.. some systematic differences betweesi t
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cut into square and cross patterns; as
Hor a round-robin investigation. { :

~put.on contacts according to the u
" A5 'might be expected, some of t
while others covered a rather sggmﬁ
samples, with contacts, was. uw i
on, and then was sent to séveral

were small and not significant for most purpeses: Thi

this thickness (~0.1 gm) and concentration’ range, it appe

shape can be used with confidence. However, results

other thicknesses and concentrations. A full report on the rou
_ wﬂ! be published later (Seabaugh and Beli ]988}

i 1 7' Contacts :
W}mt should be the simplest part of a Hail-cffect measurement, namely,
putting on the contacts, is n the most troublesome. One woul k-
that after more than 25 yeurs of electrical measurements in GaAs
‘would be a standard rccipt‘ of recipes which would producc good ehmu:




. contacts on any kind of GaAs Unfortunately thal. is not the case, for
several reasons: (1) requirements are changing, as contact dimensions are
i ily: reduced for.smaller deyices, and as différent materials and
, introduced; (2) th cipes cauaqt be made complete” -
- because. 4 knawn factors; &gy polish:¢ ge, are varipble andfor pom:}y-_ g
and (3) what is ‘ohmic’ for one apphcana_ may not be ohmic
1catmn, in'"fact, even areduction in: ‘temperaturc- ¢an
ic ‘contact into 1on-ohmic :;m_tact For GaAs
'.nccessary cuttents range from about 10~ 10:
Age femams ccnsiam as the lateraiE

ﬁnmon (B)‘ or (2) R, itself is
, which is definition (C). One
's out to be nen—ohmlc then




R, is ohmic. That is, if R, is so high that sufficient cugrent. g nnot :bc p‘assgd
to get good measurements of V, and Vj,, then the contact.is n

1.1.7.2 Theory of ohmic contacts

To quantify an ohmic contact, it is usual to e‘mp’E‘dy one
‘figures of merit’:

{1) the specific contact resistance pc(Q—cmz) also. k
contact resistivity, the contact resistivity, or thc 0
various sources; and '

(2) the normalized contact resistance, ot specific lmmfer;

' ,we will dcs:gnatc by rt(Q-mm). '

smtance consider the
mm:wnductor slab of

contact thickness is. nc e known Thus,
R. = constant/A, and the constant is called p,,
Q-cm®. A formal deﬁmtaon Qf‘t’: i 'zusualiy gwen as

=i

whleh will be discussed in more detail below. :
'Pne other figure of merit has application to -planar contacts on a thm
layel:, as illustrated in Fig. 1.1. 20. Here each c:om;act has a definite area,
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£ t tlns area is not 1€
*“that the current does =
contact /., but only fro ength Iy, Known as the mmsferwiength It is well
known, and will ] r, that Iy "\/(PJR )} w

¢:c)1astant}"mu==== 2, W

. -noted that r is pi

: :‘:;miatccl to the barner

j_woontact. However, it can be a3
_ ‘quantity of interest to devmc and
e w:iE now return to the s ,?

d; fo. any planar
't_dc51gncrs

*‘ned as positive quéniar' s (
__ougin the barrier). At e.qu lbnum Fig. 1. 1;‘2




i Metal =—f— Semiconductor E

{a)

T
B(Vm |V;[)

,.-.ona.u--

Vo + Vi)

. “must vanish, The currents jh.' and f3, are known as thermionic currents,:
“-it is the few electrons which have h:gh thermal energies which can tra |
thc bamers Let the Fermi. euer 4 m the nculral semlconductor reglon

ange Coaverse]y. when :
i S--rM barrier is raised _y

€, sméc its bamer does n
se) bias is applied to the met




2% | _
and the current ],, is decreased by éxp Ce IVI kT Again, Js is unchanged
to first order. The total situation can be described by the well-known diode

tion

= [exp (eVIkT) =1}

where j(ther.) is the:
flowing from cemlconducto: 10 meta__. i—iere Jrs is the reuerse-satum:wn
currenf, which is appmxnmately constant fo reverse bias (negahv };Bnﬁl .
breakdown begins to octur. [i i’ . [1.1.28) does not represenL g

: s; for which

";(‘i.i.ﬁ9)

P 0 GaAs 5 that ¢5 cannot be made
chmcc of metal, ev:dently hecausc of a high surfac

: e deplehon edge is given

by the fam:har WKB approximation: .
B 1”
T(wy) = exp wzr };2" [&(z) S’(W,)]} dz] {1.1.30)

i o where %(z) describes the shape of the barrier. As a fairly good approxima-
- tioft, the barrier is parabolic so that

* $(z) — E(wy) = €*N(z — wy)*/2€

where N is the net donor concentration, € is. the dielectric constant, and wy
is the depletion depth, gwen by w,#'[zegv,,,-a V}IeN]’” The integration
_ 'thepefore results.in .

(1.1.31)

.;;thﬁfﬁ ‘&,u is a. stand.:rd des;g;nauon in thc literature. To compare the
magnitides of the tunneling -and thermionic currents, note “from E.q

- (1.1.28) that

j(ther.yoj, exp (eV/kT) xexp [e(V — ¢u)kT]



L f, showmg the reg:ons of dominance of th&cc three current modes.
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:.fofeV kT, and note aisothai o
jltun Yy exp {e(V — Vi) G-

Now V,; and ¢, ste not tgo different, and bat
negative for all realistic yalues of V. Therefore,
current will dominate,

and ¥V -y are
’ then tunnelmg

20x 107" N2 is i ~*."Therefore, gm,a?_k’!‘at T=30K .. .
when N =16 : = igher N we ‘would expect that =

_ N2, Tnis relatlonsiup is illustrated in Fig. 1.1.23 (Mead
1969) for -h;g{ﬂy doped GaAs,: theo '

N is large e{n}ugh :
The tunne?lmg cnrrent is commonly knbwn as _ﬁeld emm _

that point. Thcse ldcas are illustrated in Flg; 1.1.24 (Rideout,



[

emY=N (GaAs) at_abii K

at MK, CATE
idsion ,)f Pcrgamon Ptesa.)




~"The recipe t'or an ohrmc contact wou]d then seemmgly requlre either a
small ¢, or a large N. Generally the latter option is more viable, and is
usually implemented by using a thin n?=GaAs region between. the contact
metal and the active layer, For example, a MESFET active’ layer would
norimally have N=2 X 10“ m 3, which: by itself would not lead to a th
enough barrier. Thus, an n* layer with N=3x 10" cm™ is placed: betwee
the metal and the active layer The werking of such an ohmig contact:
illustrated: schematically in Fig. 1.1.25 fcr {b) forward bias {metal posmve

Metal—es=—n+ Gaﬂs——lw fi - GaAs

Fig. 1.1. 25 K-Electron ﬂuw i metal/n -semiconductor
junction-und i), and reverse bias (c). In
‘gither caserthie current ﬂem,fréely and thus the contact
-is ohmu: : : .

I AL g
egha; presents litd resistance it A ,
(<h3eV) is not-high enough'to apprccmbiy affect the
t:mept perhaps at very low temperatures. . - :
Infortunately, however, the tunncling:modei is not sufficient to &
the low values of contact: resrsnwty bmng observed for preseh day




conductor junctions i GaAs;. pmbably because most of these
junctmns are alloyed and thus not str:c{iy pfanar, The most popular
metaltization is composed of Au, Ge, and Ni, and will be described in more
detail-later. However, Fig. 1.1.26 {Braslau, 1981} shs)ws that tymcal values

Iog 2t e}
(1)
1

for contact results fro
laboratories. The' rési
follow Eq. (1.1.32). (After ‘Braslau
. (1981). Reproduced by permission of

'l}»_e American Institute of Physics)

'maiem&-afe much Jower for a given N than would have been
the £uf;nehng model (see Fig. 1.1.23). Also, it appears that
her than: log p.~ N~'%. It is perhaps not surprising, that the
ling ~g;()ozkal fails here when the interface in such a contact is examined.
For exainple, in Fig. 1.1.27 (Shuh et al 1987} it is seen that the metal

F:g. 1.1.27 The various material phuscs present
after annealing an AuGeNi comtact at 440°C for
- 2 min. (After Shih e o, (1987) Reproduced by
permission of The Amcncau Institute of Physics)




k|
elements have mixed with the Ga and Agin a very mmgizeated way,. and
have formed several new compounds: in the prot:
appears that spikes of highly doped: material a
and that the current mainly transfees through

et hemnsphere of
hﬁ GaAs underneath, The total

(1.1.32) |

' -'way of gettmgalawcr eifi‘.:étwt P wh sbﬁ,_ié;pming increasingly popular, - L
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“Fhis novel method makes use of a. dqﬁcrent semlcondnctor material, such as

InAs, which either has an electron affinity ey greater than the metal wark
function eg¢,,, or has surface states whic{h pin the Fermx level near the

conduction band The bamer edp is 1

: and thus : { donor. if the L tal atloys !ﬂ! the GaAs, and forms a




graded heterojunction, then n n'ught ‘make an ohrmc conl.act in the w
depicted in Fig. 1.1.29. Huwever; the major interest i the heterojunctio
method at present i to make non-atloyed cornitacts, in.which.case the InA;
_or In,Ga,_,As is epitaxially grown ontoithe GaAs and then the metal
evaporated on, without heating. The major adv.'mtaga heré is fap small
‘dimension devices i which neither vertical nor latera’i diffusion due to th i
alloymg process can be toierated- _ : y :

1,. 1723 Pmmccd ohmic cohracrs for G’aAs

Se far. we have d[scussed the deﬁmuon and theory of Ohmlc contacmf.
Howeve;, it ig! pmbabty evei more-important for-the gnrposes of this book
tical methods for makmg such coma" . As.stated ¢ Vlle‘

mmpounds such as Al Gat_ -Auk 116 (4
which meits at-about 360°C Up until J:ecent mes it has been belncvcd that -
it i act by m éns of Ge dsznsmn mto the r'

t is nevw reahzgd that the situation. is
cxampte, there is evidence (il:adls,;__
* Joping, but aiso that i

much-more - ebmple " than. this.
1987}, to suggest that' the Gc ind
mduceﬁ disorder, ev
this prﬂocss reduces
lowering are serving 6., reduce the .
tures, several fEw compounds such:as NiAS Ge, are foﬂncd and pla
lmportanf roles, Furthcrmorﬁ ‘pro usmns of the. NlAs or other . com
pounds may be. necessm'y for the bes
system is still net campleteiy und:
-_eommonly uscd e day, and perha
{1987}, p- 151 A gmewhat mo
leaning (Caliegan etal., 1985) ptoduces more. stable and reliable contacts; -
“the details are given in Table 1:1.3. Oihcr rempcs may be. found ift the;
E}'iiteramrc cited in Table L. 2 A .




. Table 1. 13 ngncanon of reliable AuG

i 'ohmu‘. contacts to n-iype: GaAs by

='.i'§puner cleaning ‘Before deposition. (After €

rilission of tht: Amcncan Insfsmte of Physii

Sputter clean mth Ar for
low 107" Pa. :

-achieved: gpee;ﬁc contact rcs:suwta
. metallization by using rapid therm
ixz;sther advantag@_ef In contacts” b
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se of an ultrasonic iron. Some
o 5{)% Sn fot- n—typc GaAs, and
; h a.l

clean, polished GaAs sarfacc, wmi
workers prefer In/Sn; of mixtures from:
In Au_or In/Zn, with about 5% Au

2) Appiy En or In/Sn, for n- type sampléé énd n or nf :
amplés; with a small soldering iron. Generally the surfaces are

&-or any other metal. That is, if In fails as a contact, then the material
itself is probably mhamoganenus and non-ohmie. . -

For seml-msuiatmg GaAs, it is sometimes possible to get by with very
e cirrent denmtres wal! normal!y be very fow. For

L1 8.1.--Genemi considerations
Hﬂll-eﬁect'meﬂurements in conﬂuctwc -GaAs ma;l

ich can handle
I’fd!.’.‘ﬁd wrth a

source, ammeter,
measurements ar

magncttc—ﬁcld strength
requirements foe il _o—cxt:lte:d measurements
automation. '
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