JOURNAL OF APPLIED PHYSICS VOLUME 88, NUMBER 1 1 JULY 2000

A quantitative conduction model for a low-resistance nonalloyed ohmic
contact structure utilizing low-temperature-grown GaAs
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We present a quantitative conduction model for nonalloyed ohmic contactstype GaAs
(n:GaAs which employ a surface layer of low-temperature-grown GAASG:GaAs. The energy

band edge profile for the contact structure is calculated by solving Poisson’s equation and invoking
Fermi statistics using deep donor band and acceptor state parameters for the LTG:GaAs which are
consistent with measured bulk and surface electrical properties of this material. The specific contact
resistance is then calculated using an analytic expression for tunneling conduction through an
equivalent uniformly doped Schottky barrier. The model has been used to fit measured specific
contact resistances versus LTG:GaAs layer thickness and versus measurement temperature. These
comparisons provide insights into the contact mecharaettron tunneling between metal states

and conduction band statesnrGaAs and indicate that low barrier heigh8.3—0.5 \j and high
activated donor densities<(1x 10?°cm™ %) have been achieved in these situcontacts. ©2000
American Institute of Physic§S0021-897@0)06413-9

I. INTRODUCTION face states, andi) the amphoteric behavior of Si, which
_ _ B ~ limits the maximum activated donor density which can be
Having ohmic contacts of low specific contact resis-achieved in the bulkin situ nonalloyed contacts have been
tance,p., is always important for semiconductor device ap-demonstrated with g, of mid-10~7 Q cn? using Ag depos-
plications. As device dimensions shrink into the submicronited onn* GaAs inside a molecular beam epitafylBE)
and even nanometgr scale, the issqe of getting high qualitgrowth chambef?, which provides high llp—N,) and low
contacts with lowp, is more demanding. ®g. However, this approach has limited applications due to
For semiconductor materials which have energy banqnein sjtu nature. Patkaet al® demonstrated aex situnon-
gaps of about 1 eV or larger, tunneling based contacts aflloyed contact to n:GaAs with p. as low as 3
typically usedl'_.s Achieving low p in these contacts re- . 10-7 () cn. In order to eliminate the problems associated
quires low barrier heigh®g (corresponding to a relatively it stoichiometric GaAs surfaces, the contact structure em-
low work function metal and a low interface state density ploys a thin cap layef2—5 nm of low-temperature-grown

?n(: hl?h aﬁnvafjed dotplntg ?enst'tm’_m’*) lfor n_—t¥p? con-t ‘ allium arseniddLTG:GaAs on a heavilyn-doped layer of
acts. In afloyed contact structures, the low interface states, 5 (™" GaAs. Low-resistance contacts can be realized

density and high activated doping density are achieved via . . . i
diffusion from contact metal; this results in a metallurgical after prolonged air exposure and photoresist processing, pro

) - ) vided the contact metdlli/Au or Ag) is deposited within a
interface below the original semiconductor surface. Alloyed . . . . .
short time period after the surface oxide layer is stripped.

ohmic contacts to GaAgAu—Ge—Ni for n-type GaAs and . S _ .
A P There have been a few device applications utilizing #xs

Au-2Zn for p-type GaAg are extensively used. Although low . . . . .
Pty > y g situ nonalloyed ohmic contact technique, including shallow

pec (<1080 cn?) can be achievellthe rough interfaces ing diodksnd ohmi h

and spatial nonuniformities from the alloying process are nof€Sonant tunneling diodesand ohmic nano contactsA

suitable for nanometer scale devices or for application&”a“tat've description of conduction through the contact has

which require planar interfaces. previously been presenfétlased on impurity band conduc-
Nonalloyed ohmic contacts can alleviate these problemdion through the states in LTQ:&aAs and subsequent tunnel-

provided that suitable contact resistance can be achievell!d t© the conduction band in™" GaAs. The LTG:GaAs

With stoichiometricn-type GaAs(n:GaAs, low resistance has a number of interesting electrical properties associated

contacts are problematic &x sity nonalloyed structures due With the large density of point defects~(Lx %020 cm %)

to (i) midgap surface Fermi level pinning, which arises duedrising from the excess As incorporated during growth.

to rapid oxidation of the surface and to the associated interOf particular interest, several studi€s™have addressed the
electrical characteristics and chemical stability of LTG:GaAs

3 o . surface layers. In order to provide an understanding of the
Electronic mail: npchen@physics.purdue.edu ducti hani in thi I

Ppresent address: Dept. of Electrical Engineering, Yale University, NewCON UCt'Qn mec anism 'n t' IS contact structure as We as a
Haven, CT 06520. set of guide lines for achieving the best performance in com-
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layers—metal, LTG:GaAs, and" * GaAs—and study their

Au/TI electrostatics. We will refer to this set of layers as the contact
structure in the following. We identify the following quanti-
LTG:GaAs (undoped : . :
s (undoped) ! ties as the important parameters: the LTG:GaAs layer thick-
. S . T
nH+ GaAs (~1x10° om) 10 nm nesst, the activated donor density(=Np—N,) in then .
GaAs layer, the measurement temperaflirand the barrier
nGaAs  (1x10" cm) 150 nm height®g (in volts) at the interface of LTG:GaAs and the

metal.

GaAs Device Layer(s)

Gaks siperate B. Electronic properties of the contact structure

The electronic states in the undoped LTG:GaAs layer are
FIG. 1. Schematic of the device layer. described by the conduction and valence band parameters of
stoichiometric GaAs, with the addition of a deep donor band
o ~and a shallow acceptor band to describe the states associated
parable contacts, it is necessary to develop a quantitativgith excess As and Ga vacancies, respectively. From scan-
model for the contact performance which Incorporates paning tunne"ng minOSCOprTM) spectroscopy on thick |ay_
rameters consistent with the various experimental observasrs of undoped LTG:GaAS:*®it was shown that there is a
tions. _ _ ~ band of midgap defect states, whose energy is centered at 0.5
In this article, we describe a physically based, quantitary above the valence band edgg, and whose density is as
tive model for the specific contact resistance of the LTG:high as 18°cm™3. Other studies show these defect states are
GaAs nonalloyed contact structure. Experimental data for thglonorlike’® and attribute the states to arsenic antisite defects
specific contact resistance versus temperature are also pigas.,), with characteristics differing from those of EE2,
sented. The model is used to predict the observed behavior gfely due to the very high density. Optical absorption mea-
these data, along with that of published data for specific consyrements on thick layers of undoped LTG:GaAs indicate
tact resistance versus LTG:GaAs layer thickness in order tghat there is also a lower density-(0°cm~3) of shallow
verify the validity of the model and to determine the specificacceptors! which have been attributed to a gallium vacancy
parameters of the samples developed to date. A discussion giye| \/Ga_l8 For the model, we need a description of the
the conduction mechanism and factors which determine thgjectronic properties of these states, i.e., the dendities
v d.a

pe Of & given contact structure is also presented. energie£Td 2 and half WidthsAETdaof the energy distribu-
tions (assumed to be Gaussjaof these defect states, where

Il. DESCRIPTION OF THE MODEL subscript “d” refers to the deep donor band and subscript

Our model consists of a proper description of the state$a” to the acceptor band.

in the LTG:GaAs, a calculation of the energy band edge We have developed a set of parameters for the donor and

profile of the contact structure using a Poisson equatiomcceptor states which is consistent with surface and bulk

solver, and the specific contact resistance calculations. Sinegeeasurements of the electrical properties of “as-grown”

the calculated energy band edge profile can reasonably HerG:GaAs. For the deep donor band, we use parameters

approximated by a parabolic profile, analytical expressiongonsistent with experiment observatidris>*'namely,Nr_

for tunneling resistance through a uniformly doped Schottky=1x 10?°cm™3, ETd: E,+0.5eV, andAETd=0-25 eV. Us-

barrier can be employed. This approach not only reduces thgy 5 poisson equation solvVeADEPT),%® and incorporating
complexity of the analysis, but also allows us to understangne characteristics of the LTG:GaAs defect states, we calcu-
the properties of the contact structure in terms of th@ate the energy band edge profile of a thick, uniform LTG-
Schottky barriers, which are well understood. :GaAs layer, along the device depth. Note that ADEPT uses
A. Layer description Fermi statistics so that energy-dependent donor/acceptor ion-

. i _ization is accurately calculated. We adjudt, E;, and
The contact structure, shown in Fig. 1, consists of a Si- a a

doped (1x 10cm %) n:GaAs layer of 150 nm, a heavily AETa to fit the .bulk Fermi level position in -undoped LTG-

Si-doped(nominally 1x 10?°cm~3) n** GaAs layer of 10 :Ga_lAs (approximately at 0.4 e_V belovE, in the bulk),.

nm, and a thin cap of undoped LTG:GaAs layer of thicknes<VNich has been observed experlment.g_l‘Plﬁ?The bulk Fermi

t (typically 2—5 nm. The layers are grown by MBE on top of Ievgl p05|t|oq corresppnds .to a condlthn Whgre' charge neu-

the GaAs substrate and the device layers. In this article, Tfality holds, i.e., one in which the density of ionized donors

(Ti/Au) metallization is studied, with the metal deposieed N the deep donor band compensates for the density of ion-

situ and without an annealing process. The LTG:GaAs layef?€d acceptors, which is essentially equalNe. We find

is grown at a temperature 0250 °C and is not annealed, that Ny =4.5x10%cm %, E;=E,+0.1eV, and AEr

that is, the LTG:GaAs layer is in “as-grown” condition, =0.2eV yield the best fit.

with the excess As distributed primarily as point defdeis- In order to adequately model contact performance, it is

tisite defects, along with Ga vacandies essential to utilize parameters which are also consistent with
To simplify modeling of the contact structure without the surface electrical properties of LTG:GaAs. Holden

losing the physical picture, we focus on the top threeet all*?? used reflection anisotropy spectroscaiRAS) to
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S 41 — tains two profilegdash-dotted and solid curyesorrespond-
7&’ 4 o [LTGGaAs n* GaAs 1 ing to the structures with different activated doping densities
= in then™ GaAs layer N=10' and 16°cm™3), with all
2 4.3 : calculations atfT=300K and®z=0.3V. The dotted and
@ .44 ] dashed curves in Fig. 2 correspond to profiles of equivalent
-g 45 ] uniformly doped Schottky barriers, as will be explained later.
§ ' For a given LTG:GaAs layer thickness, the structure
3 '4-60 A B TEEIEY with heavier doping in then™* GaAs layer has a thinner
@ Device Depth (nm) depletion thickness and stronger electric fiélde slope of
S 44 e the curve in the depletion region. On the other hand, thicker
% TGGas T Gaks LTG:GaAs layers yield thicker depletion thicknesses. The
9 42p thicker LTG:GaAs layer also contains more negative
Lé charges, which results in a concave band profile in that re-
& gion in Fig. 2. Since the majority of the space charge is in the
5 n** GaAs layer for the contact structures with thin LTG:
g GaAs layerg2-5 nn), the predicted energy band edge pro-
§ 4.6 . . . . . A file is relatively insensitive to the exact parameters of the
0 2 4 6 8 10 12 14

defect statesNt, Etr, andAE+) for the structures used in
the best contacts. Significant changes in these parameters
FIG. 2. Calculated energy band edge profiles of the contactstwith) 2 will alter the range oft over which the uniformly doped

and (b) 6 nm. Each subfigure shows two profiles simultaneoudlysh- gty approximation is valid, but will not change the gen-
dotted and solid curvgscorresponding tdN= 10" and 16° cm™2, respec- o

tively. The dotted and dashed curves represent the uniformly dope@ral description of the contact.

Schottky approximations to the respective profiles with the same barrier

heights and effective donor densities.

C;

Device Depth (nm)

study the near-surface electric field in a 500 nm thick un-C. Schottky approximation procedure

doped LTG:GaAs layer on top of a semi-insulating GaAs As is shown in Figs. @) and 2b), the calculated profile

substrate. Due to the long air-exposure ti(days, the sur- is approximated well fot~ 2—-5 nm by the profile of a

face Fermi level is pinned at midgap in this sample, consis-_ . . :
tent with observations of surface oxidation after 24 h of airunlformly doped Schottky barrier, with the sarg; as the

exposuré? Using the electric field profil&(x) of the thick actual structure and an effective donor density; deter-

LTG:GaAs layer calculated by ADEPT with our LTG:GaAs Mined by making the conduction band edge profile of the
model parameters and assuming midgap surface Fermi levechottky structure cross the Fermi level at the same device
pinning, we have calculated the relative RAS sign@®/R  depth.xg, as that of the profile for the contact structure. The
by numerically evaluating the integral of the weighted elec-conduction band edge profile of such a Schottky barrier is a
tric field along the layer deptHEq. (4b) of Ref. 23. The  parabola, assuming that @l of the donors are ionized
calculated ratios between th&R/R for the LTG:GaAs throughout the Schottky depletion region. We will denote
sample and control samplfsndoped GaAs and:GaAs(Si:  this approximation barrier as the equivalent Schottky barrier.
1x10"®cm™3)] are 3.4:1:6.4, respectively. This is in good The advantage of the approximation is that we are able to
agreement with the reported measurement result ofitilize Schottky barrier tunneling resistance analysis, which
2.9:1:62” indicating that our description of the LTG:GaAs s well established®2® The p, can then be calculated by
electronic properties is consistent with the measured effeGysing the expression for a uniformly doped Schottky barrier
tive near-surface electric field in this material. with @z andN. For relatively transparent barriers and/or

For a thick LTG:GaAs layer, our model predicts a sur-|, temperature, field emissioitE), i.e., tunneling at ener-
face depletion thickness of approximately 20 nm, below

: . N . ) gies near the Fermi level, is the dominant electron transport
which bulk Fermi level pinning occurs. Since the LTG:GaAs mechanism. If the barrier is less transparent and/or the tem-

layer thickness in the typical contact structure is less than . L . .
Y yp erature is not as low, thermionic field emissiaFE) will

this depletion thickness, the surface depletion region in th _ . . .
contact structure will extend into the" * GaAs layer. Note e the dominant transport mechanism. For very thick barriers
or high temperatures, thermionic emissi@rg) will domi-

that we do not expect bulk Fermi level pinning within the - :
LTG:GaAs layer of the contact structure, in contrast to ghate. The formulas for the specific contact resistance of a

previous qualitative modélThe extension of the depletion Schottky barrier are derived by first considering the electron
region into then™ ™ GaAs layer is observed in the calculated tunneling probability through the parabolic barrier, next cal-
energy band edge profile for the contact structure, which igulating the tunneling current density, taking the derivative
shown in Fig. 2. The curves in Figs(&? and 2b) show the  of the current density with respect to the applied bias, and
calculated conduction band edge profiles of contact strudfinally evaluating its reciprocal at zero bi&s> The formu-
tures witht=2 and 6 nm, respectively; each subfigure con-las are
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k qds Eoo
Pc—< qA* CTFEEXF{E_())a forﬁ~1(TFE),
k qds Eoo
\ qA*T exp( kT), fOI’ﬁ<1(TE),
()
with the characteristic energies defined as
. q h Neff
027 N o+’ )
EO= EOOCOII’( EoolkT) f (3)
and the coefficientsgg and cyge are
T exp(—bup)) 7t
Cre=| G - : : (4)
sin(7bkT) bkT

kT

Crre= cos
i Va(qPg+Ug)Egg ?‘(

kT/) V kT

U Ug
XeXF(E—O—k—T), (5)
with
1 4qdy
b=f00|n< Ur y (6)

and g the electron charge magnitudethe Boltzmann con-
stant,h Plank’s constante the semiconductor permittivity,
m* the electron effective mas#&* =4mwqk’m*/h? the ef-
fective Richardson constant, andthe Fermi level energy in
the bulk(relative to the conduction band edge in the bulk
To determineNg from the conduction band edge profile

of the contact structure calculated with ADEPT, we set the

equation,
Ug= EC(XF)!

()

where E.(x) is the conduction band edge profile of a uni-
formly doped Schottky barrier and is defined as

N
El(x)= qz:ﬁ(x—n% for 0=<x=I, 8)
with | being the depletion depth
VLR ©)
a quff o
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and Vy,; being the surface potential, which is equal g
+ug/q) at zero bias. Equatiofv) yields

(10

2€
Neﬁ=qu¢B+uF— Jup)2.
F

The ratioNg¢/N varies between 0.6 and 0.02 for the cases
considered in this article, with the smallest values corre-
sponding to relatively largeé For small values of, the ob-
servation thalN.«/N approaches a value of 0.5—Qi&ther
than 1 can be explained by considering the fraction of do-
nors which are ionized in the two cases. The expressions for
Neit [Egs. (8) and (10)] assume complete ionization, while
the calculated profile for the contact structure utilizes Fermi
statistics to calculate the fraction of the donors which is ion-
ized. In order to make the values of and Ny in Eq. (10)
self-consistent, it is necessary to iterativélyapply Eq.(10)

and (ii) recalculate the Fermi level for a layer doped\gf;.

The initial value ofug is from the conduction band edge
profile of the contact structure, calculated with ADEPT.
Since we are interested in heavily doped structutesge
N), whoseug does not change significantly witN (and
Nef), One iteration is sufficient to obtain reasonable consis-
tency.

From the equivalent Schottky barrier parameters
(Pg,Nes), Egp can be computed with E¢2). Then, we can
choose the proper formula in E(L) to calculate the specific
contact resistance according to the electron transport regime
indicated by the criteria. From the formulas it is apparent that
the transport regime changes from TE, TFE, to FE wRgp
increases and/oF decreases.

A numerical example is given in the following. For a
contact structure with=2 nm, N=10cm 3, ®3=0.3V,
andT=300K, theNg is found to be 2.6 10"°cm™2. Then,

Eq is calculated to be 92 meV by E(R) andEy/KT to be
3.54. Since the latter is somewhat larger than unity, it is
likely that the FE regime dominates, although this case is
relatively close to the transition point between the FE and
TFE regimes. Equatiofil) yields p.=4.2x10 " Q cn?.

A more explicit condition for the validity of the FE re-
gime in Schottky barriers is given B?’

1-bkT> (11

kT
V2Eqqug’

which corresponds to the FE threshold Bf,/kT being in

the range of 2.3-3.7 for the cases considered in this article.
Note that Eq.(1) does not yield continuous. between FE
and TFE regime&® To obtain a smootlp, transition, we
utilize the following smoothing procedure in the transition
region between the two regimes. We deffgeas the value of
Eqoo/kT at the FE to TFE crossover point and the half width
(in Eqo/KkT) of the transition region aA¢.
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kT
InpFO—1n p{F8)  E E
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Inpe=1q Inpc =+ 2AE (kT (4o A§)>, for |15 ~éo|<AE, (12

E
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\

That is, Inp; is linearly interpolated between j™ and  ®;=0.3V andT=300K, using the same smoothing param-

In p® whenEqo/KT is within &— A& andé,+ A&, Linear  eters employed in Fig. 3. On the same graph, measured data
interpolation on a logarithm scale is justified becapgsén  for p, from two different sources are presenfgd The mea-

Eq. (1) is exponentially dependent dyo/KT. In our model,  surements are made at room temperature, using the transmis-
we use a fixed FE threshol and the smoothing procedure sjon line modelTLM) measurement techniqd®pn a series

rather than Eq(11). of contact structures with various LTG:GaAs layer growth
thicknesses and nominal’ * GaAs layer doping density of
ll. PREDICTED SPECIFIC CONTACT RESISTANCE 1x10?°cm 3. During the oxidation-stripping processes be-
FROM THE MODEL fore metal deposition, about 2 nm of LTG:GaAs cap layer is
A. Specific contact resistance versus N and ®g removed. To account for the difference between the growth

. ) thickness and the actual thickness, we derigtas growth

The calculateh as a function oN and®g for atypical  thickness and make the calculation in Fig. 4 ustngtg
value oft=3nm atT=300K is plotted in Fig. 3. The 0p-  _5 nm_ Note that the measureg increases with decreasing
ergﬂpn reg|me$F§ and TI_:E are also noted on th? graph. | TG:GaAs growth thickness for thickness less than 2 nm.
Within the transition region between these regimes, th&ecause of ineffective passivation, those devices wih
smoothing procedure described above has been applied, with, ,m will yield more oxidation on the surface and a cor-
§0=3 andA¢=0.7; the smoothed curve is shown as a thin esnonding increase iy due to large interface state den-
solid I|n7e. The order of magnitude @f. varies fromgl down sity, resulting in highep, . Because of the change @f5 of
to 107 Qcm? when N changes from %10 t0 1 hese devices witte<2 nm, their measuregh, can no

-
X_102 cm* and when®g changes from 0.7 down 10 0.3 V. |5nger be accurately described by the model with the original
Figure 3 also shows that the tunneling proces$ds and parameters.

TFE) dominate for operation at room temperature. To have  £or contact structures withs>2 nm, we find that @

pe as low as mid-10’Q cn?, N has to be as high as —03V, N=5x10cm % and @z=0.3V, N=1

10°°cm™® and ®; as low as 0.3 V. Figure 3 is useful t0 » 1(?0cm3%) can best fit the data of Patkat al® and of

quickly estimate the range of parameter values which CO“"I‘l/Iorisette,zg respectively. Note thabg=0.3V is required to

fit a set of measured, data at room temperature. fit the measuregh.. This is considerably lower than 0.7 V

which would be expected if the surface Fermi level is pinned

at midgap. This is consistent with experimental observation

of surface stability of LTG:GaA%* as will be discussed
Calculated values of. are plotted versus for several later. Therefore, our model can describg successfully if

values ofN in Fig. 4. The calculation was performed with

B. Specific contact resistance versus LTG:GaAs layer
thickness

108 T T T T T
10° T T 4 Patkar data
3 E 107 101 E
ol | Y
& g ﬁo” om?s
§ 109} ] a 10%} o 3
S 404} 1 Q
< 10} 3
105} 0.7V .
10 05V
107 . . 03V 10-70 2I ‘i é é 1I0 12
108 107° 102 102 LTG growth thickness (nm)
N (cm)

FIG. 4. Specific contact resistance as a function of LTG:GaAs growth thick-
FIG. 3. Specific contact resistance as a functiom6f doping level () ness {g). Calculated values are shown for=300 K, $3z=0.3V, andN
for T=300 K, t=3 nm, and barrier heightsi(z) of 0.3, 0.5, and 0.7 V. =5x10' 1x10'° 5x10'° and 1x 10?° cm~3. Dashed and solid curves
Dashed and solid curves indicate TFE and FE regimes, respectively; thimdicate TFE and FE regimes, respectively; thin curves indicate the
curves indicate the smoothed curves. smoothed curves. Data from two experiments are also shown.
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109 e X 10cm™2 have the right temperature dependence as that
) ~ of the measurement data. Further refinement yields the best
107¢ . ] fit to the data at 0.5V, 310"°cm 3. Due to the limited
s T o number of curves in Fig. 3, the best-fit parameters may not
€ ~_ " &0Tem be exactly 0.5V, X 10"%cm™3; nevertheless, this fit is very
] 10°F [ oy ] close to the exact fit. This analysis helps to eliminate a pos-
il | T— 0T sible problem of having multiple fitting solutions and nar-
v \'\-\.Q;---w' 20 em® rows down the range of the parameters. Most significantly,
105 Q ::}g::gm‘z 1 this comparison of temperature-dependent measurements and
108 T e model calculation also helps to verify the conduction mecha-
0 50 100 150 200 250 300 350 400 nism in our model.

Temperature (K)

IV. DISCUSSION
FIG. 5. Specific contact resistance as a function of temperature. Calculated

values are shown for=3 nm, ®5=0.5V, andN=5x10'%, 1x10%, 2 Comparison of the model prediction with experiment al-

X 10", 3x10%, 5x 10", and 1x 10° cm™°. Dashed and solid curves in- |ows us to develop a quantitative description of the conduc-

dicate TFE and FE regimes, respectively. The smoothing procedure is useﬁion mechanism of the contact structure. Based on this com-

with the same smoothing parameters as those in Figs. 3 and 4. An experi- . ) .

ment data set is also shown. parison, we conclude that the LTG:GaAs cap layer in the
contact structure has two beneficial features to achieve low

specific contact resistance: it allowsdg; which is signifi-

the contact structure hag greater than 2 nm. cantly lower than 0.7 Mmidgap and it preserves the high
Also note that the fitting results of the model indicate SPace charge density layer i * GaAs.
that both Patkaet al. and Morisette’s data have high values  The calculations were performed over the rangebgf
of N. That is, within then** GaAs layer depletion region (0-3—0.7 \J which could be expected for various process-
close to the LTG:GaAs interface, the activated donor densityelated limits. The lowest barrier height corresponds to the
(Np—N,) is well above the bulk limit of 5 108cm™3. The ~ case of minimal oxidation at the interface of the metal and
significance of this result will be addressed in Sec. Iv. ~ the LTG:GaAs layer; its value is given by the difference of
the work function of the deposited metal (.4 eV) and the
electron affinity of LTG:GaAs, which is assumed to be the
same as stoichiometric GaA4.1 eV).?° The highest barrier
height corresponds to the case of complete oxidation at the
In the calculation ofp., several material properties are interface and the corresponding midgap pinning of the sur-
assumed to be independent of temperature for simple bdace Fermi level. In order to fit the data from various experi-
accurate modeling, although they actually vary somewhammental measurementdg values of 0.3-0.5 V are neces-
with T. They are the electron affinity of GaAs, the work sary. This implies that the surface Fermi level is not pinned
function of the metal Ti, the activation energy of the dopantat midgap. This is consistent with experiments where the
in n™* GaAs(Si), and the energy levels and half widths of LTG:GaAs surface is observed to oxidize slowly in @ime
the LTG:GaAs defect states. The calculagedas a function  constant of houdsand remain electrically activeé:'® Direct
of T for variousN, using®z=0.5V andt=3 nm and using observations of this inhibited oxidation have involved freshly
t=tg—2 nm, are plotted in Fig. 5. On the same graph, a datgrown layerst?'® Since the semiconductor layers for the
set of p. vs T measured using the TLM technique is pre- contacts have typically been exposed to air for déys
sented for devices witlig=5 nm and Ti/Au metallization. monthg before processing, an oxide strip is necessary imme-
The Si doping density within the™* layer is estimated to diately before metal deposition. The realization of an inter-
be 3x10*cm 2 using the C-V profiling techniqu&. The  face with low® implies that the oxide-strip step can tem-
measuredp. remains at a constant order of magnitudeporarily restore the surface to a state in which the Fermi level
(10 5-10 *Q cm?) over the temperature range of 40—300is not pinned at midgap, with a re-oxidation time constant
K. expected to also be on the order of hours. The observed
We find that®z=0.5V andN=3x10"cm 3 fit the  variation of ® from sample to sample may be due to dif-
measurement data best. The model indicates that thierences in the growth temperature of LTG:Gaasnd result-
contact operates in the FE regime over most of the temperang changes in excess Asas well as to variations in
ture range. Although there are various possible fitting paramprocessing®
eter sets ofbg andN which yield the samg, as the mea- Si is the most widely used-type dopant in MBE growth
sured one at a single temperature, only d¢ae ones in a of GaAs since it allows the realization of relatively large
narrow rangg yields the best temperature dependence fitactivated donor densities, high mobilities in doped layers,
to the measurement, since the temperature dependencesanid relatively small surface accumulation of dopant atoms,
pc in the FE and TFE regimes are quite different. Takewhich enables the doping to be changed abruptly in super-
p. measured at 300 K (2.%3810 °Q cn?) for example. lattices and modulation doped structut@s$n bulk n:GaAs,
From Fig. 3, suchp. can be obtained from d§g,N) the net activated donor densitj{g—N,) cannot go beyond
={(0.3V, 7.2x10%cm™3), (0.5V, 2.4<10%cm %), and 5x10®cm 3 with Si as the dopant, due to the amphoteric
(0.7V,6.7x10°cm 3)}. Only ®z=0.5V and N=2.4 nature of Si in this regime. During MBE growth, however,

C. Specific contact resistance versus measurement
temperature
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the activated donor density near the surface ofiaii GaAs  achieved by the LTG:GaAs cap layer. The dominant conduc-
layer can reach as high as?26m 3, because the Fermi tion mechanism is electron tunneling directly from the metal
level is near midgap°In structures with stoichiometric sur- to the conduction band in the"™ ™ GaAs layer.
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