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Synthesis, Fabrication, and Characterization of Ge/Si 
Axial Nanowire Heterostructure Tunnel FETs 

Shadi A. Daych*, .lfember l1'-u' . lianyu Huang, Aaron Gin. and S T Picraux. .';enior .Hell/her, IEEE 

Abstrad- Axial GelSi heterostrul-rure nano"ires allo" energy 
band~dge engineering Illong the axis orthe nanowire, wbicb is tbe 
cbarge transport direction. lind the l'Calization of asymmetric 
devices for Dm'el de\1ce architectures. Thi~ "ork reports on two 
advances in the area of beterostructure nanowires and tunnel 
FETs: (i) tbe realization of 100 % compositionlllly modulated 
Si/G1! Inial heterostructure nanowires with lengths suitllble for 
de\'ice fabrication and (ii) the design and implementation of 
Schotl!.,), barrier tunnel FETs OD these naDO" ires for hi~h-on 
·currents and suppressed ambipolar beha\ior. Initial prototype 
devices resulted in a curreDt drive in excess of 100 IJA/llm (IhrD) 
and Iff I.,,,Il.,ff ratios. These results demonstrate the potential of 
such asymmetric hetero tructures (both in the semiconductor 
channel and metal-semiconductor barrier heights) for low-power 
and high performance electronics. 

L INTRODtc-nON 

WhiJe new materials and device concepts are being 
developed to extend CMOS device scaling beyond the 22 run 
node, Ule potenLial of combining SiJGe heteroslructure 
materials with the dimensionality of semiconductor naoo\\ ires 
(NWs) remains to be explored. The vapor-liquid-solid (VLS) 
mechanism allows modulalion of doping and alloy 
composition in Ule axial NW direction wh.ich is the tmnsport 
direction for NW FETs [11. TIlis provides an additional degree 
of freedom for band-gap enginccring in the transport direction, 
which when added to Ge compatibility for integration Willl Si 
technology [2J, makes Ge/Si axial NW heteroslruclures 
advantageous oyer other existing material and de\'ice 
possibilities, in particular for tUlmel FET . 

Prior work on the synthesis of GelSi NW axial 
heterostructures through Ule VLS mech"wism have resulted in 
axial Si/Si]."Ge:.c NW hcterostructures wilh Xmax - 0.3 r3AI 
Synthesis of such W materials is limited due to the difference 
in the decomposition temperalures of SiH 1 and Gef-L. which 
arc - 650 "C 15J and - 280 C [6], re pcctively Due to the 
difficulty iii their syntllesis and control over their composition, 
no useful devices have been demonstrated fTom sllch 
heterostructure NWs. Recently. 100 % compositjon modulation 
of Ge/Si axial NW heterOslructurcs was demonstrated using a 
solid growth catalyst [7 J. In this case, Ule thickness of the 
heterostructure cannot exceed few atomic layers due to the 
slow axial growth rate and concurrent radial deposition on the 
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NW sidewalls leading to a mi'-.1ure or axial and radial 
heterostructures. 

Here, we report the VL growth of ]00 % doping and 
composition modulated axial GelSi heleroslruclure NWs with 
lengtils appropriate ror device fabrication . We devised a 
growth procedure that eliminate Au diffusion on the NW 
sidewalls and minimizes random kinking in the heterostructure 
NWs as deduced from detailed microscopy analysis. Tunnel 
FETs made from Ulese axial NW hcterostructures haye sbo'i\1l 
promising performance and current drives well beyond what 
has been accomplished berore \\ith semiconductor NWs [81 
and carbon n<lnotubes [9] . 

It HETERO, TRt'CT{'RE N .\ ,'lOWTRF. GROWTH 

Gro\\1h of the GelSi axial NW heteroslructures was carried out 
in a cold-wall chemical \'apor deposition system using GeR! 
(30 % in H~) and SiH! (50 % in H~) as input precursors and 
variable size Au colloids as gro\\ th seeds. Doping was 
achieved ,,;Ih UIC introduction of B2Hr. ( 100 ppm in H:!) and 
PH , (100 ppm in H:!) as p- and n-type dopants for the Ge and 
Si segments. respectively. The growth or Ge NWs was carried 
out in a two-temperature step process C(iG °C nucleation and 
276 °C elongation) whercas the growth of the Si segment was 
carried out at -no °C - catalyzed at such a low temperature by 
the Au grO\\1Jl seed WiUl - JOO om intrinsic segment length 
followed b~' an n-type Si segment groMh of - 1 ~ length. 

Fig. !. a) S EM image of cpitaxia ll y grolm G~ Si axial '1W heterostrucll1res on 

a Ge(lll) substrale. 



To nucleate the Si segment. an intemlediate precursor 
s"itching step was necessary. Tlti is manifested in Fig. 
I which shows an SEM image illustrating the succe ful growth 
of epitaxial 100 % Ge/Si axial heterostructures (confmlled by 
EDS line scans) on a Ge( 1 11) substrate. While the grm\th of 
such heterostructures is viable by inserting a precursor 
switching step Ulat maintains a Liquid nuclcating growth seed, 
the growth seed remains Wlstable atop the NW. leading to Au 
diITusion that tend to decorate Ule NW urface (Fig. 2a) By 
adjusting the duration of tltis intemlediate step, the total 
temperature ramp time and precursor pressure. Au diffusion on 
Ule NW sidewalls was eliminated as demonstrated in tlle 1EM 
and STEM images of Fig. 2b-c. In general. the NWs grown 
using this grO,,1Jl procedurc arc straight lip to lengths of - ~OO 

run after wltieh the NWs kink by - 20 0 from their axis. which 
is typicaJly a transition from Ule r 1111 orientation into the 
r21 11 orientation. Detailed TEM microscopy on iliese NWs 
have shown Uwl Ihere is a single fault that can be generated at 
a time in the Si egment (typically a stacking fauJt) and that 
"~re kinks when a [l I 1]/[211J twin boundrary. which has - 20 
o between both directions, nucleates at the edge of the NW. 
This has also been \ 'erified by selectivc area diffraction 
pat1erns on different regions across the NW lengUl (not shown 
here). 

Fig. 2. a,b) rEM imag~s at thol inh:rfacl! ot' a 40 run diamclcr Gil Si nxiall'. W 
hctcroslnlctllre \\ illt (a) and without (b) ~\u dusters at the interlace __ ilb new 
gnm1h 'c<l ll enc~ . c) S EM imag~ of a Go: Si :-\W howing di stinct contrast 
hc[\\ccn Ue (bright) and Si (dark) "ilh fal se color maps ofSi (d) and Ge (e) . 

Abruptness of ilie Ge/Si p-n junctIOn can be tuned by the 
W diameter Indeed. we have observed that ilie transition 

length in our Ge/Si axial NW heteroslructures is characterized 
by a logarithmic decrease of tile Ge content that is also 
dicuneter dependent. Since the growth of these NWs is 
mediated by a liquid particle Uillt aelS as a resen'oir for growth 
reactanlS, Uleoretical modeling of the rates of incorporation 
\\ hen the material precursors are switched have predicted such 
a dependence POI. While Ulis sets tIle mininlillll transition 
width is VL grO\\ n heterostructure NWs to be their minimum 
achievable diameter. there is a tllcmlOdynamic lintit at which 

such NWs cannot be grown anymore 1111. On Ule oUler band 
growtil from a solid seed doc n't rely on the dissolution of the 
input reactant into the particle itself but rather at dilJusion of 
reactants at Ule seedINW interfacc. leading therefore to an 
abrupt interface [7J NonetJleless, the length scales at which 
Ulese interfaces can be formed b) ilie VLS mechanism can be 
still useful for developing band-gap engineered tunnel devices 
beyond those typically populated in the literature as we 
demonstrate belo,,, . 

m. ASYM;\lETR1C BAND-G.\P E 'G1:"1!EEREI) TlIN~n 
FETs 

Band-to-Band tunnel FETs (TFETs) have been recently 
proposed to overcome the minilllWlI inverse subthreshold 
slope (SS·t ) of 60 mY/decadc with experimental 
demonstrations of ~ 53 mY/decade and - 216 mY/decade in 
Si [1 21 and Ir105JGafl.l -As [13J. respectivcly. These devices 
however suITer from amlJipolar tunnel transport in Ule nearly 
symmetric tunnel barriers at tlle source and drain regions. 
Heterostructure TFET (HTFETs) have been proposed for 
improved perrormance in Si/Ge [[.t J and in W-Y [15] 
material systems. I n the conte:-..1 of semiconductor NWs. 
obtaining an abmpt doping profile is equally challenging to 
obtaining an abrupt composition profile. discussed in section 
II. Yet to attain the benefit of the of ilie 3D geometry of the 
semiconductor NW which aJlows tlle formation of wrap­
around gates. we propose Schott.ky-barrier HfFETs for 
"hich an abrupt junction could be formed at Ute 
metaVsemiconductor interface allowing additional benefit for 
band-gap engineering. The band-edge profile at thermal 
equilibrium of an optimal asynunetric device (validated by 
3D Silvaco Atlas simulations) is shown in Fig. 33. Device 
considerations ror establishing Ulis device arcLtitec1Ure takes 
into account not only the graded band-edge profiJe across the 
transition region between a Ge source and a Si drain but also 
tlle presence of band-offsets at tlle Schottky contacts UIat 
have to be accommodated for f on/lo.ff currenlS and Lowest 
possible ambipolar behm'ior. Ln brief. a small electron barrier 
at tile source side results in dominance of thermally emitted 
electrons into Ule channel. reduced overall charinel field 
(deterntined by band offsets at the 2 Schottky contacts) and 
therefore non-steep subthreshold charncteristics. A large hole 
barrier at the drain side leads to accommodation of the band­
offsets mainly at vaJcnce band at Ule drain side, wltich will 
result in a high electric field and hole tunneling iliat raises 
the hole ambipolar transport branch at negative gate 
voltages. Fig. 3b shows the simuJated transfer characteristics 
of a nanowire channel \\ilh a band-edge profile sintilar to 
tl1at in Fig. 3a as well as for a pure Ge channel. It can be seen 
from Fig. 3b UtaL the asymmetric HTFET leads to a higher 
10/,110/1" ratio and reduced ambipolar behavior. A small 
underlap region near the drain side can result in further 
reduclion of tile ambipolar behavior at negative gat biases. 



IV. DEYlCE F.\BRICXflO . A:"'DTR. NSPORT RESI ' LTS 

The as-grown nanO\\1res were lransferred by fust suspension 
in isopropanol solution and then b) drop-casting onto a SiO~/Si 
surface prepared \vith a pre-patterned grid for position 
mapping. Ssubsequent e-beam lithography and eyaporation 
were perfom1ed to deposit Ni contact electrodes. NiGe and 
NiSi contacts were fonned afterwards b\ raoid lhennal 
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Fig. 3. a) Band-edge profile of nn as\mmdric Ge,Si HTFET allowing band­

gap ~ngineering a t th" source drain ekcU-od"s. h) Simul:ued trnnsf~ cun'cS for 

a 30 11m dial1 ,ek"l" a,, 'Si het "roslructur" \lith 300 nm .:hannd length logelh~r 

wilh a similar structufe mude <If pllr~ G". 

annealing CRT A) for 30 s at 30n °C follo\\ cd by PECVD 
deposition of 10 nm SiN, gate ctieleclric. Anolher e-bcam 
lithography step was performed to pattern a gate electrode and 
Ti/Au metal gate was cY3porated followed by lift-oIT. Fig . .t 
shows SEM images of a single Gc/Si axial NW heterostructurc 
prior to and post metal contact fabrication. 

Fig. 5 shows typical transfer curyCS measured on 
Ulcse axial Ge/Si HTFETs. Current modulation over five CNTs 
[8-9] and a subtJlreshold lope of - 170 mY/decade was 
estimated. We note tJm! both fomard and reverse biased 
deYices rc ulled in such transfer curyes with higher current 
driyes for the forward-bias case. NiSi is known to fonn a -
0.7-+ eV electron Schottky barricr on Si P6] whcreas NiGe has 
- () 52 V electron Schottky barrier on Ge [17]. With tJle high 
p-doping at tJle Ge side, thc gate field is ineffectiye in 
modulating neitJler lhe barrier heights at the Schottky contacts 
for both gate polaritics and neithcr tJle charge carrier density i.n 
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b) 

Fig. ·\. il,b) SE:-'l illl;l g~s r:J. <ro! 'Si axial ,\W hderoslructu r.:. be~ no (~) :ll1d 

afl~r (h) ! ITFET fabrication . 
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Fig. 5. Room lelllpernlur~ transler curves of ~ Gc Si axial IITI;LT. 
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the Ge NW itself On the other hand. modulation of Ute current 
in tJle Si segment is effective "iUI on-currents extending to -
10 nA and - 3 orders of magnitude lm·/!off ratios. With such 
gate response in both segments. and with the barrier heights as 



indicated above. we expect tlUlt the band-offscts created by the 
Ge/Si axial heterojunction and thc Schottky contacts lead to thc 
obscrved enhancement in the HTFET transfer curvcs. The high 
doping at the Ge side leads to confining mo t oftbe gate action 
and band-edge modulation at Ule Si segment of the wire. As 
uell a fom'ard biased device" ill result in electron tunneling 

from the NiSi contact into Ule Si segment of llle wire and 
subsequent drift toward the NiGc contact. The reycrse bias 
leads to mild carrier modulation and drift of holes from lbe Ge 
segment of the dcvice toward llle NiSi contact. Despite the fact 
that further optimization is needed to enhance the performance 
of the fabricated devices and to furlher shed light on their 
transport mechanism. we demonstrate here thaL lllese HTFET 
devices result in high on currents and immune 5 orders of 
magnilude lo,/lojJ ratios for different rD' biases. only possible 
by the band-edgc profiles of the heterostructure Ge/Si NW 
used in this study. 

v. CON('LUSION 

We have grown 100 % composition modulated Ge/Si axial 
NW heterostructures. designed and fabricated as} mmetric 
tunnel FETs from these NWs. unproved perfonnance over 
their bulk counterpart and over homogenous NW TFETs is 
demonstrated here by utilizing llle possibiLitT of band-gap 
engineering in the transport direcliorL only possible through 
Ule VLS grO,,1h mechanism. High on currents of Ule order of 
to ~ (IOO ~~un), and - orders of magnitude 1m/ loff ratios 
bave been measured "illl inverse subthreshold slopes of 170 
m V/decade. These promising result not only highlight the 
potential of GelSi axiaJ NWs in demonstrating de'.ice designs 
beyond the conventional but also are prove competitivc in tlle 
area of tunnel FETs. We anticipate Utat furtJler use of bigh-k 
dielectrics and finer control o"er the de"ice architecture will 
enhance OlC subthreshold characteristic of these devices 
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