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NiGe on Ge (001) by reactive deposition epitaxy: An  in situ
ultrahigh-vacuum transmission-electron microscopy study

R. Nath, C. W. Soo, C. B. Boothroyd, M. Yeadon, and D. Z. Chi
Institute of Materials Research and Engineering, 3 Research Link, Singapore S117602, Singapore

H. P. Sun, Y. B. Chen, and X. Q. Pan
Department of Materials Science and Engineering, University of Michigan, Ann Arbor, Michigan 48109-
2136

Y. L. Foo?
Institute of Materials Research and Engineering, 3 Research Link, Singapore S117602, Singapore

(Received 14 January 2005; accepted 1 April 2005; published online 12 May 2005

We use an ultrahigh-vacuum transmission-electron microscopy, equipped with an electron-beam
evaporator directed at a heating stage in the pole piece, to follow the reaction pathway of Ni on
Ge001) substrate at 300 °C. Using reactive deposition, we illustrate that epitaxial orthorhombic
NiGe (a=5.381 A,b=3.428 A, andc=5.811 A phase can be grown directly without the initial
formation of metal-rich NiGe phase. The epitaxial orientation of the NiGe islands and the

underlying G€001) substrate were found to be NiGTé)l)//Ge(OOl) and NiG¢010]//Gq110].
© 2005 American Institute of PhysidDOI: 10.1063/1.1929100

Transition metal germanides are of intense engineerindNi;gGe;», have only been reported by Ellnet all? Poly-
interest in nano/microelectronics and optoelectronics becausgystalline N;Ge and NiGe were formed during annealing of
of their potential as ohmic contacts in generation deviced000-1500 A thick Ni films on G@01) at temperatures
based on Si,Ge and Ge layergITRS 2003. One of the from 150 to 600 °QRef. 14 with the first phase formed, as
most important approaches in enhancing device speed fsredicted by the rule of Walser and Beltébeing NiGe.
based on high performance substrate Ia§7‘e‘1rs§or example, Partial epitaxial growth of NiGe and NiGe was also re-
Si;_Ge, and Ge-on-insulatofGOl). With the confluence in  ported on Gél11) at annealing temperatures of 160 and
rapid development of high-k dielectrics, device technology250 °C, respectively
based on these substrates is becoming a reality in In this letter, we report the epitaxial growth of NiGe on
manufacturing. The use of SiGe and Ge substrates, intro-Ge(001) using RDE at 300 °C in aim situ ultrahigh vacuum
duced or to be introduced to enhance the carrier mobility anéransmission electron microscofleHV-TEM). We observed
thereby further increase the device switching speed, will neepitaxial NiGe nucleation, island growth, and coalescence on
cessitate the switch from NiSi, a new silicide material to beGe001) substrates.
introduced at sub-90-nm-technology nodes to replace con- The reactive deposition of Ni on @01) was carried in
ventional CoSj in Si substrate technology, to Ni&e)  the pole piece of a modified TEM that enables us to monitor
and/or N{Ge)—one of the most likely germanides for use asthe growth and microstructural evolutiam situ. The system
contact material in Ge-based complementary metal oxid¢JEOL JEM-2000V, with a base pressure ofx110™° Torr
semiconductor. (see Ref. 1Y, is equipped with an electron beam evaporator

While numerous work has been reported on silicideSNi rod, 99.999%, sample heating capabilityoom tempera-
(e.g., Ti, Co, Ni, Pt, Er, and Bt there is very little corre- ture to 1200 °G, a Gatan Image FiltefGIF) and a Gatan
sponding literature on germanides, a potentially importanpual-Vision (DV) digital camera. To prepare a Ge substrate
class of contact metallurgy for Ge/SiGe based devices. Fdfor deposition, a sample of dimensions 2.8.5 mm was cut
contact applications in nanoscale electronics, epitaxiafrom a G&001) wafer with resistivity 17—-3%)cm. The
growth is preferred as it reduces interface roughness. Weg001) substrate was mechanically polished and Am
have recently investigated the epitaxial growth of Co onmjlled from the backside to obtain an electron transparent Ge
Ge(001) by reactive deposition epitaxyRDE) at 350 °C  specimen. This G001 specimen was cleaned in deionized
where we observed the g@e; phase forming with an ori-  H,0 to remove oxide and mounted on a 8.8 mm S{001)
entation relation defined by GG6e;(001(110//Ge00D)  piate(p-type, resistivity 6-A) cm), which acted as a heating
X(100 and CeGe/(110(001)//Ge(001)(100.*> Another  medium to allow resistive heating of the Ge substrates.
metal of interest in germanide formation is Ni. The Ni-Ge  The samples were degassed-@50 °C for 2 h and then
phase diagram is complex, with several invariant reactionflashedin situ to remove native oxide, before being cooled to
and its thin film formation/reaction pathway is not generallyroom temperature. The absence of oxide and carbon con-
considered well understood. While the more common Nitaminants was confirmed from electron diffraction and elec-
phases, i.e., NGe, N5Gg,, NisGe;, Ni,Ge, and NiGe are tron energy loss spectroscofELS). The G&001) substrate
more established in the literature, other phases such agas then heated to 300 °C, the desired temperature for the

reactive deposition experiment. The Ni deposition was car-
Author to whom correspondence should be addressed; electronic maili€d out byin situ electron beam evaporation at a rate of
yl-foo@imre.a-star.edu.sg ~80 A per hour. The Ni flux was calibrated by Rutherford
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FIG. 1. Bright-field images of the G@01) surface during deposition of Ni:
(a) Clean G¢001) surface before deposition; NiGe on (@G€1) after depo- . . »
sition times of(b) t=11.2 min;(c) t=18.1 min, andd) t=35.2 min. =270 "u“ t= 44 0 mi“

’ . a

. . . __.FIG. 2. (a) Diffraction pattern from the clean @&01) surface before depo-
backscattering spectroscopy and cross-sectional transmissIQfon of Ni. Diffraction patterns from NiGe on G@01) after deposition

electron microscopy. The total deposition time was 45 minsimes of(b) t=16.5 min,(c) t=27.0 min, andd) t=44.0 min.

Real-time data acquisition during growth for both images

and electron diffraction patterns during deposition was car-

ried out using the Gatan DV digital camera. about the central spot, establishing that the island growth

The epitaxial growth of the orthorhombic NiGe phaseobserved in the series of bright-field images in Figs.
during RDE at 300 °C is shown the series of bright-field 1(b)-1(d) is epitaxial to the substrate. Further deposition
TEM images in Fig. 1. The bright-field image of the (G@1) leads _to the appearance ofa sec'o.nd set of dlffractlo'n spots of
substrate prior to deposition, as shown in Fi(a)lis essen- lower intensity at the Ge 110 positions. An example is shown
tially featureless. When the shutter is opened, we observel Fig. 2(c) att=27 min. These observations are consistent
spatially random islands nucleating on the(@) surface. With —orthorhombic  NiGe (a=5.381 A, b=3.428 A'C
In a bright-field image, the nucleating NiGe islands appear~5-811 A; JCPDS-ICDD PDF No. 07-0297 having
darker in contrast due to their diffraction contrast. The num-an  orientation  relation  NiG&01)//Ge00) and
ber density of such island®) increased rapidly, in the clas- NiGE[010]//Ge110].*® The spots at the Ge 200 positions
sical nucleation regime, before reaching a steady state atare from NiGe 111.
~6.5 min. As the islands grew in size, moiré fringes due to At t>23.2 min the diffraction behavior becomes less
the lattice mismatch between the nucleating phase and thaear. The NiGe 202 spdtl,,=1.97 A) still lie on top of the
Ge001) substrate were observed. The very initial moiréGe 220 spotgd,,,=2.00 A) as expected from their similar
fringes appeared as two dots, followed by four dots in aspacing. The NiGe 020 spots are now visible just outside the
butterfly shape before they joined together to form a series ose 220 spot$Fig. 2(d)] but their measured spacing is 1.92
band-like fringes. These moiré fringes are well-aligned perA, somewhat larger than the spacing for bulk NiGe of 1.72
pendicular to either thg010] or [100] azimuth of the A. This suggests that there is still considerable strain present
Ge(00)) substrate. The average spacing of the fringes is 5®ven after 23 min of deposition. The strain can also be de-
A. An example is shown in Fig.(b) att=11.2 min, at an duced from the moiré fringes visible in Figs(cl and Xd).
equivalent Ni deposition thickness of 25 A. Further deposi-For unstrained crystals the moiré fringes would be parallel to
tion resulted in island growth of the NiGe as shown in Fig.the sides of the particles and of similar spacing. However, in
1(c), att=18.1 min, where the lateral dimension of the is- both Figs. 1c) and 1d) many moiré fringe spacings are vis-
lands grows. After 35.2 min of deposition, the islands coa-4ble and the moiré fringes are bent, indicating strain within
lesced, as shown in Fig(d). the crystals.

The structural evolution of the orthorhombic NiGe is- Ideally, for device processing especially in nanoscale
lands can be determined from diffraction patterns taken as alectronics, the first phase to form for metal contact should
function of deposition time. The diffraction pattern of the also be the final phase because reorientation of nonepitaxial
clean G€001) substrate prior to deposition as shown in Fig. phases formed at lower temperatures by a mechanism such
2(a) consists of 220 and 400 Ge spots, without diffuse scatas grain growth is unlikely once such regions have nucleated.
tering or a ring pattern, indicating that the initial substrate isln addition, the germanide phase formed should be
highly crystalline and clean. This is consistent with the EELSepitaxiai19 as this reduces interface roughness that may punc-
spectra taken prior to deposition, which show the absence dfire ultrashallowp-n junctions. The well-known Walser and
C and O. Upon deposition, we observed new sets of diffracBené(WB) postulate proposes that the first crystalline phase
tion spots appearing, which increase in intensity with deponucleated will be the congruently melting phase next to the
sition time. The new diffraction spots appear in the Ge 200dowest temperature eutectic in a binary couple. Based on

positions[see Fig. Pb)] and their intensity is symmetrical Ni-Ge phase diagraﬁ‘?, the WB rule indicates that metal-
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