergies and various band alignments depending on the alloy compositions in the
source and channel materials. Band alignments at source/channel heterointerface can be well
modulated by carefully controlling the compositions of theGh.As or GaAsSh.y. In
particular, thisresearchsystematically investigatthe development and optimization of low
power TFETs using mixed As/Sénd Gelh,Ga.xAs based heterostructures including: basic
working principles, design considerations, material growth, interfamgneering, material
characterization,band alignment determinationgevice fabrication, device performance
investigation, and higkemperature reliability. Acomprehensive studgf TFETs using mixed
As/Sb and Gelh,Ga.«As based heterostructures shows esigr structural properties and
distinguished device performances, both of which indicate the mixed AsbBelh,Ga.«As
basedlFET as a promising option for high performance, low standby power and energy efficient

logic circuit application.
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Chapter 1 Introduction

1.1 Limitations of metal-oxide-semicond.ctor field-effecttransistor scaling

The dimension of silicon (Si) metakidesemiconductor fielgffecttransistors
(MOSFETS) has been scaled by 3 orders of magnitude in the past decades in order to achieve
low-power, highperformance devices amategrated circuits. Extraordinary improvements have
been achieved in switching speed, device density, functionality, and cost of microprocessors due
to the downscaling of device geometry. However, further downscaling of conventional Si
MOSFETSs faces ciital issues: the increasing difficulty in further reducing the supply voltage,
and the increasing leakage current that degrades the switching current ratio between ON and
OFF states @v/logr ratio), both of which will result in high power consumption. & be seen
from Fig. 1.1 [1], which is a plot of active power density (blue line) and subthreshold power
density (red line) from commercial Si MOSFETSs, the leakage power starts to dominate in
advanced transistor as scaling of gate length. The legd@ger density will exceed the active
power density if the gate length is below the crossr point of these two lines as labeled in the
figure. Besides, as the transistor gate length is reduced, supply vol@ggestiduld be lowered
to keep high device ggformance and reduce power dissipation. In order to meetcthe |
requirementthe threshold voltagetM needs to be scaled withply. However, for Si MOSFETS,
lorr €Xponentially increases withr) reduction and is given 4],

o Opmn F (1.1)
where bs is the drain to source current and SShie subthreshold slope (alseferred to as
inverse subthreshold slope in literature) of theickewhich is the change of gate voltagesV

that must be applied in order to create one decade increase in the output current or as defined as

[3]
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Figure 1.1 Power density of the active region (blue line) and subthreshold region (red line) from commercial Si
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For the conventional MOSFET, the subthreshold current is the diffusion current and SS is
independent of ¥sand is given by4]

33 —apgm — (1.3)
where, kT/q is the thermal factorpfy is the depletion capacitance, angxUs the gate oxide
capacitance. Equatidh3 approaches a wethown lowe limit of approximately 60mV/dec at T

= 300K when—is close to zero. But in practice, caused by the stit@mhnel effects (SCESs),



SS is far worse than an ideal value of 60mV/ded]. Typically, SS is about 700mV/dec for
bulk MOSFETs.The change of transfer characteristicgs(Versus \4s) of a MOSFET as the
scaling of ty is shown in Figl.2 (black lines). It can be seen from this figure that MOSFET
shows an exponential increase igefl due to the incompressible lower limit of SS. As
demamstrated in Eql.1, in order to lower Yy without the degradation (increasingrd) of
transistor performance, transistor with a steep SS, called-sitgmpswitches (SSS, as shown in
the green line in Figl.2) are expected to reduce both Q&te and OFstate power

consumption.
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Figure 1.2 Comparison of the transfer characteristigs (fersus \&s) of ideal transistor (orange line), MOSFET
(black lines) and steeglopeswitches (SSS, green line). Due to the incompressible 60mV/dec SS at 300K for
MOSFETSs, b of MOSFETs shows exponential increase with the scaling ¢f Wsed with pernmgsion of
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Recently, tunnel fieleffecttransistors (TFETS)6-15] based on bantb-band tunneling
(BTBT) injection mechanism have been pwspd as one of SSS to replace MOSFET for low
power applications. TFETs have advantages over conventional MOSFETS in terms obfgwer |
and steeper S®-10, 16] In order to design a TFET with high performances, proper material
system needs to be selectéanong all material systems, 4\ heterostructures can provide a
smaller effective tunneling magds, 15, 17] and allow different band alignments between
source¢hannel tunnel junctiofb-15] for the enhancement ofd and reduction ofder. Among
them, mixed As/Sb based heterostructuf@s 11-15] namely, GaAgSh..y/InyGa.xAs provide a
wide range of bandgaps and band alignments depending on the alloy compositions in the source
and channel materia]$1-15]. As a result, the band offset of source/chajurettion can be well
modulated to guarantee higbhnl without sacrificing ber by properly selecting the material
compositions irthesource and channel regiofi$ius the mixed As/Sb material system Heeen
proposed as a promising candidate for highqeerhnce TFET applicatiorOn the other hand,
the tensile strainedse/InGaixAs heterostructuralso satisfieghe requiremestfor low band
gap materialsystemin a TFET design. More importantly, by carefully controlling the alloy
compositionin In,Ga.xAs material, themagnitudeof tensile strain insid¢éhe Ge layer can be
tailored such thatthe band offsetbetweenthe Ge source anthe InGaAs channel can also be
well-modulated, both of whickwill facilitate the further optimization of TFET structuiss a
result, both the imed As/Sb and tensile strained GgGa.As heterostructures show great

potentialfor low-powertunnel field effect transistor applications.
1.2 Fundamental operating principles of tunnel field effect transistor

1.2.1 Basic workingprinciples



The TFET is a gated'p-n" diode with a gate over the intrinsic region. The gatednp
diode is always reverse biased to obtain ttva leakage current. A schematic cross section of
an ntype TFET device with applied sourcedggate (\Vss) and drain (\s) voltages is shown in
Fig. 1.3 (a)[4, 18]. For an rtype TFET, the heavily{ype doped region is called the source, the
intrinsic region is called the channel and the heavitype doped region is called the drain.
When apositive voltage is applied to the heavilytype doped region, the*f-n" diode is
reversebiased and ready to be switched by the gate. The schematic band diagrams of the TFET
deviceat the OFFstate is shown by red lines in Fig3 (b) [4, 18] As show in the figure,
under zero gatsource bias voltage @4 = 0), the BTBT process is suppressed due to the gap
between the source valence band maximum and the channel conduction minimum (and the
resulting lack of available states with appropriate energlyinvihe channel conduction band to
accept tunneling electrons). When a TFET is on OFF state, Gitp’pdiode leakage current
flows between the source and drain, and this current can be extremely low. In contrast, the band
diagram of the siype TFET onhe ONstate is shown by green lines in FIg3 (b) [4, 18]. With
positive Vs, the energy bands of the intrig®sc cha
labeled in Figl.3 (b)[4, 18]. With increasing ¥s, the channel conduction band minimum was
pushe& below the source valence band maximum. As a result, the tunneling barrier width
(I abel ed 4d8 (bp{4, 18) betveeg the joype source and intrinsic channel is
significantly reduced (less than 10nm). The reduced tunneling barrier enablésagigamount
of electrons tunnel from occupied states in source valence band to unoccupied states in the
channel conduction band with the same energy

in Fig. 1.3 (b)[4, 18, 16]and these tunneling electrongl finally be collected by the drain.
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Figure 1.3 (a) Schematic crossection of a TFET structure with applied source)(\jate (\sg) and drain (\bs)
voltages. (b) Schematic energy band diagram for the-€#&€ (red lines with ¥ = 0 and \4s > 0) andON-states
(green lines with ¥s> 0 and \bs > 0) of ntype TFET. (c) Schematic energy band diagram for the-Q&te (red

lines with Vgs= 0 and \bs > 0) and ONstates (green lines withg¢ < 0 and \4s > 0) of ptype TFET.

In principle, the TFET is an ambipolar device with symmetry between-tigpenand p
type sides (similar doping levels, similar gate alignment, etc.), showiggenbehavior with
dominant electron conduction anetype behavior with dominant hole condwcti The band
diagram of the same structure as shown in Ef§.(a) working as a-pype TFET is shown in
Fig. 1.3 (c) [4, 18]. For a ptype TFET, the heavily-type doped region is called the source, the

intrinsic region is called the channel and the liga+type doped region is called the drain. As



shown in red lines in Fidl.3 (c) [4, 18], the OFFstate band diagram of atgpe TFET is the
same as that for antgpe TFET. No conduction is taking place in the TFET without gate bias
due to the valenceand maximum of the intrinsic channel located below the conduction band
minimum of the Atype source. The BTBT process is suppressed, leading to very smast@eF
leakage current which is dictated by the revdsissed p-i-n" diode. By applying a negat gate
voltage, the energy bands of the channel were pulled up as shown in green line$.8(E)4,
18]. A conductive channel opens as soon as the channel valence band maximum is lifted above
the source conduction band minimum since holes in theeea@onduction band can now tunnel
into empty states of the channel valence band (or it can also be described as electrons in the
channel valence band can tunnel into empty states of the source conductiori4dbaitie
tunneling holes are finally collesd by the gype drain.
1.2.2 ONstate current

The by of a TFET depends on the tunneling probability of the BTBT profE3s The
tunneling barrier for TFET can be approximated by a triangular potéftiads indicated in the
blue shading in . 1.3 (b) and1.3 (c) [4, 18], and the tunneling probability can be calculated

using WKB (Wentzel Kramers- Brillouin) approximatiori19, 20]
Y A@bc. sQuw (1.4)
wheresQm sis the absolute value of the wave vector of the carrier inside the bérriemand

@ U are the classical boundarie$ triangular potentiashown in Fig.1.4 [19]. The wave

vector inside a triangular barrier can be expressed from-theeationshig19]

Eg — o O (15)

o]
where Vs the potential energy. Forroeling consideration, the incoming electron has a

potential energy equal to the bottom of the energy gap and the varying condhacttbedge &



can be expressed in terms of the electric fielals a function of x. Thus, the wave vector inside

the trianglar barrier is given by19]

EOQ . NFw . (1.6)
Substituting Eql.6 into Eqg.1.4 yields[19],

z

Y A@bc — N Qe (1.7)

For a triangular barrier as shown in Figd [19] with a uniform electric fieldx ‘O] O1 so

[19]

Y A @ E)+ : (1.8)

oF

Equationl1.8 is a general expression for BTBT transmission probability. This equation can
be improved by making it more specific for TFETs. Now comparing Efgto the TFET band
diagrams shown in Fid..3 (b) andl.3 (c)[4, 18], it can be found that the height of the triangular
barrier gi sampl t+he tunneling barrier width is
which tunneling can take place. As a result, the electric field inlBgcan be expressed as,

% 3B 'O j_.Equation 8 can be rewired as,

!
o}

Y Aob (1.9)

Here, m* is the effective mass and; Es the bandgap. Based on the triangular barrier
approxi mati on di sccigutBestramyulaa laervheight fapdarriers tdtunnel
from source to channel. As shown in FIg3 (b), for an rtype TFET, the triangular barrier was
denoted as blue shading and &orresponds to the band gap energy of source material. The
triangular barrier for aqbype TFH is also shown as blue shading in Ai@ (c). Different as the

case with Aype TFET, E corresponds to the band gap energy of channel material forpe p
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Figure 1.4 (a) Band diagram of tunneling carrier from source to channel over a triangutentiabt(b) Band to
band tunneling can be calculated by approximating the tunneling barrier as a triangular potential, where carriers

should tunnel tlough the base of the trianglésed with pernssion of Nanotechnology Reviews

TFET [4, 18]. There are four important requirements in order for BTBT to take place: available
states in the source to tunnel from, available state in the channel to tunnel into, a tunneling
barrier width that is narrow enough for tunneling through and the consenaitimomentum

[21]. For indirect semiconductor materials such as Si, crystal phonons are necessary to conserve
momentum in order to assist the tunneling process. In that case tlke numerator of EqL.9

should be replaced bycHep, where E is the phoon energy{21] and the effective mass m*
should be changed toh which is the reduced effective mass in the tunneling direction. If
these changes are not made in E§, the BTBT current will be overestimated for indirect
materials. A higher BTBT curet can be expected i f m* and & c
In principle, a reduction of &can also increase the tunneling probability. However, a small
energy bandgap will lead to an increase g@frldue to the thermal emission gets more
pronounced18] and as a result, a propeg 8hould be selected to meet a desiegd brrratio.

1.2.3 OFFstate leakage



For an ideal TFET at OFF state, the leakage current is only"the'deakage current
flows between the source and the drain. This leakagerduran be extremely low and less than
a f A/l em as i ndi[2lh Havdverbiry prasticemtbereaate ifive primary leakage
mechanisms contributing to the OBtate leakage of TFER2]: (1) gate leakage through the
high-k gate dielectric; (2) #rmionic emission over the sourdeain builtin potential (the pi-

n" diode leakage current as we mentioned above); (3) SheBklagHall generation
recombination (SRH @) in the heavily doped source and drain depletion regions; (4) direct
tunneling ad defectassisted tunneling process; and (5) ambipolar conduction. As the first two
are well known, the other three mechanisms were explained below.

The SRH GR mechanism is illustrated in Fig.5 (a)[22]. The SRH GR current is a
common leakageurrent component especially in-M material based TFETs due to the low
band gap energy of these materi&sl1, 15, 2324]. The most obvious feature of the SRHRG
dominated der is its strong temperature dependefitg, 2324]. The main contributionot the
temperature dependence of the SRHRGmechanism arises from the intrinsic carrier
concentration jjwhich is proportional to expEs/2kT), where & is the bandgap energy, k is the
Boltzmann constant, and T is the temperafdBd. TFETs with a SRH>-R dominated leakage
current usually shows an activation energy)(Bbout half of kg [23-24]. As the SRH &R
current increases exponentially with temperature, the SRR @Gominated leakage will
deteriorate the performance of TFET devices at high temperdExperimental results showed
that the SRH @R current increased by 3 orders from °@5to 150C in an
Ing/Gay.3AS/GaAg 355ty 65 N-type TFET[24], which in turn reduced theWlogrratio by several

ordersof magnitude
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Figure 1.5 Energy band diagmas showing the leakage mechanisms aype TFET at OF¥state: (a) Shockley
ReadHall generation in the source (S) and drain (D) regions; (b) direct and-dsfésted tunneling from source to
drain; and (c) ambipolar transportation with hole injectiamrdrain to channe[22] Used with perngsion of

Nanotechnology Reviews

Another leakage mechanism farTFET is the tunneling leakage current, including both
direct BTBT and the defe@ssisted tunneling. With the scaling of gate lengths, dB&&T as
well as defecassisted tunneling become dominate esigcior narrow bandgap channslich
as InAs[25] and for graphene nanoribb@@g6]. Figurel5 (b) [22] shows the band diagrams of
this leakage mechanism. It should be noted that the direBT Biiechanism will dominate the
OFFstate transport of some heterostructure TFETs even with a high gate[ehgtl3] High
defect density at the source/channel heterointerface will introduce fixed positive charges, which
will change the band alignmeat the interface ofsource/channel and assist the band lineup
transition from a staggered gap to broken gap. Thus, this broken gap band alignment caused by
high defect density will enable the BTBT transport even at OFF Etatel3] This defect
assisted had alignment transition will be discusserein detail inChapter5.5.

Besides, the ambipolar current as illustrated in Eif.(c) [22] can also contribute to the

OFFstate leakage o TFET device As discussed iChapter 1.2.1the TFET is a ambipolar
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device if the Atype and ptype regions are symmetric. If a negative bias is applied to the gate of
an ntype TFET, the energy bands of the channel will be lifted up. If the negative gate bias is
large enough to pull the channel valence bandimam above the drain conduction band
minimum as shown in Fid.5 (c)[22], reverse tunneling at the drain can inject minority carriers
into the channel that leads to an ambipolar leakage. Ways to suppress this ambipolar leakage of
TFETs will be discusseut detail inChapter 1.2.5
1.2.4 Subthreshold slope

The SS of a TFET without a lower limit is one of the key advantages over traditional
MOSFET. As can be seen from Fig3 (b) and1.3 (c), due to the bandgap of source material,
the low energytail of Fermi distribution is at-off in the source side. The channel atsis-off
the high energy part of the Fermi distribution such that the tunnel junction acts as-jgaband
filter allowing only carriers i n [18].hTkus,¢he er gy
el ectronic system is ef fagaconventohayMOBSKED atlh wwler d o wn
temperature. This filtering function makes it possible to achieve an SS lower than 60mV/dec at
300K [4].

To derive an expression of the SS for a BTBT device, the expression for the tunneling

current through a versebiased pn junction can be usdd9, 21, 27]
) A FQon " (1.10)
r
where Vi is the tunnel junction bias as shown in the irdetig. 1.6 (a)[27], E is the electric

field, and a and b are coefficients determined by the material properties of the junction and the

crosssectional area of the devif#2, 27] Specifically,

'n c¢&a*¥O

A o 5 (1.11)
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and

ST 7o~ A
~  TWha“O
A oo - (1.12)

Using the definition of SS from E4.2, the SS o& TFET can be described as,

3311 p— WT— . (1.13)
r

From Eq.1.13, it can be found that there are two teimslved to determine the SS of a
TFET device and these terms are not limited to KZ& 27] The first term reflects the control
of gate bias (¥s) to the tunnel junction bias (y). As a result, the transistor should be
engineered so that thegy can directly and efficiently control M, which suggests that a
transistor with a thin geometry and/or higlgate dielectric is desired to make sure that the gate

bias can directly modulate the chanrf@l7]. For an equivalent oxide thickness (EOT)
approaching Inmy——  p and the first term of EdL.13 is approximately inversely related to

Vgs As a result, the SS of TFET increases witks,Mvhich is a main difference of TFET from
MOSFET and ths changing trend is illustrated in Fig6 (a)[21] with different gate dielectrics.
Therefore, if the transfer characteristigss{V cs) of a TFET is plotted withpk in a log scale, the
subthreshold region of TFET does not appear as a straight limatasf t(MOSFET[21]. This
difference is clearly shown in Fi§y6 (b) [30] by comparing the transfer characteristics of a
typical MOSFET and a typical TFET. The SS of TFET is smallest at the lowgstavid
increasing with s These characteristics of TFERve been observed both in experimgéis

and simulation$28, 29] On the other hand, the SS can be minimized by maximizing the second
term of EQ.1.13. This occurs if the gate is placed in a proper direction to align the applied gate

electric field withthe internal electric field of the tunnel junction. In this way, the gate electric
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field adds to the internal electric field atidisthe tunneling probability was enhanadaca TFET
device[22].

Due to the strongly dependence of SS @3, is usefulto define two different types of
SS, point SS (§3 and average SS (&9 (the latter one is more important for switching
properties)2]. The inset of Fig. 6 (R, 21] shows these two SS. Point SS is the smallest value
of the SS on thepk-Vgs curve, typically found just as the device leaves its Gft&te and
tunneling current starts to flow. Average SS is taken from the point where the device starts to be

turned ON, up to Y4[21], [22], [31] and he average SS can be expressed as,

33 T (14)
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Figure 1.6 (a) Dependence of the TFET subthreshold slope on gate voltage for different gate oxide with different
dielectric constants, from numerical simulation. Each curve goes up to the threshold voltage of that device. The
points were generated by taking the slaflue (d\:dd(loglps)) at each point on thed-Vgs curves.[21] The inset

shows the pn* tunneljunction energy band diagram under a tunnel junction bigs [27] (b) Qualitative
comparison of the transfer characteristicss-{fcs) of a MOSFET[30] and a TFET showing a neconstant
subthreshold swing for the TFET. The SS of TFET is smallest at the lowgsind rising with increasingdé4 [21]

The inset shows the definitions of point SS, taken at the steepest pointgfthe turve, and averageS, taken as

the average from turan to threshold voltag¢2, 21] Used with permgsion of Nanotechnology Reviews

1.2.5 Approaches to reduce ambipolar behavior
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As discussed ilChapter 1.2.1the TFET is an ambipolar device if theregion and the p
region are symmetric in geometry and doping concentration, which shayse rtunneling
properties with positive gate bias but showtype tunneling properties with negative gate bias.
As a result, the ambipolar properties result inilsintransfer characteristics with positive and
negative gate biases, as shown in Hig.[32], leading to parasitic conduction at OBfate.
Therefore, different methods should be used to reduce the ambipolar behaviéErF device

For an ntype TFET, device is turned on by applying positive gate bias, which creatés an n

inversion layer underneath the gate. With increasing gate voltage, electron concentration in the

3
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Figure 1.7 TFETs with symmetric doping and geometry architecture exhibliigotar characteristics and show

high OFFstate current with negative gate bigg2] Used with perrmgsion of Nanotechnology Reviews

+

n’ inversion layer increases, thereby decreasing the'p unnel i ng barri er
source side. The reductiof this tunneling barrier width directly results in an increase>Qfals
long as the dominant resistance between the source and drain is formed by this tunneling barrier,

which means that the channel resistance is only a small fraction of the tunneling barrier
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resistance. Furthermore, the tunneling barrier width is detedrby the carrier concentration in

the i layer close to the source region. As a result, it is possible to create a high resistance region

gate gate dielectric

source drain

—4-100 nm chan., full gate
-e-100 nm chan., shorter gate

~05 0 05 1

Vs (V)
(b)

Figure 1.8 (a) Ntype TFET (p source, intrinsic channel and drain) with different gate alignment: the dashiee |

shows the conventional gate structure with a full gate, the filled box represents a shorted gate. (b) Simulated transfer
characteristics of TFETs with different gate alignment. Source and drain have the same doping concentration:
10%%cm® channel dojmg: ptype, 13%cn®. For the full gate (blue) device: sourdein overlap is 5nm. For the

shorted gate (red) device: sowg@in separation is 15nm. Reduction of the sowiraén overlap with 20nm reduces

the ambipolar current with tee to five ordersf magnitudeWith permssion of Nanotechnology Reviews

in the channel near the drain without affectigg of the TFET[33]. This high resistance region
near the drain can effectively block the ambipolar tunneling if a negative gate bias is applied.

Basd on this consideration, TFET devices without ghten overlap were proposed to reduce
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the ambipolar behavidB3]. The schematic crossection of this TFET device is shown in Fig.
1.8 (a)[33] and the simulated transfer characteristics of TFET dewit#gsand without gate
drain overlap are compared in Fig8 (b)[33]. It can be seen from Fid.8 (b) that with similar
doping levels in source and drain, the TFET with ghlen overlap is ambipolar, whereas the
lorr Of the TFET without gatelrain overlap remains low, which is due to the high resistance
region in the channel near the drain. In the TFET without-djatim overlap, the large carrier
density buildup by negative gate bias in the gated channel regiomgper lextends to the drain,
leaving an area with low hole concentration adjacent to the drain/channel junction. In addition,
due to the reduced inversion carrier concentration near the drain, thenbel&ttrical field at
drain/channel junction was redect As a result, tunniely of holes fron drain to the channel at
the drain/channel junction with a negative gate bias is reduced and thet@&Eondition of the
device can beroperlycontrolled[33]. Similar approaches are also achieved by other i&ssar

to reduce the ambipolar propertigg2, 34] all of which illustrated significant reduction of
ambipolar current using this method.

Another approach of reducing ambipolar currentaof FET is to lower the doping
concentration of the drain region, wh can increase the tunneling barrier width for holes at the
channel/drain interface due to the enlarged tunneling barrier width at a lower doping
concentration[34]. For ntype TFET, the gype tunneling between channel and drain is
significantly suppresed, since tunneling current decreases exponentially with increasing
tunneling barrier width. In contrast, theylis controlled by the electron BTBT from source to
channel, so it is insensitive to the drain doping concentration. As a result, asymmete& so
drain doping offers a successful scheme for suppressing the ambipolar characteristics of TFETs

[34]. As shown in Figl1.9, by reducing the drain side doping concentration, the BTBT from the
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drain to the channel was significantly suppressed and thépalabcurrent was reduced by
several orders of magnitugig4]. Actually, both of these approaches, by reducing cheaamagh
overlap or decreasing drain doping concentration, are not fundamentally different and both
suppress the ambipolar current by iduoing a long depletion width and low electric field on

the drain side[32]. As a result, combination of these two methods can further reduce the

ambipolar current ch TFET device
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Figure 1.9 (a) Transfer characteristics ofo86ey5 N-TFETs with Soure/Drain implantations of 11§ BF,"/cn?

[1x10™°BF,"/cn? (black), 1x1.0" (red) and 1x16° As*/cn? (blue), respectively]. Solid curves are fop#0.5V and
dotted for \hs=1.7V. (b}(e) The simulated band structure displayed in the insets indicait&ltrence for the drain
dopant concentration on the tunneling current: (b) and {6} Np = 2 x10?%m’; (d) and (e) N = 2 x10%%cm?, N,
=1 x10"cm®. The bias conditions are (b) and (d)# 0.1V, Vss=-0.5V and (c) and (e) 3¢ = 0.1V, Vss= 0.5V.

[34] Used with perndsion of Nanotechnology Reviews
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1.3 A brief history and stateof-the-art results of TFETs

In 1978, Quinret al. at Brown University{35] firstly proposed the gatedip structure of
TFET. Banerjeest al. at Texas Instrumen{86] studied the behavior of a thregrminal silicon
tunnel device using a pegion instead of anregion under the gate. Takeetaal. at Hitachi[37]
fabricated a bantb-band tunneling MOS device on silicon and showed lack @f rgll-off as
scalingof the device. In 1995, Reddick and Amaratunga at Cambif@&jedemonstrated the
measured characteristics of silicon surface tunnel transistors to replace traditional MOSFETs
with faster operating speed and without scaling problems. In 2000, Heinatht University of
the German Federal Armed Forces in Mur(ig8] showed experimental results from a reverse
biased vertical silicon tunneling transistor made by molecular beam epitaxy (MBE). The
transistor has a heavily delta doped layer to create an tatwoipel junction and noted the
saturation behavior in the output characteristics. In 2004, Appeneeldr[40] demonstrated
BTBT in carbon nanotube. The research of TFET is under a rapid growth after 2004 by using
different material systems, includige[32, 41, 42, SiGe[43, 44, 111-V [8-15], etc

In recent years, the performances of TFET devices wgrefisantly improved by the
utilization of IlI-V material systems, heterostructures, band alignment engineerings high at e
dielectric andstrain engineeringlable 1.1 summarizes the recently reported experimentaV Il
TFET devices and statd-the-art performances of TFETs with different band alignments.
Dewey et al. [45] firstly reported an IHV TFET in experimental with a room tempens
minimum SS less than 60mV/dec (~58eV/dec) in apydBay 47/AS homojunction using a thin
Ino Gay 3As pocket layer at the source/channel interface. However, due to the large tunneling
barrier within homojunction TFETS, thg\is still remains low. Mookerjea and Mohaggal. [9,

15, 46] studied the IgGaxAs homojunction TFETs with different In compositions.
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Experimental results showed that by increasing In composition from 0.53 tg\0inGreased by

167 %, from 6DAA/Adm.m Tloe oy sadueet@ thee enhamced ltunneling
probability caused by the reduction of bandgap energy. By usigw®ansAs p'/i high indium
composition pocket layers at source/channel junction as well as usingablf§ate oxide, Zhao

et al [47] reported an I§ssGa 47/AS homojunction TFET with angh o f 50 A/ em and
temperature minimum SS of 86mV/dec. The SS was predicted to be further reduced by
eliminating O at HfO,/InGaAs interface. The application of heterojunctions further inguto

the performance of TFETs, especially in an,Ga.As/GaAsSh., staggered gap
heterostructure. Mohatet al. [9], [48] reported InGa.xAs/GaAsSh.y staggered TFETs with
different effective tunneling barrier height. The effective tunneling barrightbeas reduced by
increasing In composition in JGa.xAs side and increasing Sb composition in G&hs, side

while keeping the active region ([Ba.,As/GaAsShy.y) to be internally lattice matched. Thel

of fabricated TFETs was increasing with reducegdqs.EBesides, the dy of mixed As/Sb
staggered gap TFETs is much higher than that of homojunction device with the same channel
material, which directly demonstrated the advantages of this mixed As/Shkerstdggap
structure. The dw/lorr ratio was also improved by interface engineering. By using
GaAs 3s5hy 651Np /Gay 3AS as source/channel material, Mohataal. [48] reported a TFET with

high lon O f 135c¢ Aloglsreratio af B7,000.In 2013, Bijeshet al. demonstrated the
record drive current of 740A / atra cutoff frequency of 19GHz at drain to source voltage of
0.5V using IR Gay 1As/GaAs.1s8Shy g2 near broken gap material syst¢a®]. However, due to
thetrapsassisttunneling (TAT)process inglved in the transport of subthreshold region, the SS

of the mixed As/Sb staggered gap TFETSs is not&uhV/dec. As a result, furth@rvestigations

should be taken to optimize the device fabrication process and additional studies are necessary to
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find beter highe di el ectric with | ow interf dtasostat e:
summarized the latest experimental results of mixed As/Sb broken gap (InAs/GaSb,8binAs

y/GaSb) TFETs. Zhowet al. [S0] reported by O f 380 A/ em in a TFET wusi
heterostructure with a broken band alignment. Nevertheless, additional measures should be taken

to turn OFF this kind of devices due to the normally ON properties of the broken gap alignment

[51, 52]. Choet al. [42] simulated Si compatible compound semiconductor TFET structures
(Ge/GaAs) and demonstrated promising performance. &ual. [53] firstly demonstrated

strained Ge/lpsGay47As TFET experimental by rgrowth of Ge on lpssGa47/As buffer.

However, dueto the high resistance associated with the tunneling junction and the channel
region, the drive current of this transistor is |ovae transfer characteristics of recently reported
experimental IHV and strained Ge/InGaABFET devices are summarized irgFL.10 The SS

of 60mv/dec is also denoted in this figure.

1.4 Dissertation objective and organization

The objective of this work is to comprehensively investigate the structure properties and
device performancegorrelations of TFETs using mixed As/Sb and Ge/InGaAs based
heterostructures, including the structural design, alloy composition comff@] structure
growth by MBE, heterointerface engineering, material characterization, device fabrication,

device performance measment and high temperature reliability studies.

This dissertation is organized in 9 chapters. Chapter 2 introduces and discusses in detail of
the key considerations for design of TFET3he tradeoff parameters, includingoand
alignments doping concentration, channel length and gatiéelectrics were discussed
systemically. A comprehensive consideration of TFET structure design and material system

selectiorwas presenteldased on all these discussions.
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Figure 1.10 Summaries the transfer characteristics of experimental Hhd Ge/InGaAFFET devices. The SS of

60mv/dec is also denoted in this figure.
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Chapter 3 presents the experimental methods used in this study for material growth,

structuralcharactaration and device fabrication.

Chapter 4 presents the MBE growth oixed anion GaAsSh., materials in a wide Sb
composition rangdrom 15% t062%. The influence of different growth parameters, such as
growth temperature, Sb/Ga ratio, As/Gaaasétc, on the alloy composition was systemically
investigated. Three differenthigh g at e de, AlbOg EIfOx TigOs, were integrated on
GaAs 3sShy 62 material by atomic layer deposition. The band alignment of these differend high
gate didectric materials on GaRsgsShy s> was investigated by-ray photoelectron spectroscopy

(XPS).

Chapter 5 presenthé structural properties and device performance8IBE grownmixed
As/Sb tunnel FETheterstructureswith GaAslike andInAs-like interface at the source/channel
region. The structural properties and device performances of these two structures with different
heterointerface were compared. The interface engineering during the switching from Sb rich
GaAg .35y es to As rich Ing /Gay sAs was optimizedThe band alignment properties of these
structures were investigated using XFEased on these results, thailor-made effective
tunneling barrietheightand a high quality source/channel interface with aweintained low

defect density ishighlighted formixed As/SBTFET structure.

Chapter 6 presentbée high temperatureeliability studiesof both structural and electrical
properties of mixed As/Sb staggered gHEETs from 25°C to 156C. The high temperature
reliability studies showed altle structural properties and distinct device performances of this
mixed As/Sb staggered gap TFEB$ high operation temperatureyhich highlights the
importance of the reliability on high temperature operation of TFETs for futurepdover

digital logic applications.
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Chapter 7 presents théctural properties of metamorphiicy /Gay sAs/GaAS 355k .65 pP-
type TFET structure grown byMBE for complementary TFET applicatian§hese structural
propertes showed high quality of this structure gdvided critical guidance for the fabrication
of As/Sb basedtaggeredyap complementary TFETs for uklaw standby power and energy
efficient logic applicatioa

Chapter 8 presents thensile straind Gelng16Gay ssAS heterostructurgrown in-situ by
MBE using twoseparategyrowth chambers for Ge and-M materials as an alternative path to
further improve the performance of TFETEhe superior structural properties suggest tensile
strained Gdhg16Ga s4AS heterostructure would be a promising candidate for-pgthormance

and energefficient tunnel fieldeffect transistor applications.

Finally, Chapter 9 summarizes the conclusions of this work and recorathpndsible

future areas of inestigation.
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Table 1.1Performance comparisons of experimentaMland Ge/InGaAs TFETs with different band alignments.

SSun and S$ge stands for the minimum (point) and effective subthreshold slope, respectively=3Son-V ors)/10g(lon/lorp)

Band i ; EOT lon Vps | Ves Von- lon/ SSuN SSrr
Reference Source Channel alignment Dielectric om) | (eAld V) | V) | VortV) o SR R
Zhouetal.
IEDM, 2012[50] Gasb InAs Broken | AlL,O4/HfO, | 1.3 380 1 1 2 7,500 200 520
Zhouetal.
IEDM, 2012[50] GaSb InAs Broken | Al,O4/HfO, | 1.3 180 05 | 05 15 6,000 200 400
Deyetal.
DRC, 2012[54] GaSb INASg 555k 15 Broken | Al,O4/HfO, | 2.3 110 0.3 15 3 275 300 1200
Zhouet al.
EDL, 2012[55] InP N5 s45aAs Type | AlL,O4/HfO, | 1.3 20 0.5 1 1.75 450,000 93 310
Mohataet al.
VLSI, 2012[48] GaAgsShhes | INgGasAs | Staggered| Al,O/HfO, 2 135 0.5 1 15 27,000 169 350
Mohataet al.
VLS|, 2012[48] GaA9sShye | INoesGanssAs | Staggered| AlOyHO, | 2 78 05| 1 15 15,000 | 179 --
Mohataet al.
IEDM, 2011[9] GaAgsShys | IngsdGaysAs | Staggered| AlL,Oy/HfO, | 1.5 60 075| 1 15 >1,000 | ~300 -
Zhaoet al. INo-GapAS | INoGayAS nomojunct|  HIO 12 | 50 |105| 2 - | >10000| 86 380
EDL, 2010[47] 0.75%. 075%. iorJ1 2 : : :
Mohataet al. Homo
IEDM,2011[9] Mo GapAS | MNoCaAS | 5 ion AlLOy/HfO, | 1.5 60 075| 1 15 6,000 | ~200 -
Mookerjeaet al. Homo N
IEDM, 2009[46] INosG&.47AS | INo5dGap 47AS junction Al,0; 4.5 24 075 1 15 10,000 200 --
Deweyet al Pocket
IEDM, 2011[45] | MosaAS | INosdGanahs hor?:rjlunct Tasio, 1.1 5 03 | 08 0.9 70,000 | 58 190
Bijeshet al. - ~ -
IEDM,2013[49] GaAg.1Shhgr | INgoGaiAs | Staggered| AlL,Ox/HfO, | 2 740 05 | 20 25 40 300
Guoet al Ge InosGasAs | Staggered| AlLO; | 25 | 04 | 02| 2 3 ~300 | 177 -

JAP 201353]
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Chapter 2 Key considerations for design of TFETs

2.1 Band alignments and effectivéunneling barrier height

Based on different band alignment types of the source/channel materials, TFET can be
classified to (i) homojunction, (ii) staggered gap, and (iii) broken gap structures. The schematic
band diagrams of these three types BET at ONstate are shown in Fi@.1 (a), (b) and (c),
respectively. For a homojunction TFET, the same material was used in both source and channel
regions and the tunnel junction is formed by the heavy doping concentration in the source side.

As a result the sharpness of the doping profile at the tunnel junction is critical for a
homojunction TFET, as it determines the tunne
channel. A major drawback of homojunction TFETs is the lack of high[1] dueto the
relatively |l arger tunneling barrier width (@&
heterojunction transistors, this figure of merit can be drastically improved, as predicted
theoretically[2]. Some heterostructures offer a staggered laighment, allowing a steeper

band structure profile over the junction than homojunction which is achievable only by using
doping modulation(3]. As shown in Fig2.1 (b), the staggered gap TFET is formed by two
different materials with a type band aligiment (e.g., lkGa.xAs/GaAsSh..,) at source/channel

interface. Compared with homojunction as showninZig( a) , t he tunneling b
is reduced in the staggered gap TFET, resulting in highef4l, 5]. A brokengap TFET is

formed by a typ-1l broken (also been referred as tyjpi¢ heterointerface (e.g., InAs/GaSh) at

the source/ channel i nterface, which further r

even higherdy.

32



Homojunction

Ec

-:\' LE_ N
Ers

Staggered gap

Ec—\

Ev :
E“Eei\;
: ===-Erp
Broken gap
E(_f "

Ev

A
%E FD
T

Figure 2.1 The schematic band diagrams of (a) homojunction (b) staggered gap and (c) broken gap TFET at ON

state. For homojunction TFETS, the same material was used for source, channel and drain regions. Homojunction
TFETSs usually exhibit low Obgtate currentduetoh e r el ati vely | arge tunneling bar
TFET, the source/channel junction is formed by two different materials with altgi@ggered band alignment

(like InGay. As/GaAsShy.,) . The tunneling bar gapdFET iwreduted coinajed vath a st
homojunction, resulting in a much highegl For broken gap TFET, the source/channel tunnel junction is formed

by a typell broken heterostructurgalso been referred as typié like InAs/GaSb), which further reducebet
tunneling barrier wi dtohHowever, daertodkhe hoenzalty ©ON teaiureeofvtte brokeniggph e r |

TFET, an additional gate voltage is needed to turn OFF this kind of device.
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An important parameter for designing a TFET device is ffecteve tunneling barrier
height (Ee), Which is defined as the energy difference between the channel conduction band
minimum and the source valence band maximum for-gyp@ TFET but the energy difference
between the source conduction band minimumtaedchannel valence band maximum for-a p
type TFET, as shown in Fig.3 (b) and1.3 (c), respectively. This g plays a significant role
on the performance of a TFET device, which not only determines thst&@&tunneling current
but also sets the ht&ing barrier for the OFState leakag]. For homojunction and staggered
gap TFETSs, the &5 is a positive value. The advantage of the staggered gap TFET is thaiithe E
can be well modulated by changing the material compositions on both sourceldides. As a
result, a tailorednade ke can be achieved in a staggered gap TFET to begstvithout
sacrificing brr In principle, a lower Ry is always preferred in designing TFET structures so
that more tunneling carriers can be generated uhgesame gate bias, which in turn leads to a
higher bn. Experiments have already proved that by reducipgfEom 0.5eV to 0.25eV results
in at least 200% improvement @flin mixed As/Sb heterojunction TFETSs due to the increase of
tunneling transmisen coefficient[4, 7]. However, if Bt is scaled to a negative value,{fe<
0), a broken bandgap alignment will be formed at the source/channel interface. Although further
improvement is expected ognlfor a broken gap TFET due to the removal of tuimgebarrier,
lorr Will increase simultaneously and thus additional gate bias is required to turn off this
tunneling mechanisni8]. As a result, for a broken gap TFET with negativerEthe direct
tunneling is taking place even without gate bias andxémna gate bias (negative fortype and

positive for ptype) is needed to turn this kind of device OFF.

2.2 Doping levels and band gapnergyof source channel and drain
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The doping levels of TFET source, channel and drain must be carefully optimized in order
to maximize $n and minimize e [9]. In principle, the source region must be heavily and
abruptly doped to boosgy\. Dopant abruptness less than 4nm/degadecessary to maximize
the junction electric field that enable highy[10]. This common practice, however, has some
tradeoffs to y and SS if the source doping concentration is too high. As shown i2.Bi¢p)
for a ntype TFET, the source regionhgghly degenerated due to heavilstype doping, which
results in the source Fermi levelsHies below the valence band maximum. EAt a given
temperature, electrons will partially occupy the states in the valence band betwapd Es
according to thé&ermi Dirac distribution. When a gate bias is applied, channel conduction band
states will firstly be paired with source valence band electrons whose energy is bejve®h E
Ers [11]. However, due to high degenerate source material, these states arpadialy
occupied, which results in a reduced fraction of paired tunneling states to contribute to the
conduction and thus degrades.|On the other hand, to achieve higher efficiency of-turn
which relates to steeper SS, every paired source valemog and channel conduction band
states should be utilized to transport electrons via BTH]. As a result, the high degenerate
source material also degrade SS due to less available electrons in the source valence band within
the energy wi mddig. 2.208). & sontadt, @ WFET structure with a lower
doped source region demonstrates agcoser to k in Fig. 2.2 (b). In this case, majority of the
source valence band states are occupied, providing ample supply of electrons to contribute to
tunneling when paired up states are availfble 11], resulting in steeper SS and highgy at
lower Vgs.

Despite of the degradation of SS agg, Ithe highly degenerated source also increases the

OFFstate leakage due to the tunneling prosgsdand tail statef8, 12]. The band tails caused
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(b)

Figure 2.2 (a) Schematic band diagram of inefficient t@®N of an ntype TFET device if the source region is
highly degenerated. Energy states in the source valenc
according to Fermi Daric distribution, resaoy in reduceddy and degraded S$L1] (b) Schematic band diagram of

a TFET structure with a lower doped source. Majority of the source valence band energy states are occupied,
providing ample supply of electrons to contribute to tunneling when pajestaies are available, resulting in

steeper SS and higheyylat lower \gs. Used with perngsion of Nanotechnology Reviews

by heavy doping decay exponentigliy8, 14, 1% into the bandgap a3 AT where By

is the conduction (valence) hedge and Eis the Urbach parameter which can be comparable

to the room temperature thermal energy] k 26me\[12]. The band tails extend density of
states into the bandgap, which gives rise to the enhancement of tunneling from band tail states to

the dannel at OF¥state, resulting in further increase efd Besides, the energy states from
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band tails extending into the bandgap reduce the energy difference between these states and the
mid-gap traps, which in turn enhance the SRHRGeakage at OFBtat [12]. Nevertheless,
although an ovedoped source region can degrade Sfg, dnd brs it IS not desirable to
introduce a lightly doped source in TFET structures, which reduces the electric field at the tunnel
junction and increases excessive seriesstaste. A possible compromise may introduce
moderately heavily doped pocket layer only adjacent to the tunnel junction and keep the other
region of the source at an appropriate lower doping concentfdtién13.

The channel region of TFET is feunintentionally doped in most TFET desigas5, 16,

17]. Although simulations show that the lightly doped channel will not change theorurn
properties significantly{9], the brr is increasing simultaneously with the increasing doping
concentration of the channdl8]. The drain side doping significantly influences the performance
of TFET devices especially at Ofsfate due to the ambipolar characteristics as discussed in
Chapter 1.2.5 As a result, an appropriate doping concentration in the drain region is also
necessary to balance the series resistance and the ambipolar leakage.

The selection of bandgap energies of source, channel and drain is another key factor during
the design of TFET structures. Using a smaller band gap material in the source is predicted to
significantly enhance the tunneling currg¢®f 19. However, the reduction of source material
bandgap also introduces the risk of increasgagdue to the enhaed thermal emission at OFF
state, which is proportional @ 7 . In practice, the channel material with a larger bandgap
is preferred to reduce the standby leakage current caused by thermal generation. The channel
material with a larger bandgaan also provide higher joint density of states to accept the source
electrons. However, in the mixed As/Sb staggered g#ypea heterostructure TFET using

GaAsShy.y as the source and,f@a.,As as the channel and drain, a channel material with higher
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Indium (In) composition (corresponds to lowegGiay«As bandgap) is needed to reduce thg E
and enhanceph. Giving these material considerations, appropriate channel band gap should be
selected to yield reasonable largg Without increasing excessieakageg11]. The bandgap of
the drain side is usually selected to be large in order to introduce asymmetric to reduce the

ambipolar leakage from drain to channel.
23Hgha gate dielectric

The gate dielectric determines the capacitive coumfrtge gate with the tunnel junction in
a TFET devicg20]. It has already been reported that kigh gat e di el ectric pr
with better capacitive control of the tunnel junctidrr, 21], which leads to better performance
of TFET devices, bothtseper SS and highesn. As shown in Fig2.3 (a), Boucartet al. [21]
demonstrated by simulation that lof TFETSs increases as the gate dielectric constant increases.
In this figure, SiN4( U = 7. 5) camadttewdi il gktt r itsof Miand?9 di el e
(such as Hf@and ZrQ) are comparedwith S O = 3. 9), al | of which h
of 3nm. It can also be found in this figure that, in addition to the improvemegf,0bdth the
point and average SS are improved due to the better gate coupling given bya hagh e[B,ect r i ¢
21]. Despite the high dielectric constant, the thickness of-dighgat e di el ectri c al
influences the performance of TFETs. Mohataal. [5] demonstrated that by scaling the
electrical oxide thickness {kg) of gate dielectric (AOs/HfO, stack) from 2.3nm to 2nm, an
enhancement o) by a factor of 3.5 was obtained in arcimannel GaAgssShy ed1No /Gay 3AS
staggered gap TFET. Hawer, the reduction of gate dielectric thickness also introduces the risk
of increasing in gate leakage. Zhetaal.[17] reported in lg/Ga sAs TFETSs that with 8nm Hf©
gate dielectric, both SRH-& and BTBT currents contribute tgek, however, for TFESs with

5nm HfQ, gate oxide, the gate leakage current also contributeggorésulting in a smaller £
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(activation energy). In addition to the improvement of -€ite performance, the high
dielectric also provides the gate with better control of hgr®OFF the device, especially at a

shorter gate lengtf20].
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Figure 2.3 (a) Comparison of transfer characteristics of TFETs with different gate dielectrics by simulation. Four
different gate oxides with the same physical thickness of 3nm are used simithation. By using high gat e
dielectric, both the drive current and SS of TFETs are improved due to better gate coupling. (b) Comparison of the
transfer characteristics of TFETs with different channel lengths. Thest@td current of TFET does not chhen
obviously with reduced channel length, however, the -Gtfake leakage current increases by several orders of
magnitude with scaling of channel length. G§tkte current increases sharply as the channel length less than 50nm.
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While highe gate dielectrics have advantages for
in defects at the semiconductor/high i nt er f a©@e gat et deeheghric i s
on the channel materifd], which will introduce the deleterious effects on the carrier mobility of
the devicg9, 20, 22, 2B Although the drive current of TFETSs is less sensitive to the changes of
channel mobility than MOSFETs since the tunneling transport at source/channel junction
dominates any scattering in the channel, these interface defects will deteriorate the performance
of TFETs and lead to degradation of SS. These interface traps can retard thdewarmi
movement of the intrinsic channel layer which is controlled by #te gias, and they can also
result in the interface trap assisted tunneling and the subsequent thermal emission, which caused
the high temperature dependence of[5S4, 25, 26. In order to reduce these interface states
and also to be compatible witreatdard CMOS fabrication techniques, an interfacial oxide layer
with better oxide/semiconductor interface is required between theshigly at e di el ect r i
semiconductor channel. Zhaoal.[17] compared the performance of ag Ba& 3As TFET with
ard without the interfacial oxide layer, which shows thatQMHfO, bilayer gate oxides
effectively improve SS compared with single Hf@ate oxide due to a better InGaAs/oxide
interface. On the other hand, ®k/HfO, bilayer oxides do not show an effectiveprovement
of loy compared with single HfEgate oxide, which also proved that tlyg 6f TFETS primarily
depends on the tunneling probability at source/channel interface instead of the channel electron
mobility.
2.4 Channel length

The channel legth of TFET is not as critical as that of MOSFET on determining the ON
state performance as theynl of TFET is determined by the tunneling current at the

source/channel junction instead of the scattering in the channel. In contrast, theta@FF
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leakageof TFET is greatly dependent on the channel length especially as the channeldength

aggressively scaled. Figu&3 (b) [20] shows the simulated transfer characteristics of TFETS

using higha

gat e

di

el

ectric

(U

Vit different gate lengths. It nt er f

can be found from this figure, without noticeable changesqf the bgr increases by several

orders of magnitude with scaling of channel length, especially as the channel length is less than

50nm[20], which indicates thahe gate lost its ability to efficiently turn off the device. This can

be explained by Zener breakdown mechanigé 27, where electrons can still tunnel through

the tunnel junction at OF&tate without gate voltage. The reduced channel length dectbases

tunneling barrier width fnm source to channel and results in the Zener breakdown in TFET

devices.
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channel length, the depletedgiens are becoming narrower and less defined. With the channel length equals to

10nm, devices with both types of gate dielectrics are showing Zener breakdown (electron tunnelingstatte)FF
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Toshio Baba[28] predicted that it would be possible to scale TFETs (surface tunnel
transistors) to a gate length equals te tiepletion layer width, on the order of 10nm, where
electron tunneling is suppressed. In an ungatea giode, the depletion region includes the
entire intrinsic region in addition to the depleted areas of tla@g i regions. Figur@.4 (a) and
(b) [20] demonstrates the electron and hole concentrations of thesactssn of a TFET using
di fferent gate diel ecta igeast g Udi=e|3e c9t raincd ils =wi2t
layer) by simulations. With the scaling of channel lengtle, diepleted regions are becoming
narrower and less defined. At channel length equals 10nm, devices with both types of gate

dielectrics are showing Zener breakdown (electron tunneling) atSfde:
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Figure 25Schemati c band diagrams of TFETs with different g:
interfacial oxide layer within the high gate dielectric stacks. With a chani
effectively turned off and the degilon region was welllefined. When the channel length was reduced to 20nm, the

TFET using low gate dielectric (U = 3.9) begins to bre

in both cases with a tunneling width less than 1J&6j. Usedwith permssion of Nanotechnology Reviews

Another way to check the depletion region width is to examine the energy band diagram
across the TFET devicés, 20. The depletion region corresponds to the region between the flat

band within the ftype region and flat band within thetype region in energy band diagrams. As
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shown in Fig2.5(a) and (b)20)]f or TFET band diagrams wusing di
3.9 and U - ga8tettieeheéeghri c i s winulationstboti nt er f
of the devices are effectively turned OFF with the wellined depletion region with a channel

length of 40nm. When the channel length was reduced to 20nm, the TFET using low gate
dielectric (U = 3.9) b e ghofinn, the dbvices dreak dowmim . A
both cases with a tunneling barrier width less than 10nm. In that case, neither of the devices can

be well turned OFF, and the gate lost its control to the tunneling barrier modulation, resulting in

high leakage curréras shown in Fig2.3 (b). As a result, the channel length of TFETs cannot be

aggressively scaled to result in the Zener breakdown of the device.
2.5 Comprehensive consideration ahe TFET design

Based on all these discussions above, structudedavice design optimization should be
applied to increaseop, reduce ¢rr and improve SS, simultaneously, to offer a device with a
comprehensive desirable performance. As TFET is a device depending on the BTBT mechanism
at the source/channel junction t@nsport carriers, the tunneling probability determines the
tunneling current of a TFET device. In order to achieve higher tunneling probability, the
tunneling barrier should be reduced, which can be achieved by using higher source doping
concentrationsmaller bandgap source material and staggered or broken band alignment. As high
degeneration caused by heavily source doping will reduce available states for tunneling and thus
degrade theolh and SS[11], a modulated heavily pocket doping layer only nier tunnel
junction is essentigb]. In addition, a direct band gap and smaller carrier effective mass can also
contribute to improvedk [6, 7, 29, 3D In this respect, I}V materials are highly attractive, as
they typically have low effective carrienass and direct band gaps that allow for efficient

tunneling[3].
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Another optimization criterion is to reducgs#, including all leakage current components:
the ambipolar leakage, the SRHRGleakage, and the tunneling leakage. In order to reduce
ambipolar current, asymmetric configuration, both asymmetric bandgaps and asymmetric doping
concentration between the source and drain, should be introduced for the design of TFET
structureg31]. Considering a source region with smaller bandgap and higipang is necessary
to increasedy, the drain material should be designed to have a relatively larger bandgap and
lower doping concentration (but not be too low to increase serial resistance). Besides, in order to
reduce SRH &R leakage, large bandgap tedals are desired, but large band gap materials are
not desired for Ohstate performance. As a result, the material bandgaps should be carefully
selected to achieve highegnl without scarifying ber. Furthermore, in order to reduce the
tunneling leakagethe tunnel barrier at source/channel junction should be enlarged to block
unwanted tunneling at OF$tate[6], which can be achieved by homojunction or staggered band
alignment. As the homojunction TFET has its own drawback for gy the staggered bdn
alignment is a preferable choice for TFET design to achieve high@ntd lower s Besides,
the tunneling barrier height should also be well modulated for a staggered band alignment to
achieve a balance between high &nd low ber

A sharpinterface at the source/channel junction is needed to achieve steep SS, which
requires both abrupt doping profile and minimum atoms -diféusion. To achieve better gate
control to the channel energy bands movement, a-dighgat e di el ecsary.i ¢ i s
Besides, an interfacial oxide layer is needed betweendhiglg at e di el ectri ¢c and
carrier scattering at the channel/oxide interface. In addition, it has been increasingly clear that the

highe di el ectri c 04 compaeds Ahowed anaincieased S$ Huke to larger
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interface induced defects {JJ[32]. As a result, a channel material without Al component is also
benefitted to achieve steeper SS.

All the above considerations related to TFET design are summarizegl & é-iln view of
all these considerations, mixed As/Sb based heterostructures namelySkahs,Ga;.,As are
very attractive as they allow a wide range of bandgaps and staggered band alignments depending
on the alloy compositions in the source andnclgh materials. Band alignments at the
source/channel heterointerface can be taiedle by carefully controlling the compositions of
the mixed As/Sb material system while keeping this material system internally lattice matched.
Besides, sharp heterojurani interface and abrupt doping profile can also be achieved by
molecular beam epitaxy (MBE). Minimum atoms intkifusion can be well realized by
carefully control the shutter sequence during switching from Sb rich material to As rich material
[29]. As aresult, the mixed As/Sb staggered gap TFET is considered as a promising option for
high-performance, low standby power and energy efficient logic application.

Another approach for designing high performance TFET is utilizing tensile strained
Ge/lInGaAs heterostructuretn pastfew decades, Ge has been actively investigated due to its
high intrinsic carrier mobility, small band gap energy and silicon (Si) compatible process flow
[33, 34, 35] In addition, tensile strained Ge exhdafurther redution in band gap energgnd
enhanced electron and hole mobiligg#, 35, 36] making it a highlypromisingmaterial forlow
powerTFET applicationsGe/InGaAs heterostructusatisfiesthe requiremestfor low band gap
material system in a TFET design. More importantly, by carefully controlling the alloy
compositionin InGaAs material, thenagnitudeof tensile strain insideéhe Ge layer can be
tailored such thatthe Eer betweenthe Ge source andhe InGaAs channel can also be well

modulatel, both of whichwill facilitate the further optimization of TFET structure.
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In the following chapters the detailedmaterial growth, structure optimization, material
characterization, device fabrication, together witle related experimental orsimulated
structural properties and device performanceSFETs using both mixed As/Sb and tensile

strained Ge/InGaAs heterostructures will be discussed
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Chapter 3 Experimental methods: TFET structure growth,

characterization and device fabrication

3.1 Molecular beam epitaxygrowth of mixed As/Sb and tensile strained Ge

TFET structures

All the structures studied in this dissertativere grown by solid source molecular beam
epitaxy (MBE). MBE is a physicalapor deposition technique, which is widely applied in
research labs and industrial production. The constituent elements of the crystalline solid are
transported from the sourcés the substrate using molecular beams. A molecular beam is a
directed ray of neutral atoms or molecules in a vacuum chamber. In MBE, the beams are usually
thermally evaporated from solid or liquid elemental sources. The characteristic feature of MBE is
the mass transport in molecular or atomic beams. A vacuum environment is required to ensure
that no significant collisions occur among the beam particles and between beam and background
vapor. A schematic diagram of an MBE growth chamber is shown in Fi¢l]3.The vacuum is
generated in a chamber by different pummaighingdry pump turbo pump, ion pump,rgo-
pump etc) and cryeshrouds. Usually effusion cells mounted opposite to the substrate producing
beams of different species by evaporation. Theatitur of the exposure on the substrate is
individually controlled by shutters for a rapid change of material composition or doping. The
substrate is mounted on a heated holder and can be loaded and unloaded under vacuum
conditions by a manipulating mecham. An ion gauge can be placed opposite to the substrate
heater to measure and calibrate the begmvalent pressure (BEP) produced by the individual
sources. The vacuum environment maintained during epitaxy provides an excellent opportunity

for in-situ monitoring of the growth process. Virtually any MBE system is equipped with an
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electrondiffraction setup. Usually reflection higgnergy electron diffraction (RHEED) with an
electron beam nearly parallel to the growth surface is applied, yielding sttuetareation on

the surface crystallography during oxidesorption and during the epitapd}.

To substrate heater supply
and variable speed motor

RHEED gun T

Liquid nitrogen
cooled panels
Beam flux

— = monitoring gauge

11
[ |

il \ / Gate valve

Effusion —
cells —— Sample transfer
L — mechanism
Shutters

View port

Rotating substrate

Fluorescent LlJ
holder

screen
Quadrupole

mass spectrometer

Figure 3.1 Schematic representation of MBE growth chamber. The circular arrow indicates the positioning of the
gauge at the location of the substrateatibrate the bearaquivalent pressure of the cells which contain different

source materials.

MBE is performed in ultrdnigh vacuum (UHV)j. e, at a residuatjas pressure below 10
Pa (10° torr). The requirement of UHV conditions arising frofre tpurity requirement also
ensures the beam nature of the molecular sources. The condition of a sufficiently large mean free
path of effused particles in the range of typical dimensions of MBE setup (ordet* of)1id
already fulfilled in a pressure ramgelow 10 Pa. To reach UHV, all materials used in the
vacuum chamber must have very low evolution of gas and a high chemical stability. Tantalum

and molybdenum are widely used for shutters, heaters and other components. The entire MBE
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chamber is bakedub typically at 206C for several days any time after having vented the
system. Spurious fluxes of atoms and molecules from the walls of the chamber are minimized by
a cryogenic cooling shroud chilled using liquid [i]. Besides, all the substrate matksriased

for MBE growth also need to be well degassed before loading into the growth chamber. Take
GaAs substrate as an example, the substrate is firstly baked in thehatnber at 18 for

three hours and then been transferred into a buffer chamberftother outgassed at £20for

more than 60 minutes to remove the residmapurities from the substrate. After that, the
substrate will be transferred into the growth chamber. The @daderption process will be
performed to remove the native oxidetbe surface of the substrate before any epitaxial growth.
The surface temperature for GaAs oxiksorption is typically 58€C measured bpyrometer

The oxide desorption process is performed under gvogements protection and usually

monitored by RHEB.

In a typical RHEED experiment, a high energy-(II® KeV) beam of electrons is incident
on the sample surface at a shallow angle of 1°t@®#fraction of the electrons is governed by
the Bragg law, as with-ray diffraction (XRD). However, the are two important differences
between RHEED and XRD. First, the electrons do not penetrate significantly into the sample, so
diffraction is essentially from the twdimensional lattice on the surface. Second, for the-high
energy electrons used in RHEEDe Ewald sphere is large in diameter, so many reflections are
excited at oncé¢2]. Because the diffraction occurs from a tdimensional net of atoms on the
surface, the reciprocal lattice comprises a set of rods perpendicular to the surface in eeal spac

The electrons in a RHEED experiments behave as waves, with a de Broglie wavelength given by
—, where h is the Plank constant, c is the speed of light, and E is the electron energy. For an

electron has an energy of 100 KeV corresponding to a dgliBrwavelength of 3.7pm, the
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radius of the Ewald sphere isg/lke 1700 nrit, whereas the separation of the rods in the
reci pr oc aamight&ea abouc20nthZThe/ Ewald sphere is so large compared to the
separation of the reciprocal lattice rods that it will intersect several rods, exciting several Bragg
reflections for any given geometry. The diffraction pattern therefore comprises a set of streaks as

shown n Fig. 3.2[2].

Electron Specimen
beam

Figure 3.2 Schematiof RHEED experiment

RHEED is commonly useth-situ during MBE growth to discern the growth mode and
growth rate. The surface roughness, and therefore the growth mode, may be discerned from the
nature of the REED pattern. As noted previously, a streaky pattern is an indication of an
atomically flat surface. In the case of a rough surface, the electron beam will penetrate islands or
other structures on the surface, giving rise to diffraction from a -ttireensonal lattice.
Therefore, the RHEED pattern becomes spotty in this case. The growth rate may be determined
from RHEED intensity oscillations, for which the period corresponds to one monolayer of
growth [2]. The measured RHEEDBscillationfrom the GaAs sudce is shown in Fig. 3.3. By
recording the oscillation frequency and incorporating the monolayer thickness (half of lattice

constant for GaAs), the growth rate can be determined.
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Figure 3.3 RHEED oscillation from the GaAs surface. The growth rate of Gzasbe determined from RHEED

oscillations by recording the oscillation frequency and incorporating the-tagaothickness.

In practice, different growth rates at different growth Il element BEP will be measured for
GaAs, InAs and AlAs, respeugly. The substrate used for RHEED oscillation must bexos.
After the measurement of growth rate at different growth 11l element BEP, the relationship of
growth rate as a function of group Ill BEP can be plotted. Figure 3.4 shows the relationship of
GaAs growth rate with Ga BEP. It can be seen from this figure that the GaAs growth rates show
a linear relationship with Ga BEP in a wide range. Once this relationship has been fitted, other

growth rates can be determined by measuring the correspondingligrelement BEP.
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Figure 3.4 GaAs growth rate as a function of Ga BEP

The growth rate calibration of GaAs, InAs and AlAs will be performed separately on
different substrates (GaAs and AlAs are on GaAs substrate, InAs is on InAs substrate). However,
the growth rate will be different for the same material at the saER @pending on the
different substrates it is growing on. For example, the InAs growth rate is calibrated on InAs
substrate, but different InAs growth rate is expected if the same BEP is used but grown on GaAs
substrate because of the lattice constarferdince between GaAs and InAs. As a result, a
sensitivity factor should be included in the calculation of growth rates if different elements are
used in the MBE growth. The growth rate difference of InAs on InAs substrate and GaAs

substrate can be calcwddtusing the following equation:

Y — Y

— Y PP T WY

(3.1)

57



where Y is the growth rate of InAs on InAsulstrate in the unit of ML/s and

Y is the growth of InAs under the same In BEP but grown on GaAs substrate.

The doping concentration of MBE grown films can be calibratedElctrochemical
Capacitancevoltage (ECV) measurenmds. GaAs layers with different doping source
temperature can be grown on the same substrate and the doping concentration of each layer can
be measured by ECV. The doping cell temperature x@aenential relationshigvith the doping
concentration which wiilbe a straight line if the doping concentration is plotted in a log scale on
y-axis as shown in Figure3.2D delta is open used during MBE growth, the relationship of 2D

doping with 3D doping can be calculated in the following equation:

tco L to0 L Qi £'G00o-Q Q& RTQE U QEQ (3.2

980 1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220 1240

1E18; / 1E18
1E17; // 1E17

g // ]
d

1E16 :/T,/ { 1E16

980 1000 1020 1040 1060 1080 1100 1120 1140 1160 1180 1200 1220 1240

Doping Concertation(atoms/crﬁ)

Si Cell Temperature (°C)

Figure 3.5 Relationship of doping concentration of GaAs with doping cell temperature.

3.2 Material properties characterization methods

3.2.1 Strain relaxation properties: Xray diffr action
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High-resolution xray diffraction (HRXRD) is important in the structural characterization of
heteroepitaxial layers, revealing lattice constants, strains, crystallographic orientation and defect
densities. A typical HRXRD is illustrated in Fig63a). The source of-ray is usually an xay
tube, producing a divergent beam with a broad spectrum. The beam is conditioned (limited in
both angular divergence and wavelength spread) by four diffracting surfaces arranged in a
Bartels monochromator. Therditioned beam is then diffracted by the specimen crystal and
measured using a scintillation detector. In a rocking curve measurement, the specimen is rotated
a b o u t -axts hseshown in Fig. &b) [3]. The diffracted intensity is measured as a funabion
the specimen angle ¥. The positions, I ntensit

curve are used to characterize the structural properties of the specimen crystal.

X-ray source 1 t 7
> f O]
N o

Bartels
monochromator

(a) De te:&

T %

Specimen

Y

(b)

Figure 3.6 (a) Basic setup for ph-resolution xray diffractionand(b) four circle diffractometer.
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The characterization of XRD can be performed using two equivalent ways: the Bragg
equation, which is a geometric equation in real space, and the Laue equations, which are the
equivalent condition expressed in reoipal space. Figure B.shows the diffraction of xay

beam which can be calculated by Bragg equation. Hereray keam is incident on a set of

crystal pl anes with separation d. | f the ang
(specular refleci on) , then the path difference @ betyv
condition for constructive interferencag i s @

wavelength. Thus, the condition for diffractior2$
2 dsg=nc & (3.3)
wherens t he order of the refl ecgtisitheBraggdnble.s i s t he

For a cubic crystal with lattice constantthe spacing of the (hkl) planes is

QMe  — (3.4)

Thehkl Bragg angle is then

— @ | QE—— (3.5)

-O—0

dsin®

-O—O—

Figure 3.7 The Bragg condition for diffraction.
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Detailed strain relaxation analysis fdramondand zineblende semiconductors can be
applied by reciprocal space maps (RSM)rriration of 60°a/2<110> {111} misfitdislocations
(MDs) at film/substrate interfaces are the primary mechanism to relax misfit gtfaand the
lattice mismatch between the substrate and the mismatch epilayer can be accommodated by
dislocation glide. Asymmetric dislocation distribution wabuksult in different irplane lattice
constants along two orthogonal [110] andQlLdislocation directions. As a result, the projection
of the incident xray beamcould bealigned with each of the iplane <110> directions to
measure the anisotropy inran relaxation ofthe structures. Both symmetric (004) and
asymmetric (115) RSMseed to berecorded to determine the alloy composition, the lattice
mismatch, and the strain relaxation-piane lattice constans and outof-plane lattice constant,
ccanbe determined using Braggbs | aw from asymme

relaxed layer lattice constamt,and t he strain, U of each | ayer

calculated usingp]

O —O® —w (3.6

R —— 3.7
where,as i S t he | attice constant of the substrat e
calcul ated from the elastic constants of |l nAs

RSMs with different incident xay beam directioa,and U al o n @0] dirdctiofs] and
can be determined. Relaxation of each layer with respect to the substrate in each <110> direction

can also be expressed as,

and2 _ (3.9
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For isotropicrelaxation,2 2 and the average relaxationYs 2 2 (S

The perpendicular lattice mismatch of epilayer withresped o t he fAvi[6]t ual 0 sub

N — (3.9

where,&d i s t he rel axed | attice constant of Aviort

mismatch measured along the [110] anpDfidirections are

0

o) - (3.10

where a[110] and appry are inplane lattice conants of epilayer along [110] and 0]
directions, receptively. For the fully relaxed case, the lattice misri@toh fully relaxed layer

is described agl],
M —Q — Q Q 8 (3.1)

The critical thicknessQ for the formationof misfit dislocations due to the strain relaxation

can be estimated using the theoretical expression proposed by Matthews and Blakeslee
Q —————a&e p ) (3.12

whereA §+|-§is the magnitude of the dislocation Burgers vettor U i s t he angl e
di slocation |Iine and its Burgers vector, Db is

in the film plane which is perpendicular to the line of intersection of the slip plane and the

interface. Here, Burgers vecsoof the dislocations wergp pGype and were inclined at 45°

to (001) such thah  gffs —=[8. For 60Aal/ 2 <110> {1144 slip s
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The strain relaxation properties of epitaxial layers can be represented from RSMs telating
g vectors. In RSMs, the vector represents the deviation between the reciprocal lattice points
(RLPs) of the substrate and epilayers. There are two components invglweator, ¢ and g,
which corresponds t o t heivaynigreal space. Repipracdl laticen g ¥
points in RSMs might have different gnd g positions depending on different relaxation degree
and misorientation, corresponding to a fully strained (pseudomorphic) and a partially relaxed
layer, or a fully relaxé (metamorphic) lay€i9]. For a (115) asymmetric RSM of an ideal, fully
relaxed epitaxial layer without tilt, the diffracted intensity from this layer is expected to fall on
the fully relaxed line joining the (115) RLP of the substrate and having adrig8 between the
(001) and (115) direction. In contrary, a fully strained layer is expected to follow the fully

strained line that joins the (115) RLP of the substrate and along (001) direction.

3.2.2 Surface morphologyAtomic force microscopy

LASER 25 um 4>‘ ’**
Diode
A 0.25 mm

Spiit (2segment)
photo diode Diamond T
(a) tip (b)
Cantilever 0.8 mm
it nid Lever
Plezoslectric Sample (AU-—fDil) Y

Figure 3.8 (a) The schematic of atomic fora@croscopy and (b) the AFM tip

The atomic force microscopy (AFM) is one of scanning probe microscopy (SPM)
techniques which can reach a vertical resolution in angstrom range. The operation of AFM is

shown in Fig. 3 (a). A cantilever with a sharp tip (which need not to be cotaly as shown in

63



Fig. 38 (b)) is placed between the tip and the sample. In one scanning mode, a very small and
constant force is maintained on the AFM tip. In another mode of operation, the force exerted on

the AFM stylus by its piezoelectric elementagjusted for constant tunneling current. Regardless

of the details of how the feedback system is employed, the z displacement of the tip corresponds

to the z displacement of the surface examined by the BEfM

3.2.3 Defect properties: Transmissiomectron microscopy

Transmission electron microscopy (TEM) is a valuable technique for the observation of
dislocations, stacking faults, twin boundaries, and other crystal defects in heteroepitaxial layers.
TEM characterization is applicable to most he#épitaxial semiconductor samples, provided that
they can be thinned to transmit electrons and that they can stable when exposed-tnargigh
electron beam in an ultrahigh vacuum. Conventional TEMs use electron energies of ~100 KeV,
whereas this numbean be ~1 MeV in a highioltage TEM. For observation in a conventional

TEM, typical heteroepitaxial semiconductor samples must be thinned to less than about 100nm.

The operation of a TEM instrument isostn schematically in Figure 3.8ollimatedhigh-
energy electrons froma condenser lens impinge on tkemiconductor specimen and are
transmittel through it. The electrons aseattered into particular directions by the tajlge
sample according to ti&ragg law for diffraction. These diffractdsbams are brought into fagu
at the foca plane for the objective len$n the diffraction mode, the first intermedie lens is
focused on the badkcal plane of the objective lens, thus captgrihe diffraction pattern. This
diffraction pattern is maghed and projected by theombination of theintermediate and
projection lenses. The di#ction pattern displayed on tlsereen comprises an array of spots,
each correspoiiag to a particular diffractionectorg. The diffraction mode is used to index the

diffraction beamsand to facilitate the selection of the diffraction spots to be used in ultimately
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forming an imageln the imaging mode, the intermediate lesdacused on the inverted image
of the sample formed by the objectivende This image is magfied andprojected onto the
screen with an overall magnifiion of up to 18 An apertureat the back focal plane of the
objective lens is used to select only omiffracted beam to form the image. If theabe
transmitted directly througthe imageg = [000] is chosen, a brigHteld image rsults. If one of

the diffractedoeams is chosen to form the image, then a-ialdtk image is producef®].

Electron gun

— -
> First condenser lens

_ _ 2 Second condenser lens

e fsz Condenser aperture

_ : — > Objective lens

Vv e e
G

Objective aperture

Selected area aperture

: > First intermediate lens

- : > Second intermediate lens

_ — > Projector lens

[ ] Phosphor screen

Figure 3.9 Setup forTransmission Electron Microscopy

3.2.4 Band alignment properties: Xray photoelectron spectroscopy
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The band alignment at the interface of heterostructures can be measured -teyng x
photoelectron spectroscopy (XPS). The detailed experimental setup for measurement of band
alignments will be discussed in detail in tlokldwing chapters. Figure 3.9 (a) shows the working
principle of XPS equipment. -Xay beam irradiates a sample surface resulting in the ejection of
photoelectrons from the core level (CL) of the atoms present in the sample as shown in Fig.
3.9(b). Photoeletrons are extracted and filtered with respect to their energy by the analyzer. The
kinetic energy Eof photoelectrons is representative of the elements in the sampley Tae Be
calculated usingl&= higi7 «, wher e hg iray, Gtislthe binglingeeneggy of the x
el ements being measured and « is the work fu
electron detected is measured as a function of their kinetic energy and then be converted to the
binding energy. Due to the scattering obfikelectrons inside of the sample, only photoelectrons
produced near the surface (<10nm depth) will have a higher probability of escaping from the
surface without losing energy and will therefore produce a peak in the spectrum. Photoelectrons
that lose engy will appear as a background at lower kinetic energy. Analysis depth is

determined by the electron inelastic mean free path in the measured material.

Ef
(a) . Photoelectron

'//_\] Detector 2 w.
CryStaI L ﬂ - i ) :/ e

1s o

Electron gun
'} <10nm escape depth
Al anode

Figure 3.10 (a) Setup for xray photoelectron spectroscopy and (b) excitation of photoelectronsayy x
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3.2.5 Interface and doping profile abruptness: Secondary ion mass spectrometry

Dynamic secondary ion mass spectrometry (SIMS) is a commonly used method to measure
the heterointerface sharpness and doping profile abruptness. For SIMS measu@@me
energetic ion beam (primary ion beam) bombards a sample surface causing surface material to be
sputtered. Some part of the sputtered material is ionized (secondary ions) and these ions are
extracted from the sample surface into a mass spectron®r S separates the secondary
ions according to their mass to charge ratios and counts them. An element profile can be
generated with continues sputtering of the sample. The dynamic SIMS has dovultetection
limit down to 10 ppt. However, there amso some limits for SIMS measurements. The
secondary ions yield is different between different matrices and this is referred as SIMS matrix
effect. As a result, SIMS standards are required because secondary ion yield varies (by decades)
both for differem elements in the same matrix and for the same element in different matrices.
Besides, high levels of an impurity (>1% atomic) can also affect the ion yield of the impurity by
changing the observed ion concentration. Therefore, the upper detection didyhémic SIMS
is 1%. In this respect, dynamic cannot be used to analyze the composition of compound

semiconductors.

3.3 TFET device fabrication process

A main challenge for the fabrication of MBE grown vertical heterostructures TFETS is to
perfectly align the gate on the channel area. Based on different fabrication processes, there are
several different TFET device structures reported in theatiteg, such as single vertical side
wall device structur¢10-12], ring-type vertical side wall device structurE3, 14], seltaligned
gate nano pillar device structUres-18], etc. In order to further increasey, double gat¢19] or

gateall-round TFH [17, 2Q device designs are used. Besides, the device design demands
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extremely scaled gate oxide EOT and uttrln body geometry in order to achieve loy¢d and
desired transistor performanf’]. In this dissertationa vertical TFET fabrication press with
seltaligned gatd17] was usedvhich can ultimately lead to the ulithin gateall-round device
geometry to achieve superior TFET performance.

Figure3.11 shows the crossection schematics of the fabricated ABa 3As homojunction
TFET device following by key process stdfi3]. A summary of the entire fabrication process
flow is also shown in this figure. 250nm thick molybdenum (Mo) was blanket deposited on the
n" Ing;GaysAs layer using éeeam evaporation. Cr/Ti dry etch maskshwininimum width of
250nm were created on the top of Mo usiFgeam lithography,-eeam evaporation and héiff
techniques. A nanpillar was formed after the dry etch of Mo and #8& 3As layer. Wet etch

process was performed to remove sidewall dansegkecreate undercut. An undercut of about

50nm was obtained and it was ready for the formation ofasélfi gned gat e- Her e
alignedo referred to the isolation of the top
undercut of the nanpillar. After the wet etch, high gat e di el ectric | ayer

Al,04/3.5nmHfQ were deposited using plasreahanced atomic layer deposition at Z5@nd

20nm Palladium (Pd) gate was vertically deposited ushigpaen evaporation. The entire
structure was then planarized with benzocyclobutene (BCB) and cured °& #5050 minutes

in nitrogen ambient. After curing, BCB was etched back to expose Pd on the top of Mo. Pd and
highe on the source and dr ai npana Ardasesl dryetch ecipb.o mb a r
Lithography was followed to open large contact pads for source, drain and the gate. Ti/Pd/Au
probing contacts were then deposited and lifted off. A 3D schematic diagram of such fabricated

nancpillar device is shown in Fig. 321
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Process flow

(a)
(1) Blanket deposit Mo on InGaAs
(2) Define TVCr etch mask
(3) Dry etch Mo and InGaAs
(4) Strip off Ti/Cr etch mask
(b)
(5) Wet etch undercut InGaAs
(6) Deposit High-x
(©)
(7) Lift-off self aligned Pd gate
(8) Device Isolation
)
(9) Planarization with BCB and etch back
(10) Remove Pd and high-k on top of Mo
(11) Lift-off TiVPd/Au Source, Drain and
Gate contact Pads.

(c)

Figure 3.11 Crosssection schematics of the TFET device following by key process steps. The fabrication process

flow is shown on the righf17] Used with pernssion of Nanotechnology Reviews

Figure 3.12 Schematic of seléligned gate nanpillar staggeed gap TFET devicg11] Used with perngsion of

Nanotechnology Reviews
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Chapter 4 MBE growth, strain relaxation properties and
high-s di el ectric I ntegrghy on of

metamorphic materials

As discussed i€hapter 2 themixed As/$® based material systet@gAs,Shy.,/InyGay.xAS)
is promising for TFET applicationas they allow a wide range of bandgapergiesand
staggered band alignments depending on the alloy compositions in the source and channel
materials. Band alignments at the source/channwrdiaterface can be tailedy carefully
controlling the compositions of the mixed As/Sb material system while keeping this material
system internally lattice matche@he utilization ofGaAsSh..,/InyGa.xAs heterostructures for
TFET applications demands high qual®aAsSh.., mateials with various Sb compositions.
Thermodynamics predicts that an immiscibility zone exists GaAsShi., alloys with Sb
composition between 0.25 to §I#3], which will lead to spinodal decomposition of the GaAsSb
alloy in this composition range. The spinodal decomposition is expected to be suppressed to a
large extent using thermodynamically nonequilibrium epitaxy techribjyesuch as molecular
beam epitax (MBE). However, the MBE growth of the mixed anion{MiVvé6) al |l oys i s
challenging to control alloy compositions compared with the mixed cationl (HW) 6
counterparts due to the strong competition between the incorporations of anions, whith leads
di fferent sticking c d4e6l Unlike miged taton wrhariegd wieere the V6 s
alloy composition is determined by the flux ratios of the group Ill elements over a wide range of
temperature, in a mixed anion ternary the compositisa depends on the growth temperature
[4-6]. Moreover, it has been reported that the As/Sb {éli@and Ga flux[6] can also influence

the alloy composition during MBE growth, which bring in more complexity. On the other hand,
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realizing energefficient complementary logic circuits requires the development of a-high
performance fiype TFET within the same material system. In order to keep the staggered band
alignment at the source/channel interfaGaAsSh.y will be used as the channel material in p

type TFET structures based on the band alignment bet@eéys Sh,., andIn,Ga..,As. A major

challenge of usingsaAsSh.,/InxGa.xAs material system for fype TFET application is the

integration of highe gate dielectric with dahglk eapdtofisetl y | o
values[7]. A few studies have reported on the integration ofsighdi el ectri cs on
focus on the lower part of the bandgap between the midgap and the valence band, whereas the
study of higha gat e d i neiXeck AstSr basd nmaterial system with useable Sb

composition (>50%) and differenthigh mat er i al s hav[810hot been add

In this chapter, mixed anio@aAsSh., materials with a wide range of Sb composition
(15% ~ 62%) were grown by MBE. The influendeddferent growth parameters, such as V/Ili
ratio, Sb flux, growth temperaturetc, on the alloy composition was systemically investigated.
Three different higke gat e d.i e |AB@s,t HfO,c TaOs, were integrated on
GaAs 3sShy 62 material by atomic layer deposition (ALD). The band alignment of these different
highe gate diel ectr pssShheinveas evestigated by esay phGleekdron
spectroscopy (XPS). The comprehensive investigation of the influence of diffexamthg
parameters on Sb composition during MBE growth and the knowledge of band alignment of
different highe gat e di e logShiwil acilitate theGartAes material growth and

device fabrication of both-type and gtype TFETs using mixed ASb material system.

4.1 MBE growth GaAs,Sh,., metamorphic materials

All the samples studied in this chapter were grown using solid source MBE system on semi

insulating GaAs (001) substrates. The Sb flux was provided by an effusion cell. A Valved
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Cracker was used to provide the As flux with the cracking zone held &€ 96Gknsure an As

rich flux. Oxide desorption was performed undep fsx at ~68GC monitored by reflected high
energy electron diffraction (RHEED). The Gaamequivalent pressun@as kept as 2.76e torr

for each run, corresponding to a growth rat.:
calibration by RHEED oscillation. For each sample, several layegs.8§Sh,., materials were
deposited using different Sb/Ga, As/Ga ratid different growth temperature. The thickness of
each layer was kept to be 750nm. The growth parameters for different samples and different
GaAsShi.y layers were summarized in Table 4.1. All temperature referred in this chapter stands
for the thermocoupleemperatureThe alloy composition angtrain relaxation properties efch
GaAsSh.y from different samplesvere characterized by higiesolution xray diffraction

(XRD). Both XRD rocking curveX/2d scan) and reciprocal space maps (RSMs) were obtained

using Panalytical #pert Pro system with Cullkl as xray source.

Following theMBE growth of the GaASb structures, 1.5nm and 10#i30O;, HfO2 and
Ta0s were independently deptsd by ALD in a Cambridge NanoTech system usingOHas
the oxygen source and the following precursors: Tantalum(V) ethoxide (99.99%, Strem
Chemicals);  Tetrakis(dimethylamino)hafnium  (99.99%, Strem  Chemicals); and,
Trimethlyaluminum (98%, Strem Chemicals). Prior to gelpaded into the ALD reactor
chamber, all GaAsSb structures were removed of native oxides in 1:10 dilute hydrochloric acid
(36.5 w%, J.T. Baker). During oxide deposition, each GaAsSb/GaAs substrate was heated to a
constant temperature dependent on th@vth kinetics of the oxide being deposited. For the
Ta0s and ALO; depositions, the GaAsSb/GaAs substrate temperature was held at a constant
250€C, while for the HfG, thin-film depositions, the GaAsSb/GaAs substrate temperature was

held at a constant B€. To ensure that the precursor flux was sufficient to saturate the
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substrate during each growth cycle, the Ta and Hf precursors were heated to 145€C and 75C,
respectively, while the Al precursor required no heating during deposition. Under the
aforenentioned conditions, the growth rates for eackO5aHfO, and ALO3 oxide film were, in

order, 0.61 A/cycle, 1.01 A/cycle and 1.05 A/cycleTable 4.2summarizes the deposition
conditions as well as the corresponding number of growth cycles requirgoositdsach 1.5 nm

and 10 nm thick oxide.
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Table 4.1Summary of different growth parameters and structural properties for,Sla4s

Growth Parameters Structural properties

o, Lattice constants

= Sh/Ga As/Ga Tegz)c;\;vat?ure Sh% (A ReI?;(ation FwHM

°C) 2 a 0) (aresec) (nm)

1 15 450 15 | 572 | 571 | 5.71 93% 188.13

A 1 10 450 19 | 5.74 | 573 | 5.73 93% 90.50 | 1.31
1 5 450 21 | 575 | 5.73 | 5.74 85% 70.45
2 15 450 32 | 579 | 579 | 5.79 97% 263.52

B 2 10 450 40 | 583 | 5.82 | 5.83 97% 184.86 | 1.18
2 10 410 44 | 585 | 5.84 | 5.84 97% 132.66
3 15 450 36 | 5.82 | 5.79 | 5.80 92% 377.60

C 3 10 450 42 | 5.85 | 5.81 | 5.83 91% 74433 | 1.85
3 10 410 46 | 5.87 | 5.83 | 5.85 91% 104.25
3.58 10 410

oe 3.58 10 400 49 | 5.88 | 5.85 | 5.86 93% 384.58 e
3.58 10 390
3.58 10 375 51 | 589 | 5.85 | 5.87 91% 729.46
4.31 15 450 41 | 584 | 582 | 5.83 94% 443.23

E | 431 10 450 52 | 5.88 | 5.87 | 5.87 96% 349.D | 1.40
4.31 10 410 57 | 591 | 5.88 | 5.90 95% 230.94
6.16 15 450 44 | 585 | 5.84 | 5.84 97% 479.98

F 6.16 10 450 59 | 591 | 591 | 5.91 99% 27792 | 1.28
6.16 10 410 62 | 593 | 591 | 5.92 97% 283.71

¢ is the outof-plane lattice constang is the inplane constant ang, is the relaxed lattice
constant.

®The surface roughness is taken from the top layer of ssoble.

“ The XRD peaks were merge together for the first three layers in sample D.
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Table 42 Summary ofdeposition conditions as well as corresponding number of growth cycles required to deposit

each 1.5 nm and 10 nm thick oxide.

GaAsSb/GaAs Precursor Growth Growth Growth
. Cycles Cycles
Materials Substrate Temperature Rate (815 (tox & 10
OX B OX
Temperature (€) (©) (Alcycle) nm) nm)
Ta,0s 250 160 0.61 25 165
HfO, 200 75 1.01 15 100
Al,O3 250 25 1.05 15 95

4.2 Strain relaxation properties of GaAsSh,., metamorphic structures

The symmetric (004) XRD rocking curves of structureg Are shown in Figure 4.1 with
the measured Sb compositions labeled to each layer. It can be seen from Figure 4.1 that with
different As/Ga ratio, Sb/Ga ratio and gith temperature, the Sb composition can be modulated
in a wide range from 15% to 62%. In TFET applicatioBaAsSh,., materials with high Sb
composition (>50%) is desirable to reduce the tunneling barrier from the source to the channel.
The increase of Sbomposition also reduces the bandgap energy ofGdksShi., material,
which will also contribute to increase the tunneling current. The detailed strain relaxation states
of each GaAsSh., layer within each sample were analyzed from symmetric (004) and
asymmetric (115) RSMs. Figures 4.2 (a) and (b) show the symmetric (004) and asymmetric
(115) RSMs from each structure, respectively. Distinct reciprocal lattice points (RLPs) were
found in RSMs of each structure, correspondingGaAs,Shy., material with dferent Sb
compositions. From RSMs, the lattice constant in theobglane, ¢ (from symmetric 004
reflection), and the lattice constant in the growth plan@om the asymmetric 115 reflection),
were determined. The relaxed lattice consgrmind strain relaxation values were also extracted
from RSMs using the methods introducedOhapter 32.1 Table 4.1 summarized the-ptane

and outof-plane lattice constants, relaxed lattice constants and alloy composition in each layer of
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different stretures. Using the extracted alloy compositions in Table 4.1, it can be seen that the
Sb composition has a direct dependence on the growth temperature, Sb/Ga and As/Ga ratio.
Firstly, Sb composition increases with the reduction of growth temperature. &hegiraty trend

of Sb composition with temperature is reported in a fairly linear manner for both high and low
Sb content by other researchfs11]. This behavior has been attributed to an As/Sb exchange
reaction that increases with increased tempergfjr&econdly, the Sb composition increases at
higher Sb/Ga ratio as expected, but is appears to be a nonlinear relationship. By comparing the
first layer of sample A and B, C and F, it can be found that at a set growth temperatf@ (450
and set As/Ga rit (15), the Sb composition doubled from 15% to 32% between sample A and B
by doubling the Sb/Ga ratio from 1 to 2, however, the Sb composition only increased by 8%
from 36% to 44% between sample C and F by doubling Sb/Ga ratio from 3 to 6.16. This
behavio also reported by Wat al.[12], where the Sb content at a fixed growth temperature was
found to be very sensitive to change in Sb flux for low Sb flux while being less sensitive for
higher fluxes and contents. Thirdly, the reduction of As/Ga ratioxad fSb/Ga ratio and set
growth temperature also result in the increase of Sb content as expected. This is also due to the
competition of As and Sb atoms at the surface. The increase of Sb composition caused by the
reduction of As/Ga ratio is more sensiti@ehigh Sb flux due to the much higher incorporation
efficiency of Sb than Ag4]. Furthermore, other researchers also reported that the Sb mole
fraction increases with increasing of Ga flux, when the As and Sb fluxes and the growth
temperature are kepbustant[4]. This implies that the surface dissociation ofc®btaining

species is more effective in the presence of larger concentration of Ga on the growing surface.
These results agree with prediction made by nonequilibrium thermodynamic analysig-af B

compoundg13]. The surface roemeansquare (ms) roughness of each sample is characterized
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by atomic force microscopy (AFM) I n a cont act
show a smooth surface with a laws roughness ranging from 1.18nnafsple B) to 1.85nm
(sampl e D). The smooth surface is attributed
and 1egm I 2em AFM micrograph of sample F are
Mounds with a dimension of several hundred nanomefgreaa on the GalssShy s, surface
corresponding to a saturation region of strain relaxdfiéh The strain relaxation of GafSb;.,

on GaAs goes through several regions, which correlated to the surface morphology and the
nucleation of dislocations. THast relaxation regime is characterized by the nucleation of small

islands and an abrupt increase in the number of edge dislocations, while the saturation regime is

distinguished by coalesce of small islafiti4)].
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Figure 4.1 Symmetric (004) XRD rocking curves of structures-AThe measured Sb composition of each layer in

each sample was also labeled to the corresponding peak.
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Figure 4.2 (a) Symmetric (004) and (b) asymmetric (115) RSMs of samplEs e measured Sb coogition was

labeled to each reciprocal lattice points.
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43 Higha di el ectric I ntegration adShs, band

material

According to the design considerations for mixed As/Sb heterostructure TFETs as discussed
in Chapter 2 high Sb composition (>50%) in Ga/&xy., material is needed to reduce the
tunneling barrier. In the meantime, high In composition is also needéte of InGa.«As
material to keep these two materials to be internally lattice matched. -Bare pTFET
applications, in order to obtain the staggered band alignm&ntn@aAs material is used as
source and intrinsic GaAsSb material is used as @hdab-17]. In this respect, the gate
dielectric will be integrated on GaAsSb material with high Sb composition. In fact, one of the
most important considerations of selecting gate dielectric materials on GaAsSb regarding the
valence band and conductionnidaoffset values, which should be larger than 1eV to block the
carrier injection from the semiconductor to the insul@i®j. In respect of these considerations,
the integration of different gate dielectric on GaAsSb channel as well as understandiag of th
interfacial properties are vital for advancing further development of TFET devices. Besides, the
research of different gate dielectric materials on GaAsSb will provide more information for
future studies of utilizing GaAsSb material foulifunctional device applications. AD3, HfO;
and TaOs are three commonly used high gat e di el ectric nefiacter i al s
transistor (FET) applications due to the high dielectric constant (~9 §@3,At25 for HfQ and
20~25 foramorphousTa,0s and ashigh as 52 forcrystalline Ta,Os), relatively high band gap
energies and high thermal and chemical stability. In this section, detailed XPS analysis was
conducted to determine the band offset values gOAIHfO, and TaOs on GaAs 3sShy sz

material. The valence band offset (MBAhe val ue
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conduction band offset (CBO) values were calculated using the measured VBO values and the

band gap energies of GaAsShy 62, Al2O3, HIO, and TaOs, respectively.

0, 1.5 or 10nm
AlL,O;, HfO, or TaO;

750nm
GaAg 365k 62

\/

Figure 4.4 Schematic diagram of high di el e c t r,O;cHfOpant EaO:) irtdgratédoh GaAssSh ¢, for

band alignment measurements.

Table 43 Summary of peak position of core level and valence band maximum (VBM) from bulk, 84S,

A|203, HfO, and TaOs on GaA§388tb62

Structures Peak assignment (BE;C/?'”Q energy
Band offset*
Sb4d5/2 31.70
750nm G
PR VBM 0.28
1.5nmAl,Os 0n Al2p 74.46
GaAs 3sShy 62 Sb4ds/2 31.70 Pl =2.71eV
10nm Al,O3 on Al2p 73.00 P& = 3.09V
GaAs 35y 62 VBM 1.35
1.51m HfO5 on Sb4d5/2 31.80
GaAg 3sShy 62 Hf4f7/2 16.80 Pl =208V
Hf4f7/2 16.55 _
10nmHfO, on GaA Pk =273V
2 9.385ky 62 Y= o
1.5rm TapxOs on Sb4d5/2 31.70
GaAs 3:Shy 62 Ta4f7/2 26.14 PE=0.7kV
10nm Ta,05 on Ta4f7/2 26.05 DE = 2.9%V
GaAs 3sShy 62 VBM 2.62

*pEgis calcul ated usi n g ardhthe bandegapsenergg af GaAsh, e11 Al,0.0 HfO, gml
Ta,0s, respectively.
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The bandalignmentof Al,O3, HfO, and TaOs on GaAs 3sShy 62 were investigated using
the PHI Quantera SXM XPS system with a monochromate& @(energy of 1486.2V) x-ray
source.The VBO values betweefil ;O3 (HfO, or TaxOs) andGaAs 3s8Shy 62 were determined by
measuring the bindingnergy fromshallow core levels (CLs) oSb4d, Al2p, Hf4f, Tadfand
correspondingvalence band maxima (VBMyom each materialrespectively The schematic
diagram of the structures used in this study is shown in44g.As shown in Fig4.4, XPS
spectra were collected from three samples of éagire g a t (1) 4.%nmAll ©; (HfO, or
Ta05)/7500m GaAg 3sShy 62 was used to measure the CL binding energgldiHf or Ta) and
Sbat the interface; (2J0nm Al,03 (HfO; or Ta,05)/750nm GaAs xsShy g2 Was used to measure
the CL binding energy oAl (Hf or Ta) and VBM of Al,O3 (HfO, or TaOs); (3) 750nm
GaAg .3sShy 62 without the topgate oxiddayer was used to measure the CL binding energbof
and VBM of GaAs 3s8Shy g2 Sample charging wasccurredduring XPSmeasurement and was a
particular problem on the fully oxidized material48]. Compensation of the charging by an
electron flood source was used in all measurementsiitamize the binding energy shift.
Besides, the measured CLs and VBMding energy values were corrected by shifting C1s CL
peak to 285.0eV. All XPS spectra were recorded using pass energy of 26eV and a step size of
0.025eV. Curve fitting was done by the CasaXPS 2.3.14 using a Lorentzian convolution with a

Shirley-type bakground.

After collecting the binding energy information from each sample surface, the VBO value

can be determined by Kraatmethod19]

YO ©O 0 0 0 YO Q (4.1)
whereO andO are shallow CL binding energies oSb4dand Al2p (Hf4f or Ta4f)

respectivelyO andO are the VBM ofGaAg 3sShy s, and Al,03 (HfO, or TaxOs),
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respectively. sy of each material was determined by linearly fitting the leading edge of
valence band spectra to the base lji6-18]. YO Q © E O Qis the CL
binding energy difference &l2p (Hf4f or Ta4f)andSb4dmeasured at the interface frdnbnm
Al,03 (HfO, or TaxOs)/750nm GaAsg 3sShy 62 Of each structure. Once the VBO was obtained, the

conduction band offset (CBO) can be estimate{lLbyl18]

(9] 9

YO ©O YO © , 4.2)

where O and O are the band gap energies #1,0; (HfO, or TaOs) and
GaAs .3sShy 62 respectivelyThe band gagnergyof Al,O3, HfO, and Ta,Os were found to be
6.50eV[20], 5.52eV[21] and 4.40e\[22]. The band gap energy GaAs 3sShy 62 is determined

to be 0.7eV by empirical modg3].

Figure 45(a) shovs the Sb4dCL andGaAs 3sShy 62 VB spectra fron¥50nmGaAs) 3sShy 62
Figure 45(b) shows Al2p CL and Sb4d CL spectra measured from 1.5nAi,03/750nm
GaAs 3sShy 62 at the interfaceFigure4.5(c) shows Al2p CL andAl,O3; VB spectrafrom 10nm

Al,O3/750nm GaAs 3sSky 622 The measured anditted peak positiongrom each structurere
summarizedn Table4.3. The results show that the value @ O is 71.65eV. The
measured valueofO ; ©O is 31.9&V. The binding energy difference betwetbie
Al2p andthe Sb4d5/2statesat the interfaceO Q) was found to be2.7&V. Using these
results, the VBf GaAs 3sShy sowith respect taAl,Ozis determined to b8.09+ 0.05eV. The
uncertain value of 05eV is from the curve fitting process together with the scatter of VB curve
during the fitting of VBM position. Similar measurements were algoerformed on
HfO,/GaAs 3sShhs, and TapOs/GaAs 3sShys structures. The CL and VB spectra from

HfO,/GaAs 3sShy s2and TapOs/GaAs 3s8Sky s2were shown in Figst.6(a)i (b) and Figs4.7(a)1
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(b), respectively. The peak positiofrem the measured and fitted resusre summarizedn
Table 43. The VBO is2.73 = 0.05eV for HfO,/GaAs 3sShhes, and 2.99 + 0.05 eV for
Tap0s/GaAs 3sSkh s The CBOvaluesof all threehighe gat e di el gfliesarec s on
estimated from EqQ4.2 using bandgap energies @éi,0; HfO,, TaOs and GaA$ 3sShye2
together with the measured VBO values. The CBO was calculated to2ldeV for
Al,05/GaAS 35S 2, ~2.0%€V for HfO,/GaAs 3sShy s and 0.71eV for TapOs/GaAS 385y 62

respectivelyAll calculated CBO values asemmarizedn Table4.3.

Figure4.8 shows the histogram afEy and qEc distribution ofAl,O3, HfO, and Ta,0s on
GaAs.3sShy 62 based on the results presshbove. It can be seen from this figure taththese
threehighe gate dielectric pr GaAsgShes,mbichendidatesathat 2 e V)
allthesethreehigph gat e di el ectric medaAsdShhgforsptypesdFET be i n
applications especially for the utilization of TFElevices due to the distinct staggered band
alignment of GaAsSb and InGaAs. For the conduction band alignmentAb@kandHfO, can
provide a CBO value higher than 2eV, suggesting that these two oxide materials can also be used
on GaAs3sShye, for n-type transport application. However, the CBO valueTa§Os on
GaAg 3sShy e is limited to be 0.71eV due to the low band gap energyaeDs. As a result,
additional interfacial dielectric layers should be integrated betWeghs and GaA$ 3sSky 62 in
order to utilizeTaOs as part of gate stacks @aAs 3sShy e, for ntype FET applications. In
addition, further investigations are needed to study the electrical properties of uilizdg
HfO, andTaxOsas highe gat e di el e GdAs 455t s Mizemeasured basd offset
valuesbetweenAl 03, HfO,, TapOs and GaAs 3sShy 2 Will provide a promising reference for
future design of mixed As/Sb TFETs as well as other mfilinctional devices using

GaAs 3sShy goas channel materials
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E = 31.70eV

4d5/2

31.98eV

EVBM =-0.28eV
34 33 32 31 8 6 4 2 0 2 -4
1.5nm ALO; on GaAg 3sShy 5,

E = 31.70eV

4d5/2

Intensity @.u.)

10nm ALO; on
GaA$ 355k 62

6 4 2 O -2 -4 -6 -8

Binding EnergygV)
Figure 45 XPS spectra of (a) Sb4d core level and valence band from bulk,G3Ass2; (b) Al2p and Sb4d core
level from 1.5nm AJO; on bulk GaAsgssShyes (C) Al2p core level and valence band from 10nmQ3lon bulk
GaAs.3sShye» Core level spectra ave fitted using a Lorentzian convolution with a Shidgye background.

Valence band maximum is determined by linearly fitting the leading edge of valence band spectra to the base line.
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E = 31.80eV E = 16.80eV

Sbh4d5/2 Hf4f7/2

1.5nm HfQ on
(a) GaAg 3550 ¢

Sb-O

36 35 34 33 3
E

Hf4f7/2

= 16.55eV

Intensity @.u.)

10nm HfQ on
GaAg 3g50 62

2IO 1l9 1l8 17 1l6 15 14 6 4 2 0 -2 -4 -6
Binding EnergygV)

Figure 4.6 XPS spectra of (a) Sh4d and Hf4f core level fronin3HfO, on bulk GaAgssShy 65 (b) Hf4f core level

and valence band from 10nm Hf@n bulk GaAgssShys, Core level spectra were fitted using a Lorentzian
convolution with a Shirleyype background. Valence band maximum is determined by linearly fittimdeading

edge of valence band spectra to the base line.
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Chapter 5 Mixed As/Sb ntype heterostructure TFETS

5.1 Composition and tunneling barrier height engineering

One of the key advantages of the Gg\s.,/In,Ga.xAs material system is that it can
modulate the [x easily and accurately by carefully controfjirthe alloy compositions in
GaAsSh.y and InGa.xAs layers while keeping the material system to be internally lattice
matched. Figuré.l shows the simulated changing traded(dashed line) betweenyds and
In/Sb compositions. The inset demonstrated thand alignment of GagSh.,/InyGa.xAs
without bias and the definition of,& is also shown in this figure. It can be seen from this figure
that Be is decreasing linearly with increasing In and Sb compositions. This @ays a
significant role @ the performance of a TFET device, which not only determines thetQ#l
tunneling rate but also sets the blocking barrier for the-Q&te leakagégl, 2]. The structural
properties and device performancesGafAsShy.,/In,GaiAs ntype TFETs withdifferent Byert
were studiedy changing alloy compositions gource and channel materialthe schematic
diagram of these TFET layer structures with different alloygositions are shown in Fig. 5.2
(@), (b) and(c), respectively. All these three struaswere grown by solid source MBE on
semtinsulating InP substrates. For the Gaéy 5/Ings:Gay.47AS structure, the active regions
are lattice matched to the InP substrate, however, both the other two structures
(GaAs 4Shy dINg ssGay 35As and GaAgssShy sdINg/Gay 3AS) are lattice mismatched to theP
substrate. In order to accommodate the lattice mismatch induced defects, linearly graded In
xAs buffers were used in these two structures. T&ldlesummarized the structural information
and deice performances of these three structures. It can be seen from this table thgtothe |
TFETSs is increasing with scaling ofde. As a result, reducingpks is one efficient way to boost

the ONstate performance of TFETs. However, the scaling yo¢ &so introduces the risk of
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increasing &rr Firstly, both the direct BTBT and trapssistedunneling (TAT) leakage are
enhanced due to the reduced tunneling barrier height. Secondly, the bandgap energies of both
GaAsShi.y and InGa.xAs are decreasingith increasing Sb and In compositions, which will
increase the SRH-® leakage current. Besides, the increased Sb composition in thgSbaAs

layer also brings in the potential of atoms irdéfusion at the heterointerface. As a result,
proper interficing engineering at Gaf8b.,/In,Ga.xAs heterointerface is indispensable to
achieve superior structural properties and device performances, which will be discussed in detail

in the next section.

Sb composition in GaAs,_Sb
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Figure 5.1 Simulated changing trade (red dashed line) between effective tunneling barrier hgigharti In/Sb
compositions. The inset demonstrated the band alignment of,Glag8n,Ga, As without bias. The definition of
Eyeir is also shown in this figure. Bheffective tunneling barrier height is decreasing linearly with increasing In and

Sb compositions. The two squared points are experimental determined effective tunneling barrier height values, both
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at the interface.

of which showed similar values as the simulated onessligitetly smaller values may due to fixed positive charges

p+(C)-GaAs; ;Shy s—200nm

200nm-In, ..Ga, 35AS
n+(Si-10'%/cm3)

200nm-In, ;Ga, ;As
n+({Si-108/cm?3)

150nm-In, ..Ga, ;cAs

intrinsic

0.35

150nm-In, ,Ga, ;As
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n+(Si)-Ing 53Gag 47As - 300nm
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Figure 5.2 Schematic layer diagram of Ga/&d,.,/In,Ga.As staggered gap TFET structures with different alloy
compositions. (a) GaRsShy IngsGa 4AS structure shows aik, Of 0.5eV; (b) GaAssShy ¢INgsGay 35AS
structure shows anpk; of 0.31eV; (¢) GaAszsShysfINgGay sAS structure shows anyg of 0.25eV. All the B

values are from simulatiofil, 3] Used with perngsion of Nanotechnology Reviews

Table 5.1 Summary of structural information and device performances of &bAgIn,Ga,..As ntype staggered

gap TFETs with different effective tunneling barrier heiglit 3] Used with pernssion of Nanotechnology

Reviews
Source Channel Drain Ebeft lon
(eVv) (e Al ¢
(a) p-GaAnsShys  i-INosGaaAsS  N-INosGayaAS 0.5 60
(b) pT-GaA.Shys i-INgesGansAS  N-INgesGaysAS 0.31 78
(c) pT-GaAgsShyes i-Ing/GaysAs n'-Ing /Gay 2As 0.25 135

5.2 Heterointerface @agineering
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Engineering an abrupt source/channel heterointerfaadial for the type Il staggered gap
TFETs. However, the abrupt switching from mixed anion G8Bs,to mixed cation IgGa;.xAs
is a significant growth challenge due to different surfaiokisg coefficients of As and Sb at the
specific growth temperatui@]. Furthermore, improper change of gredgdluxes at the source
and channel interface will introduce intermixing between As and Sb that leads to uncontrolled
layer composition at the hexbinterface, which in turn produces high dislocation density in this
region[2, 4]. These dislocations will introduce fixed chard®&fat the source/channel interface
and thus, it will affect the band alignment as well as the valugegf I practice high Sb and In
compositions are used in Gg&#.y and InGa.xAs layers, respectively, to reduceefand
improve bn. The high Sb composition further increased the growth challenge for engineering an
abrupt heterointerface with superior quality. Wherrames to the specific layer structure as
shown inFig. 5.2(c), two different surface terminations, i.e., (a) Gdike and (b) InAslike can
be realized when switching from Sb rich GaASkyssand to As rich Ip/GasAs. For the
former case, th&aAslike interface was formed by the residual Ga atoms in the growth chamber
together with the As overpressure. For the latter case, 1~2 monolayers (MLs) of In was added
intentionally prior to the growth of i&a.xAs layer when the As flux was ramping fspm 35%
to 100% [1, 4]. If the GaAslike interface formed at the GafgShyedlngGaysAS
heterointerface, the lattice mismatch between the tgpGiwsAs layer and the GaAlke
interface is as large as 5%, which gives high possibility to gendisdteations at the interface
and inside of the yGasAs top layer. In contrast, if the InAike interface formed, this
mismatch is onlylimited to 2%, which provides better basis for the growth of the top

Ino7Gay 3As layer. These two different inface engineering will influence both the structural
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properties and the device performances of the mixed As/Sb staggered gap TFETSs, which will be

discussed separately in detail in the following sectadrikis chapter

5.3 Structural properties of mixed AsSb staggered gap TFETs with different

interface engineering

Different terminated interface atoms determines the lattice mismatch between the top layer
and the interface layegd], and different interface engineering can also introduce different
amaunt of fixed positive chargg®, 4], both of which will influence the structural properties of
these structures, including the strain relaxation properties, the surface morphologies and the
dislocation densities.

5.3.1 Strain relaxation properties

The strain relaxation properties of epilayers can be characterized usiygdifraction.
Outof-plane lattice constant and-ptane lattice constant can be obtained from reciprocal space
maps (RSMs) using symmetric scan and asymmetric scan, respyedthe relaxation states and
residual strain of each epilayer can be calculated from the obtained lattice constants. The
symmetry of the relaxation states of each epilayer can also be compared by aligning the incident
x-ray beam along different directiansor the TET structure as shown in Fig. 5(2), the
symmetric (004) and asymmetric (115) RSMs of the Hikes interfae structure are shown in
Fig. 5.3(a) and (b), respectively, with incidentray beam alongppry direction. Each layer was
labeled toits corresponding reciprocal lattice point (RLP) based on wet chemical etching
experimentg4]. As shown in Figs5.3 (a) and(b), four distinct RLP maxima were found in
RSMs of InAslike interface structure, corresponding to (1) the InP substrate, @3@3 65

source layer, (3) yGa sAs channel/drain layer, and (4) the 100nm/Al o 3As uppermost layer
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Figure 5.3 (a) Symmetric (004) and (b) asymmetric (115) RSMs of the dikgsinterface TFET with a layer

structure as shown in Fi§.2 (c) using an incident-kay beamalong ppr] direction Used with permssion of
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of the linearly graded JAl;As buffer. Due to the residual strain within the Ga#AShes,

Ing :GaysAs and I 7Alp3As buffer layers together with the helgviC doping caused lattice
contraction in the GaAssShy sslayer, these three layers with the same designed lattice constant
were shown in separate RLPs. Detailed strain relaxation analysis based on the symmetric (004)
and asymmetric (115) RSMs shows swatric strain relaxation states of the Inlke structure

along [110] and @pty directions (the symmetric and asymmetric RSMs of Hike interface
structure with incident xay beam along [110] direction are showrFig. 5.4 (a) and 5.4 ()

Only ~ 4%strain relaxation in the §3Gay 3As and GaAs3sShy g5 active layers with respective to

the Inp7AlgsA S Avirtual substr at elike intedface structurgl4],n e d fr
suggesting the pseudomorphic nature of these two layers, indicating fesatims formed

within the active region of this structure.

Similarly, the symmetric (004) and asymmetric (115) RSMs of the @i&@snterface
structure are shown in Fi§.5 (a) and (b), respectively, with incidentray beam alongdpT]
directon. Different from the RSMs of InAbke interface structure, one can find from Fg5
(a) and (b) that the contour of yGay 3As channel/drain layer was merged with GaAShy es
source layer in RSM of GaAske interface structure. Calculation shewigher percentage of
strain relaxation of 94% of these two layers with respect to InP substrate than that in the InAs
like interface structure, which is ~ 75% fop & 3As layer and ~ 80% for GahsShy g5 layer,
respectively{4]. The symmetric (OOdand asymmetric (115) RSMs of the Galike interface
structure with incident xay beam along1[1(Q direction are shown in Fig5.6 (a) and(b),
respectively Almost identical strain relaxation values are obtained from the RSMs with the

incident Xray abng [110] direction, suggesting symmetric strain relaxation of this structure.
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In addition, gher degree of strain relaxation states indicates higher dislocation density
within Ing /Ga& 3As channel/drainayersof the GaAdike interface structuresupported by larger

elongation of the corresponding RLP along thaxis of RSMas shown in Fig. 5.5 and 5.t
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fact, the elongation of this RLP is highly enfeebled after removing the todnsAs layer
from the GaAdike interface strature, and the relaxation value of the Ga#Sky ¢s layer of the
GaAslike interface structure was recalculated and found to be ~ 80% after etching the top
Ino 7Gay 3As layer, which is quite identical with that in the Ga#e interface structur@t]. The
comparisorof (004) and (115) RSMs of the Ga#ike interface TFET structure before and after
etching the top l§/GaysAs layer is shown in Fig. 5.7 and Fig. 5.8, respectiveélyne above
results reveal that the GafAsShyes layer is not as defeste as the lnGasAs layer in the
GaAslike interface structure and the higher dislocation density is only confined within the top
Ing /Gay 3AS layer.

The lattice parameters, mismatch, composition and relaxation of each layer from both the
InAs-like interface and GaAlke interface structures are summarized in Tah2 [4]. As
shown in the table, both of these two structures show symmetric strain relaxation along two
orthogonal [110] and jppm] directions, indicating approximately equal amountlbf and b
dislocations formed in the relaxation of strain. In addition, from the measumdna and out
of-plane lattice constants of the Infike interface structure, the pseudomorphic nature of
GaAs 3sShy 6dINg :Gay sAs was confirmed, indicating lowlislocation within these two layers.
Therefore,theInA$ | ke i nterface TFET st r dreetactivegegionr eat e ¢
than GaAdike interface TFET structure, which is desirable for improving the performance of

TFET devices with lower OFBtate p-i-n" leakage and highep\/log ratio.
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Table 5.2Summary of InAdike and GaAdike interfaces TEFT structures with incidentay beam alongdpm]
and [110] directions. c is outf-plane lattice constant, a is-phane lattice constant andis relaxed lattice constant.

[4] Used with pernssion of Nanotechnology Reviews

sampl Incident Lattice Constant (A) Compos Relaxat Tit  Strain
e Beam Layers ition ion (%) (arcsec) (%)
Direction c a &
. 0,
noarl 50401 59322 59361 & 0 94 37 115
() ppTT '
GaAs INAIAs  5.9538 5.9180 5.9359 In:70% 73  -43  1.14
like InGaAs/ In: 69%
ce [110]
InNAIAs  5.9537 5.9182 5.9360 In: 69% 74 -164 1.15
GaAsSb 5.9249 5.9064 5.9157 Sh: 64% 80 -19 0.80
ppTI InGaAs 5.9481 5.9159 5.9318 In: 69% 75 -43 1.08
(b)
INAs- INAIAs  5.9651 5.9235 5.9443 In:71% 72 44 129
like
Interfa GaAsSb 5.9247 5.9065 5.9156 Sb: 64% 81 95  0.80
ce
[110] InGaAs 5.9481 5.9168 5.9323 In: 69% 76 78 1.08
INAIAs  5.9655 5.9235 5.9445 In: 71% 72 95 1.29

5.3.2 Surface morphology

The study of surface morphology of metamorphic structures is an important figure of merit
due to the expected crosshapaiternresulting from ideal strain relaxatiar the linearly graded
InyAl 1.,As bufferwith minimum concentrations of threading dislocations. For the TFET structure
as shown in Fig.5.2 (c), surface morphology of the TFES$tructures with different
source/channel interface engineering was examined by AFM in contact mode from the top
INg:GaysAs surf ace. The 20em 1 2 0 elike infefalge strictare o gr a p

and GaAdike interface structure and related line profiles in two orthogonal <110> directions are
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shown in Figures.9 and 5.10, respectively. From Fig.9, the anticipatd twodimensional
crosshatch pattern is walkveloped and quite uniform, as expected for an ideal graded buffer,
from the InAslike interface TFET structure. The pettkvalley height from line profiles in the
two orthogonal <110> direction is also inded in these figures. The uniform distribution of the
crosshatch pattern from [110] anplpfy directions for the InAdike interface TFET structure
suggests a symmetric relaxation of the linearly graded buffer layer, which is in agreement with
the XRD resits. The AFM micrograph of the InAgke interface structure shows a smooth
surface morphology with surface remeansquare ms) roughness of 3.17nm. Compared to the
surface morphology of InAkke interface, the GaAbke interface structure does nothait 2-
dimensional crosshatch surface morphology. A grainy texture dispersed crossing the surface was
observed from the AFM micrograph of the Gaike interface structure. From the line profiles
along [110] and@pTy directions, the peato-valley heightof GaAslike interface sample is 3%
higher than the InA$ike interface structure, indicating a significantly poor surface quality due to
the large amount of dislocation embedded within the TFET structure. The sunfacaighness

of the GaAdike interface sample is 4.46 nm which is much higher than that of thelikés
interface structure. The rough surface and deterioration of thedimensional croshatch
pattern on the surface of Gadhike interface structure should be attributed to the higher
dislocation density of the yyGa3As layer introduced by the GaAike interface, which was
also confirmed by the broadening of the RLP durirgax measurement as introduced in
Chapter 5.3.1 From the AFM micrographs of these two structures, it can beluaed that the
InAs-like interface structure shows a much better surface morphology with typical two
dimensional croshatch patterns and lower pettkvalley height corresponding to a reducets

roughness compared with the Galike interface structureAs the two structures are identical



except the interface between & 3As and GaAgssShy g5 one can indicate that the InAike
interface can provide a better surface morphology relating to higher crystalline quality of the
Ing 7Gay 3AS layer and ths one can expect a much lower defect density in thelik@snterface
TFET structure and superior electrical transport propdeties
5.3.3 Dislocation and defects

In order to further investigate the influence of different terminated atonfeetsttuctural
properties of mixed As/Sb staggered gap TFET structures, the dislocations, defects and the
crystalline quality of both GaAbke interface and InAdike interface structures are
characterized by crossectional TEM analysis. Figurés1l (a)and (b) show crossectional
TEM micrographs of the InABke interface and GaAbkke interface structures, respectively. All
the layers were labeled in these figures and the Ea3l3 65/In07GaysAS heterointerface was
denoted by an arrow in each migraph. One can find from these figures that the linearly graded
InxAl1.xAs buffer layer effectively accommodates the lattice mismatch induced dislocations
between the active layers and the InP substrate in both structures. No threading dislocations
observable in the GafssShy sslayers grown on the linearly gradedAm;.xAs buffers in both of
the two structures, indicating that theAiy.«As linearly graded buffer effectively accommodate
the lattice mismatch between the active layer and the ubBtrate and thus provides a high
quality virtual substrate for the TFET structures.

It can be seen from Figufell(a) that no threading dislocations were observed in the top
Ino 7Gay 3As layer of the InAdike interface TFET structure at this grafication, indicating a

threading dislocation density (TDD) in this layer on the order of or beloweri® The low
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dislocation density of the §nGay 3As layer in the InAdike interface structure leads to a superior
surface and wellleveloped two dimensional crosshatch pattern from the linearly graded buffer,
both of whch are confirmed with the results from AFM analysis. Moreover, the low dislocation
density also contributes to the pseudomorphic characteristic of gh@aypAs layer and the
smal | ¥ broadeni ng of-like intefacR TFET structertMSdhgastf r om |
high dislocation density was detected in thgGg 3As layer of the GaAtike interface TFET
structure. Threading dislocations were generated from the interface of £&g8s51no /Ga 3AS

and went all the way up through the #&& 3As layer. The dislocation density in the & 3AS

layer was too high to be quantified. As no dislocation was observed from the bottom
GaAs 355hy 65 layer on which the l/Ga 3As was grown, it was reasonable to conclude that the
GaAslike interfacecontributed to the high dislocation density in theAB& 3As layer and it is
consistent with the XRD analysis discussehmapter 5.3.1 Moreover, it is also clear that the

poor surface morphology of the Gallse interface TFET structure from AFM measment

and the elongation of the RLP in RSMs are due to a very high defect density present in the top
Ino 7Gay 3As layer, as observed by cressctional TEM.

Based on the above analysis, the Hike interface provides a highuality TFET struaire
compared to GaAkke interface, where higher dislocations are detected in the channel and drain
Ino Gay 3As layer, as characterized frokrray, AFM and crossectional TEM analysis. The
higher dislocation density at the source/channel interfacengthdh the channel/drain layer of
the GaAsdlike interface structure will enhance both the SRHR@nd tunneling process at the
heterointerface, which will contribute to the higher OFF state leakage current and degrades the

lon/loreratio of the TFET device
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InAs-like
interface

Figure 5.11 Crosssectional TEM micrographs of (a) InAike interface and (b) GaAlke interface
GaAg ssShyedlng GaysAs staggered gap TFET structures. No threading dislocations are observed in the
GaAsg.3sShyes and Iny-Gay sAs layers of thedAs-like interface structure, indicating a threading dislocation density
on the order of or below 10cm? in this region. High dislocation density was detected at the
GaAs 355y 691Ny Gay 5AS interface and in the §pGay As layer of the GaAdike interface structure. The InAike
interface provides a highuality TFET structure compared to Galle interface structure[4] Used with

permssion of Nanotechnology Reviews

5.4 OFFstate performance

As shown in Chapter 5.3 different terminatedatoms at GaAgssShysdIngGapAs
heterointerface greatly influence the structural properties of the TFET structures. These structural
properties difference, such as strain relaxation and defect density differences will further
influence the device parfmances. Especially, the high dislocation density at the source/channel
interface of the GaAske interface structure may change the &fté&te transport mechanism of
the fabricated devices and lead to high leakage current. In order to assess thefidiffaotmt
interface engineering on the OBEte performance of TFETs, two sets bi-p’ diodes were
fabricatedusing the process flow discusseddhapter 33. As the OFFstate current of TFETS is
govern by the leakage current of the revdsssed p-i-n* diode[4, 6], currentvoltage (FV)

characteristics of thesé-pn" diodes were measured and compafédure 5.12[4] shows the
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room temperature-V characteristics of the "g-n" diodes from the InAdike interface and
GaAslike interface structw. About four orders higher leakage current density was observed
from the GaAdike interface structure than the InAike interface p-i-n* diodes at 300K,
indicating different OFFstate transport mechanisms are involved in these TFET structures. In
order to gain insight into the OFBtate current mechanism for these TFET structures,
temperature dependenVimeasurements were carried out on these rexgased p-i-n” diodes

with temperature ranging from 150K to 300K and simulations have been perforitted w

Sentauru$7] to explain the difference in OFs$tate transport between two structures.

6
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Figure 5.12 Measured 4V characteristic of GaAdke interface and InAdike interface reverse biased

GaAsg 35Shy efIng /Gay sAs p'-i-n" diode at T=300K. Almost four orders higher leakage current density was observed

from the GaAdike interface GaAgsShyedIngGaysAs p-i-n" diode than the InAdike interface p-i-n" diode.

[4] Used with pernssion of Nanotechnology Reviews

Figure 5.13 (a) [4] shows the -V characteristics of the reverse bias€di-p* diode at

different measurement temperatures from the Jhléesinterface device. One can find from this
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figure that the OFfstate leakage current increasing exponentially with rising temperature. A
field enhanced SRH-® model[8] was used to explain the Ofskate leakage mechanism of the
InAs-like interface p-i-n" diode at different temperature. A lowersitive fixed change density,

Qr = 10cm? due to lower defect density at the source/channel interface was also incorporated in
the simulation along with the field enhanced SRHR@rocess to explain the Ofskate leakage
current. The simulated-\Y characeristics (solid lines) agreed well with the measured data
(scattered line) at different temperatures, suggesting the validation of the model usedlilkelnAs
interface p-i-n" diode. Figure5.13 (b) [4] shows the Arrhenius plot of the OfSEate leakage

from the reversbiased p-i-n" diode as a function of 1/kT at various reverse bias voltages. A
straight line fitting to these data points at a given reverse bias yield a gradient which corresponds
to the activation energy ofaE= Ec-Er, which is responsibléor the OFFstate leakage current
generation. Here, & stands for the conduction band minimum of channel near the
source/channel interface ang iB the energy of trap states. One can find from this figure that E
decreases with increasing reverse bidsage from 0.17eV to 0.125eV, results in an increasing
leakage current trend. This is due to the fact that the electrical field intensity acro$s-tiie p
diode was enlarged as increasing the reverse bias voltage. The enlarged electrical field further
increases the barakending which leads to a stronger field enhanced SR pgBocess across the

interface.
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Figure 5.13 (a) Measured and simulated-VI characteristics of reverse biased

Ik interface

GaAs 3:Shy Ny Gay sAs p-i-n" diode for temperature ranging from 150K to 300K and (b) an extraction of the

activation energy for leakage current generation as a function of reverse bias voltage -bikelnAterface

GaAsg 35Shy ¢fIng /Gay sAs p'-i-n" diode. The field enhanced SRHREmodel agrees well with the measured data.

The activation energy shows dependence of reverse bias vddaddsed with perngsion of Nanotechnology

Reviews
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Figure5.14[4] shows the-NV characteristics of the reverse biaséd-p* diode at diferent
measurement temperatures of the Gakes interface device. One can find from this figure that
the OFFstate leakage current is much higher than that of -lik&sinterface device at each
temperature step. The leakage current reduces with degreasiperature from 300K to 150K,
as expected, but the decrease trade is not as strong as tH&énigerface device. Moreover,
the weaker temperature dependence and the higher leakage current confirmed that the tunneling
process dominates the OBEtetransport of the GaAkke interface p-i-n" diode, which is
indeed the case due to higher dislocation density present ingtf@ainAs channel and drain
regions. A direct BTBT modgB] was performed to explain the observed high Qe current
cau®d by high dislocation density observed at the Ga&dy 641No./Gay 3AS heterointerface. As
shown in Figureb.14 [4], the simulated-V characteristics (solid lines) agreed well with the
measured data (scattered lines) at all temperatures. To explain why the BTBT process dominates
the OFFstate transport of the GaAke interface TFET structure, positive fixed chargassed
by Tamm states and point defects which are widely observed at the heterointerface of mixed
As/Sb material systemflO, 11 were introduced at the GaAike interface region in the
simulation. The fixed positive charges cause energy band bendindieatGaAslike
heterointerface region. Figutel5(a) [4] shows the simulated band diagram of the Ghides
interface TFET structure and the inset shows the position of the fixed positive charges in this
energy band diagram. A high fixed positive chargesitg of 1.5x1.0"*/cn? due to higher defect
density is needed to induce the large band bending in the -l&@Amterface structure to
generate the OFBtate current as measured in different temperature steps. As shown in Figure
5.15(a) [4], the fixed chage density at this level can convert the band alignment of the TFET

structure from staggered gap to broken gap, resulting in an overlap of the valence band of
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GaAs 355hy 65 source with the conduction band of &) 3As channel, causing the device to be
normally ON even at OFBtate. As a result, the high fixed positive charge density caused by
Tamm states and point defects related to the high defect density at thdikeaAterface leads

to the interband tunneling which dominates the Qffte transporof the GaAdike interface

TFET structure.
10° 7
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Figure 5.14 Measured and simulated -Vl characteristics of reverse biased Gdike interface

GaAs 3Shy edIng Gay sAs p-i-n” diode for temperature ranging from 150K to 300K. The direct BTBT model
agrees wk with the measured data at different temperature ranges. The small temperature dependence and the high
leakage current confirm that the tunneling process is the dominatings@tetransport mechanism in this

structure[4] Used with permgsion ofNanotechnology Reviews
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Figure 5.15(a) Simulated band diagram of Galflee interface TFET structure withpé= 0.1V. The inset shows

the position of fixed positive charge. High fixed charge density bends energy bands, resulting in overlap of the
valenceband of GaAgssShy s source and conduction band ofy & As channel, causing the device to be
normally on even at OFF state. (b) Simulated band diagram oflikéiterface TFET structure withpé = 0.1V.

Fixed charges and trap states are inditatethe figure. The staggered band alignment is well kept due to lower
fixed charge density at the interface region of source/chafielUsed with perngsion of Nanotechnology

Reviews
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In contrast, a lower positive fixed change densityz Q0" cm? due to lower defect density
at the source/channel interface was incorporated in the simulation estatéFHperformance of
InAs-like interface device. The simulated energy band diagram of theliksterface TFET
structure with a fixed interface charglensity of @= 10*%cm?is shown in Figuré.15 (b) [4].
One can find from this figure that the tyflestaggered band alignment was well maintained in
the InAslike interface TFET structure which leads to lower leakage current ats@#é= The
field enhanced SRH @R mechanisnj8] is also noted in this figure, where the carriers in the p
source region firstly tunnel into miglap states and a subsequent thermal emission process inject
them into the conduction band of the channel. In order to gain fuirteght into the band
alignment of these TFET structures as a function of fixed positive charge density within the
source/channel interface region, simulation was performed to generate band diagrams at different
Q. As shown in Figur®.16[4], the Ees is decreasing with increasing value qf Qne can find
from this figure that by varying Qalue, the band lineup can be converted from staggered to
broken gap. Although a broken lineup yields the bestslie performance, it can also increase
the OFFstate leakage current and thus significantly reducesdiiéokr ratio. Figure5.16 [4]
inset shows the Jg as a function of Q It can be seen from this figure that the fixed positive
charge density below 1xt@cn’ have minimal impact on the change By in the InAslike
interface TFET structure. However, the band alignment changes rapidly with the positive fixed
charge density greater than 1X@n?. Moreover, the band alignment is converted from
staggered gap to broken gap at the fixed chargetderis-6x10"%cn?, corresponding to ang
value of OeV. In order to maintain the staggered band alignment, a lgwerir@ispensable,
which can be achieved by minimizing the interface defect density in a TFET structure. The InAs

like interface provids lower defect density which leads to lower & the source/channel



heterointerface, resulting in well maintained tlpstaggered gap band alignment. It also leads
to lower OFFstate leakage current, highejilorr ratio and shows a great potentiat fature

high-performance heterostructure TFETSs for {pawer logic applications.
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Figure 5.16 Simulated band diagrams of GaAsShy ef1No /Gay 2AS nchannel heterostructure TFET structures with
different fixed charges at source/channel interfeagion. The inset shows the effective tunneling barrier height
changes as a function of fixed charge density. The band alignment is converted from staggered gap to broken gap at

the fixed charge density of ~6xt%cn?. [4] Used with pernssion of Nanotectology Reviews

5.5 Experimental determination of band alignments

During the MBE growth of mixed As/Sb heterostructure TFETS, improper change of group
V fluxes at the source and channel interface will introduce intermixing between As and Sb atoms

that leads to uncontrolled layer composition at this heterointerface, which in turn will produce
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high dislocation density in this regi¢h, 12. These dislocations will introduce fixed charges at
the source/channel interfafE3] and thus, it will affect te band alignment as well as the value

of Eperr [4]. In Chapter 5.4 simulations showed that the band alignment is converted from
staggered gap to broken gap with a fixed positive charge density of $%@xicaused by high
dislocation density at the source/channel Ga&y sd/InoGay sAs interface[4]. This resulted

in four orders of higher leakage current experimentally measured from this fabricated TFET
structure. Therefore, it is necessary to verifig tthefects assisted band alignment transition by
experimental proof in a mixed As/Sb tunnel FET heterostructure.

Kraut et al. [14] demonstrated one experimental method to determine the band offset of
heterostructures by measuring the core level) (@d valence band maxima (VBM) binding
energies of the materials in the structure usiAgyx photoelectron spectroscopy (XPS). To
measure the valence band offset (VBO) of G&bs,/InxGay.xAs heterojunction, Sb3d/In3ds/»

CLs and VBM of GaAgSh.y/InyGaixAs should be detecteth this sectionthe band alignments

of GaAsSh.,/In\Ga.xAs heterojunction from three structures with different material
composition and interface engineerim@ measureds discussed above. Structure A has a layer
structue as shown in Figh.2 (b) (GaAs.4Shy ¢ lno.esGa 35AS) with an InAslike heterointerface;
Structure B has a layer structure as shown in 5@(c) (GaAs.35ShysdINo7Gay 3AS) with an
InAs-like heterointerface; Structure C also has a layer structsrgshawn in Fig.5.2 (c)

(GaAg 35Sy 6dINg Gay 3AS) but with a GaAdike heterointerface. The structural properties of
structure B and C have already been discuss€thapter 5.3 The structural properties of TFET
structure A shows similar properties as structure B due to thelikésterface within both of

these two structures. As a result, low dislocation density should be expected at the

heterointerface of both structures ahad B, but high dislocation density is expected at the
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heterointerface of structures C. Detailed XRD and esessional TEM studie§2] also
confirmed this speculation. Tab®e3 summarized the composition, interface engineering and
defect density diffemece of these three TFESEructures. As shown in Fig. 5.17], XPS spectra
were collected from three samples of each structure: (1) 5nm InGaAs/310nm GaAsSb was used
to measure CL binding energy of In and Sb at the interface; (2) 150nm InGaAs/310nm GaAsSh
was used to measure the CL binding energy of In and VBM of InGaAs; (3) 310nm GaAsSb
without the top InGaAs layer was used to measure the CL binding energy of Sb and VBM of
GaAsSh. XPS measurements were performed on a Phi Quantera Scanning XPS Microprobe
inst r ument using a monoc hiay soartel 03 AL, SHBdEL CI(, 1486 . 7
InyGayxAs valence (VB) and GagSh., VB spectra were recorded using pass energy of 26eV.
An exit angle of 45°was used in all measurements. Oxide layers on all sanffdeesuwere
carefully removed by wet chemical etching using citric acid/hydrogen peroxitte@<H->0,)
at volume ratio of 50:1 for 10 seconds orGa.xAs surface and 1 minutes on Gg8b.y
surface, respectively, before loading into the XPS chambentA8nm was etched from each
sample surface according to the premeasured etchingtfate

Once the binding energy information from each sample surface was collected, the VBO can

be det er mi nkdnethog, Kr aut 6 s

YO © 0 o . 0 30 Q (5.1)

¥ ]

whereO ; andO , are CL binding energies of Shdand In3d,;; Evsw is the valence

band maxima (VBM) of the corresponding samplegyvEwnas determined by linearly fitting the

leading edge of the VB spectra to the base [ibg. O -0 and O

J ¥
(0] were measured from 150nm InGaAs/310nm GaAsSb and 310nm GaAsSb without the

top InGaAs layer, respectivelyO "Q 0O , Q0O J_ “Qis the CL binding energy
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Table 5.3 Summary of composition and defect denslifference of the TFET structures studied in the w2k.

Used with pernssion of Nanotechnology Reviews

Composition Defect d
Struct I nterf sou/lclcann
details Sourc( Channel . €nginej interfac
|l nGaAs |
A GaASbh s | n6a As I nAd ke Low
B GaAssd 6 | 0Ga As I nAs ke Low
C GaAsed. s | nGa As Ga Alsi k¢ Hi gh

0, 5,150nm Iy 650.7Ga.350.9AS
intrinsic

P C-(1x10°%cm?)

300nm GaAg 4(.35S.60.69
P* C-(5x10"/cn)

100nm Iy 640.7Al0.360.9AS

lem InAl14xAS
Linearly Graded Buffer

S. I. InP (001) substrate

Figure 5.17 (a) Schematic diagram of GaAsSh/InGaAs heterostructures with different InGaAs thickness for band
offset measurements. 5nm InGaAs/310nm GaAsSb was used for the measurement of binding energy at the
heterointerface, while 150nm InGaAs/310nm GaAsSb and 31®BaAsSb without the top InGaAs layer were used

to measure the binding energy of bulk InGaAs and GaAsSb, respectively. The dashed box denotes the

source/channel interfac] Used with perngsion of Nanotechnology Reviews

difference of Sb3¢h and In3d,, measured at the heterointerface from 5nm InGaAs/310nm
GaAsSb sample of each structure. The conduction band offset (CBO) can be estinib¢d by

30 O 30 O (5.2)
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where, O andO are the band gaps of GaAsSb and InGaAs, respectively. The
effective tunneling barrier of the TFET is described as,
% O 30 (5.3)
wherezO is the above measured valence band offset.
Figures5.18(a)1 (f) show the CL and VB spectra from each sample of structufiend.CL
energy position was defined to be the center of the peak width at half of the peak height (i.e., full
width at half maximum).The CL to VBM binding energy difference for GajsSkys and

IngesGay :sAS of structure A were summarized in Table The results show that the values of

0O , O and O j 0O are 527.66eV and 443.71eV, respectivdlge

binding energy difference between Sh3dnd In3d,; at the heterointerface’ Q@ "Q was found

to be 83.60eV. Using these results, the VBO @kdBay sAs channel relative to GafsShys
source igdetermined to b8.35+ 0.05eV. The uncertainly valug 0.05eV is from the scatter of
VB curve during the fitting of VBM positian The CL and VB spectra from each sample of

structureB andC were shown in Figs.19 and Fig. 5.20, respectivelihe measured values of

0O , O , O J. 0O and30 Q) from gructure B and C are also

summarizedin Table 5.4. The calculated VBO was 0.39eV for structure B and 0.63eV for

structure C.
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Table 5.4Summary of core level to valentand maxima binding energy difference (eV) for GaAsSb and InGaAs,

and the binding ergy difference between Shgdand In3d), at the heterointerfaces© "Q) from the three

structures. The calculated valence band offs€ ), conduction band offset© ) and effective tunneling barrier

(O ) are also listed in the tablR] Used with pernsision of Nanotechnology Reviews

Structure A StructureB

StructureC

o , 0 (V)
o . 0 (V)
30 'Q(eV)
30 (eV)

30 (eV)

0 (eV)

527.66

443.71

83.60

0.35

0.42

0.30

527.70

443.79

83.52

0.39

0.49

0.21

527.59

443.74

83.22

0.63

0.73

-0.03
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Figure 5.18 XPS spectra o$tructure A: (a) Sb3d,, core level (CL) and (b) GapsShy ¢ valence band (VB) from
310nm GaAg,Shy ¢ without the top lgeGa 35As layer of structure A; (c) In3@ CL and (d) 1R e:Gay 35As VB from

150nm I gGay3AS/310nm GaAsShye of structure A; (e) Sb3g CL and (f) In3d, CL from 5nm

INg 6sGa 35AS/310Nm GaAg.Shy s structure measured at the heterointerface of structure A. CL spectra curves were
fitted using a Lorentzian convolution with &hirleytype background. Valence band maxima (VBM) were

determined by linearly fitting the leading edge of W& spectra to the base lindsed with permission of AIP
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Figure 5.19 XPS spectra ostructure B:(a) Sb3d, CL and (b) VB spectra from 310nm GaAsShy gswithout the

top Iny/Gay2As layer; (c) In3¢g, CL and (d) VB spectra from 150nmgl5a sAs/310nm GaAgssShy g5 Sample; (e)

Sh3d, CL and (f) In3d, CL spectra from 5nm jyGay sAs/310nm GaAgssShy es Sample measured at the interface;

(g) high resolution scan in the range of E28eV and no O1s peak or-8bbond was detected. CL speatiaves

were fitted using a Lorentzian convolution with a Shiflgye backgroundJsed with permission of AlP
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Figure 5.20XPS spectra oftructure C{a) Sb3d,, core level (CL) and (b) GafsgsShy es valence band (VB) from
310nm GaAgssShy 5 without the top 1g/Gay 2As layer of structure C; (c) In3gd CL and (d) IR /GaAs VB from
150nm I GaAs/310nm GaAsssShyes of structure C; (e) Sb3d CL and (f) In3d, CL from 5nm

Ing /GaysAs/310nm GaAgasShy g5 structure measured at thetarointerface of structure C. CL spectra curves were

fitted using a Lorentzian convolution with a Shidgye background. Valence band maxima (VBM) were

determined by linearly fitting the leading edge of the VB spectra to the basgdiea with permigen of AlP.
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Based on the measured XPS CL J[adhchethatiBthNe v al u e

measured yYW,BOcqIlgEul at ed ¢ o ngd) and fdy aré surbnaanizdd im f f s et
Table5.4. Here, the Ky determines the type of band alignment he GaAgShy.,/In,Gay.As
heterostructura,e., the band alignment is staggered lineupyii& 0 but broken lineup if &« <

0. Positive effective tunneling barrier height of 0.30eV and 0.21eV were determined on structure

A (In = 0.65, Sb = 0.6) and B (In = 0.7, Sb = 0.65), respectively, indicating a staggered band

alignment.
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Figure 5.21 Schematic energy band diagram of &wucture A, (b) structure B and (c) structure C. A tlipe
staggered band lineup with positive effective tunneling barrier height of 0.30eV and 0.21eV were determined at the
heterointerface of structure A and B, respectively, while a broken band lindupegative tunneling barrier height

of -0.03eV was found at the heterointerface of structure C. (d) Histogram summarized the effective tunneling barrier
height and the corresponding band alignment types of these struf2litdsed with perngsion of Nantechnology

Reviews



Figures5.21 (a) andb) [2] show the schematic band alignments of structure A and B based
on the band gap energy values determined above and the experimental results of VBO measured
by XPS. From these figures, one can find the measured VBO of intrinsic8&a.xAs channel
layer with respect to GagShi., source layer is 0.35eV and 0.39eV for In (Sb) compositions of
0.65 (0.60) and 0.70 (0.65), respectively. The higher value of VBO for In compositions of 0.7
compared to 0.6, is expected due to the lower bandgap,eGdn:As. Wanget al. [16]
systematiclly calculated the valence band offsets between most of th¢ $iémiconductor
alloys by a selconsistent band structure method. Using these calculations, the VBO of intrinsic
Ing 6sGay 35AS relative to intrinsic GaAsShys as well as intrinsic yGay sAs with respect to
intrinsic GaAsg 3sShyes was determined to be 0.32eV and 0.34eV, respectively. The measured
VBO values are in close agreement with the calculated ones. The difference in VBO values
between experimental and calculation may be duedadtping induced band gap narrowing
effect in GaAgShy.y layer. By comparing the effective tunneling barrier height for structures A
and B, it can be seen that by increasing In alloy composition from 65% to 70%Gia.|As
layer and simultaneously incissag Sb alloy composition from 60% to 65% in Gg®\ls., layer
to keep internally lattice matching with respect to each other, ghedeluces from 0.30eV to
0.21eV. Thus, one can modulate the values ok & the mixed As/Sb based lattice matched
heteojunctions (GaAsShy.,/InyGay.xAs) by carefully controlling both Sb and In compositions.

As a result, the mixed As/Sb based material system is a preferred choice for TFET application as
it provides a wide range of compositionally controlleg:E

Thevalue of Bt can be drastically reduced at the Gg8¥s.,/In,Ga,.xAs heterojunction
if the defects level is high. Figuie2l (c) shows the schematic band alignment of structure C

where large amount of defects were confined at the interface as wel/&slgAs layer[2].
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Note that the alloy compositions of In and Sb were the same as that in structure B except the
higher defect density at the interface as well asrGa, sAs layer in structure C. One can find

from Fig.5.21 (c) [2] that the value Epes is -0.03eV, suggesting a broken band lineup. It is
interesting to note that the band alignment was converted from staggered gap (structure A or B)
to broken gap (structure C) due to the presence of large amount of defects in structure C. Figure
5.21 (d) [2] summarizes the effective tunneling barrier height and the corresponding band
alignment types of these three structures. Previous§hiapter 5.4 it has been predicted by
simulation that fixed positive charges induced by defects at the ,SbAAN.Ga.As
heterointerface would bend the energy band and reduces the valyg[df.Bf the fixed charge
density is large enough (> 6x%cn?), it will assist the band alignment transition from
staggered to broken gap in a mixed As/Sb heterosteu@dll. Thus, the experimental data
corroborated with the simulation result and confirmed the band alignment conversion from
staggered to broken gap lineup in a mixed As/Sb TFET heterostructure. Although, greater BTBT
probability is expected in a brokenpg@FET than staggered gap due to lower tunneling barrier,
the OFFstate leakage will drastically increase due to the reduced blocking barrier -at&d&F

As a result, reducing defect density at the G&hs,/InGa.xAs interface is indispensable to
acheve a tailorednade tunneling barrier height and possess the staggered band alignment,
without which the steep switching and higher/lorr ratio of a TFETdevice would not be

realized.
5.6 Transfer characteristics

The Ber Of the GaAgShy.,/IN,Ga.xAs heterostructure TFET can be modulated by changing
Sb and In compositions in each side of the heterostructure, respectively, and different interface

engineering will also change thgfdue to different dislocation densities. In order to assess t
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Figure 5.22Measured transferred characteristigsM)) of TFET devices (L = 150nm, W
fabricated from structures A, B and C ags\Wf 0.05 and 0.5V. The TFET B (& = 0.21eV) demonstrated 2x
improvement in ONstate current compared with Al of 0.30eV). About 4 orders of magnitude increase in OFF

state leakage current was observed from TFET C than B due to the reductigp fodr 0.21eV to-0.03eV.[2]

Used wvith permission of Nanotechnology Reviews

impact of different effective tunneling barrier height and different band alignments on the
transfer characteristics of TFET devices, three sets of TFET devices withigetfd gates were
fabricated and testedidgtre 5.22[2] shows the room temperature transfer characteristigs (I

Vgs) of TFET devices fabricated from structure A, B and C as shown in Bablmeasured at

Vps = 0.05V and 0.5V. By comparing the transfer characteristics of TFETs fabricated from
structure A and B, it is observed thajnlincreased by ~ 2x with the reduction indg from

0.30eV to 0.21eV. This is due to the reduced effective tunneling barrier height that enhances the
tunneling transmission coefficiefit2], which effectively increaseBTBT rate anddy current.

Besides, the SS is also improved with reducipgs Bue to the bandpass filter behavior cutting
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off the high and low energy tail of the source Fermi distribution as a result of the particular band
alignment condition17]. In addition, the same tunneling current can be achieved at a lower
applied gate voltage with a reducegsf: indicating that the low g TFET device is more
suitable for low power operation. In contrast, tgg- hlso increased due to the reduction gfiE
and essentiallyokr increased faster thagn with the scaling of ks This is due to the reduced
Epef decreases the blocking barrier, which enhances both the BTBT probability and traps assisted
tunneling process at OFdtate conditiori6]. Furthermore, the bandgaps of source and channel
materials also decreased with reducingsEand a small energy gap leads to an additional
increase of the OFBtate leakage due to more pronounced thermal emission prd&}ss
Therefore, a properyg: with appropriate bandgap energy in source and channel layer should be
selected in order to fulfill highol with desired dn/lorgratio.

By comparing transfer characteristics of the TFET devices from structure C with structure
B, significant difference vithin oy and berwas found between these two structures although the
Sb and In composition in source and channel materials kept the same. About 4 orders of
magnitude higher OFBtate leakage current was observed from the structure C than that from
structue B due to higher defect density within the source/channel interface and channel/drain
layers of structure C. The value aofet was extensively amplified due to the broken band
alignment nature of structure C. In this case, the direct BTBT process desnihatOFFstate
transport[4], which is different as the Shockk®eadHall recombination mechanism in the
OFFstate transport of most staggered gap TFET<]. An additional negative gate bias is
required to turn off the OFBtate tunneling mechanisfi8]. Besides, dy of the TFET from
structure C is smaller than that from structure B under the same applied voltage. It is due to the

fact that higher degree of recombination occurs owing to trap centers caused by much greater
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defect density in structure.Gn addition, more than 4 orders in magnitude deterioration of
lonlorr ratio was found in the TFET devices fabricated from structure C than structure B. The
largely increasedokr and degradedbl/lorr ratio indicates that high defect density presentat
source/channel interface that assists the transition of band alignment from staggered to broken
gap. Measure must be taken to prevent the formation of large amount of defects at the critical
heterointerface during the growth of mixed As/Sb heterostrectFETs. Consequently, great
efforts should be taken to preserve the staggered band alignment withowtBerwise, all
performance improvement of TFET brought by#modulation will be in vain due to the band

alignment transition.

5.7 MBE growth and interface engineering of InAs/GaSb broken gap

structure

Further increase of OfNtate current using mixed As/Sb material system implies the
utilization of InAs/GaSb broken gap heterostructures. Compared with the InGaAs/GaAsShb
staggered gap TFET the Bt is negative in the InAs/GaSb broken gap heterostructure, which
indicates that there is no tunneling barrier for carriers transporting from source to channel. As a
result, higher tunneling probability together with improved tunneling curreeixpected in
broken gap TFET structures. However, it well known that there are great challenges to engineer
high quality InAs/GaSb or GaSb/InAs heterointerface during MBE grojgth 19. At
InAs/GaSh interfaces, both the cation and the anion changenirasbto the commaeoation
InGaAs/GaAsSb system. As a result, there are two kinds of bond configurations poss#fie: In
bonds and G#&s bonds, the mix depending on growth details, and leading to a technology
dependent interface bond and defect configomafThe nature of the interface can be influenced

by the shutter sequence during the crossover between the materials, with significant differences
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bet ween dAuppero (GaSb on | nAs) [HhBxpefineotaker 0 (
studies have already reported the device failure in an InAs/GaSb broken gap TFET device due to
improper switching sequence at the interfgi2@]. An additional interfacial GaAsSb layer was

detected at the interface as indicated by XRD anbll,Tihich brings in high density of defects

in this region, resulting in traps assistant tunneling and leading to high leakage current and
degraded SS of the fabricated devif&3]. In this respect, it is necessary to perform a detailed

study on the switdthng sequence of both the Auppero (Ga

GasSb) interfaces for the MBE growth of InAs/GaSb heterostructures.

GaShl5nm

GaShl5nm

GaSk200nm GaSk200nm

GaSh(100) substrate GaSh(100) substrate
N-type N-type

(a) (b)

Figure 5.23 Schematic diagrams of layer structures for (a) InAs/GaSb heterostructure and (b)

GaSb/InAs/GaSb/InAs/GaShutil-heterostructures

In the section, two structures comprise (a) InAs/GaSb heterostructure (referred as structure
A) and (b) GaSb/InAs/GaSb/InAs/GaSimutil-heterostructures (referred as structure B) were

grown by solid source MBE on-type GaSb(100) substrates. The oxide desorption was

13¢



performed under Sb ambient at 800 For both structures, 200nm GaSb buffer layers were

grown at 558C with a Sb/Ga ratio of 5. After that, 20nm InAs layer was deposited on GaSb on
structure A and muHheterostuctures consisting 15nMeaSb15nm InAs/15nm GaSbi5nm

InAs was deposited on structure B with a substrate temperature 8€.5Bifferent shutter
sequences were used for the HAuppero (GaSb on
The Ga, Sb, In, and#Ashutter sequence for both heterointerface are shown in Fig. 5.24. For the

Al ower o interface, a 4s I n and Sb overl ap was
before the growth of InAs layer to intentionally form a IA#e heterointerface. Fdarh e fAupper o
interface, a 6s exposure of Sb was used after the growth of InAs to remove the residual As atoms

on the sample surface and to smooth the interface due to the surfactant effect of Shregoms.

strain relaxationpropertiesof thesestructures wre characterizedsing high resolutiorx-ray

diffraction (XRD). XRDr oc ki ng c u2d esc dreg)@qcal smhce maps (RSMs)

were obtained using Panalyticafpért Pro system with CKU-1 as anx-ray sourceThe band

alignment of InAs on GaSh watrmined by xay photoelectron spectroscopy (XPS) using

K r a Jl#]ansthod as discussed in above sections.

6s |4s 6s
ca [ o
Sb
In
As .
<«— GaSh— «— |NAS — <«— GaSb—

Figure 5.24 Switching sequences for the InAs on GaSb and GaSb on InAs.
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Figure 5.25 shows the RC of structure A from a symmetric (004) scan. Figure 5.26 (a) and
(b) show the symmetric (004) RSM and RC of structure B, respectively. For both of these two
structures,Pendelbsung oscillationfringes appear on the RC and&SRs. The appearance of
Pendelbsung oscillatiorfringes on both sides of the GaSb substrate papkes a parallebnd
very sharp heterointerfageesents in this structure. This interference oatgs fromthe beating
of x-ray wavefields generated ateterointerface as well as at sample surfa®.a result,
interference can only be observed crystals that have almosgerfectly parallel boundaries.
Different as reported in ReR0, no additional interfacial peaks appear in both of these two
structures indicating abrupt interfaces with minimum atoms intermixing have formed. This
abrupt heterointerface will reduce the tunneling distance of carriers from source to channel and
reduce defects at the interface, both of which will upgrade the performadegioés fabricated
from this structure. The band alignment of I
method[14]. Figure 5.27 show the CL and VB XPS spectra obtained from 20nmGa&s/
bulk GaSb andnm InAs/GaSphrespectively. Using the methodsdussed irChapter 5.5 the
VBO of InAs with respect to GaSb is determined to be 0.52eV, which is higher than the bandgap
energy of intrinsic InAs (0.36eV), indicating a broken gap band alignment is formed at the
InAs/GaSb interface. The schematic bandgrahent of this heterostructure from XPS
measurements is shown in Fig. 5.27 (G) with all measured parameters. The structural analysis of
these two structures show that broken gap InAs/GaSb heterostructures with sharp interface and
without interfacial layes wer e obt ained by MBE using specif
and fil owero interfaces. Furt heeri ntnevgersatiigaan i @m
fabrication using these structures to fully utilize the benefit of highc@ikent from brokn band

alignment for TFET applications. Furthermore, additional cares should be taken to avoid high



OFF-state leakage due to the normal ON properties of these TFET devices brought by the broken

gap band alignment.

10° (004)
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Intensity (cps)
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Figure 5.25 (004) rocking curve of 20nimAs grown on GaSb. No additional interfacial layers were detected.
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Figure 5.26 (a) Symmetric (004) RSM and (b) (004) rocking curve of structure B. No additional interfacial layers
were detected. The appearancéPehdelisung oscillatiorfringes on both sidesnplies a parallel and very sharp

heterointerfac@resents in this structure.
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Figure 5.27 XPS spectra of (als3ds, core level (CL) and (bnAs valence band (VB) frol@0nmInAs on GaSb

(c) Sb4d,, CL and (d)GaShVB from bulk GaSh (e) As3ds;, CL and (f)Sb4ds,, CL from 5nm InAsGaShbstructure
measured at the heterointerface. CL spectra curves were fitted using a Lorentzian convolution with -tyirley
background. Valence band maxima (VBM) were determined by linearly fittei¢geading edge of the VB spectra to
the base line(G) Schematic energy band diagram lofAs/GaSb heterostructuréd broken band lineupwas

confirmed in this structure.
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Chapter 6 Reliability studies onhigh-temperature operation

of mixed As/Sb staggered gap TFET material and devices

Due to the low standby voltage and steep SS, TFET is suitable fqydawr applications
with a supply voltage lower than 0.5V. In practice, there is a growing defoa¢rETs to be
integrated with other devices (e.g., CMOS, optical devices, deteeto)sfor complex circuit
applications. In that case, the performance of TFET may be impacted by other devices which can
produce heat during operation in the workinggimnment. This leads to the necessity for the
transistors to be operated at high temperature working environment without degradation of the
device performance. However, for the mixed As/Sb staggered gap TFET structures, due to large
lattice mismatch betven active layers (GaAsSh/In,Ga.xAs) and the substrate, there will be
some residual strain exists within the active redidn The residual strain tends to relax during
high temperature operation, which will generate dislocations in these layetserfote, fixed
charges caused by defects and dislocations at the heteroinfétfack convert the energy band
alignment from staggered gap to broken ¢ which will drastically increase thedr and
decrease d\/lorr ratio [1]. Moreover, the high eimperature operation may aggravate the
intermixing of Sb and As at the GaASh/In,Ga.,As heterointerface that will result in
uncontrolled layer composition, which will lead to uncontrolled band alignment and may
introduce high dislocation density due ¢compositional mismatch. Besides, high temperature
operation may lead to decrease in bandgap of materials in the active layers as well as increase in
channel resistancg3, 4], both of which will influence the Oidtate performance of TFET
devices [5]. Futhermore, due to the enhanced ShoclkeadHall (SRH) generation

recombination (&R) and the increased TAT process during high temperature opdi&tiorg],
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lorr may be significantly increased compared with that at room temperature. Therefore, it is
necessary to experimentally investigate the reliability of mixed As/Sb staggered gap
heterojunction TFET materials and devices for high temperature opefatitnms chapterpoth

the structural properties and device performances of a 3§86 s51N0.7Gay 3AS staggered gap
TFET s studiedn the temperature range of25to 150C. The schematic layer structure of this
TFET structure is showm Fig. 6.1(a). The simulated band structure is shown in Fig. 6.1 (b).
The reliability studies of highemperatureperation of mixed As/Sb staggered gap tunnel FET
material and devices will contribute to better understanding the operation principles within these
devices at high operating temperature and will provide important guidance on the material

growth optimizaibn and device fabrication for future TFETS.
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6.1 Strain relaxation properties at high operation temperature

The relaxation state and residual strain of epilayers at each temperature step were obtained
from symmetric (004) and asymmetric (115) reflectiohdRSMs of the struare as shown in
Fig. 6.1 (a) Figures 6.2 (a) antb) showed symmetric (004) and asymmetric (115) RSMs of the
structure at different temperatures steps, respectively. Each layer was labeled to its
corresponding reciprocal lattice point (RLP) based on etemical etching experimentss
described in detail in referen¢#]. It can be seen from Fig. 6.2 (a) &) [7] that four distinct
RLP maxima were shown in symmetric (004) and asymmetric (115) RSMs at each temperature
step, the same as describecCimapter 5.3.1 Analysis were performed at each temperature step
using the symmetric (004) and asymmetric (115) RSMs. Similar strain relaxation values at each
temperature step (~ 75% forohGay 3As, ~ 82% for GaAsssShy.es and ~ 72% for 1n7Alo3AS)
asthose at 2% from each epilayer respect to InP substrate were extracted. The calculated strain
relaxation values were summarized in Tablé The nearly identical strain relaxation states of
each epilayer at different temperature steps indicate thatpseedomorphic nature of
GaAs 35y edlng Gy sAs layers were well maintained and negligible residual strain was
relaxed during the high temperature operation. It also indicates that no extra dislocations caused
by strain relaxation should be expectedimig high temperature operation up to 4&0The
similar strain relaxation state of each epilayer during high temperature operation is supported by
comparing the position of each RLP with respect to the fully relaxed line (the red dashed line) in
(115) RSMs at different tempature steps. As shown in Fig. &9 [7], almost the same distance
from the center of each RLP to the fully relaxed line was observed at different temperature,

indicating nearly identical strain relaxation states of each layer.
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Figure 6.2 (a) Symmetric (004) and (b) asymmetric (115) reciprocal space maps of thg 5\ Ing Gay AS
TFET structure at different temperature. Similar strain relaxation values were extracted from RSMs at different
temperatures, indicating trstrain relaxation properties of this structure keep stable up tC150 Used with

permission from IEEE.

It can also be seen from Fig. & [7] that the RLPs of epilayers were marginally moving
away from the InP substrate with increasing temapure. This may be caused by the lattice
constant change at higher measurement temperature. The change of lattice parameter of each
epilayer recovered after the sample was cooled down to room temperature, which can be
confirmed by the RSMs recorded aftbe temperature cycle. The intensity of each RLP was
decreased at high temperature and it was caused by the small displacements of atoms due to
thermal vibrationd9]. In fact, the reduction of intensity was recovered when the sample was

cooled down to rom temperature after temperature cycle. Furthermore, the identical features of

14¢



(004) and (115) RSMs before and after the temperature cycle measuré@ aidiGate that the
strain relaxation properties of this structure does not affect by the high teéunperperation up

to 150C.
6.2 Surface morphology before and after high temperature operation

The 10eml10em AFM micrographs of the TFET
cycle were shown in Figs.3 (a) and(b) [7], respectively. From Figs.3 (a) and(b) [7], the
anticipated twedimensional crosshatch patterns were well developed and quite uniform, as
expected for ideal graded buffghO, 11], from both surfaces before and after high temperature
operation. The well maintained twbmensional crosshatch patterns and similar surface
morphology after the high temperature cycle suggests that the strain within the
GaAs 3s5hyedlng Gy sAs layers were not relaxed during the high temperature operation.
Otherwise, dislocations would be formed inesk layers and the-2 crosshatch pattern
developed by the graded buffer will be sheltered by high density dislocations and a grainy
texture with higher surface roughness will be expe¢iédThe surfacems roughness before
and after temperature cycle memeasured to be 3.17nm and 2.66nm, respectively. Despite of
the experimental error, the surface was smoother after high temperature operation. Similar
improvements of crystalline quality by high temperature annealing on metamorphic structures
were also eported by other researchers where the lattice reformation might have resulted in the
improvements in the structural qualifyt2, 13, 14]. In this case, although the annealing
temperature was limited to 1%D), the sample was kept at the specific tempegédiurlong time
(~ 2 hours) during the collection of RSMs data at each temperature step. The annealing
temperature was not set high to relax the residual strain within the epilayers, however, some

defects (i.e., point defects) might have annihilated dutiveglong annealing duration by the
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redistribution of atoms and hence improve the surface morphology. In fact, the improvement of
crystalline quality by reduction of defects was also confirmed by the decrease ofithé p
leakage current of the fabricdt&@ FET devices, which will be disusedS$ec. 6.4

50nm

10pm

Figure 6.310em | 10em AFM sur f ac gs;sShdim il #As OFFTy struztiire (B)beforeGa A s
temperature cycle withms roughness of 3.17nm and (b) after temperature cycle mithroughness of 2.66nm.

Typical crosshatch patterns were observed in both cases. The well maintained crosshatch pattern and similar surface
morphology after the temperature cycle suggests no significant structural properties change was generated in the

strudure up to 15€C. [7] Used with permission from IEEE.
6.3 Atoms inter-diffusion before and after high temperature operation

There could be a potential concern of the mixed As/Sb staggered gap TFET devices for high
temperature operation due to thespible intermixing between As and Sb atoms at the
source/channel heterointerface. The intermixing between different atoms will be more promoted
at higher temperature due to the enhanceditachs diffusion. Besides, high temperature
operation may also caeighe diffusion of dopant atoms (C) from heavily doped Ga&sy es

source to the intrinsic §y¥Ga 3As channel layer. This will reduce the abruptness of the doping



profile at the tunnel junction, which will in turn reduce the tunneling probabilitylead to
decrease ingh of the TFET deviced5, €. In order to determine the influence of high
temperature operation on the junction and doping profiles of the TFET structure, dynamic SIMS
measurements were performed to characterize the composition&paifAs, Sb, Ga, In, Si

and C atoms at the interface before and after temperature cycle. &ig(ag 7] showed Ga, In,

As and Sb depth profiles of the TFET structure before temperature cycle, which displayed an
abrupt GaAsssShyedlng/GaysAs heerointerface. The transition between GaéSlyes to

Ing :GaysAs was less than 10nm, within the spuitetuced broadening of the ion beam,
indicating low value of As and Sb intermixing at the heterointerface. Fydr) [7] showed

the C and Sdoping profiles in the source and drain regions of the TFET structure. It depicted an
abrupt junction profile at the source/channel interface with an expected C pocket doping
concentration of ~1x1&/cm®. Similarly, the Ga, In, As, Sb depth profiles and St,doping
profiles after the temperature cycle were shown in &ig(a) and (b) 7], respectively. Almost
identical, sharp junction and abrupt doping profile as that before the temperature cycle were
obtained, which indicated that no detectable intemmgixwas taken place within the
heterointerface up to 180. The stability of junction profiles assured the anticipated staggered
band alignment with desired effective tunneling barrier heighdz\Bnd sharp tunnel junction

interface with minimal tunnedig width for the TFET to operate at high temperature.
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An abrupt doping profile was observed at the interfgd@dJsed with permission from IEEE.
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6.4 OFFstate performances at high operation temperature

Tenperature dependentM measurements were carried out on the revieiased p-i-n”
diode with temperature ranging from °25to 150C with 25C as a step. Besides, the
measurement was repeated al2bn the same device after the temperature cycle to determine
the influence of the temperature cycle on the Qt&te performance. Figufe6 (a) [7] showed
the measured leakage current of the revbiased {-i-n" diode at different temperature steps. It
can be seen from this figure that at each fixed reMaiese the leakage current increased
exponentially with increasing temperature, as expected. The variation tendensy: wiith
temperature was consistent with the S&bminated OFFstate transport echanism, within
which the main contribution to the temperature dependent factor arises from the intrinsic carrier
concentration which is proportional to expé/2kT), where k& is the bandgap energy of active
layers materials, k is the Boltzmann constant T is the temperature. In order to confirm this
proposition, numerical simulations were performed using a SRR r@odel to determine the
OFFstate transport of the TFET device. All simulations were performed using Sentabjrus
with temperature ranginffom 25C to 156C. As shown in Fig. 6.6a) [7] (solid lines), the
simulated iV characteristics of the reverbiased p-i-n* diode is in agreement with the
measured data (scattered line) at all temperatures, suggesting the validation of this model. The
SRHdominated OFFstate transport mechanism was also confirmed by the Arrhenius plot,
shown in Fig.6.6 (b) [7]. The extracted activation energy is 0.33eV, 0.35eV, and 0.36eV at a
reversebias of 1V, 0.5V, and 0.1V, respectively. All of these values wpproximately /2 of
Ing GapsAs (~ 0.6eV at 300K) and GabhgShyes (~ 0.72eV at 300K), indicatingojr

components of SRH-® were from both migdyap interface traps and mghp bulk traps.
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permission from IEEE.
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It is interesting to find that throom temperature leakage current of the revieiessed p-i-
n" diode was reduced by almost 2x after the temperature cycle. This may be due to removal of
some deep level traps during high temperature operation. Fednters in the midap of bulk
materals and within the depletion region of each junction were reduced by atom reformation in
the long duration of temperature cyg®4], which will reduce the contribution of SRH-&
current. The improvement of crystalline quality can also be supportecelngdiction offms

roughness after temperature cycle discussed earlier.
6.5 Transfer characteristics at high operation temperature

In order to gain insight into the switching properties of the mixed As/Sb staggered gap
TFETs at high operating tempagure, transfer characteristics of these TFET devices were
measured at bothpé = 0.05V and 0.5V from Z& to 150C using 28C as a temperature step.
Figure 6.7 (a) [7] showed the transfer characteristics of the TFET device measuregk a V
0.05V with different temperature. As shown in this figure, at low gate voltagés3\s, the
drain current was almost constant without gate modulation, which set the leakage floor of the
device, and increased exponentially with rising temperature. iWitbasing gate voltages from
0.3V to 0.4V, the ds was less temperature dependent, which indicated that the BTBT current
was becoming the dominant current component. Feg ¥ 0.4V, bs is weak temperature
dependent and it corresponds to the drive ouirfigr) of the TFET. In order to further study the
impact of high operating temperature @R, lthe bs-Vgs characteristics was+@otted in a linear
scale with \&sfrom 1.0V to 1.5V, which was shown in Fi§.7 (b) [7]. As shown in Fig6.7 (b),

Ibr hasa weak temperature dependent characteristics corresponding to the BTBT current at ON
state condition. The inset of Fi§.7 (b) [7] shows the changing trend gfslwith temperature at

Ves= 1.5V. It is interesting to find thagd was decreasing with risj temperature from 26 to
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100°C, but increasing from 160G to 150C. The former trend ofpk can be explained by the

variation ofchannel resistanogith temperature and the latter can be explained by the reduction

of bandgap energy of active region mietls as well as the decrease of effective tunneling barrier
height. According to Knoclet al. [16], the tunnel junction acts as a baaks filter allowing

only carriers with energies around the Fermi level in an energy wingldyas shown in Fig. 1.3

(b) and (c))to tunnel from source to channel. With increasing temperathesjncrease of

channel resistance will result in the reduction of drain curfdotreover, the source region of

TFET is highly degenerated due to heaviyype doping. Thus, the degeracy reduces the

number of electrons available for tunneling which reduces thest@ftd current and degraded the

SS[17, 19. In addition, due to the temperature dependence of the Fermi tail caused by heavily
p-type doping, the degradation of &ithtecurrent will be more pronounced at high temperature

that leads to additional Obtate current loss. However, at higher temperature of greater than
100°C, the energy window ou wil!/l be enl arged b
source/channel mateis [4]. Furthermore, a ¢ c[DO)r (also sBhgwntincdEg. Ka n e 0
1.8), the bg of TFET is directly related to the BTBT generation ratgrdp which is
exponentially related to ‘'O 7 . The exponential factor ofEpredominantly determines the

GgreT On Es and contributes to the increase gf With rising temperature from 100 to 156C.

The increasedbk due to reduction of &of active region materials may dominant over variation

of Fermi distribution from 10 to 156C. In addition, the ks« will also reduce due to the
reduction of bandgap6], which may provide extra increase iprlat higher temperature of

operation.
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Figure 6.8(a) Transfer ds-Vgs) characteristics of the GaggShy 61Ny :GaysAs TFET devices at ¥s = 0.5V with
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in a linear scale from 28 to 156C. The inset shows the changing trend fwith temperature at ¥ = 1.5V.

Similar Ips changing trend with temperature was observed as that wik\3.05V.[7] Used with permission from




Figure 6.8 (a) [7] shows the transfer characteristics of the same TFET device measured at
Vps=0.5V with different temperature. Aghown in this figure,dr is about 1 order higher than
that with \bs=0.05V (as shown in Figh.7 (a)), as expected, at each temperature step, which is
due to the enhanced electrical field at the tunneling junction brought by higher drain voltage.
Similarly, at Vps=0.5V, the OFFstate leakage floor showed strong temperature dependence and
the br displayed weak temperature dependence, which indicate that the SRkhé&hanism
and the BTBT processes, respectively, dominated the-S0dt€ and OMtate transpaorof the
TFET device. In order to gain better insight into the impact of temperaturgzothé bs-Ves
characteristics of the TFET device wasptetted in Fig.6.8 (b) [7] with Vgsfrom 1.0V to 1.5V
in a linear scale. The inset of F§8 (b) [7] showsthe changing trend of4 with temperature at
Ves = 1.5V. Nearly identical changing trend gklwith temperature at 5 = 0.5V and \bs =
0.05V was obtained, indicating that the temperature has similar effect on the transport
mechanism at 0.05V and 0.58fain voltages. Thep§ is not increasing exponentially with
temperature from 10C to 156C, different with the case ofpé=0.05V. This might be due to an
enhanced electrical field inside the channel brought by the higher drain voltage. Moreover, the
enhanced electrical field leads to a larger voltage drop over the channel due to increased channel
resistance at a higher temperature of 200As a result, the exponential increase trenchef |
dominated by the reduction oiEs not as remarkable as thatthvips = 0.05V. Furthermore,
the bs-Ves measurements on the same device &€ 2Howed similar performance before and
after temperature cycle operation both ags\= 0.05V and 0.5V. It also suggests that no
significant structural properties change, susts@ain relaxation, intetiffusion etc, took place
during high temperature operation up to AGvithin the TFET structure. Theg: of the TFET

device was reduced after the temperature cycle due to the removal of some trap states.
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temperature for (a) M = 0.05V and (b) ¥s = 0.5V. The strong temperature dependence of SS at high temperature
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The lax/luin ratio decreased from ~ 1@t 25C to ~ 16 at 156C. This degradation of device performance was

mainly caused by the high leakage current at high temperéflitdsed with permission from IEEE.
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Figure6.9 (a) and (b) 7] showed the SS angdx/Imin ratio (lvax is Ips at Ves= 1.5V and
Imin 1S Ips at Ves = -0.5V) of the TFET device as a function of temperature fg4=0.05V and
0.5V, respectively. The value of SBas not sulbOmV/dec due to high midap traps and
surface charges at the channel/lbigh o xi de i nter face. These inter
can retard the Ferntevel movement of the intrinsic channel controlled bysVand they can
also result iInTAT and the subsequent thermal emisg®2Q, all of which will degrade SS. For
both Vbs = 0.05V and 0.5V, SS was almost constant with temperature up 16,10@ increases
sharply at temperature greater than °@@nd it has a strong positive temperatdependent
coefficient from 108C to 150C. The strong temperature dependence of SS is caused by TAT in
the subthreshold region, in which the electrons in the valence barid 6aps 3:Shy 65 source
tunneled into the midap traps and followed by a lsmequent thermal emission into the
conduction band of y¥Ga& 3As channel, which gives rise to the strong temperature dependence
as well as deterioration of SS. In order to improve the SS, surface chemical passivation is
essential to suppress these dominaid-gap traps and surface charges. In addition, SS was
improved after temperature cycle for boths¥0.5V and 0.05V and it is due to themovalof
some trap states during the long duration of annealing. Thex/lwin ratio decreases
exponentially withincreasing temperature for botthd#0.05V and 0.5V. This can be explained
by the combined effects of exponential dependencepgf With temperature and the weak
temperature dependence k.| The lax/lwin ratio decreased from ~ 1@t 25C to ~ 1§ at
150°C. This degradation of device performance was mainly due to the high leakage current at
higher temperature (> 18D). Moreover, theyax/Iv ratio recovered to its initial level when
the device was cooled down to°25after temperature cycle, whidghdicates that the high

temperature operation was not destructive to the TFET structure up’@ 150



In summary, the high temperature reliability studies demonstrated stable structural
properties and distinguished device characteristics of thednfiséSb staggered gap TFETs at
higher operating temperature. The temperature dependent structural and device properties of the
mixed As/Sb staggered gap TFET highlights the importance of the reliability on high

temperature operation of TFETSs for future lpawer digital logic applications.
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Chapter 7 Structural properties of complementary p

channel mixed As/Sb TFET structure

In recent years, great efforts have been devoted to investigate and upgrade the structural
properties and device performancesndf/pe In,Ga.,As/GaAsSh.y staggeredyap TFETS[1-
12]. However, the study of-p/pe TFET is impeded due to the limited density of states in the
conduction band of WV materials. The tradeff between high ORMstate current and steep
subthreshold slope prompted wsstudy highquality ptype TFET structwes within the same
material system to achieve complementary energy efficient logic cift@itd4] In thischapter
a comprehensive study was carried out on the structural properties noétamorphic
Ing Gay 3As/GaAs 3sShy es p-type staggeredgap TFET structure grown by molecular beam
epitaxy (MBE).The schematic layer structure is shown in Fig. The source (S), channel (C)
and drain (D) regions are labeled in this figure andrihgGay sAs/GaAs 355k 65 heterointerface
is denoted in a boxThe schematic bandlignmentof the ptype Ing/Gay As/GaAs 355k es
TFET structure is shown in Fig.2. The measured valence band offset, calculated conduction
band offset and effective tunneling barrier heighfefEwere also labeled in this figur&he
experimental results demonstrated high material quality off ST structure.
7.1 Strain relaxation properties

The symmetric (004) XRD rocking curve of thisspannel TFET structure is shown in Fig.
7.3. Each layer was labeled to itorresponding peak based on wet chemical etching
experiments? According to the epilayer structure as shown in Fid, the InAlgsAs buffer

layer, the GaAsssShy g5 channel/drain laysrand the 19 /Ga sAs source layer were designed to
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300nm GaAg 35Sy 65
p" C-(1x10"%cn?)

100nm Iy 7Al g 3AS
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Linearly Graded Buffer

S. I. InP (001) substrate

Figure 7.1 Schematic diagram of the metamorphig ABa AS/GaAs 3sShy g5 p-type TFET layer structure. The

source (S), channel (C) and drain (D) regions are labeled in this figure and (H&sWAs/GaAs 35Sk es

heterointerface is denoted in a bbksed with permission from AlP.

N* 8l 108%m3 Intrinsic P+ 11 10'%m3
INgGagAs  GaAs) 3Shyes GaAsy 355 65
. EC
Source Channel Drain
A
a 0.pbp7eV
EF q:EC E,:

Figure 7.2 Schematic band diagram of the metamorphig, & As/GaA$.3sShyes p-type TFET structure. The

measured valence band offset, calculated conduction band offset and effective tunneling barrier Jagigierée

also labeled in this figuréJsed with permission from AlP.
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Figure 7.3 Symmetric (004) xay rocking curve of the metamorphicy & ;As/GaA$.ssShyes p-type TFET
structure. Each layer was labeled to its corresponding peak based on early perfotmdtemieal etching

experimentsUsed with permission from AlP.

be internally lattice matched. However, due to the residual strain within ghéllwAs buffer

layer [15], as well as heavilycarbon C) doping induced lattice contractiof®] in the
GaAs 3sShy 65 layer, these three layers appear as tleggaratgeaks in the XRD rocking curve
spectrum as shown in Fig..3. The distinct XRD peak positions suggest different lattice
constants within each epilayer, which indicates different strain relaxsit&es of the epilayers.
The detailed strain relaxation states and residual strain of each epileseanalyzedfrom
symmetric (004) and asymmetric (118$Ms Figure7.4 (a) and (b) show the symmetric (004)
and asymmetric (115) RSMs of theype TFETstructure with incident-xay beam alonggp
direction. Four distinct reciprocal lattice points (RLPs) were found in RSMs of this structure,

corresponding to (1) the InP substrate, (2) Ga&y e channel/drain layer, (3) nGaysAS
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source layer ah (4) 100nmIng 7/Alg 3AS, the uppermost layer of the linearly gradedAln.,As
buffer. From RSMs, the lattice constant in the-otiplane, ¢ (from the symmetric004
reflection),and the lattice constait the growth planea (from the asymmetri@ 15 reflection),
weredetermined. The relaxed lattice constanand strain relaxation valuegerealso extracted
from RSMs. Tabl&.1 summarized the Hplane and oubf-plane lattice constants, relaxed lattice
constants, strain relaxation values, residual strain and alloy composition of each epilayer with the
projection of xray beam alongdpm] direction. Using the extracted lattice nstant values in
Table 7.1, it can be seen that the active layerso{B&3As and GaAgssShyes) are
pseudomorphito the I 7Alo3As buffer,which indicates that low dislocation density should be
expected within the active layers. Besides, the lovockgion density within the jyGa 3As and
GaAs 3sShy es layers can be further supported by the relatively short elongation of RLPs of these
two layers along Q €10) direction as shown in Fig.4 (a)and(b). Smaller dislocation density

in [110] (or [ppm]) direction leads to less diffuse scattering efay in its orthogonaldpm] (or
[110]) direction, resulting in the shorter elongation of RLPs along -Q0j1(or Q (110)) in
RSMs. Furthermore, it can be found from the asymmetric (115) RSM as shdwig ih4 (b)

that, the Ig/Gay3As and GaAsssShy g5 layers are aligned in a vertical line (fully strained line,
red dashed line in Figr4 (b)) with respect to the drAlg3As buffer, whichadditionally
confirmed the pseudomorphic nature of MBa sAs and GaAgssShy g5 layers[16]. Although the
in-plane lattice constants of glfGaysAs and GaAgssShyes are slightly smaller than that of
Ing7Alo3As in this ptype TFET structure, the small difference in lattice constant does not
generate straimelaxation of these two layers due to the critical layer thickness consideration

which lead to the pseudomorphic nature and low dislocation density within these two layers
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Figure 7.4 (a) Symmetric (004) and (b) asymmetric (115) RSMs of tigpp TFETstructure with the incident-x

ray beam along [prmt] direction. The RSMs together with the extracted lattice parameters confirmed the

pseudomorphic nature of the active layerg {88 sAs and GaAgssShy g5 respect to the hyAly2As buffer, which

indicates that low dislocation density should be expected within the active legexswith permission from AIP.



Figure 7.5 (a) Symmetric (004) and (b) asymmetric (115) RSMs of tigpp TFET structure with the incident x
ray beam along [110] direction. &hstrain relaxation values of glfGa ;As/GaAs.3sShy 65 active layers and the
Ing7Al g sAs buffer are almost identical along two orthogonal <110> directions, which indicates symmetric strain

relaxation of this structurélsed with permission from AlP.
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