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Probing the Schottky barrier with conduction electron spin resonance

J. M. Anderberg, G. T. Einevoll,* D. C. Vier, S. Schultz, and L. J. Sham
Department of Physics, University of California, San Diego, La Jolla, California 92093-0319

~Received 22 April 1996; revised manuscript received 4 February 1997!

The Schottky barrier of a heavily doped Si layer covered with a metal film is investigated using conduction
electron spin resonance, which is utilizedin situ in UHV to continuously monitor the metal overlayer devel-
opment from a fractional monolayer through multiple layers. Measured increases in linewidth are compared
with calculations based on a kinetic theory. For Al and Ag, the data can be explained both by flat-surface and
island models, even though for Al only a flat-surface model with smooth surfaces is compatible with the
experiments. In contrast, for Cu and Al-Cu bilayers, the data unambiguously favor the rough-surface island
model.@S0163-1829~97!05320-4#
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I. INTRODUCTION

We report a detailed1 study of the Schottky barrier usin
conduction electron spin resonance~CESR!.2–5 CESR stud-
ies of electron transport across the metal semiconducto
terface complement other techniques that probe the Scho
barrier such as I-V, capacitance, ballistic electron emiss
spectroscopy~BEEM!,6 etc., but CESR is uniquely usefu
because it is applicable to varying dopant levels from
regime of a Schottky barrier to the formation of an Ohm
contact, and because it provides information from fractio
through multimonolayer metal coverages. Moreover, it m
sures the spin transport across an interface, which ma
relevant in developing spin-related devices7 and optoelec-
tronic processes.8 Previous CESR studies of electron sp
transport across an interface include bilayers of t
metals9,10 and a metal film covered with fractional monola
ers of a second, nonmagnetic,11 or magnetic12 material. In
this paper we study silicon heavily doped with phospho
and covered with Cu, Ag, or Al.

We measure the change in the linewidth of the CE
absorption signal in a specially prepared thin phospho
doped Si~Si:P! layer when additional spin relaxation cha
nels are introduced following evaporation of a metal onto
free Si surface. Conduction electrons in Si, which diffu
toward and subsequently impact on the metal, may unde
spin relaxation via two general processes:~1! impact fol-
lowed by reflection~either specular or diffuse! or ~2! impact
resulting in tunneling across the interface. For those e
trons that do tunnel across the interface, there are five
sequent spin relaxation opportunities before returning to
Si: ~i! during the tunneling process,~ii ! scattering from im-
purities in the bulk metal,~iii ! reflection from the metal free
surface,~iv! reflection at the Si-metal interface when impa
ing from the metal side, and~v! when tunneling back into the
semiconductor. All these processes are not independent
the general spin transport, including the tunneling probab
ties across the interface, may be characterized by a minim
independent set of parameters after taking into acco
charge conservation and detailed balance conditions~cf. Ref.
9!.

A theoretical study is made of the spin disorientati
probability. These spin relaxation processes depend on~i!
whether the metal film is flat or consists of islands and~ii !
whether the reflections off the metal surface and meta
550163-1829/97/55~20!/13745~7!/$10.00
n-
ky
n

e

l
-
be

o

s

s-

e

go

c-
b-
e

nd
i-
m
nt

i

interface are specular~smooth interfaces! or diffuse ~rough
interfaces!. The theoretical results from the different inte
face models are sufficiently distinct that experimental d
can be seen as favoring the island scenario. The combina
of experiment and theory provides a tool for studying t
effects of the Schottky barrier on the electrons transport
charge and spin across the interface.

II. EXPERIMENTAL DETAILS

The Si:P samples consist of a thin region,; 200 Å thick,
heavily n doped with phosphorus (nP5331020 cm23) lo-
cated at the Si surface and a much thicker, less heavily do
region (nP,531019 cm23) extending from the heavily
doped region to a depth of;3 mm. The thin, heavily doped
region has a very high concentration to ensure that, whe
metal layer is deposited on the Si:P surface, the Scho
barrier is narrow enough to allow sufficient tunneling in
the metal. The other, much thicker, doped region is includ
in order to provide a large source of conduction electrons
assure a sufficiently strong CESR signal. The dopant pro
of the less heavily doped region was characterized by sh
resistance measurements on a test substrate and was fou
be roughly Gaussian, i.e.,

nP~x!'531019 cm23e2~x/1.18 mm!2

for 0.02 mm,x,3mm. ~1!

The Si:P samples were prepared for the UHV system
the following standard procedure. First they were cleaned
10 min in a 5:1:1 solution of H2O:H2O2:NH4OH heated to
7065 °C. After rinsing in deionized water they were furth
cleaned for 10 min in an 8:2:1 solution of H2O:H2O2:HCl
also heated to 7065 °C. Following another rinse in deion
ized water, the samples were dipped in a dilute solution
HF to remove the thin oxide layer built up during cleanin
and to hydrogen passivate the Si:P surface. This hydro
passivation inhibits future oxide growth.

We have measured the C, O, and SiO2 Auger peaks of
samples that were exposed to air for different periods of ti
after following the above preparation procedure. We fou
13 745 © 1997 The American Physical Society
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FIG. 1. Change in CESR absorption linewidthdH for typical Si:P samples measured as a function of thicknessLm for deposited Cu, Ag,
and Al.
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that after an hour of air exposure the surface oxidation
carbon contamination was typically a monolayer or less. T
typical time to load a sample into the UHV chamber after
HF dip is only about 4 min, and the load lock pressu
reaches 1025 Torr within 15 min.

We note thatin situ heat treatments of the Si:P sampl
were attempted in order to provide cleaner surfaces be
metal deposition. However, the heat treatment was foun
be impractical, as it severely depleted the phosphorus do
concentration near the sample surface at the tempera
required to remove oxygen and carbon contamination.

The metal~Cu, Ag, or Al! was evaporated from an MBE
oven onto the Si:P~111! substrate at room temperature. T
evaporation pressure was typically less than 1027 Torr. The
mass-averaged metal film thicknessLm was measured usin
a quartz crystal microbalance. The stability of the syst
was such that the deposition was done in increments as s
as 0.1 mass-equivalent monolayer.~Note that all experimen-
tal thicknesses are averaged-mass equivalents!. After metal
evaporation the sample was transportedin situ to a TE102
d
e
e

re
to
nt
res

all

cavity where the CESR absorption line was measured a
cooling the sample to a temperature of 77 K. During t
CESR measurements the sample was always under U
(;10210 Torr! conditions. A detailed description of th
UHV apparatus within situ sample preparation and CES
capability may be found in the thesis of Anderberg.13

III. EXPERIMENTAL DATA

The change in the Si:P CESR linewidth (dH) was studied
as a function of metal layer thickness, from submonola
coverages up to film thicknesses of 200 Å~Fig. 1!. While a
good reproducibility of data was observed for Cu, the Ag a
Al data showed more scatter. For all cases the linewi
showed no further increase for thicknesses greater than 6
Note that each curve shows a threshold thickness before
linewidth increase is observed, followed by a relatively rap
increase, then a plateau at a final value. A summary of r
resentative experimental data for each metal forLm less than
60 Å is shown in Fig. 2. Important qualitative features a



ro
ta

m

s
ss

y
bi
al
lti
l i
id
ta
ur

e
p
e

l
e
e

ee
e
of
u
u

Å
.

st
ial
a
cu

efin-
e
m

by
for
al-
iza-
tic
t

S
a

in

at
s

ea
Ag
u
les,
ach

Ag

l

for
re
ded
e to
s

55 13 747PROBING THE SCHOTTKY BARRIER WITH . . .
that~i! the width of the CESR resonance peak increases f
;10 G for the initial Si sample to 15–25 G for the Si-me
system in the bulk saturation limit,~ii ! the bulk limit typi-
cally occurs for metal thicknesses of a few tens of angstro
Lm515 Å for Cu andLm; 50 Å for Ag and Al, and~iii ! the
sharp onset for broadening does not occur until a ma
averaged metal thicknessLm reaches the onset thickne
Lon53, 5, and 7 Å for Cu, Ag, and Al, respectively.

To give further insight into the evolution of the Schottk
barrier, the CESR linewidth was also studied with metal
layers on the Si:P surface. In these experiments a met
evaporated on the Si:P surface to a given thickness, resu
in an increase of the CESR linewidth. A second meta
subsequently deposited over the first and the CESR linew
monitored as a function of the thickness of the second me
We studied both Cu-Ag and Al-Cu bilayers on the Si:P s
face.

Figure 3 shows the results for Cu-Ag bilayers on thr
Si:P samples. The samples had an initial layer of Cu eva
rated on them, with thicknesses of 3, 6, and 9 Å, resp
tively. This was followed by 3 Å of Ag on each sample
~marked by arrows in Fig. 3!, then capped with Ag for a tota
bilayer metal thickness of 50 Å. Note that the Cu-Ag curv
closely follow the pure typical Cu curve, indicating that th
Cu interface is already defined with only 3 Å of Cu on the
Si:P surface.

Figure 4 shows the results for Al-Cu bilayers on thr
Si:P samples. Al is first evaporated to a selected thickn
~anddH is measured!, followed by successive depositions
Cu. When an initial 10 Å of Al deposit is covered with C
~curve A), dH rises rapidly, similar to that of pure C
samples~represented by the shaded region!. With 20 Å of
initial Al ~curveB) there is a less rapid rise, but as with 10
of Al the plateau value ofdH is essentially that of pure Cu
In contrast, when 60 Å Al is covered with Cu~curve C)
dH simply approaches the pure Al bulk value. This sugge
by means of the island model in Sec. V B, that for init
layers thinner than a few tens of angstroms, Al islands m
form and only partially cover the Si surface, so that conse

FIG. 2. Comparison of theory with measured changes in CE
absorption linewidthdH for typical Si:P samples measured as
function of thicknessLm for deposited Cu (h), Ag (d), or Al
(s). The dashed lines are theoretical results us
D59.531024 m2/s, vFs51.83105 m/s, andL51 mm assuming
rough surfaces and islands. The calculation is normalized to m
the experimental value ofdH at Lm5100 Å. The other parameter
areh0510, 22, and 22 Å andLon53, 5, and 7 Å for Cu, Ag, and
Al, respectively. The error bars shown indicate the range of plat
values ofdH for multiple samples.
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tively added Cu penetrates to the Si slab and ends up d
ing the Schottky barrier. An initial 60-Å Al layer, on th
other hand, is sufficient to protect the Al-Si interface fro
the added Cu.

IV. THEORY OF CESR LINEWIDTH

In our theory we calculate the increased CESR width
considering the metal layer as a source of spin scattering
a conduction electron in the Si slab colliding with the met
semiconductor interface. There is a small net spin polar
tion due to the Pauli susceptibility in the applied magne
field for resonance;3 kG. The probability for electrons a
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FIG. 3. Change of CESR linewidth for three samples of Cu-

bilayers on Si:P.Lm is the total metal thickness. The initial C
thickness is 3, 6, and 9 Å, respectively, for the three samp
shown as the beginning of an arrow. The first deposit of Ag on e
sample increases the total thickness by 3 Å and results in a line-
width increase shown at the tip of an arrow. After the second
deposition, the total metal thickness is 50 Å for each sample.

FIG. 4. Change of CESR linewidth for an initial film of A
deposited on Si followed by successive Cu depositions.Lm is the
total metal thickness. The initial Al thickness is 10, 20, and 60 Å
curvesA, B, andC, respectively. The steps in the solid curves a
changes after waiting periods of the order of one day. The sha
regions cover the various samples for pure Cu and pure Al. Du
sample variations, the initialdH of the solid curves does not alway
lie within the pure Al region.
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the Fermi surface to tunnel into the metal depends on
nature of the Schottky barrier and the angle of inciden
These electrons eventually return to the Si slab with or w
out having suffered a spin-scattering collision in the me
layer. When the time of the electron residing in the meta
short, this can be viewed as spin-polarized electrons in th
slab scattering off the metal-semiconductor interface wit
probability e for spin disorientation in the process. We th
need a theory that~i! relatese to the increase in the CESR
absorption peak width, and~ii ! gives the dependence ofe on
the metal film thickness. Clearly, the spin-flip rate depen
on the structure of the interface through which the electr
pass. We study the consequences for~i! flat metal surfaces
and metal films consisting of islands and~ii ! specular and
diffuse electron reflections in the metal film.

A. Linewidth in terms of spin disorientation

For a Si:P slab of thicknessL where the conduction elec
trons have a probabilitye for suffering a spin-disorienting
collision at the interface once the metal is added, the
crease,d8H, of the peak-to-peak width,DH, of the deriva-
tive of the resonance signal due to surface scattering, ass
ing a Lorentzian signal, is14

d8H5
1

2A3
1

g

evFs
L~11evFsL/8D !

, ~2!

wherevFs is the Fermi velocity,D is the isotropic diffusion
coefficient, andg is the gyromagnetic constant of the ele
tron in Si. The prime ind8H is used to distinguish it from
dH5DH(Lm)2DH(Lm50), the increment of linewidth
from zero to finite metal layer thickness, which the expe
ments record~cf. Fig. 1! and which, for comparison, th
theory calculates as dH5d8H(Lm)2d8H(Lm50).
DH(Lm) can be related to the transverse spin-relaxation t
T2, which is in turn equal to the spin-lattice relaxation tim
T1 for cubic materials.

B. Theory of spin disorientation probability

1. Model of flat interface

To find the spin-disorientation probabilitye, we first con-
sider an ideal metal film, with both surfaces smooth, prov
ing specular reflections for the electron. Then,e is deter-
mined by the probability of the electron tunneling from
into the metal layer andnot returning with the same spin
direction,

e5T̄F12E
0

`

dtv t~ t !P~ t !G , ~3!

where T̄5^v'T&/^v'& is the tunneling probability into the
metal averaged over the Si Fermi surface, andv t(t) is the
rate at timet for tunneling back from the metal to Si. Th
probability P(t) for the initially spin-polarized electron to
remain polarized and to remain in the metal after timet is
governed by the rate equation

dP

dt
52@v t~ t !1vs#P, P~0!51 , ~4!
e
.
-
l
s
Si
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-
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-

wherevs is the total spin-disorienting collision rate, consis
ing of a bulk term due to spin scattering in the bulk met
estimated from CESR data15 and two surface terms due t
spin flips at the free metal surface and at the metal-Si in
face.

The time dependence of the tunneling rate from the m
back to the semiconductor arises from the momentum s
terings suffered by the electron in the metal region. We m
a simple model of the time dependence as follows.Before
the spin-polarized electron in the metal suffers a momen
collision, the probability for tunneling back into the Si slab
just T̄ and the tunneling rate back isT̄ times the frequency of
hitting the metal-Si interface, i.e., fort,t, the ~Drude!
momentum-relaxation time,16 v t(t)[v t5T̄vFm /(4Lm). The
factor of 4 comes from the traversal time across the thickn
Lm and back at the average speed normal to the surf
which is half the Fermi speedvFm in the metal.After the
spin-polarized electron suffers a momentum collision, it
assumed to have an equal probability to be anywhere on
metal Fermi surface. Then, fort.t, the principle of detailed
balance across the Si-metal interface yields the return tun
ing rate, v t(t)5 fv t(t,t), where f56(kFs /kFm)

2, the
Fermi radiuskFs of Si being much smaller than that of th
metalkFm .

From Eqs.~3! and ~4! one then obtains the disorientatio
probability

e5T̄F vs

v t1vs
1S v t

v t1vs
2

fv t

fv t1vs
De2~v t1vs!tG . ~5!

The terms in this expression can be understood as follo
The overall factor of the tunneling probability signifies tu
neling being the prime driving mechanism for the loss
spin information. Of course, there would be no loss of s
information should all the electrons then return to the se
conductor without suffering any spin-disorienting collision
The first factor inside the square brackets is the fraction
the electrons returning to the semiconductor region with d
oriented spin whenno momentum-scattering collisions oc
cur. The second term in the brackets represents the differe
made to the spin loss of the returned electrons due to
mentum scattering in the metal.

To obtain the thickness dependence explicitly we use

vs5vb1vFmh/~4Lm!, ~6!

wherevb is the bulk spin-disorientation rate in the meta
h is the sum of the spin-disorientation probability at the fr
metal surface and at the metal-Si interface, and 4Lm /vFm is
the traversal time across the metal layer and back, as
scribed above. To make the competing physical causes o
ous, we introduce the spin scattering lengthL5vFm/4vb in
the metal layer. Then

e~Lm!5T̄
h1Lm /L

T̄1h1Lm /L

3S 11
~12 f !T̄

f T̄1h1Lm /L
e2vbt~L/Lm!~ T̄1h1Lm /L!D .

~7!

The physical origins of the terms areT̄ from tunneling,h
from the interface and surface spin scatterings, andLm /L
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55 13 749PROBING THE SCHOTTKY BARRIER WITH . . .
from the bulk spin scattering proportional to the metal lay
thicknessLm in units of the spin scattering length. The fact
f is a measure of the detailed balance between the meta
the semiconductor. In the present study the spin scatte
rate in the metals is much lower than the momentum sca
ing rate, i.e.,vbt!1. Note thatvbtL5tvFm/4 is the mean
free path. The mean-free path limited tunneling or surfa
spin scatteringvbtL(T̄1h) competes with the thicknes
Lm in the exponent. When the thickness is increased to
regimeLm /L@vbt(T̄1h), Eq. ~7! simplifies to

e~Lm!5T̄
h1Lm /L

f T̄1h1Lm /L
. ~8!

It is then readily seen that the spin disorientation probabi
has two plateaus as the metal layer thickness increases

e~Lm!;T̄h/~ f T̄1h! when Lm /L!h, ~9!

e~Lm!;T̄ when Lm /L@ f T̄1h. ~10!

The rise between the first@Eq. ~9!# and second@Eq. ~10!#
plateaus comes from the competition between the bulk s
scattering in the metal versus tunneling and surface sca
ing. The second plateau demonstrates that spin informa
in the semiconductor is lost via electron tunneling throu
the Schottky barrier. Sincef is small, the first plateau is
almost at the same height as the second.

The formula fore(Lm) in Eq. ~7! is derived for specular
reflections~smooth interfaces!. For diffuse scattering~rough
interfaces! we take it to mean that any reflection would ra
domize the electron momentum. This is equivalent to putt
t50 in Eqs.~5! and ~7!, which means that Eq.~8! is appli-
cable for all film thicknessesLm in the diffuse scattering
case. Thus, in the case of diffuse scattering, a transitio
e(Lm) from the small thickness valueh/( f T̄1h) to the
large thickness valueT̄ occurs forLm;L( f T̄1h).

The transmission probabilityT is evaluated using~i! the
standard expressions for the Schottky barrier and the de
tion width,17 ~ii ! an isotropic effective massms50.45m0
(m0 being the free-electron mass! for the electron in the
more heavily doped Si,~iii ! the free-electron model for th
metal, and ~iv! the boundary conditions at the meta
semiconductor interface,18

cs5cm , ~11!

cs8/~2ms!5cm8 /m0 ~12!

for the envelope functioncs in Si and the metal wave func
tion cm and their slopes at the boundary. Note the factor
1/2 in the matching of the slopes in the second equation
comes from the Bloch wave nature in the semiconduc
versus the simple plane-wave approximation of the elec
in the metal.18

2. Island model for the interface

From the measured variation ofdH with the thickness of
the adsorbed metal layer at the initial stage~Fig. 2!, we infer
that an onset distanceLon exists for the ultrathin film in
which the bulklike metal has not yet been established
that growth of three-dimensional islands occurs after the
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mation of the the onset layer. We also assume that the
electrons do not significantly spin scatter off the deposi
metal atoms, which is supported by estimates with adsor
atoms on metal surfaces.19 Guided by the structural studie
of adsorption of Ag on a Si~111! surface,20 we construct an
empirical formula for the island heighth(Lm) given by

h~Lm!5A~Lm2Lon!h0 for Lon,Lm,Lon1h0 , ~13!

i.e., a square-root dependence on the average thickness~mi-
nus the onset! to a maximum growth of heighth0 that de-
pends on the specific metal. We assume that the elec
tunneling into an island is not affected by the side wa
which should be valid if the lateral dimension of the island
larger than the Si Fermi wavelength, i.e., about 10 Å. By
definition of the mass-averaged metal layer thicknessLm ,
the mass of the uniform layer of thicknessLm2Lon covering
the whole Si sample surface is the same as the island
heighth(Lm), which, therefore, must occupy the fraction
the surface (Lm2Lon)/h(Lm). Then the effective surface
scattering probability is found for the islands~when
Lon,Lm,Lon1h0) within our model to be

ē5A~Lm2Lon!/h0e~A~Lm2Lon!h01Lon!, ~14!

where we are taking the area with metal thicknessLon to
have no spin scattering and the area with metal thicknes
the island plus the onset layer to have the same spin dis
entation probability as a uniform layer of the same thickne
After the islands are filled (Lm.Lon1h0), the spin disorien-
tation probability returns to

ē5e~Lm!. ~15!

Thus when metal islands are present the observed thick
dependence ofe will result from a convolution of the thick-
ness dependence of the island structure and the~flat-surface!
spin-disorientation formulae(Lm) in Eq. ~7!.

V. APPLICATION OF THEORY
TO MEASURED SYSTEMS

A. Flat surfaces

We model the Si:P sample with varying phosphoru
doping concentration as a two-slab system with a thin la
(L5200 Å, nP5331020 cm23, ms50.45m0) next to the
metal forming part of the Schottky barrier, and a seco
layer of uniform doping concentration (L;1 mm,
nP5531019 cm23, ms50.41m0) representing Si in the les
heavily doped region in which CESR is observed.T̄ is found
by calculating the tunneling probability from the less-dop
slab through the heavily doped thin layer ballistically into t
metal film and by averaging over the Fermi sphere cor
sponding to the lower densitynP5531019 cm23. Listed in
Table I are the results forT̄ as well as input for its
computation:17 the Schottky barrier heightFb and the deple-
tion width wd . The ballistic approximation in the heavil
doped silicon layer is based on mobility data estimates of
mean free path for the electron there to be about 200 Å,
close to the thickness of the layer. If the transport were
ballistic, we would treat the tunneling from the Fermi sea
the heavily doped layer through the space-charge layer. T
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13 750 55ANDERBERG, EINEVOLL, VIER, SCHULTZ, AND SHAM
would change the tunneling probability and, therefore,
scale of thedH versus metal film thickness without othe
wise changing theLm dependence significantly.

The diffusion coefficientD in the thick layer required for
Eq. ~2! is estimated from mobility data~using six conduction
valleys in Si!. The bulk limit of the linewidth increase
dH(Lm→`) ~Table II, case I,e5T̄),21 is approximately 3
times larger than the corresponding experimental plateau
ues. In Table II, case II, we consider the possibility that
the plateau every tunneling electron may not be spin dis
ented before returning to Si. Table I shows that for Cu a
Al, when the plateau value is first reached,Lm /L!h, i.e.,
spin scattering in the bulk metal is negligible compared
spin scattering at the free metal surface and metal-Si in
face. This indicates that the observed plateaus indH for Cu
and Al are not the true bulk limit. Assuming that the fre
surface dominates the surface spin scattering, we used
experimental values22 of h for the metal surface. In this
limit, the first plateau height is given by Eq.~9!, independent
of the metal thickness. The estimates are shown in Tab
For Al, the calculated values fordH in Table II, case II, are
in better agreement with experiment than for case I, but s
is not the case for Cu.

The linewidth increasedH is sensitive to the paramete
vFs ,D, and the silicon thicknessL, whose values are only
known approximately. For the dependence ofdH on Lm it is
better to consider the ratiodH(Lm)/dH( plateau), which ap-

TABLE I. Parameters used.

Cu Ag Al

vFm (106 m/s! a 1.57 1.39 2.03
t (10213 s! a 2.1 2.0 0.65
vb

21 (10210 s! b 1.4 0.23 7.1
Fb ~eV! c 0.58 0.78 0.72
wd ~Å! c 17.4 19.8 19.1

T̄ 2.531022 8.931023 9.031023

f d 0.013 0.016 0.0077
h e 6.931023 4.831024 6.631025

h/( f T̄1h) 0.96 0.77 0.49

L (1026 m! 55 8 360
vbtL(5vFmt/4) @Å# 820 700 330

vbtLT̄ ~Å! 21 6.2 2.9

aRef. 16.
bRef. 15.
cRef. 17.
df56(kFs /kFm)

2, kFs56.331022 Å21.
eHarmonic mean of data from Ref. 22.

TABLE II. Plateau values fordH in units of Gauss. For the
theoretical estimates we usevFs51.83105 m/s andL51 mm.

D59.531024 m2/s D5`

Case Cu Ag Al Cu Ag Al

I: e5T̄ 46 21 22 73 26 26

II: e5T̄h/(h1 f T̄) 45 12 70 13

Experiment 12.5 9.1 7.1 12.5 9.1 7.1
e

l-
t
i-
d

o
r-

the

I.

h

proximately corresponds to the values ofe. For the metals
considered here the criterionLm /L@ f T̄1h is apparently
not fulfilled for Lm,100 Å ~see Table I!, and the experimen-
tally observed plateaus are not expected to correspond to
second plateau discussed in Sec. IV B 1. However, Eq.~7!
predicts a rapid change ine(Lm) for thicknesses around
vbtL(T̄1h) ~which is seen from Table I to be less than 2
Å for our metals! from the small-Lm value
T̄(h1Lm /L)/(T̄1h) to the large-Lm value
T̄(h1Lm /L)/( f T̄1h1Lm /L). For Cu, Ag, and Al films
the mean free pathvbtL ranges from 800 to 300 Å at 77 K
For our samplesT̄ is found to be of order 0.01 and large
thanh. ThusvbtL(T̄1h)'vbtLT̄ corresponds roughly to
the metal thickness for which the experimental curve wo
be expected to rise towards the plateau~see the last row of
Table I!. Note thatvbtLT̄ (5tvFmT̄/4) is the film thickness
for which the average time an electron spends in the m
film before returning to the semiconductor equalst.

For Cu,vbtLT̄ is estimated to be 21 Å. Thus, the mod
with specular reflection off flat surfaces is not in agreem
with the rapid onset of the plateau in the experiment. Fr
Eq. ~8! and the parameters listed in Table I we also find t
a model with diffuse scattering off flat surfaces cannot
count for this rapid onset. In the next subsection, we expl
the consequences of the island formation at the interface
Lm, 20 Å.

For Al and Ag the flat-surface model with specular refle
tions can account for the thickness dependence observe
the experiment. For Al, flat surfaces with diffuse scatteri
could be ruled out, while for Ag, whereL( f T̄1h) is only
; 50 Å, the diffuse scattering formula Eq.~8! predicts a rise
to a plateau for a value ofLm of the same magnitude as in th
experimental curve.

B. The island model

We compare the calculated thickness dependence ofdH
using the island model Eq.~14! and rough surfaces with th
measured data in Fig. 2. The dashed lines are the resul
applying this model withh0510, 22, and 22 Å for Cu, Ag,
and Al, respectively, wheredH(100 Å! is normalized to the
experimental data. Note that the Ag value forh0 is close to
that found in Ref. 20.

While the flat-surface model can also account for the
perimental data in Ag and Al, there is additional evidence
the presence of islands in data taken for Al-Cu bilay
samples shown earlier in Fig. 4. The bilayer data sugges
agreement with the pure Al results above, that for initial
layers thinner than a few tens of angstroms, Al islands p
tially cover the Si surface. This is also in qualitative agre
ment with previous studies using Auger electron spectr
copy for Al on cleaved Si~111!.23

C. Significance of the theoretical results

The spin disorientation probability involves both char
transport and spin scattering. For charge transport, our th
includes in a simple way tunneling through the Schottky b
rier and the momentum scattering in the metal. The sour
of spin scatterings include the far metal surface, the me
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semiconductor interface, and the metal bulk. For flat surfa
the major thickness dependence of the spin disorienta
arises from whether the film is thick enough to assure tha
electron that tunnels into the metal film suffers amomentum-
scatteringcollision before tunneling back into the Si sla
The same effect is also present in the island model, but t
this effect is made less transparent by the thickness de
dence of the island structure.

While the roughness of the approximations for the tra
port and spin scattering quantities needed rendered it im
sible to assess the accuracy of our calculated results fo
increase of CESR linewidth, the error in our estimate of
thickness dependence for smooth and flat surfaces is re
to the accuracy of our estimate of the ratio ofh1T̄ to
Lm /vFmt. Both t andh come from experimental measur
ments while the tunneling rateT̄ ~and vFm) are calculated.
All four quantities should be correct within an order of ma
nitude. However, the more important point is that the the
together with the measurements provides a distinction
tween the consequences of the flat interface model and is
formation. In this way we establish that the experimen
results favor the island model, providing a key understand
of the physical cause of how the balancing of the bulk a
interface-surface processes works in an appropriate inter
environment.

VI. CONCLUSIONS

By heavily doping Si in the Schottky barrier with a meta
we have shown that it is possible to measure an increas
the CESR linewidth for the Si conduction electrons. This
interpreted as the Si electrons tunneling into the metal, wh
provides a tool for probing the electronic properties acr
the semiconductor-metal interface.
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By comparing the experimental data with our model c
culations we find that for Ag and Al the data can be e
plained both by flat-surface and island models. In contr
for Cu and Al-Cu bilayers, the data unambiguously favor t
rough-surface island model.

While our theory is thus able to account for the expe
mental observations, further confirmation of the island mo
requires, in addition to the CESR experiments, separate c
acterization measurements of the surface structure. Mo
modification will allow the measurement of magnetores
tance under weak localization conditions for an independ
quantitative determination of the spin relaxation by ato
deposited on the free surface of a thin (;100 Å! metal
film.24

A practical, and most important, extension of this CES
technique would be to utilize selected alkalis~Na, K, and
Rb! for the metal depositions. These metals can have
tremely long spin relaxation times (T2;1027 sec! at low
temperatures, which would allow meaningful measureme
with much thicker films, and also provide direct separati
of spin relaxation at the interface and that at the free m
surface. The longT2 also allows one to observe both the Si
and alkali-metal CESR lines, and the range ofg values avail-
able can then be exploited to determine the tunneling pr
abilities by studies of the motional narrowing.10

ACKNOWLEDGMENTS

We thank Patrice Strehle for her help in preparing t
phosphorus-doped Si wafers. The experimental w
~J.M.A., D.C.V., and S.S.! was supported by ONR Grant
No. N00014-87-K-0338 and No. N00014-90-J-1165 a
NSF Grant No. DMR 93-02913. G.T.E. is supported by t
Norwegian Research Council. G.T.E. and L.J.S. are s
ported in part by NSF Grants No. DMR 91-17298 and N
DMR 94-21966.
,

i-

o,
re
*Present address: Institutt for tekniske fag, Norg
Landbruksho”gskole, Postboks 5065, 1432 Ås, Norge.

1Preliminary CESR studies ofn-doped silicon covered with meta
films have been reported in D.C. Vier and S. Schultz, inPro-
ceedings of the 18th International Conference on the Physic
Semiconductors, Stockholm, edited by Olof Engstro¨m ~Chalm-
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