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Variable temperature study of the passivation of dangling bonds
at Si „100…-2Ã1 reconstructed surfaces with H and D
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The passivation of the Si~100! surface with H and D is studied with scanning tunneling microscopy
~STM!. During the passivation process, the clean Si~100! surface is exposed to a gas phase mixture
of atomic H and D. By directly observing the dramatic isotopic difference in STM-induced electron
stimulated desorption rates, the relative surface concentrations of H and D is discerned with atomic
resolution. The ratio of D to H on the Si~100! surface is found to vary by more than an order of
magnitude following monolayer passivation at temperatures between 300 and 700 K. A statistical
thermodynamics model attributes this behavior to the difference in the vibrational frequencies of H
and D on silicon surfaces. ©2002 American Institute of Physics.@DOI: 10.1063/1.1431689#
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The passivation of silicon surfaces has been the sub
of countless experimental and theoretical studies. In part
lar, hydrogen passivation of dangling bonds at the Si/S2

interface has been a critical step in the fabrication of comp
mentary metal–oxide–semiconductor~CMOS! devices. Re-
cently, researchers have discovered that the replaceme
hydrogen with deuterium has led to a significant reduction
hot carrier degradation in CMOS circuits.1,2 The deuteration
of CMOS transistors has been achieved by annealing f
processed devices in a D2 environment at temperatures
excess of 400 °C. However, since H is always present in
oxides of these transistors, the interface is unavoidably
posed to both H and D during the passivation process. S
the level of resistance of CMOS devices to hot carrier d
radation can be directly correlated to the quantity of D at
Si/SiO2 interface,3,4 an understanding of the parameters th
affect the equilibrium concentrations of H and D on Si s
faces is potentially interesting from both scientific and te
nological perspectives.

In this letter, the relative concentrations of H and D
the Si(100)-231 surface are studied following ultrahig
vacuum~UHV! passivation under conditions of fixed parti
pressures of atomic H and D. Scanning tunneling microsc
~STM!-induced electron stimulated desorption~ESD! allows
for atomically precise determination of the H and D levels
the resulting passivated Si~100! surface. As the passivatio
temperature is reduced from 700 to 300 K, the D:H ra
increases from;4:1 to ;100:1. Qualitatively, this behavio
agrees with an equilibrium statistical thermodynam
model, suggesting that the D:H ratio greater than 1 and
inverse relationship between D:H ratio and passivation te
perature result from the difference in vibrational frequenc
for Si–H and Si–D bonds. Technologically, this result im
plies that enhanced deuteration of Si/SiO2 interfaces can be
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achieved by processing with atomic D at reduced sam
temperature.

The resistance of D to ESD from Si~100! surfaces was
first realized in UHV-STM experiments.5 From these experi-
ments, the desorption yield of D was found to be two ord
of magnitude lower than H for electron energies greater t
;5 eV. Cryogenic UHV-STM studies further showed that t
isotope effect is several orders of magnitude more substa
in the tunneling regime~electron energy below 4 eV!.6 Con-
sequently, experimental conditions exist where the yield o
desorption can be effectively perfect while the amount of
desorption is negligible. Under such conditions, STM
induced ESD can be utilized to differentiate between H a
D on the passivated Si~100! surface. It should be noted tha
vibrational analysis using STM inelastic electron tunneli
spectroscopy has successfully distinguished between C
and C–D bonds in adsorbed molecules at cryoge
temperatures.7 However, we were unable to unambiguous
differentiate between adsorbed H and D on Si~100! using
scanning tunneling spectroscopy at room temperature
agreement with previously published data.8 Consequently,
STM-induced ESD is exclusively used in this letter for cle
identification of the surface D:H ratio.

The experiments were performed on heavily dop
Si~100! samples9 using a homemade room temperatu
UHV-STM with a base pressure of 5310211 Torr.10 All
STM imaging was accomplished with electrochemica
etched W tips. The clean Si(100)-231 surface was prepare
by annealing the samplein situ at ;1250 °C for 30 s. Fixed
pressures of H2 and D2 were then leaked into the UHV
chamber and cracked on a hot~;1500 °C! tungsten filament.
The ratio of atomic D to atomic H partial pressures w
measured to be 2.5 in all experiments. The overall pass
tion pressure was varied between 1027 and 231026 Torr,
the passivation time was varied between 2 and 14 min,
the passivation temperature was varied between 300 and
K. Following systematic exploration of this experiment
phase space, the resulting D:H ratio on the passiva
© 2002 American Institute of Physics
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Si~100! surface was found to be independent of passiva
pressure and time but highly dependent on substrate
perature.

STM-induced ESD can create atomically precise p
terns of dangling bonds on a predominantly H passiva
Si~100! surface.11,12 In this letter, all STM patterning is ac
complished at 4 V sample bias, 2 nA tunneling current, a
431023 C/cm electron dose. Following depassivation, t
resulting surface is imaged in filled states at22 V sample
bias and 0.1 nA tunneling current. Figure 1 illustrates t
depassivated squares on H passivated surfaces prepar
650 and 350 K. Due to the enhanced local density of state
silicon dangling bonds compared to the hydrogen passiv
surface, the depassivated regions appear to be protru
from the surface in a constant current STM topograph. E
though the surface reconstruction varies between 231 and
331 for Si~100! passivated with H at 650 and 350 K
respectively,13 the desorption yield is observed to be ess
tially 100% within the patterned square in both circum
stances. Consequently, ESD of hydrogen is independen
surface reconstruction under these patterning conditions

Figure 2 represents depassivation attempts on a H/D
sivated surface prepared at 650 K. Unlike Fig. 1, the deso
tion yield of Fig. 2~a! is much less 100%. In Fig. 2~b!, an-
other square was written in a position diagonally offset fro
the original depassivation attempt. In the overlapped reg
no additional depassivation can be detected, whereas the
of the square possesses a depassivation yield comparab
the other patterned area. Since Fig. 1 demonstrates that
the hydrogen should be desorbed under these patterning
ditions, it is safe to assume that the remaining sites are
sivated with deuterium. This conclusion is consistent w
previous depassivation studies that demonstrated the in
ity to desorb deuterium in the tunneling regime at roo

FIG. 1. 300 Å3300 Å STM images of the~a! Si(100)-231:H and ~b!
Si(100)-331:H surfaces following STM-induced desorption within th
outlined squares. Note that all of the hydrogen is removed under t
patterning conditions~4 V sample bias, 2 nA tunneling current, and
31023 C/cm electron dose!.
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temperature.6 By counting the number of depassivated site
a D:H ratio of;5 is directly obtained. In Fig. 3~a!, the iden-
tical experiment was performed on a H/D passivated surf
prepared at 350 K. In this case, the amount of desorptio
noticeably reduced from the surface passivated at 650 K
a D:H ratio of ;50 is extracted. Figure 3~b! illustrates the
observed exponential dependence of the D:H ratio on inve
substrate temperature between 300 and 700 K.

Ipatovaet al. recently developed an equilibrium statist
cal dynamics model to describe the D:H ratio on silicon s
faces exposed to molecular H2 and D2.14 Following this pro-
cedure, an expression for the D:H ratio resulting fro
exposure to atomic H and D can be derived:

nD

nH
5S pD

pH
D3S mH

mD
D 3/2

3S sinh
\vH

2kT

sinh
\vD

2kT

D 3

, ~1!

where n5surface concentration,p5partial pressure,m
5mass, andv5surface vibrational frequency. Using exper
mentally determined stretching mode frequencies for H a
D ~3.9631014 rad/s and 2.8331014 rad/s, respectively!,15,16

Eq. ~1! is plotted alongside the experimental data in F
3~b!.

Interestingly, this relatively simple theoretical mod
agrees well with the experimental results, suggesting
thermodynamic equilibrium is being achieved between
phase atomic H and D and the passivated surface for
temperature range of interest. Even though thermal des
tion is not expected for temperatures below 700 K, the
change of gas phase atomic H and D with surface H an

se

FIG. 2. Two 300 Å3300 Å STM images of the Si(100)-231 surface fol-
lowing monolayer passivation in the presence of atomic H and D at 650
~a! STM-induced desorption is performed in a 150 Å3150 Å square under
the same conditions as Fig. 1.~b! Another offset 150 Å3150 Å square is
patterned. The lack of additional desorption in the overlap region confi
that these patterning conditions remove all of the hydrogen and none o
deuterium from the surface.
P license or copyright; see http://apl.aip.org/apl/copyright.jsp



y
e
o

or
ci
a
em
ct
pe
an
es
at
fe
iv

D
e
ti
th
th

es-
ra-

es,
ro-

ting

that
ture
i-
f D
ra-
ra-
-

ate

for
are

ro-
rs
a

for
val
e

nol.

EE

er,

ies,
Sb

mie,

eln,

ris,

B.

nd

nd

n
l

s

203Appl. Phys. Lett., Vol. 80, No. 2, 14 January 2002 Hersam et al.
atoms occurs down to room temperature as described b
Eley–Rideal mechanism.17 In these experiments, the surfac
D:H ratio exceeds the atomic D to atomic H pressure ratio
2.5. Since the mass ratio is less than 1, the overall behavi
dictated by the differences in the stretching mode frequen
for H and D. Furthermore, the D:H ratio increases rapidly
the passivation temperature is reduced towards room t
perature. Although the model is not quantitatively perfe
the qualitative agreement between the theoretical and ex
mental results is clear. Minor deviations from theory c
likely be attributed to the simplicity of the model that do
not account for the details of the adsorption/desorption p
ways. Nevertheless, the model matches the dominant
tures of the experimental results and illustrates the effect
ness of atomic D in passivating the Si~100! surface even in
the presence of background H.

In conclusion, the equilibrium concentrations of H and
on the Si~100! surface have been measured via STM-induc
ESD. The D:H ratio increases substantially as the passiva
temperature is reduced in good qualitative agreement wi
statistical thermodynamics model. These results suggest

FIG. 3. ~a! A 300 Å3300 Å STM image of the Si(100)-331 surface fol-
lowing monolayer passivation in the presence of equal pressures of H a
at 350 K. STM-induced desorption is performed in a 150 Å3150 Å square
~see box! under the same conditions as Fig. 1. The amount of desorptio
clearly less than Fig. 2.~b! An equilibrium statistical thermodynamics mode
shows qualitative agreement with experimentally measured D:H ratio
several passivation temperatures.
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the optimal deuteration of silicon dangling bonds in the pr
ence of background H should occur at low sample tempe
tures. Since H is omnipresent in the oxide of CMOS devic
the aforementioned STM results suggest that atomic D p
cessing may be a more effective means of deutera
Si/SiO2 interfaces than conventional D2 annealing. Further-
more, the Eley–Rideal exchange mechanism implies
atomic D processing may reduce the threshold tempera
of Si/SiO2 deuteration. Consistent with this hypothesis, in
tial secondary ion mass spectroscopy characterization o
levels at the Si/SiO2 interface has shown enhanced deute
tion following atomic D processing—especially at tempe
tures below 400 °C.18 While CMOS processes are continu
ally reducing their thermal budgets to accommod
additional metal layers and novel materials~e.g., low-k
dielectrics!,19 this letter suggests a promising scheme
deuterating Si/SiO2 interfaces as processing temperatures
inevitably lowered in the future.
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