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Abstract

Contact structures using contact materials Au, 6@ Bd onn-type GaAs were metallized, formed and
studied. The transfer characteristics, namely @bnt@sistivity p.), for the structures was assessed using
transmission line model. The results showed thasthuctures under appropriate annealing conditjoesod
and temperature) exhibit ohmic behaviour with lamtact resistivityp, (~10° Q cnf). It was found thap,
decreases with increasing annealing temperatureo upl80°C. The p. was also found to decrease with
increasing substrate-doping density. The contachdition mechanism for the structures Au/Ge/Pd wss a
studied by a compositional analysis. The compasaiadistribution in metallization was investigateg
collecting the Rutherford 2.3 MeVWHe™ backscattering spectra for the as-deposited siestand the
structures after annealed. The results supporiedthGe inter-diffusion mechanism. However, thetdex
which were crucially responsible for the Au/Ge/lPainsparent-contacts with low contact resistancetlaee
solid-phase regrowth, inter-diffusion between Au &e, and the enhancement of the conductivity ef th
excess Ge due to the incorporation of Au.

Keywords:Contact resistivity; Annealing; Lithography; Intéiffusion

1. Introduction

Contact structures with different contact matereisl conditions have been studied both theoreti¢alP]
and experimentally [3-7] from the point of view athieving photo-diode [4] and transparent deviBesxent
advance in semiconductor technology has made silplesto fabricate high performance GaAs-basedogsvi
However, reliable low-resistance ohmic contactsméll size are very required for future applicasiamlow-
dimensional sub-microscopic or nanoscopic devices.

For the ohmic contacts teGaAs, Au-Ge based materials, such as AuGe/Au, ANGand AuGe/Ni/Au have
widely been used. For example, the commonly usédngpohmic contact AuGe/Ni is achieved by alloying
an AuGe/Ni multilayer structure at high temperasumgenerally higher than the Au-Ge eutectic tentpeza
(361°C), for a short period of time [7]. However, thigtallization presents several drawbacks mainlytdue
the problematic control of the alloying liquid pkasbecause the ohmic behaviour of the Au-Ge based
contacts is known to be a result of liquid phasactiens. The AuGe/Ni metallization therefore présen
several serious disadvantages, such as poor catugetdefinition and large spread of the contagittigity
within a single wafer, problems in reproducibilégpd insufficient contact reliability owing to theegence of

the f-AuGe phase (liquid-like flow) of low melting poinh a contact with GaAs substrate. This edge
spreading could limit the use of the AuGe/Ni cohtadGaAs-based submicron devices.

Here, in this investigation, contact structures@e/Pd on GaAs have been metallized, formed andestud
Substrates with differem-doped GaAs are used. The study shows that thetsteuAu(100 nm)/Ge(40
nm)/Pd(10 nm), annealed at 180 for 1 h, contacts higherdoped GaAs more reliably with low contact
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resistance. With the aid of the Rutherford backsedalg spectrometry, the contact formation mechanis
also discussed in details.

2. Experimental

Substrates used in the present investigation wame-imsulating GaAs (100) wafers with Si-doped aoef
layers (0.2 nm, ~0.1¢¥/sq) prepared by metal-organic chemical vapor dépns For the substrate-doping
density dependence, samples with different cademsities (known from Hall measurements) were used.
Prior to contact deposition, the substrates weeang#d using conventional organic solvents. Theveati
surface oxide was then removed using H@DH1:1 vol.) followed by a de-ionized water ringelélown dry
with nitrogen before loading the substrates indkaporation chamber. Au(100 nm)/Ge(40 nm)/Pd (19 nm
contact samples were then deposited on the sulsstraith Pd layers adjacent to the GaAs substrasisg

an e-beam evaporator with a base pressure of ~5Ta6. The contact metallization was annealed tnte
furnace in flowing nitrogen at different temperasirto study the annealing temperature dependemee. T
specific contact resistivityp() was measured using transmission line model (TI8]) According to the
TLM, the total resistance (R), measured betweencoviiact pad spacing) is given by [8,9]

R:(&j d+ 2#(%) cothlﬁ, 1)

w

wherel is the contact lengthy is the contact widtH; is the transfer length ari@l is the sheet resistance. The
contact spacing is related to the transfer lengtdl & 2(R. w/ R) = 2|, whereR; is the contact resistance.

As is the present case,dfis much greater thdr, the effective contact areA.f) becomeswl; instead ofwd,
so thep, (for samples showing line&V plots) can be found as

p. =R.A:= Rwk= R (2)

Whend is much greater thaly, the coth( /1, ) term of Eq. (1) approaches unity so tRatand |+ can be
determined from a plot dR versusd for various contact spacings. TRed plot yields a straight line, where
the slope of the line gives the valueRyfw and the intercept with thi@-axis gives the value o2l; (R, /w)

from whichl; can be evaluated by using the valud&giv. Finally, the relation presented in Eq. (2) gitles
value ofp,.

The contact resistance was measured using twofcamderminal measurements and a HP4145B parameter
analyser to extradtV curves and resistance. In the calculation, weragdhat the parasitic prove resistance
is accurately known and subtracted from the measemé results. The compositional distribution in
metallization was investigated by collecting Rufbet (2.3 MeV *He™) backscattering spectra for the as-
deposited structures and the structures after sethea

3. Results and discussion

Thicknesses of a multilayer required for a reliadatact ton-type GaAs have been established in an earlier
study [6]. Based on that, contact structures otype Au(100 nm)/Ge(50 nm)/Pd (10 nm), as showridgn 1,
were metallized. In order to find out the betteneading conditions, we study the annealing tempeegat
dependence of the contact structure. Here, theactsntvere processed at low temperatures, much linaar
the Au-Ge eutectic temperature.
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Au (100 nm)

Figure 1. Investigated contact structure Au(100 nm)/Geatd9/Pd(10 nm). Only one contact pad is shown on
then-type GaAs substrate.

Figure 2 shows the contact resistivityas a function of annealing temperaturg) for the fixed annealing
time of 1 h fip = 1x10® cm®). Points show the averages of the experiment datained from several
experiments. As foungy, first decreases witli, and then it increases. The minimum valugaco#lo6 Q cn?

is obtained at ~18BC. It was also found that the same resistance Valua contact structure annealed at
comparatively highef, can be achieved by annealing it for a comparatigbbrter time period. When the
contact structure is annealedTat-180 °C for 1 h, the reactions begin at the Pd—Gafeface to form a
metastable R&aAs phase at lower temperature.
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Figure 2. Dependence gf; on the 1-hour annealing temperature for the contac

However, this ternary phase is decomposed at elé\vamperatures, ned~180 °C, driven by the excess Ge
for the formation of PdGe. This process resulta iregrownmn’-GaAs layer doped with Ge, where the excess
amorphous Ge remains on top of the PdGe layer bedhe transport of the excess Ge across the Ryee |
to form an epitaxial Ge layer on the regrowhGaAs layer is not expected at this temperature, an
consequently, the conductivity of the excess anmmuplGe is enhanced (as a result of in-diffusioAwinto

the excess Ge). Thus, the factors which are cludiasponsible for the observed low contact resistafor
the contact annealed at 180 °C for 1 h are the gtlase regrowth, inter-diffusion between Au and(&e
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diffuses into Ge-rich region andce versa and the enhancement of the conductivity of theeex Ge due to
the incorporation of Au. It was also found that #edeposited contact structure was not ohmic (eeen
ohmic after annealed at 130 °C for 1 h). Howeves,dontact Au(100 nm)/Ge(40n)/Pd(10 nm) annealed at
180 °C for 1 h displayed good ohmic behaviour wliia lowest contact resistivity{~10° Q cnrf).

Dependence of contact resistivity on the substdaeing density for different annealing temperatues
shown in Fig. 3. Points are the experimental daththe lines are the least-squares log-log fith¢éodata. As
can be seen, the variation is an inverse relatiprfeh the whole rage of doping density. The expemnt was
repeated several times. In each experiment, samgfledifferent substrate doping densities underwent
pattering, deposition, processing and annealing thié same conditions at the same time in ordaldw as
much control as possible within the experimenteask-squares log-log fit to the average of the ex@atal

data was made, which gives the relationspipd nj with m=1/2, wheren, is the substrate doping density.

From a theoretic calculation for the AuGe/Ni comsadBraslau [7] predicted the same type (power) of
relationship withm=1. It is worthy to note here that his theoriesolked spreading resistance due to laterally
inhomogeneous contacts, or a high barrier due ttick n* surface region much greater than the depletion
width. In the present case, the resistance of tmtacts are most likely not limited by the abovasans
because of a naturally low barrier at the Pd/Gaerface or of an effective lowering of the inteitd barrier
due to the creation of a thii interfacial region, or both. The substrate dogiegsity dependence also agrees
with the experimental results for the Pd-In-Ge eot# as well as with the results for the Au-Ge &cistusing
o-doped surface layers mGaAs [9].
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Figure 3. Specific contact resistivity as a function of gubstrate doping density for the contact annealed a
different temperatures (circles: 18D, down triangle: 166C and square: 22T).

In order to explore the contact formation mechanigorously, we now present the results of the Britrd
backscattering spectra. The element compositidgheotontact as a function of depth can be asceddiom
the Rutherford backscattering spectra. Figure 4vshime Rutherford backscattering spectra for aamint
structure Au(100 nm)/Ge(40 nm)/Pd(10 nm) for thelegosited and the structure after annealed af@86r

1 h. The individual layers of Au, Pd, and Ge ardl sfatially confined in the as-deposited samplewelver,
the spectrum also shows that Pd has slightly rdasith the upper Ge layer and also may have shghtl
reacted with the GaAs substrate in the as-depositgge. After annealing &~180 °C for 1h, the Rutherford
backscattering spectrum clearly shows the in-diffusf Au into the Ge layer. The incorporation afi & the
Ge will enhance the conductivity of the Ge. From Rutherford backscattering spectra, the redidtabof
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Ge, after annealing, shows the reaction of Ge thighAu layer. Although the detailed reactions cary®
determined from the Rutherford backscattering speétig. 4 supports the Au—Ge inter-diffusion mofibel
the contact.
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Figure 4. C vs. E: Rutherford 2.3 MeWHe" backscattering spectra from the contact strucAu&l00
nm)/Ge(40 nm)/Pd(10 nm). Upper (Au-rich regionglims-deposited; lower line: after annealed at’Csfor
1 h. Here, C and E denotes count and energy (in)Mespectively.

The interfacial morphologies were studied. As obser the deposited contacts are morphologicallydgoo
with, e.g. good contact edges and small spreatleotontacts, which make them suitable for the cisitaf
small areas, for example, for large-scale integnatircuits. Here, ohmic contacts with low contaedistance
are obtained by a process of low-temperature aniiéa low-temperature contacts can be suitablaher
fabrication of proton-implanted stripe geometryd#idasers where the higher anneal temperature @°Q)5
of the more commonly used AuGe/Ni contact causegptbton damage to be partially removed, resuiting
some current leakage [9,10]. In addition, thesetiemyperature annealed contacts result in a bettéace for
wire bonding and exhibit better stability undertigmperature atmospheric aging than do the cororeit
AuGe/Ni contacts. Thus, they may find use in a widgety of devices requiring highly transparenttacts

to n-type GaAs-based materials. The reproducibility boddability were also studied and found to be good
reproducible and strong wire bondable. Recentlgs¢hohmic contacts (showing no schottky or phobokeli
effects after illumination) have been used succdlgsih nonmagnetic spintronic device fabricatidfig. 5),
where the nonmagnetic contact materials were reduirl].

Figure 5. A photograph of the sample device (before wiredng) in an expanded scale. The GaAs-based
device contains longitudinal contacts spaced;@0@&part and transverse contacts spaced:400
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The nonmagnetic device used for the electricalafiete of spin current and spin relaxation in GaAasw
fabricated in a Hall geometry by depositing theicinre Au(100 nm)/Ge(40 nm)/Pd(10 nm) and annealing
atT,~180°C for 1 h in order to achieve the best réliigbiThe device contained longitudinal contactacgd
200 um apart and transverse contacts spaceduf0A gold wire was bonded from the chip carrierthe
centre of each contact.

Conclusions

Au(100 nm)/Ge(4thm)/Pd(10 nm) contact structures iptype GaAs were formed and studied. The contact
resistivity p. for the structures was assessed using transmiéis®®@model. The results showed that the
structures under appropriate annealing period amperature exhibit ohmic behaviour. It was founat i
decreases with increasing annealing temperatute 4fp80°C and then it increases. Thewas also found to
decrease with increasing substrate-doping densitg. compositional distribution in metallization tife
structure Au/Ge/Pd was investigated by collecting Rutherford 2.3 MeVHe™ backscattering spectra for
the as-deposited structures and the structuresaftealed. The compositional analysis supporteddthGe
inter-diffusion mechanism of the contact formati®he formation mechanism was discussed in details.
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