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Elimination of Gold Diffusion in the Heterostructure 
Core/Shell growth of High Performance Ge/Si 

Nanowire HFETs 
Shadi A. Dayeh*. Member. fEEt:. Jian)ll Huang, Aaron V. Gin, and S T Picrallx. Senior Member, nT-HE 

Abstract- Radial heterostructure nanowires offer the 
possibility of surface, strain, band-edge and modulution-doped 
engineering for optimizing performance of nanowire transistors. 
Synthesi of sucb beterostruchlres is non-trivial and is typicaU)' 
accompanied witb Au diffusion on tbe nanowire sidewaU~ that 
result in rougb morphology and undesired wbisker growth, Here. 
ne report a no\'el growtb procedure to synthesize Ge/Si 
core/multi-sbell nanowires by engineering the growth interface 
between the Au seed and tbe nanowire side"alls. Single crystal 
Ge/Si core/multi-sheU n3nowires are used to fabricate side-by-side 
FET transistors "ith and without Au diffusion. Elimination of Au 
diffusion in the synthesis of such structures led to - 2X 
improvement in hole lield~ffect mobility. transconductance~ and 
current ·. Initial prototype devices lvith a 10 nm PEeVD nitrid 
gate dielectric resuJted in a record maximum on current of -430 
!!AN (lDsLdlfDJ DS). - 2X bigber than ever achjc\'ed before in a 
p-typeFET. 

1- INTRODllCTIO~ 

In addition lo 10\\ climensionalit}. semiconductor nanowires 
(NWs) offer the possibility of modulating alloy [I] and 
composition in Ule radial direction which has led to an intense 
interest to realize new' device ~rchitectures . 11lese novel 
materials and devices. however. cannot be achieved unless 
several obstacles currenlly present in the synthesis of radially 
engineered nanowires arc resolved. At the foremost of these 
obstacles is Au diffusion during precursor s"itching [or shell 
growth over Ge NW cores which leads to abundance of 
recombination traps, rough core/shell morphology. random 
NW kinkjng. and side-"hisker gro\',1h. Allempting to soh'e 
this problem, previous works have used O:! during &'T0\\1h r2] 
or ex-situ etching of the Au seed prior to growing Si shells 13 j . 
In this contribution. we solve the Au diffusion problem in-situ 
and \\1thout oxygen contantination for Ge/Ge and Ge/Si 
core/shell NWs resuWng in excellent surface morphology for 
all diameters. Au diffusion. which is found to be energetically 
favorable for smaller diameters at moderate temperatures. is 
solved by utilizing tile catalytic (fecl of the liquid Au 
nanopactic\e to deposit a thin Si barrier layer between tile Ge 
NW and Ule Au grO\vth seed. 11le Si interfacial layer stabilizes 
the Au seed atop at tempertlture suitable for shell gro\\1h of 
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both doped Ge and Si layers, We discuss the effectiveness of 
the Si barrier layer and Ule stability of llie Au seed particle willi 
Lime and temperature. Prototype Ge/Si core/multi-shell devices 
show that this growth procedure results in significant 
improvement of on-currents. transconductances and hole 
mobility. These improvements have resulted in OlLr obtaining 
record high on-currents in p-type FETs. 

11- CORE/SnELL NW GROWTH 

Growth of Ge NWs is typically carried out in a two-step 
temperature process in which Ule Ge NW growth is initiated 
near tIle Au-Ge eutectic temperature (- 360°C) and quickly 
ramped dom) to - 280 °C to reduce material deposition on the 
NW sidewalls and maintain only I D growth mediated b) the 
liquid Au-Ge seed particle (Fig. la & Id). For core/shell NW 
growth. it is generally desired to stop the axial elongation of 
the NW and initiate vapor-solid or tItin-fIJm growth on the NW 
sidewalls. For this. the gro\\1h temperature has to be raised 
sufficiently for efficient decomposition of the precursor 
material lIsed [or shell deposition. TItis shell deposition 
temperature is typically \"ell above the Au-Ge eutectjc 
temperature. a condition tIlat maintains a liquid Au-Ge particle 
atop the NW. As the temperature is ramped up, it is 
energetically favorable for Au from Ule Au-Ge alloy growth 
catalyst to diffuse along the NW sidewalls. leading to 
instability in the growth seed and Au nanoparticle decoration 
oyer the NW sidewalls (Fig. lb & Ie). To overcome tIlls 
problem. one would either need to solidify Au and etch it ex­
situ \3J or change tile surface energy by the introduction of O2 

121 or dopants [41 . These teclmiques. however. can lead to 
delrimenliJJ effects during tile growth proce s by introducing 
contaminants. defects, and oxidized inlerfaces that have direct 
consequence on tIle NW physical properties. In our "vark. we 
employed tlle catalytic effect of th Au nanoparticle to 10caIl) 
decompose SiH1 at the Ge NW growth temperature (280°C). 
11l1S allows changing the interfacial energy difference from 
that of a Au-Ge alloy and a Ge NW sidewall to that of a Au­
Gc-Si alloy and a Si segment sidewall which energetically 
favors the Au allo) to remain atop Ule NW. This situation i's 
depicled in Fig. Ie and If in which the temperature was 
ramped to -ltO °C after gro~ ing the Ge NW and depositing a 
thin Si interfacial layer where no Au diffusion occurred. This is 
in contmsl to llle W in Fig. I e which was subjecled to lhe 
same temperature ramp. however with no Si inlerracial layer 



and showed Au dilJusion lhat decorates the NW sidewall (dark (Fig. Ic). The diameter dependence is due to the increased 
ronlrn t not<: ::lnti PTo\\th <;?pn <:I irlino) nllr rnrro,", rli"nPf<:;n'! 
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NW when suhjected 10 " lemp~ratur" romp to 410 T withow (b) and \I ith (c) a 

51 inl ~rfa iaJ barri~r 1ay~r. d) TE\I image of tU;-grmlll Ge :-IW fTom II 30 nm 

Au colloid. e-I) TEM imug<!s of aGe r-;W grown from 0 nm ,\u colloid and 

subject to a temperature ramp 10 410 ' C ShOll iog That the Au colloid diffiJs~d 

over t ile NW sur/ace (dark dots on '\1'1'.' sllrlace and sliding over the ;-'!W 

sidt'walls) I) TEM image of a Cie NW gr t)wn fi-om a 30 nm Au colloid and 

~uhj~ct to Si n . 110" for growing an i nt~rfilcia l Si barrier JaY<!f und<!rnealh Au 

~nd then subj"ct to a kmp~r"dIUr~ rump to 410 "C wlpr~ no Au diffu&iol l I\H~ 

ohsent:J. 

X-ra\' Rnalysi has verified U,e existence of a Si layer 
underneath the Au particle lIlat helps in stabilizing it during tl,e 
temperature ramp, TIle wires shown in Fig. I d-f tlre nucleclted 
fTOm a 30 nm Au colloid: similar beha,ior of blocking Au 
diffusion was also verified for NWs grown from ro. 60. ,md 
tOo nm Au colloids. 

The stability or the Au NP atop the NW was found to be 
diameter dependent and total loss of Au '>vas found for \J1C 
smallest diametcr NWs. Larger diameter NWs could also 
undergo total 10 s of Au if the) were subjected to the h1gl1 
temperature for longer timcs. TItis situation is illustrated in Fig, 
2 whcre a NW grown from a 30 nm Au colloid was subjecl 10 

the ·lIO °C temperature (in-situ after growth) for 5 min (Fig 
2a-c) and anoUler NW grown similarly but subjected to the 
same temperature for 10 min (Fig. 2d-g) . Il can be seen from 
Fig. 2 that the longer exposure li me have led to tOlal loss of the 
Au NP from Lhe NW lip (Fig, 2g) and the spreading or the Au 
dots down to \Jle NW base (Fig. 2e), whereas Ole shorter time 
ctlused Au to only partial!) spread over the top part of the NW 

chemical potential of the Au catalyst particle at yery small 
diameters and the time dcpcndence is controlled by the kinetics 
of Au release and diffusion 

5 min at high T 
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rig , 2, a ) -rEM image of aGe NW grown from a 30 nm colloid and subjected 

to a temperature of 410 T lor 5 min . Pnrt of the Au co llo id remained at the 

:\'W lip (dark onlr~t) and ,l • .lI diffiJsion .\1~ndild over - 700 nm in the 

.icinily Mthe NW tip (c "jIlt no ,\u obscry"d near or hel ll\\ the c~nler of the 

:-;W (h), d) Sam~ n, (a ) hut If)r a NW subjected for 10 min telnp~rature 

annen ling wh"re\u is 'pr~d all OWl' th~ '\1\\' (e-g) and nil [he Au collQi d 

\ 'olllnl~ was lo~t from its lip (g) , 

The effect of Au diffusion on Ole core/shcU NW gro\'1.h is 
important given the spread of Au dots over the NW surface for 
NWs that do not utilize a Si interfacial barrier layer. Growth of 
({ldial Ge core/shell NWs is essenLial for the development of 1R 
detectors and for optimi7jng t1,e charge carrier density profile 
along the radius of the NW for transistor applications , Ge 
shells can be grown efficiently at - -'10°C. Fig 3a shows a 
TEM image of an undoped Ge/Gc core/shell NW starting with 
a 10 run Au colloid and grm\ing the Ge shell for 2 min without 
a Si interfacial layer. It is evident from Fig, 3a that the Ge NW 
morphology becomes ve~' rough due to the presence oflhe Au 
on the NW sidewalls that leads to local enhanced Ge 
deposition, TIlis situation is similar to the observed faceting of 
Si NWs for long growth limes under conditions \JlHt favor Au 
diITusion [51 . On the olher hand, growth of the Ge shell after 
deposition tJle Si interfacial layer under the Au nanopar\icle 
resulted in a vel)' smoolh interface as shown in Fig. 3b, For Ule 
same growth time and tempature, \Jle presence of Au on the 
NW surface leads to an enhanced grm\1 h rate of - 3,75 Als 
whereas growth of the Gc shell wilh no presence of Au on t11C 
surfaee proceeds aL a grov .. th ratc of - 2, I AI rurther reflecting 
the effect of Au on catalyzing faster deposition rates. TIlese 
trends in NW morphology control and elimination of Au 
diffusion are also observed in the grm'v1h of GeJSi core/shell 
NWs as demonstrated in Fig, 3c-d With Au diffusion, a rough 



Si hcll surface wa observed (Fig. 3c) whereas in tl1e case of 
no Au diffusiOlL a smooth single crystal Si shell was deposited 
(Fig. 3d). 

Fig. 3. TEM charact"rization of Ge G~ corc'shdl \;, S II ith (al Hnd without (b) 

u diflitsion :lnd of Ge Si core shd l 'Ws Ilith (.;) and I"thout (d) Au 

diftusi n. 

m- TRANSPORT PROPERTIES OF Gr./ I CORFJMuLTI-SUELL 
NWs 

Growing Si shells on Ge NWs can help passivate tlle Ge 
surfacc and confine holes in a local potential well due to the 
valence band offsets between Gc and Si . As such. Ge/Si NWs 
have been previously proposed for high perfonnance NW 
transistors [61- TIle possibility of band-gap cnginecring in the 
radial direction and consequent charge carricr density control 
made possible in the present work proyides an additional 
approach enhance the performance of GelSi heterostructures. 
For instance. an i-Ge/p t -Ge/i-Si core/multi-shell NW 
heterostructure provides larger charge carricr density near the 
GelSi interface leading to a larger gate capacitance and 
therefore h.igher On-CllITents. TItis situation is illustrated in Fig. 
4- a-b where a SChrOdinger-Poisson self consistent solver (3D 
Sil"aco-Atlas) has been utilized to calculate the charge carrier 
densil} profile across thc radius of the NW for an i-Ge/p -Geli­
Si core/multi-shell NW and for a unifomlly doped p-Ge/Si 
core/shell NW where the integrated dopant densit ' across the 
NW radius is tlle same in the 2 situations. Strain effects on the 
band structure were not included in these simulations. The 
simulated structure consists of a l-l nm diameter Ge core, a 2 
nm Si shell. and a 2 nm Si,N, gate dielectric simulated at 
thermal equilibrium conditions. It can bc seen from Fig . ..J. that 
for tlle core/multi/shell Ge/Si heterostructure. tbe charge carrier 
density is higher near the GeiSi interface (Fig. 4b) than for the 
unifomuy doped Ge/Si corclshell structure (Fig . ..J.c) which in 
tum leads to higher gate capacitance and ltigher drive currents. 
We have grO\ 'n a core/multi-shell Gc/Si heterostructure similar 

to Fig. -la in the presence or absence of Au difIusion to shed 
light on the effect of Au diITusion on the transport properties of 
tllcse heterostruclurcs as \\ell as to investigatc the drive­
currents that can be obtained fTom such devices. 
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The grown core/multi-shell structures were used for Ule 
fabrication of NW heterostructure field-effecl transistors 
(HFETs). Contact electrodes were pallemed using e-beam 
lithography and 100 11m Ni was evaporated using e-bcam 
evaporation followed by lift-off. Plasma enhanced chemical 
vapor deposition (PECVO) was used to deposit 10 nm Si3N4 
gate dielectric followed by another e-beam litllography step for 
patterning t1le gate electrode "hich consisted of a 100 run120 
om Til Au layer 



Fig. 5a shO\vs typical output curves from a 500 nm channel 
length HFET deyice where the multi-shells were grown \\Ilh 

conditions allowing Au (dashed) and no-Au (solid) dill'usion. 
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Higher current drives are obtamed in the case of no-Au 
diffusion. Fig. 5b shows tr.rnsfer curyes of the two sets of 
HFETs with 400 nm and 500 nm channel lengtlls We can 
observe direcLly from Fig. 5b tllatthe transconductance and L11C 
on-currents arc higher for the ca c of no Au-diffusion. For ilie 
same J 'os and LI,j. the transconductance is the product of the 
hole field-effect mobility and the gate capacitance. From TEM 
and SEM analysis. the gate capacitance for the 2 sets of 
devices is very similar indicating that U1C 2X lower 
transconductance in the case of Au diffusion is due to 
enhanced surface rouglmess catlering as expected from Fig. 3 
c-d. To bench-mark the current results wiili earlier work on 
GeISi NW HFETs. we normalize the on-currents obtained here 
to the T 'os and ch(lJmel length using !ma,=! DsLr;/1[Dr Os For a 

device channel length of 400 nm and rnaximwn on-current of 
205 IlA. we obtain ima.< of -no )l.AiV compared to an earlier 
best result of 21 1 IlAiV [7 J. Despite using a low-k dielectric in 
L1lis study, titis initial result sets a record in the on-currents 
obtained from our engineered W HFET devices. This 
approach is expected to be "ery promising for high­
performance p-type FETs with improved sub-threshold 
characteristics whcn a high-k dielectrics are used. 

IV- CO~CLrSIOl\S 

We haye demonstrated L1le epitaxial growili of single crystal 
GelSi core/multi-shell NWs and high on-current NW HFETs 
using interface engineering to help Iiminate Au diffusion 
issues during the synthesis process. A low tempcranll"e Si 
barrier layer was utilized to stabilize the Au grO\\1h seed 
during either Ge or Si shell gro"th. Thjs allO\ved us to design 
and implement NW HFET devices beyond those demonstralCd 
in earlier works. Elimination of Au diffusion has resulted in -
2X increases in hole field-effect mobility. Lransconductances, 
and on-currents of HFET de\;ces and in the demonstralion of a 
record on-current drh'es for a p-FET de\;ces of 430 IlNV 
FurLIler enhancemcnt of the device perfonuance is expected 
\\ith a high-k gale diclcctr'A. 
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