
events), and C is the dynamic propagator of the 
end-vector distribution. The sink o~erator Q draws 
the reacted biotin ends at a rate 

d(1 - p)/dt = - /" +(r:t)Q(r)dr 

from the probability distribution. The form Q(r) = qti(z 
- d) (where ti is the delta function) is ascribed to the 
sink operator, which removes the bound biotin chains 
at a distance d with frequency q from the total pop- 
ulation. The q-independent decay rate of the exponen- 
tial long-time behavior, t(d)-', is given by 

where E ( d )  is the value of the potential (now in k,T 
units) at position d, and j(t) is a model-dependent 
relaxation function for the end-to-end distance of the 
~olvmer tether. This result generalizes Kramers' ex- , < -
pression for the escape time over a potent~al barrier 
(15) by accounting for internal chain dynamics. The 
main weighting factor grows exponentially with the 
height of the barrier, and the dynamics close to the 
reaction point (dB) determine how fast the terminal 
escape path is performed. For a harmonic oscillator. 

and our result reduces to Kramers' for the escaping 
time of a particle over a harmonic potential that ends 
at distance d. For the Rouse chain, the collective 
short-time behavior is nondiffusive, yielding 

j ( t )  - 1 - 4/1~~'~(t l . ;~)~'*  

leading to 

~ ( d ):~ ~ r " ~ l 8e~p[E(d)]lE(d)~'* 

Thus, the terminal exploration time is a factor E(d) 
faster for the Rouse chain, which demonstrates the 
influence of internal tether dynamics on the binding 
event. Likewise, the Zimm relaxation function 

of a polymer chain in a good solvent takes hydrody- 
namics into account, and the reaction time is then 

~ ( d )= [1.43~~lE(dj]exp[E(d)] 

20. A. Kolb. C. M. Marques, C. H. Fredrickson, Macromol. 
Theory Simul. 6, 169 (1997). 

21. D. J. Bicout, A. Szabo, J. Phys. Chem. 106, 10292 (1997). 
22. The time scale of 1 s is based on our SFA experi- 

ments, where the opposing surfaces approach each 
other at a rate of 1 A/s. Strictly speaking, for an 
experiment performed under some approaching 
speed v(t), the gap thickness d is a function of time 

0 


and the binding kinetics is also a function of the 
velocity v(t). For low speeds, the bound fraction is 
approximately given by 

However, the binding time is a very steep function of 
the distance d and, for all practical purposes, the 
typical binding distance can be evaluated by simply 
setting t,,, = ~ ( 4 .  
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Phvsical Structure and Inversion 
I 

Charge at a Semiconductor 
Interface with a Crystalline Oxide 

R. A. McKee, F. J. Walker, M. F. Chisholm 

We show that the physical and electrical structure and hence the inversion 
charge for crystalline oxides on semiconductors can be understood and sys- 
tematically manipulated at  the atomic level. Heterojunction band offset and 
alignment are adjusted by atomic-level structural and chemical changes, re- 
sulting in  the demonstration of an electrical interface between a polar oxide and 
a semiconductor free of interface charge. In a broader sense, we take the metal 
oxide semiconductor device t o  a new and prominent position in  the solid-state 
electronics timeline. I t  can now be extensively developed using an entirely new 
physical system: the crystalline oxides-on-semiconductors interface. 

Inversion charge associated with field-effect 
phenomena at oxide/semiconductor interfaces 
can be described using Maxwell's first equation 
V .D = p, where D is the dielectric displace- 
ment in the oxide and p is the inversion charge 
in the semiconductor. Our understanding of the 
electrostatics of field-effect phenomena deduced 
from this expression relies on the assumption 
that dielectric displacement is continuous at the 
oxide/semiconductor interface. This assump-
tion, with its application in Si0,ISi capacitors 
( I ) , is the foundation of essentially all of modem 
metal oxide semiconductor (MOS) device phys- 
ics. Because alternative materials are being con- 
sidered as replacements for the amorphous SiO, 
dielectric on silicon, however, and particularly 
because attempts to add higher fhnctionality to a 
silicon platform are being made, we would do 
well to reconsider how physical structure at 
oxide/semiconductor interfaces couples to in- 
version charge. 

Much of the effort expended to date in the 
search for an alternative to SiO, has focused on 
amorphous oxides, attempting to extend the 
SiO,/Si concept. Although this approach is at- 
tractive, defects at an amorphous/crystalline in- 
terface associated with steric hindrance and 
bond coordination (2, 3) can lead to a disconti- 
nuity in dielectric displacement. Maintaining 
continuity in dielectric displacement via passi- 
vation of these defects with hydrogen is a con- 
venience that works for SiO,ISi, but it is a 
methodology that is not universally applicable. 
Steric hndrance and the statistical nature of 
defect formation with directional bonding are 
intrinsic to an amorphous/crystalline boundary, 
but these defects can be avoided entirely with a 
crystalline structure at a polar oxidelsemicon- 
ductor interface (4). 

Here we consider crystalline oxides on semi- 
conductors (COS) as candidate solutions to the 
alternative gate dielectrics problem and suggest 
their much broader potential for new function- 
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ality in solid-state electronics. Our thesis is that 
the physical structure at a COS interface can be 
made perfectly commensurate, and that in such 
a state, the systematics of crystalline periodicity 
lead to an unprecedented ability to manipulate 
dielectric displacement and inversion charge at a 
dielectric/semiconductor surface. This notion 
thus has implications for entirely new device 
physics and a device functionality that cannot 
even be considered with SiO, on silicon. 

Looking at the physical structure of COS, a 
three-panel construction of Z-contrast images is 
shown (Fig. 1) of Ba, ,,,Sr, ,,,O and SrTiO, on 
pure silicon and of BaTiO, on pure germanium, 
all grown using molecular beam epitaxy (MBE) 
techniques. The Ba-Sr-0 compound (Fig. 1A) 
has a 5-eV band gap (5)and is alloyed to match 
the lattice parameter of the (001) face of silicon. 
The overlay in the left side of the image shows 
a simple model of the epitaxial cube-on-cube 
NaC1-type oxide structure of the alkaline earth 
oxide on silicon. Although the oxygen atoms are 
not imaged, the bright contrast of the heavy 
alkaline earth metal atoms and the [I 101 sym- 
mehy of the epitaxial structure are clear. The 
case in which SrTiO, has been grown and 
strained 2% to be commensurate to silicon is 
illustrated in Fig. IB, and BaTiO, on germani- 
um with its room-temperature lattice match is 
shown in Fig. 1C. 

These lattice images are members of a 
COS structure series that can be generically 
written as (AO),(A'BO,)m. The subscripts n 
and rn in this structure series are integer 
repeats of atomic planes and unit cells of 
constituent crystalline layers. Although this 
structure series can be quite broadly applied, 
we will discuss it here for cases where A and 
A' are elements or combination of elements 
out of group IIA of the periodic table (that is, 
Ba, Sr, Ca, and Mg) and B is a group IVA 
transition metal such as Ti or Zr. 

In analogy to 111-V gallium arsenide alloy 
heteroepitaxy ( 6 ) ,our oxide MBE synthesis 
technique (4, 7, 8) has shown that lattice- 
matched oxides can be formed in our struc- 
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ture series by source shuttering. (AO)w-
(A'B03)m can be adapted to germanium (Fig. 
1C) and thus to silicon-germanium hetero-
junction technology to provide a flexible plat­
form for alternative gate applications and for 
new functionality. A collection of lattice pa­
rameters and their temperature-dependent 
changes has been assembled for silicon and 
germanium and three perovskite oxides (9). 
The room-temperature cubic lattice parame­
ter of the semiconductor alloy series from 
pure silicon to pure germanium varies from 
5.43 to 5.65 A. The perovskites CaTi03, 
SrTi03, and BaTi03 are simple cubic "2-4" 
perovskite structures, in which the 2+ alka­
line earth metal ions occupy the cube corners 
and the 4+ transition metal is in the center of 
the cube, octahedrally coordinated with oxy­
gen ions in the face-centered sites of the unit 
cell (10). These three perovskites are mutu­
ally soluble in each other. By mixing Ca and 
Sr, for instance, in a 60/40 ratio, the 5.43 A 
lattice parameter of pure silicon can be ob­
tained at room temperature, because the per­
ovskites rotate 45° so that the [100] direction 
in the oxide is parallel with [110] Si and its 
3.84 A spacing (11). The lattice parameters of 
two pure perovskites are of particular note: 
Pure BaTi03 matches the 5.65 A lattice pa­
rameter of pure germanium at room temper­
ature, and pure CaTi03 matches the 5.44 A 
lattice parameter of pure silicon at 515°C; no 
alloying is required for either of these per­
ovskites for growth on the two end members 
of a Si-Ge substrate series. Results for 
BaTi03 on germanium are discussed below. 

A Z-contrast image is shown (Fig. 1C) of 
the epitaxy and structural perfection obtained 
when pure BaTi03 is grown on pure germa­
nium using the precepts of layer-by-layer en­
ergy minimization developed in (12), and is 
the ferroelectric BaTi03/Ge structure that 
was envisioned by the Bell group in 1957 
(13, 14). In this early work, the researchers 
looked for dielectric displacement to alter the 
surface charge set up by ferroelectric polar­
ization in a thin BaTi03 crystal, glued to the 
surface of germanium. These notions of cou­
pling ferroelectric polarization from a crys­
talline oxide with the field effect in a semi­
conductor were clearly fundamental in their 
insight: These were expectations for entirely 
new device physics. The "glue" is now a 
layered heteroepitaxial structure that is ther-
modynamically stable and is commensurate 
at the atomic level. Experimental evidence 
presented below suggests that this BaTi03/ 
Ge structure may well be electrically perfect. 
It completely avoids the trapped charge that 
induced the discontinuity in dielectric dis­
placement and inversion charge that ham­
pered its early implementation. 

COS offer us an interface physics approach 
to the development of new gate dielectrics for 
transistor technology through epitaxial growth 

of the oxides. Moreover, this heteroepitaxial 
approach allows us to systematically manipulate 
interface band structure as well as interface 
charge by layer-sequencing the structure. Al­
though our interest here is to demonstrate the 
broad utility of COS and their device physics 
implications, we first demonstrate that the high 
field mobility (the interface scattering regime) in 
a simple COS-based field-effect transistor 
(FET) rivals values obtainable in Si02-based 
devices (15). In the plot of ^-channel mobility 
versus field data for a 50-|xm channel-length 
FET (Fig. 2) (16), the COS dielectric is a het-
erojunction of SrTi03 with two monolayers of 
Ba0 75Sr0 2 50 at the interface with silicon. This 
structure is (AO)„(A'B03)w, with n = 2 and 
m = 52. The peak mobility that we extract from 
this ^-channel FET, 321 cm2/V • s, is the high­
est mobility value that has been reported for any 
alternative gate FET (17-19). Additionally, the 
field dependence is such that at high fields 

Fig. 1. Alkaline earth and perovskite oxide het-
eroepitaxy on silicon and germanium. The fig­
ure illustrates our ability to manipulate inter­
face structure at the atomic level using our 
(AO)n(A'B03)m structure series. The n/m ratio 
defines the electrical characteristics of this new 
physical system of COS in a MOS capacitor. In 
(A), n = 3, m = 0; in (B), n = 1, m = 2; in (C), 
n = 0, m = 3. 

where interface scattering dominates, the mobil­
ity approaches what is obtainable with state-of-
the-art Si02/Si. 

We have done no transistor process opti­
mization for this device, nor have we attempt­
ed to optimize strain effects (the SrTi03 is 
2% mismatched to silicon). The field depen­
dence and magnitude of the mobility that we 
obtain with this device can be explained by 
fluctuations in inversion charge at the inter­
face (15), which indeed is the case for curve 
C (dry-oxidized Si02), and by strain in the 
silicon. Epitaxial strain associated with the 
2% lattice mismatch between SrTi03 and 
silicon induces misfit dislocations that in turn 
lead to local variations in the silicon band gap 
and spatial fluctuation of the inversion charge 
(20). Although the data in Fig. 2 provide 
critical information about channel mobility and 
scattering phenomena, these transport measure­
ments are a reflection of band-gap energy for a 
very limited range of silicon surface potential. 
Our experiments have substantially broadened 
the surface potential variation over which inter­
face electrostatics and device physics implica­
tions are addressed for the COS system. We rely 
on experimental data obtained from MOS ca­
pacitors (21) that give us a much broader range 
of surface potential variation, taking the semi­
conductor surface from accumulation through 
depletion and into inversion, as opposed to sur­
face inversion in the transistor data in Fig. 2. 

The surface potential, interface charge, and 
inversion charge in the semiconductor of the 
MOS capacitor are all functions of bias voltage 
and frequency. MOS capacitor function requires 
that the oxide dielectric act as a Schottky barrier 

1000p i i i i H I i i i i i i H I • 

E, V/cm 
Fig. 2. The n-channel mobility as a function of 
field evaluated self-consistently with 8.6 femto 
farads (fF)/|xm2 as the gate capacitance in a 
210 A film. SiOu/Si values are (A) H2 processed, 
Dit = 3 X 101(Vcm2-eV (77); (B) hL processed, 
Dit = 3 X 1011/cm2-eV; and (C) dry-oxidized 
with Dit = 1 X 1013/cm2-eV. The data (D) for 
SrTi03/Si were determined with the Pao-Sah 
model (75) and /ds-V data at 50 mV Vds. /ds, 
source-drain current; Yds, source-drain voltage; 
VgS, gate-to-substrate voltage; E, the electric in 
the transistor channel, normal to the gate. 
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with no free charge and support the dielectric 
displacement that sets up inversion charge in the 
underlying semiconductor. This coupling of di- 
electric displacement to inversion charge is crit- 
ically dependent on the details of the interface 
band structure of the MOS capacitor. 

Recent treatments of this problem for a num- 
ber of candidate oxides being considered as 
alternative dielectrics on silicon (22, 23) have 
predicted that although a number of the oxides 
in the perovskite class have the desired high 
dielectric constants, band offset and alignment 
are highly unfavorable; namely, the barrier 
height to electron transfer across a perovskite 

1 0 a ~ . - - - ' - . - - ' - . . - ' . - . - ' - - - . ~  

Gate Voltage, volts 

Fig. 3. Leakage current data for (AO) (A'BO,), 
on germanium. The data are as abso- 
lute values of Leakage current. 

dielectric on silicon can be small or even non- 
existent. A recent spectroscopic study of the 
SrTiO,/Si interface (24) has confirmed that 
band offset is indeed a problem for perovskites 
on silicon. 

Table 1 gives theoretical values for valence 
band (VB) and conduction band (CB) offsets for 
SrTiO, (29, and the corresponding distinctions 
estimated here for the alkaline earth oxide BaO. 
SrTiO, (as is typical of the simple perovskites 
SrTiO,, CaTiO,, and BaTiO,) in a p-channel 
FET on germanium or silicon would have pos- 
itive values for VB. However, CB is only slight- 
ly positive for germanium and is negative for 
silicon; an n-channel FET would not switch. 

This asymmetry in band structure is attrib- 
utable to the fact that the band gap for transition 
metal perovskites lies between the valence band 
of filled oxygen 2p states and the conduction 
band of empty transition metal d states. The 
weighting of the transition metal d states that the 
integrated charge neutrality level (CNL) drives 
is thus responsible for the asymmetry. Measure- 
ments of SrTiO, on silicon reporting CB values 
between 0.0 and 0.1 + 0.1 eV, but VB values in 
excess of 2 eV (24) confirm this scenario. This 
band offset asymmetry could thus be fatal, but it 
is here that the physics base for the COS ap- 
proach to the design of transistor gate dielectrics 
can be clearly illustrated. 
Our COS structure series, (AO),(A1B03),, 

allows the band structure to be systematically 
manipulated. Unlike the transition metal perov- 

Table 1. Valence and conduction band offset parameters for COS structures on silicon and germanium. 

CNL Band gap ' ' ~ e  V B c e  cBsi "Si 

Si 0.36 (30) 1.1 
Ge 0.18 (30) 0.6 

SiTiO, 2.6 3.3 +0.18 
BaO 2.5 5 +2.1 

Fig. 4. (A and B) 
High-frequency-low- 
frequency capaci- 
tance data for Ba- 
T i0  JGe. Data were 
taken with aluminum 
top and bottom elec- 
trodes. The doping is 
p type, 10l71cm3. The 
measured flatband 
voltage is -0.8 volts. 
With an interface 
state density o f  10101 
cm2, the flatband 
shift indicates a fixed 
positive charge of 
10'21cm2. CIA, specif- 
ic capacitance; V,. 
gate voltage; 4, sur- 
face potential of the 
semiconductor; +f, 
surface potential at 
the femi level. 

skites, the alkaline earth oxides such as BaO are 
strongly ionic and the CNL is in the middle of 
the band gap. We have estimated the entries in 
Table 1 for BaO assuming the mid-gap CNL 
and clearly show that band offsets, both CB and 
VB, are substantially positive for germanium 
and for silicon. Therefore. if two or more BaO 
planes were inserted between a perovskite and 
germanium or silicon, then the asymmetry of the 
band structure would, according to the numbers 
in Table 1, adjust and support dielectric dis- 
placement across the junction. This is a simple 
and striking prediction for our heteroepitaxial 
approach. 

A collection of leakage current data obtained 
for BaTiO, on germanium is presented (Fig. 3) 
with two values of the A 0  repeat, n = 1 and 
n = 6. The open circles show the n = 1 data for 
BaTiO, directly on germanium, with the 
BaTiO, layer being 250 A thick (Fig. 1C). Al- 
though this heteroepitaxial structure is perfectly 
commensurate and bulk BaTiO, has a band gap 
of 3.4 eV (3, a BaTiO, thin film grown directly 
on germanium is not an effective barrier to 
electron transfer. However, if as few as six 
atomic planes of BaO are grown on germanium 
first, then the leakage current (open squares) 
drops by six orders of magnitude. We are inves- 
tigating the d m  dependence of these observa- 
tions by studying the photoelectron spectra for 
these structures when the BaTiO, film is only a 
few unit cells thick (25). Our preliminary results 
show a valence band offset of 2.8 eV and a 
conduction band ofFset of 0.05 eV for n = 1 and 
m = 2. Collectively, these data offer dramatic 
evidence for the physical structure dominance of 
the electrical structure in our heteroepitaxial ox- 
ide series. Within the context of the generality of 
our structure series and its rum configurations, 
interface band structure can be adjusted for 
many of the perovskite and transition metal 
oxides analyzed (23). 
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We turn now to the final part of our discus- 
sion of the electrical structure of COS dielec- 
trics. Interface charge is recognized as a sub- 
stantial problem for field-effect charge inversion -
in a transistor. Interface charge can completely 
screen the semiconductor from an applied field 
and even result in a discontinuity in dielectric 
displacement, as was the case for the ferroelec- 
tric field of BaTiO, crystals glued to germanium 
(13, 14). The thesis of our heteroepitaxial ap- 
proach is that oxide dielectrics can be grown as 
monolithic single-crystal structures on semicon- 
ductors, tying up the dangling bonds that are 
typical of the amorphous Si0,ISi structure. This 
would in turn eliminate extrinsic interface 
charge and maintain continuity in dielectric dis- 
placement at the oxidelsemiconductor interface. 
We used capacitance data (Fig. 4) to prove this 
point. 

High-frequency (HF, 1 MHz) and low-fre- 
quency (LF, 10 Hz) capacitance data were taken 
from a 250 A-thick BaTiO, film on p-type 
germanium (Fig. 4A). An expanded view of the 
data in the bias range where the germanium 
surface potential varies from zero to its value at 
the Fermi level is shown (Fig. 4B). We can 
extract the density of interface charge (our mea- 
sure of interface perfection) from AC, C,, -

C,, in this bias range (21). 
The capacitance of the MOS capacitor can 

be broken down into its component parts C,, 
and C,,, as identified in the equivalent circuit 
inset in Fig. 4A (Cox is the specific capacitance 
of the BaT:O, film). C,, is dependent on the 
germanium surface potential, interface defect 
charge, and inversion charge. The hashed re- 
gions are the bias range where the field effect is 
"depleting" the oxide semiconductor interface 
of majority carrier charge and initiating the pro- 
cess of minority carrier charge inversion (the 
upward turn of C,, in Fig. 4A is the signature of 
field-effect-driven electron-hole pair generation 
and charge carrier inversion in the underlying 
p-type germanium). Dielectric displacement via 
gate charge must overcome the screening effect 
of any interface-trapped charge before the ger- 
manium inversion charge can even respond. AC 
in this depletion region provides a measure of 
any extra capacitance that might be associated 
with the charging dynamics of interface traps. 

The electron-hole recombination rate in this 
depletion region is frequency-dependent, as is 
the rate at whlch electrons can move into and 
out of interface traps. The majority carrier elec- 
tron-hole contribution to CGe can keep up at 
high frequencies, but electron trapping at the 
interface cannot. Therefore, by sweeping the 
frequency (w) of the small signal ac gate volt- 
age, dV,(w), the capacitance associated with 
interface trapped charge, C,,(w), goes to zero as 
w $ x .  the contribution of interface charge can 
be separated. 

The data for the determination of the inter- 
face trap density, D,,, are provided (Fig. 4B); D,? 
x 	AC. As these data show, AC and hence 
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trapped charge for our commensurate interface 
are negligible. D ,  is indistinguishable from zero 
through the entire depletion region. We there- 
fore observe a Di, value of <10'Olcmz-eV; to 
our measurement'sensitivity, this is an electri- 
cally perfect interface. The flat band shift indi- 
cates a futed positive oxide charge of 1012/cm2: 
a value consistent with an error of 50 parts per 
million in the BdTi ratio in the structure. Ger- 
manium inverts from its majority carrier p-type 
behavior to minority n-type behavior over a 
narrow 1-V range. A ferroelectric hysteresis is 
not detectable in the capacitance-voltage data, 
because the coercive field for BaTiO, is only 
500 Vlcm (26): This value of the coercive field 
would shift the flat band by less than 1 mV in 
this 250 A film. 

To our knowledge, this is the fust demon- 
stration of field-effect charge inversion 
for a gate oxide on germanium. Its basis is 
the generalization of our structure series 
(AO),(A'B03)m and the atomic-level flexibility 
that this structure series gives us to manipulate 
physical and electrical structure in a MOS ca-
pacitor. The COS the forma-
tion of commensurate interface structures while 
maintaining continuity in dielectric displace- 

and 'ystematic of inversion charge' 
COS in a MOS device is applicable to silicon or 
germanium and to any silicon-germanium alloy. 
Moreover, it offers promise in support 

such as ferrOelecbic lithogra-
phy (27) and quantum computing (28, 2 9 ,  in 
whlch interface defect charge must be controlled 
to values less than 1010/cm2. 
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Remotely Sensed Biological 
Production in the Equatorial Pacific 
Daniela Turk,','* Michael J. McPhaden,' Antonio J. Bu~alacchi,~ 

Marlon R. Lewis' 

A combination of ship, buoy, and satellite observations in the tropical Pacific 
during the period from 1992 t o  2000 provides a basin-scale perspective on the 
net effects of El Nitio and La Nitia on biogeochemical cycles. N e w  biological 
production during the 1997-99 El NiRoILa Nitia period varied by more than a 
factor of 2. The resulting interannual changes in global carbon sequestration 
associated with the El NiiioILa Nitia cycle contributed t o  the largest known 
natural perturbation of the global carbon cycle over these time scales. 

Interannual fluctuations in the coupled cli- 
mate system over the tropical Pacific Ocean 
may induce substantial variability in the glob- 
a1 carbon cycle because of effects on biolog- 
ical production in this region (1-6). In par- 

ticular, new production (7) is a critical ele- 
ment in this assessment (2), because it is the 
central engine of the biological carbon pump 
that, along with the solubility pump (8), 
maintains the gradient of dissolved inorganic 
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