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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 contacts ton-type GaAs
~n:GaAs! which employ a surface layer of low-temperature-grown GaAs~LTG: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 mechanism~electron tunneling between metal states
and conduction band states inn:GaAs! and indicate that low barrier heights~0.3–0.5 V! and high
activated donor densities (;131020cm23) have been achieved in theseex situcontacts. ©2000
American Institute of Physics.@S0021-8979~00!06413-6#
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I. INTRODUCTION

Having ohmic contacts of low specific contact res
tance,rc , is always important for semiconductor device a
plications. As device dimensions shrink into the submicr
and even nanometer scale, the issue of getting high qu
contacts with lowrc is more demanding.

For semiconductor materials which have energy ba
gaps of about 1 eV or larger, tunneling based contacts
typically used.1–3 Achieving low rc in these contacts re
quires low barrier heightFB ~corresponding to a relatively
low work function metal and a low interface state densi!
and high activated doping density (ND2NA) for n-type con-
tacts. In alloyed contact structures, the low interface s
density and high activated doping density are achieved
diffusion from contact metal; this results in a metallurgic
interface below the original semiconductor surface. Alloy
ohmic contacts to GaAs~Au–Ge–Ni for n-type GaAs and
Au–Zn for p-type GaAs! are extensively used. Although low
rc (,1026 V cm2) can be achieved,4 the rough interfaces
and spatial nonuniformities from the alloying process are
suitable for nanometer scale devices or for applicati
which require planar interfaces.

Nonalloyed ohmic contacts can alleviate these proble
provided that suitable contact resistance can be achie
With stoichiometricn-type GaAs~n:GaAs!, low resistance
contacts are problematic inex situ, nonalloyed structures du
to ~i! midgap surface Fermi level pinning, which arises d
to rapid oxidation of the surface and to the associated in
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face states, and~ii ! the amphoteric behavior of Si, whic
limits the maximum activated donor density which can
achieved in the bulk.In situ nonalloyed contacts have bee
demonstrated with arc of mid-1027 V cm2 using Ag depos-
ited on n1 GaAs inside a molecular beam epitaxy~MBE!
growth chamber,5 which provides high (ND2NA) and low
FB . However, this approach has limited applications due
the in situ nature. Patkaret al.6 demonstrated anex situnon-
alloyed contact to n:GaAs with rc as low as 3
31027 V cm2. In order to eliminate the problems associat
with stoichiometric GaAs surfaces, the contact structure e
ploys a thin cap layer~2–5 nm! of low-temperature-grown
gallium arsenide~LTG:GaAs! on a heavilyn-doped layer of
GaAs (n11 GaAs!. Low-resistance contacts can be realiz
after prolonged air exposure and photoresist processing,
vided the contact metal~Ti/Au or Ag! is deposited within a
short time period after the surface oxide layer is stripp
There have been a few device applications utilizing thisex
situ nonalloyed ohmic contact technique, including shallo
resonant tunneling diodes7 and ohmic nano contacts.8 A
qualitative description of conduction through the contact h
previously been presented6 based on impurity band conduc
tion through the states in LTG:GaAs and subsequent tun
ing to the conduction band inn11 GaAs. The LTG:GaAs
has a number of interesting electrical properties associ
with the large density of point defects (;131020cm23)
arising from the excess As incorporated during growth.9,10

Of particular interest, several studies11–14have addressed th
electrical characteristics and chemical stability of LTG:Ga
surface layers. In order to provide an understanding of
conduction mechanism in this contact structure as well a
set of guide lines for achieving the best performance in co

w
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parable contacts, it is necessary to develop a quantita
model for the contact performance which incorporates
rameters consistent with the various experimental obse
tions.

In this article, we describe a physically based, quant
tive model for the specific contact resistance of the LT
GaAs nonalloyed contact structure. Experimental data for
specific contact resistance versus temperature are also
sented. The model is used to predict the observed behavi
these data, along with that of published data for specific c
tact resistance versus LTG:GaAs layer thickness in orde
verify the validity of the model and to determine the spec
parameters of the samples developed to date. A discussio
the conduction mechanism and factors which determine
rc of a given contact structure is also presented.

II. DESCRIPTION OF THE MODEL

Our model consists of a proper description of the sta
in the LTG:GaAs, a calculation of the energy band ed
profile of the contact structure using a Poisson equa
solver, and the specific contact resistance calculations. S
the calculated energy band edge profile can reasonabl
approximated by a parabolic profile, analytical expressi
for tunneling resistance through a uniformly doped Schot
barrier can be employed. This approach not only reduces
complexity of the analysis, but also allows us to understa
the properties of the contact structure in terms of
Schottky barriers, which are well understood.

A. Layer description

The contact structure, shown in Fig. 1, consists of a
doped (131018cm23) n:GaAs layer of 150 nm, a heavily
Si-doped~nominally 131020cm23) n11 GaAs layer of 10
nm, and a thin cap of undoped LTG:GaAs layer of thickne
t ~typically 2–5 nm!. The layers are grown by MBE on top o
the GaAs substrate and the device layers. In this article
~Ti/Au! metallization is studied, with the metal depositedex
situ and without an annealing process. The LTG:GaAs la
is grown at a temperature of;250 °C and is not annealed
that is, the LTG:GaAs layer is in ‘‘as-grown’’ condition
with the excess As distributed primarily as point defects~an-
tisite defects, along with Ga vacancies!.

To simplify modeling of the contact structure witho
losing the physical picture, we focus on the top thr

FIG. 1. Schematic of the device layer.
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layers—metal, LTG:GaAs, andn11 GaAs—and study their
electrostatics. We will refer to this set of layers as the cont
structure in the following. We identify the following quant
ties as the important parameters: the LTG:GaAs layer th
nesst, the activated donor densityN(5ND2NA) in then11

GaAs layer, the measurement temperatureT, and the barrier
height FB ~in volts! at the interface of LTG:GaAs and th
metal.

B. Electronic properties of the contact structure

The electronic states in the undoped LTG:GaAs layer
described by the conduction and valence band paramete
stoichiometric GaAs, with the addition of a deep donor ba
and a shallow acceptor band to describe the states assoc
with excess As and Ga vacancies, respectively. From s
ning tunneling microscopy~STM! spectroscopy on thick lay
ers of undoped LTG:GaAs,11,15 it was shown that there is a
band of midgap defect states, whose energy is centered a
eV above the valence band edgeEv , and whose density is a
high as 1020cm23. Other studies show these defect states
donorlike10 and attribute the states to arsenic antisite defe
(AsGa), with characteristics differing from those of EL2,16

likely due to the very high density. Optical absorption me
surements on thick layers of undoped LTG:GaAs indic
that there is also a lower density (;1019cm23) of shallow
acceptors,17 which have been attributed to a gallium vacan
level VGa.18 For the model, we need a description of th
electronic properties of these states, i.e., the densitiesNTd,a

,
energiesETd,a

, and half widthsDETd,a
of the energy distribu-

tions ~assumed to be Gaussian! of these defect states, wher
subscript ‘‘d’’ refers to the deep donor band and subsc
‘‘a’’ to the acceptor band.

We have developed a set of parameters for the donor
acceptor states which is consistent with surface and b
measurements of the electrical properties of ‘‘as-grow
LTG:GaAs. For the deep donor band, we use parame
consistent with experiment observations:11,15,17namely,NTd

5131020cm23, ETd
5Ev10.5 eV, andDETd

50.25 eV. Us-
ing a Poisson equation solver~ADEPT!,19 and incorporating
the characteristics of the LTG:GaAs defect states, we ca
late the energy band edge profile of a thick, uniform LT
:GaAs layer, along the device depth. Note that ADEPT u
Fermi statistics so that energy-dependent donor/acceptor
ization is accurately calculated. We adjustNTa

, ETa
, and

DETa
to fit the bulk Fermi level position in undoped LTG

:GaAs ~approximately at 0.4 eV belowEc in the bulk!,
which has been observed experimentally.20,21The bulk Fermi
level position corresponds to a condition where charge n
trality holds, i.e., one in which the density of ionized dono
in the deep donor band compensates for the density of
ized acceptors, which is essentially equal toNTa

. We find
that NTa

54.531018cm23, ETa
5Ev10.1 eV, and DETa

50.2 eV yield the best fit.
In order to adequately model contact performance, i

essential to utilize parameters which are also consistent
the surface electrical properties of LTG:GaAs. Hold
et al.14,22 used reflection anisotropy spectroscopy~RAS! to
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study the near-surface electric field in a 500 nm thick u
doped LTG:GaAs layer on top of a semi-insulating Ga
substrate. Due to the long air-exposure time~days!, the sur-
face Fermi level is pinned at midgap in this sample, con
tent with observations of surface oxidation after 24 h of
exposure.12 Using the electric field profileE(x) of the thick
LTG:GaAs layer calculated by ADEPT with our LTG:GaA
model parameters and assuming midgap surface Fermi
pinning, we have calculated the relative RAS signalDR/R
by numerically evaluating the integral of the weighted ele
tric field along the layer depth,@Eq. ~4b! of Ref. 22#. The
calculated ratios between theDR/R for the LTG:GaAs
sample and control samples@undoped GaAs andn:GaAs~Si:
131018cm23)] are 3.4:1:6.4, respectively. This is in goo
agreement with the reported measurement result
2.9:1:6,22 indicating that our description of the LTG:GaA
electronic properties is consistent with the measured ef
tive near-surface electric field in this material.

For a thick LTG:GaAs layer, our model predicts a su
face depletion thickness of approximately 20 nm, bel
which bulk Fermi level pinning occurs. Since the LTG:GaA
layer thickness in the typical contact structure is less t
this depletion thickness, the surface depletion region in
contact structure will extend into then11 GaAs layer. Note
that we do not expect bulk Fermi level pinning within th
LTG:GaAs layer of the contact structure, in contrast to
previous qualitative model.6 The extension of the depletio
region into then11 GaAs layer is observed in the calculate
energy band edge profile for the contact structure, whic
shown in Fig. 2. The curves in Figs. 2~a! and 2~b! show the
calculated conduction band edge profiles of contact st
tures with t52 and 6 nm, respectively; each subfigure co

FIG. 2. Calculated energy band edge profiles of the contacts witht5~a! 2
and ~b! 6 nm. Each subfigure shows two profiles simultaneously~dash-
dotted and solid curves!, corresponding toN51019 and 1020 cm23, respec-
tively. The dotted and dashed curves represent the uniformly do
Schottky approximations to the respective profiles with the same ba
heights and effective donor densities.
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tains two profiles~dash-dotted and solid curves!, correspond-
ing to the structures with different activated doping densit
in the n11 GaAs layer (N51019 and 1020cm23), with all
calculations atT5300 K and FB50.3 V. The dotted and
dashed curves in Fig. 2 correspond to profiles of equiva
uniformly doped Schottky barriers, as will be explained lat

For a given LTG:GaAs layer thickness, the structu
with heavier doping in then11 GaAs layer has a thinne
depletion thickness and stronger electric field~the slope of
the curve! in the depletion region. On the other hand, thick
LTG:GaAs layers yield thicker depletion thicknesses. T
thicker LTG:GaAs layer also contains more negati
charges, which results in a concave band profile in that
gion in Fig. 2. Since the majority of the space charge is in
n11 GaAs layer for the contact structures with thin LTG
GaAs layers~2–5 nm!, the predicted energy band edge pr
file is relatively insensitive to the exact parameters of
defect states (NT , ET , andDET) for the structures used in
the best contacts. Significant changes in these param
will alter the range oft over which the uniformly doped
Schottky approximation is valid, but will not change the ge
eral description of the contact.

C. Schottky approximation procedure

As is shown in Figs. 2~a! and 2~b!, the calculated profile
is approximated well fort; 2–5 nm by the profile of a
uniformly doped Schottky barrier, with the sameFB as the
actual structure and an effective donor densityNeff deter-
mined by making the conduction band edge profile of
Schottky structure cross the Fermi level at the same de
depth,xF , as that of the profile for the contact structure. T
conduction band edge profile of such a Schottky barrier
parabola, assuming that allNeff of the donors are ionized
throughout the Schottky depletion region. We will deno
this approximation barrier as the equivalent Schottky barr
The advantage of the approximation is that we are able
utilize Schottky barrier tunneling resistance analysis, wh
is well established.23–26 The rc can then be calculated b
using the expression for a uniformly doped Schottky barr
with FB andNeff . For relatively transparent barriers and/
low temperature, field emission~FE!, i.e., tunneling at ener-
gies near the Fermi level, is the dominant electron transp
mechanism. If the barrier is less transparent and/or the t
perature is not as low, thermionic field emission~TFE! will
be the dominant transport mechanism. For very thick barr
or high temperatures, thermionic emission~TE! will domi-
nate. The formulas for the specific contact resistance o
Schottky barrier are derived by first considering the elect
tunneling probability through the parabolic barrier, next c
culating the tunneling current density, taking the derivat
of the current density with respect to the applied bias, a
finally evaluating its reciprocal at zero bias.27,28 The formu-
las are

d
er
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rc55
S k

qA* T
D cFEexpS qFB

E00
D , for

E00

kT
@1 ~FE!,

S k

qA* T
D cTFEexpS qFB

E0
D , for

E00

kT
;1 ~TFE!,

S k

qA* T
D expS qFB

kT D , for
E00

kT
!1 ~TE!,

~1!

with the characteristic energies defined as

E005
qh

4p
ANeff

em*
, ~2!

E05E00coth~E00/kT!, ~3!

and the coefficientscFE andcTFE are

cFE[S p

sin~pbkT!
2

exp~2buF!

bkT D 21

, ~4!

cTFE[
kT

Ap~qFB1uF!E00

coshS E00

kT DAcothS E00

kT D
3expS uF

E0
2

uF

kTD , ~5!

with

b[
1

2E00
lnS 4qFB

uF
D , ~6!

andq the electron charge magnitude,k the Boltzmann con-
stant,h Plank’s constant,e the semiconductor permittivity
m* the electron effective mass,A* 54pqk2m* /h3 the ef-
fective Richardson constant, anduF the Fermi level energy in
the bulk ~relative to the conduction band edge in the bulk!.

To determineNeff from the conduction band edge profi
of the contact structure calculated with ADEPT, we set
equation,

uF5Ec~xF!, ~7!

whereEc(x) is the conduction band edge profile of a un
formly doped Schottky barrier and is defined as

Ec~x!5
q2Neff

2e
~x2 l !2, for 0<x< l , ~8!

with l being the depletion depth

l 5A 2e

qNeff
Vbi, ~9!
e

and Vbi being the surface potential, which is equal to (FB

1uF /q) at zero bias. Equation~7! yields

Neff5
2e

q2xF
2 ~AqFB1uF2AuF!2. ~10!

The ratioNeff /N varies between 0.6 and 0.02 for the cas
considered in this article, with the smallest values cor
sponding to relatively larget. For small values oft, the ob-
servation thatNeff /N approaches a value of 0.5–0.6~rather
than 1! can be explained by considering the fraction of d
nors which are ionized in the two cases. The expressions
Neff @Eqs. ~8! and ~10!# assume complete ionization, whil
the calculated profile for the contact structure utilizes Fe
statistics to calculate the fraction of the donors which is io
ized. In order to make the values ofuF andNeff in Eq. ~10!
self-consistent, it is necessary to iteratively~i! apply Eq.~10!
and~ii ! recalculate the Fermi level for a layer doped atNeff .
The initial value ofuF is from the conduction band edg
profile of the contact structure, calculated with ADEP
Since we are interested in heavily doped structures~large
N), whoseuF does not change significantly withN ~and
Neff), one iteration is sufficient to obtain reasonable cons
tency.

From the equivalent Schottky barrier paramete
(FB ,Neff), E00 can be computed with Eq.~2!. Then, we can
choose the proper formula in Eq.~1! to calculate the specific
contact resistance according to the electron transport reg
indicated by the criteria. From the formulas it is apparent t
the transport regime changes from TE, TFE, to FE whenNeff

increases and/orT decreases.
A numerical example is given in the following. For

contact structure witht52 nm, N51020cm23, FB50.3 V,
andT5300 K, theNeff is found to be 2.031019cm23. Then,
E00 is calculated to be 92 meV by Eq.~2! andE00/kT to be
3.54. Since the latter is somewhat larger than unity, it
likely that the FE regime dominates, although this case
relatively close to the transition point between the FE a
TFE regimes. Equation~1! yields rc54.231027 V cm2.

A more explicit condition for the validity of the FE re
gime in Schottky barriers is given by23,27

12bkT.
kT

A2E00uF

, ~11!

which corresponds to the FE threshold ofE00/kT being in
the range of 2.3–3.7 for the cases considered in this art
Note that Eq.~1! does not yield continuousrc between FE
and TFE regimes.28 To obtain a smoothrc transition, we
utilize the following smoothing procedure in the transitio
region between the two regimes. We definej0 as the value of
E00/kT at the FE to TFE crossover point and the half wid
~in E00/kT) of the transition region asDj.
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ln rc55
ln rc

(TFE) , for
E00

kT
,j02Dj,

ln rc
(TFE)1

ln rc
(FE)2 ln rc

(TFE)

2Dj S E00

kT
2~j02Dj! D , for UE00

kT
2j0U<Dj,

ln rc
(FE) , for

E00

kT
.j01Dj.

~12!
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That is, lnrc is linearly interpolated between lnrc
(TFE) and

ln rc
(FE) whenE00/kT is within j02Dj andj01Dj. Linear

interpolation on a logarithm scale is justified becauserc in
Eq. ~1! is exponentially dependent onE00/kT. In our model,
we use a fixed FE thresholdj0 and the smoothing procedur
rather than Eq.~11!.

III. PREDICTED SPECIFIC CONTACT RESISTANCE
FROM THE MODEL

A. Specific contact resistance versus N and FB

The calculatedrc as a function ofN andFB for a typical
value of t53 nm atT5300 K is plotted in Fig. 3. The op
eration regimes~FE and TFE! are also noted on the graph
Within the transition region between these regimes,
smoothing procedure described above has been applied,
j053 andDj50.7; the smoothed curve is shown as a th
solid line. The order of magnitude ofrc varies from 1 down
to 1027 V cm2 when N changes from 531018 to 1
31020cm23 and whenFB changes from 0.7 down to 0.3 V
Figure 3 also shows that the tunneling processes~FE and
TFE! dominate for operation at room temperature. To ha
rc as low as mid-1027 V cm2, N has to be as high a
1020cm23 and FB as low as 0.3 V. Figure 3 is useful t
quickly estimate the range of parameter values which co
fit a set of measuredrc data at room temperature.

B. Specific contact resistance versus LTG:GaAs layer
thickness

Calculated values ofrc are plotted versust for several
values ofN in Fig. 4. The calculation was performed wit

FIG. 3. Specific contact resistance as a function ofn11 doping level (N)
for T5300 K, t53 nm, and barrier heights (FB) of 0.3, 0.5, and 0.7 V.
Dashed and solid curves indicate TFE and FE regimes, respectively;
curves indicate the smoothed curves.
e
ith

e

ld

FB50.3 V andT5300 K, using the same smoothing param
eters employed in Fig. 3. On the same graph, measured
for rc from two different sources are presented.6,29 The mea-
surements are made at room temperature, using the trans
sion line model~TLM ! measurement technique,30 on a series
of contact structures with various LTG:GaAs layer grow
thicknesses and nominaln11 GaAs layer doping density o
131020cm23. During the oxidation-stripping processes b
fore metal deposition, about 2 nm of LTG:GaAs cap layer
removed. To account for the difference between the gro
thickness and the actual thickness, we denotetG as growth
thickness and make the calculation in Fig. 4 usingt5tG

22 nm. Note that the measuredrc increases with decreasin
LTG:GaAs growth thickness for thickness less than 2 n
Because of ineffective passivation, those devices withtG

,2 nm will yield more oxidation on the surface and a co
responding increase inFB due to large interface state den
sity, resulting in higherrc . Because of the change ofFB of
these devices withtG,2 nm, their measuredrc can no
longer be accurately described by the model with the origi
parameters.

For contact structures withtG.2 nm, we find that (FB

50.3 V, N5531019cm23) and (FB50.3 V, N51
31020cm23) can best fit the data of Patkaret al.6 and of
Morisette,29 respectively. Note thatFB50.3 V is required to
fit the measuredrc . This is considerably lower than 0.7 V
which would be expected if the surface Fermi level is pinn
at midgap. This is consistent with experimental observat
of surface stability of LTG:GaAs,12,13 as will be discussed
later. Therefore, our model can describerc successfully if

in

FIG. 4. Specific contact resistance as a function of LTG:GaAs growth th
ness (tG). Calculated values are shown forT5300 K, FB50.3 V, andN
5531018, 131019, 531019, and 131020 cm23. Dashed and solid curves
indicate TFE and FE regimes, respectively; thin curves indicate
smoothed curves. Data from two experiments are also shown.
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the contact structure hastG greater than 2 nm.
Also note that the fitting results of the model indica

that both Patkaret al. and Morisette’s data have high value
of N. That is, within then11 GaAs layer depletion region
close to the LTG:GaAs interface, the activated donor den
(ND2NA) is well above the bulk limit of 531018cm23. The
significance of this result will be addressed in Sec. IV.

C. Specific contact resistance versus measurement
temperature

In the calculation ofrc , several material properties ar
assumed to be independent of temperature for simple
accurate modeling, although they actually vary somew
with T. They are the electron affinity of GaAs, the wo
function of the metal Ti, the activation energy of the dopa
in n11 GaAs ~Si!, and the energy levels and half widths
the LTG:GaAs defect states. The calculatedrc as a function
of T for variousN, usingFB50.5 V andt53 nm and using
t5tG22 nm, are plotted in Fig. 5. On the same graph, a d
set of rc vs T measured using the TLM technique is pr
sented for devices withtG55 nm and Ti/Au metallization.
The Si doping density within then11 layer is estimated to
be 331019cm23 using the C-V profiling technique.31 The
measuredrc remains at a constant order of magnitu
(1025– 1024 V cm2) over the temperature range of 40–3
K.

We find thatFB50.5 V and N5331019cm23 fit the
measurement data best. The model indicates that
contact operates in the FE regime over most of the temp
ture range. Although there are various possible fitting para
eter sets ofFB andN which yield the samerc as the mea-
sured one at a single temperature, only one~or ones in a
narrow range! yields the best temperature dependence
to the measurement, since the temperature dependenc
rc in the FE and TFE regimes are quite different. Ta
rc measured at 300 K (2.1831025 V cm2) for example.
From Fig. 3, suchrc can be obtained from (FB ,N)
5$(0.3 V, 7.231018cm23), (0.5 V, 2.431019cm23), and
(0.7 V,6.731019cm23)}. Only FB50.5 V and N52.4

FIG. 5. Specific contact resistance as a function of temperature. Calcu
values are shown fort53 nm, FB50.5 V, andN5531018, 131019, 2
31019, 331019, 531019, and 131020 cm23. Dashed and solid curves in
dicate TFE and FE regimes, respectively. The smoothing procedure is
with the same smoothing parameters as those in Figs. 3 and 4. An ex
ment data set is also shown.
ty

ut
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t

ta
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-

t
of

31019cm23 have the right temperature dependence as
of the measurement data. Further refinement yields the
fit to the data at 0.5 V, 331019cm23. Due to the limited
number of curves in Fig. 3, the best-fit parameters may
be exactly 0.5 V, 331019cm23; nevertheless, this fit is very
close to the exact fit. This analysis helps to eliminate a p
sible problem of having multiple fitting solutions and na
rows down the range of the parameters. Most significan
this comparison of temperature-dependent measurements
model calculation also helps to verify the conduction mec
nism in our model.

IV. DISCUSSION

Comparison of the model prediction with experiment
lows us to develop a quantitative description of the cond
tion mechanism of the contact structure. Based on this c
parison, we conclude that the LTG:GaAs cap layer in
contact structure has two beneficial features to achieve
specific contact resistance: it allows aFB which is signifi-
cantly lower than 0.7 V~midgap! and it preserves the high
space charge density layer inn11 GaAs.

The calculations were performed over the range ofFB

~0.3–0.7 V! which could be expected for various proces
related limits. The lowest barrier height corresponds to
case of minimal oxidation at the interface of the metal a
the LTG:GaAs layer; its value is given by the difference
the work function of the deposited metal Ti~4.4 eV! and the
electron affinity of LTG:GaAs, which is assumed to be t
same as stoichiometric GaAs~4.1 eV!.25 The highest barrier
height corresponds to the case of complete oxidation at
interface and the corresponding midgap pinning of the s
face Fermi level. In order to fit the data from various expe
mental measurements,FB values of 0.3–0.5 V are neces
sary. This implies that the surface Fermi level is not pinn
at midgap. This is consistent with experiments where
LTG:GaAs surface is observed to oxidize slowly in air~time
constant of hours! and remain electrically active.12,13 Direct
observations of this inhibited oxidation have involved fresh
grown layers.12,13 Since the semiconductor layers for th
contacts have typically been exposed to air for days~or
months! before processing, an oxide strip is necessary imm
diately before metal deposition. The realization of an int
face with lowFB implies that the oxide-strip step can tem
porarily restore the surface to a state in which the Fermi le
is not pinned at midgap, with a re-oxidation time consta
expected to also be on the order of hours. The obser
variation of FB from sample to sample may be due to d
ferences in the growth temperature of LTG:GaAs~and result-
ing changes in excess As!, as well as to variations in
processing.29

Si is the most widely usedn-type dopant in MBE growth
of GaAs since it allows the realization of relatively larg
activated donor densities, high mobilities in doped laye
and relatively small surface accumulation of dopant atom
which enables the doping to be changed abruptly in sup
lattices and modulation doped structures.32 In bulk n:GaAs,
the net activated donor density (ND2NA) cannot go beyond
531018cm23 with Si as the dopant, due to the amphote
nature of Si in this regime. During MBE growth, howeve
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the activated donor density near the surface of ann11 GaAs
layer can reach as high as 1020cm23, because the Ferm
level is near midgap.5,10 In structures with stoichiometric sur
face layers, this highly activated layer (,5 nm) oxidizes
rapidly upon air exposure and is subsequently etched of
the oxide stripping process. In this structure, the chem
stability and surface Fermi level control provided by t
LTG:GaAs maintain the high activated donor density in t
portion of the space charge region immediately below
LTG:GaAs layer. Control of the Fermi level near the top
the n11 GaAs layer maintains the Si atoms primarily o
donor sites during growth,6 while the chemical stability of
the LTG:GaAs cap layer prevents this interface layer fr
being oxidized~and etched away! upon air exposure. The
comparison of experimental and predictedrc in Figs. 4 and 5
indicates that values of 331019– 131020cm23 have been
achieved for (ND2NA) in this contact structure. The var
ability of N from sample to sample~in Figs. 4 and 5! is due
in part to the types of sources used in various MBE syste
and to the uncertainties in controlling the doping level in t
regime. The LTG:GaAs provides both effective surface p
sivation and control of the Fermi level near the surface11,12

and makesex situnonalloyed ohmic contacts possible.
The initial conduction model prescribed for this conta

involved hopping or impurity band conduction through t
midgap states in the LTG:GaAs and subsequent tunne
into the n11 GaAs. Based on the current model, which i
cludes a more careful consideration of the electrostatics,
find that the deep donor~midgap! states in the LTG:GaAs
layer are far below the Fermi level, so it does not appear
they directly participate in the conduction process. This c
clusion is supported by the fact thatrc does not depend
strongly on temperature, since both hopping-based contr
tions and conduction through a band far below the Fe
level would have relatively strong temperature dependen
Based on these observations, we can conclude that the m
conduction mechanism in the contact is electron tunne
directly from the metal to the conduction band in then11

GaAs layer, without hopping or band conduction through
defect states in the LTG:GaAs layer.

V. CONCLUSION

We have developed a quantitative conduction model
nonalloyed ohmic contacts ton:GaAs by considering this
contact structure as an effective Schottky barrier. By inc
porating deep donor and acceptor properties of LTG:Ga
which are consistent with the measured bulk and surf
electrical properties of this material, we are able to constr
a model in which the only fitting parameters are the bar
height and net activated donor density. The specific con
resistances calculated by the model are in good agreem
with reported experiment data forrc vs LTG:GaAs layer
thickness and with our measurements ofrc versus tempera
ture. We confirm that the conditions to have low spec
contact resistance, namely~i! an activated donor density i
the space charge region inn11 GaAs layer which is well
above the bulk amphoteric limit, and~ii ! low interface states
and less oxidation at the metal–LTG:GaAs interface,
in
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achieved by the LTG:GaAs cap layer. The dominant cond
tion mechanism is electron tunneling directly from the me
to the conduction band in then11 GaAs layer.
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