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Spontaneous desorption of Cl, Br, and I from n- and p-type Si�100�-�2�1� was studied with scanning
tunneling microscopy at temperatures of 620–800 K where conventional thermal bond breaking should be
negligible. The activation energies and prefactors determined from Arrhenius plots indicate a novel reaction
pathway that is initiated by the capture of electrons which have been excited by phonon processes into
Si-halogen antibonding states. This configuration is on a repulsive potential energy surface, and it is suffi-
ciently long lived that desorption can occur, constituting phonon-activated electron-stimulated desorption.
Surprisingly, the Arrhenius plots for differently doped samples crossed and, above a critical temperature, the
reaction with the largest activation energy had the highest rate. This is explained by large entropy changes
associated with the multiphonon nature of the electronic excitation. For Cl desorption from p-type Si, these
entropy changes amounted to 34kB. They were 19kB, 13kB, and 8kB for Br desorption from p-type, lightly
doped n-type, and heavily doped n-type Si, respectively. The desorption rates for I were nearly three orders of
magnitude larger than the rates observed for Cl and Br. Here, the Si-I antibonding states overlap the
conduction-band minimum, so that conduction-band electrons with this energy can be captured by the Si-I
antibonding states. Together, these results reveal that a complex relationship exists between phonons and
electronic excitations during chemical reactions at surfaces.
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I. INTRODUCTION

Si�100� provides an ideal surface to study fundamental
surface processes because of its relative simplicity and its
rich literature. Generally, these surface processes have been
split into two distinct camps depending on whether they were
stimulated by electrons or photons or whether they were
thermally activated. Electron- or photon-stimulated pro-
cesses involve excited electronic states that obtained their
energy from electrons or photons from an outside source �or
secondary electrons following primary absorption�.1,2 These
processes result in the desorption of adatoms or the creation
of defects.3–7 On the other hand, thermally activated pro-
cesses such as diffusion, desorption, and etching are ex-
plained in terms of bond strengths, vibrational excitations,
and potential energy surfaces while largely ignoring the role
of entropy and the effects of excited electronic states.8–11 The
assumed separability of lattice vibrations and electronic ex-
citations has been long-standing in surface science.

We recently reported that Br atoms spontaneously desorb
from Br-saturated Si�100�-�2�1� in the temperature range
610–775 K.12 The desorption occurs despite strong Br
chemisorption to the surface ��3.8 eV� and the fact that
known reactions leading to SiBr2 desorption occur at a much
higher temperature ��950 K�.13 We demonstrated that the
activation energy and prefactor for the desorption deduced
from Arrhenius plots of rates versus inverse temperature de-
pended strongly on the doping of the substrate. Significantly,
shifts in the Fermi level position induced by sample doping
were accompanied by changes in the activation energy. Thus,
desorption resulted from phonon activation of electrons into
long-lived Si-Br antibonding states with subsequent desorp-

tion of Br. By analyzing the dependence of the prefactors on
the activation energy, we showed that the optical phonons of
the Si lattice served as the energy source for the initial exci-
tation.

Using scanning tunneling microscopy, we deduce the
temperature-dependent desorption rates as a function of halo-
gen type, doping type, and doping concentration. In this pa-
per, we focus on desorption from Cl- and I-saturated
Si�100�-�2�1� at temperatures ranging from 675 to 800 K.
This extension beyond a single adsorbate-surface system
demonstrates the generality of phonon-activated electron-
stimulated desorption �PAESD�, and it provides a more de-
tailed understanding of the parameters associated with the
process. We show that Cl desorption belongs to the same
family of processes that are responsible for Br loss, we cal-
culate the entropy changes associated with the multiphonon
nature of the reactions, and we explain how this entropy
plays a critical role in the desorption rates. Surprisingly, the
rate of desorption for I is nearly three orders of magnitude
higher and, to account for it, we propose that conduction-
band electrons impinging the surface with the appropriate
energy can be captured by the Si-I antibonding states which
overlap the conduction-band minimum �CBM�. Thus, the
rate constant depends on the equilibrium number of carriers
with energies corresponding to the CBM, resulting in greater
desorption rates.

II. EXPERIMENTAL CONSIDERATIONS

The experiments were carried out in a ultrahigh-vacuum
system with a base pressure of 4�10−11 Torr. The Si wafers
were p type �B doped, �0.010 � cm corresponding to 7
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�1018 cm−3, denoted p-Si� and n-type �P doped,
�0.5 � cm, 9�1015 cm−3, denoted ldn -Si for lightly doped
n-Si, and �0.005 � cm, 1�1019 cm−3, denoted hdn -Si for
heavily doped n-Si�. Clean surfaces were prepared using
thermal treatments14 and imaged with a scanning tunneling
microscope to verify surface quality. They were then ex-
posed to a flux of Cl2, Br2, or I2 to achieve surface saturation,
defined as one halogen atom bonded to each dangling bond
of the �2�1� surface. Thereafter, they were heated to a spe-
cific temperature in the range 620–800 K for a specific time
in the range 1–90 min, cooled rapidly, and imaged at room
temperature.15 The amount of halogen lost was determined
from the number of bare sites per unit area.16 The imaging
conditions had no effect on the halogen concentration, as
concluded from repetitive same-area scanning.

III. RESULTS AND DISCUSSION

A. Cl- and Br-Si(100)

Figure 1�a� is representative of Si�100�-�2�1� that has
been saturated with Cl. The dimer rows run diagonally across
the image, and they are bright and are separated by dark
lines. A dimer vacancy �DV� appears as a dark feature that
spans the dimer row. The signature of a halogen free or bare
dimer �BD� is a symmetric triplet derived from the BD and
two bright, halogen-terminated dimers on either side. These
triplets reflect the coupling of localized states of the BD with
adjacent Si-halogen levels, and their appearance varies with
imaging conditions.16 Figure 1�b� shows the surface of Fig.
1�a� after 20 min at 750 K. We observe the appearance of
BD’s but no increase in the number of DV’s, indicating that
halogen desorption is the only reaction that has occurred
during the heating period. From results like those of Fig. 1,
we can determine the number of desorbed halogen adatoms.

Experiments for Cl, Br, and I like those leading to Fig. 1
were done on p-Si at multiple temperatures, and the Br de-

sorption was also studied on hdn- and ldn-Si samples. As
discussed previously,12 experiments at low temperature were
consistent with atomic desorption and diffusing single vacan-
cies that pair up into an energetically favored BD
configuration.17 First-order Arrhenius plots revealed that the
activation energies were much lower than the Si-halogen
bond strengths of �4 eV �Ref. 18� and that the prefactors
were much smaller than a typical thermal attempt frequency
of �1013 s−1. This indicates that desorption is not simply
thermally activated Si-halogen bond breaking. We derive in
the Appendix expressions for the activation energy and pref-
actor for PAESD.

FIG. 2. �a� Arrhenius plots for the desorption of Cl, Br, and I from p-Si and for Br from lightly and heavily doped n-Si �labeled ldn- and
hdn-Si�, from which the kinetic parameters were determined. For Cl and Br, there are rate crossings at 700–800 K and the existence of a
common point is possible within experimental uncertainty. For I, the observed rates are nearly three orders of magnitude larger than for Cl
and Br. �b� Energy level picture for Si at 700 K. The Fermi levels are indicated by dashed lines, and the energy zero is the valence-band
maximum �VBM�. The double-headed arrows illustrate the activation energies deduced from experiment, �a�. For Br, there is excellent
agreement between the shifts in the Fermi levels and the relative changes in the activation energies. The activation energy for Cl desorption
is greater than that for Br since the Si-Cl antibonding state lies further from the Fermi level due to the stronger Si-Cl bonding. The activation
energy for I corresponds to the energy difference between the CBM and Fermi levels as the Si-I antibonding states overlap the CBM.
Electron capture in the �* states occurs for all samples, but a shift in the Fermi level changes the internal energy of the reaction.

FIG. 1. �Color online� Filled-state scanning tunneling micro-
graphs �100�100 Å2� of Cl on p-type Si�100�-�2�1� acquired at
room temperature with a sample bias of −1.1 and −1.0 V for �a� and
�b�, respectively. Dimer vacancies �DV’s� appear in each image as
dark dimer-sized features. The bare dimers �BD’s� appear as bright
features involving three dimers, and the middle dimer appears sig-
nificantly brighter than the two dimers on either side. �a� The initial
Cl coverage was 0.999 ML. �b� The sample was heated to the tem-
perature indicated for the time given. The final Cl coverage was
0.989±0.003 ML, giving an average desorption rate of 8.4
�10−6 ML s−1.
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Figure 2�a� shows Arrhenius plots deduced for Cl, Br, and
I using Eq. �A5�. The activation energies and prefactors de-
termined from straight-line fits are given in Table I. The de-
sorption rates are nearly the same for Cl and Br in the range
700–800 K, but the rate for I is nearly three orders of mag-
nitude larger. In this section, we focus on Cl and Br.

Figure 2�b� shows a schematic band diagram for Si�100�
with the relevant energy levels at 700 K. It does not include
the entropy components associated with excitation of an
electron into the �* levels, and the bands are drawn flat since
halogen adsorption eliminates the surface states in the
gap.19–21 Of course, the potential landscape of the surface is
much more complicated than the simple one-dimensional
model reveals. However, we believe the flatband picture pro-
vides a good estimate of the overall surface because of the
high density of dopant atoms and the low density of dangling
bond states for a saturated surface.22,23

The question arises as to whether the flatband picture con-
tinues to be correct after halogen desorption creates dangling
bonds. These dangling bonds quickly diffuse to form BD’s at
the desorption temperatures. On the clean surface, they form
a � bond where the � states overlap the valence band and the
�* states lie just below the conduction-band minimum. Only
hdn-Si could be affected by the position of the �* states. The
surfaces we have studied always maintain a high concentra-
tion of Cl and Br during the experiments ��0.94 monolayer
�ML��, and we speculate that interactions between the dan-
gling bonds of a BD and the surrounding electronegative
halogens shift the �* states from their clean surface position
out of the gap so that the flatband picture remains correct.

The double-headed arrows in Fig. 2�b� show the excita-
tion energies for Cl, Br, and I desorption from the three types
of samples. As shown, the Fermi level is about 0.10 eV
above the VBM for p-Si, 0.48 eV above the VBM for
ldn-Si, and 0.82 eV above the VBM for hdn-Si at 700 K,
assuming nondegenerate doping. Significantly, these Fermi-
level shifts associated with doping are in excellent agreement
with the changes in the activation energies for Br desorption.
This implies that in all three cases the electrons are being

excited into the same state which we have proposed to be the
Si-Br �* state.12

Table I shows that the prefactors found from the Arrhen-
ius plots of Fig. 2�a� vary over many orders of magnitude as
the activation energies increase from Br on hdn-Si to Cl on
p-Si. The observation that an increase in activation energy is
accompanied by an exponential increase in the prefactor is
well known from the literature of biological, chemical, and
physical processes as the compensation effect or Meyer-
Neldel �MN� rule.24–27 Quantitatively, the MN rule relates
the prefactor and activation energy for a family of processes
through ln �=a+b� where a and b are constants. Yelon and
Movaghar �YM� developed a microscopic model to explain
the MN rule, and they showed that the inverse of the slope,
�0=1/b, is a characteristic energy that provides an order-of-
magnitude estimate of the elementary excitations.28,29 For
Br-Si�100�, the best fit to the MN plot �ln � vs �� gives �0
=60±5 meV, implicating optical phonons of the Si lattice as
the energy bath.30

Figure 3 shows a MN plot based on the results of Fig.
2�a�. The datum point for Cl-p-Si increases the energy and
the prefactor scales substantially, but the relationship estab-
lished for Br is continued for Cl with an overall best fit of
�0=66±5 meV. The iodine datum point lies off the line, and

FIG. 3. A MN plot showing that the parameters for Cl match
well with those of Br, but that the I datum point does not fall on the
line. The inverse of the slope, �0, is 66±5 meV, and this charac-
teristic energy indicates coupling to the optical phonons of Si.

TABLE I. Thermodynamic properties of the desorption reactions, excited by the optical phonons of Si. The activation energies and
prefactors were found from the Arrhenius plots of Fig. 2�a�. The phonon entropy is calculated from �Sph /kB=�E /�0. The number of
required phonons is found from n=�E / �62 meV�, where we take the typical energy of the optical phonons to correspond to the peak in the
phonon density of states, 62 meV.

Halogen
�substrate�

Activation energy
�E �eV�

Prefactor
� �s−1�

Phonon entropy
�Sph /kB

Number of
required phonons,

n

Cl
�p-type�

2.26±0.08 1�1010.0±1.0 34 37

Br
�p-type�

1.23±0.08 104.0±0.5 19 20

Br
�ldn-type�

0.84±0.09 101.0±0.5 13 14

Br
�hdn-type�

0.50±0.11 6�10−2.0±0.9 8 8

I
�p-type�

0.85±0.07 5�103.0±1.0
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it will be discussed in the next section. According to the YM
model, to have the activation energies lie on the same MN
line means that the reactions belong to the same family of
processes. A “family of processes” is defined by having the
same energy bath and coupling to that bath. The fact that the
Cl and Br data fall in line shows that the phonon spectrum
and the electron-phonon coupling are similar for Br and Cl,
as would be expected due to the similarity of the Si-halogen
bonds. This implicitly assumes that the probability for de-
sorption after excitation, P, is the same for Cl and Br. We
speculate that the excited-state lifetimes must be long
enough to give P�1, rendering differences in masses and
potential energy curves irrelevant. If this were not the case,
then we are left with the unlikely scenario that differences in
escape probability exactly cancel the entropy differences be-
tween dissimilar mechanisms governing Cl and Br desorp-
tion. We also note that the activation energy for Cl is 1 eV
larger than that for Br, consistent with the stronger binding of
Cl which should result in a larger separation between the
antibonding states of Si-Cl and the Fermi level. We conclude
that Cl desorption occurs via PAESD.

The plots for Cl and Br in Fig. 2�a� have crossings be-
tween 700 and 800 K, and a common crossing point is
within experimental uncertainty. The temperature at which
the reaction rates are equal is known as the isokinetic tem-
perature Tiso. From the MN rule, Tiso is given by �0 /kB
which is 767 K from the best fit of Fig. 3. From extrapola-
tion of the plots in Fig. 2�a�, the desorption rate is highest for
Cl above �800 K even though Cl desorption has, by far, the
largest activation energy. Although this result may seem
quite surprising at first, it is nicely explained by the YM
model.

The YM model demonstrates the crucial role of entropy
associated with a reaction whose activation energy is large

compared to kBT and the elementary excitations of the
system—e.g., phonons. A reaction satisfying the previous
condition requires multiple phonons to reach the activated
state, and there is a large change in entropy resulting from
the number of ways the phonons can be assembled. This
entropy is included in the prefactor, as can be seen in Eq.
�A4�, and Peacock-Lopez and Suhl and later YM showed
that it is directly proportional to the enthalpy of
activation.29,31 Therefore, an increase in the activation energy
will result in an exponential increase of the prefactor, natu-
rally giving rise to the compensation effect.

Table I summarizes several properties related to mul-
tiphonon electron excitation processes for Cl and Br on Si
surfaces with different doping types and concentrations. The
activation energies and prefactors were found from the fits to
the Arrhenius plots of Fig. 2�a�. The phonon entropy is cal-
culated from Eq. �A7� �see the Appendix�, and the average
number of required phonons is n=�E / �62 meV� where we
take the typical phonon energy to be equal to the peak in the
phonon density of states for Si, 62 meV.32

The phonon entropy given in Table I is the key idea be-
hind the YM model, and it is critical in determining the re-
action rate. As shown, the larger activation energy for
Cl-p-Si requires more phonons and, thus, the reaction has the
larger entropy. This entropy competes with the activation en-
ergy to determine the rate of the reaction. Below the isoki-
netic temperature, the reaction with the largest activation en-
ergy has the lowest rate, as expected. Above the isokinetic
temperature, the entropy “wins” and the reaction with the
largest activation energy has the highest rate. It is important
to note that the reaction with the highest activation energy
has the lowest free-energy barrier above the isokinetic tem-
perature due to the phonon entropy. As discussed by Young
and Crandall,33 the entropy term given by �Sother must be
negative to prevent �G from approaching zero as the isoki-
netic temperature is reached.

The compensation effect cannot continue indefinitely for
larger and larger activation energies. The energy for the ex-

FIG. 4. �Color online� �a� A schematic of multiphonon excita-
tion of an electron into a �* state from within an interaction volume
around the Si-halogen bond. The excitation rate includes an entropy
term that describes the number of ways that phonons can assemble
to provide the needed energy. This entropy compensates the change
in �E�* −EF� caused by doping or by a change in the halogen. �b� A
schematic of the potential energy diagram for a system undergoing
a Franck-Condon transition from one state to a higher-energy state
that is repulsive and which can drive the desorption of the halogen.
The inset shows a schematic of the free-energy barrier for desorp-
tion. The activated state at the top of the barrier is described by the
multiphonon excitation of an electron into the �* state. This places
the Si-halogen molecule on the repulsive portion of a higher-
potential-energy surface and, if the excited state lives long enough,
the halogen atom can gain enough kinetic energy to desorb.

FIG. 5. �Color online� Filled-state scanning tunneling micro-
graphs �100�100 Å2� of I on p-type Si�100� acquired with a
sample bias of −1.3 and −2.0 V for �a� and �b�, respectively. �a� The
initial I coverage was 0.999 ML. �b� After heating the initially pas-
sivated surface at 725 K for 1 min. Most of the surface exhibits a
c�4�2� pattern with dimers that are I terminated appearing as
bright features and those that are I free as the dark features that
alternate with the bright features. The final coverage was 0.44 ML,
giving an average desorption rate of 9.3�10−3 ML s−1.
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citation is supplied from a volume in which an effective cou-
pling exists between the system and surrounding energy and
particle reservoir. This interaction volume for a family of
processes plays the important role of limiting the range of
activation energies for which the compensation effect occurs.
Consider a family of processes in which there are N phonons
available in the interaction volume. We presume that the sta-
tistical distribution describing the entropy, �Spho, is well ap-
proximated by an exponential distribution only when the re-
quired number of phonons, n, is much less than N. For the
range of activation energies in which this is true, the com-
pensation effect is obtained. However, for increasingly large
activation energies, n approaches N and the distribution de-
scribing the entropy deviates substantially from the exponen-
tial form and at some point reverses sign. Physically, this
behavior must take place because otherwise reactions with
unrealistically large activation energies would occur.

Figure 4 is a schematic that summarizes phonon-activated
electron-stimulated desorption. In Fig. 4�a�, the wavy lines
represent multiple optical phonons combining to excite an
internal electron into the Si-halogen antibonding state. This
excitation occurs within an interaction volume around the
Si-halogen “molecule,” and it is represented schematically in
Fig. 4�b�. The capture of the electron in the Si-halogen anti-
bonding state moves the Si-halogen molecule to a new po-
tential energy surface. The inset shows a typical reaction
barrier where �G is the change in Gibbs free energy between
the ground state and the activated state. Here, the activated
state is reached when electron capture occurs. The activated
molecule finds itself on the repulsive portion of a new po-
tential energy surface so that Cl or Br move away from the
silicon. For desorption to occur, the excited state must live
long enough for the adatom to acquire sufficient kinetic
energy.34

There are several possibilities for the evolution of the ex-
cited state during the desorption event, and the process must
conserve energy while breaking a 3–4-eV bond. The elec-
tron captured in the antibonding state can be transferred to
the halogen atom, leading to the desorption of a negative ion,
or the electron can be transferred back to the Si, resulting in
neutral atom desorption. A rough estimate of the energy re-
quired to desorb a negative ion is given by the difference
between the electron affinity of the halogen atom and the
work function of halogen-terminated Si�100�. This gives a
value of 1 eV if we assume the work function is close to
4.5 eV and the electron affinity of the halogens is about
3.5 eV. Therefore, the energy gained from the electron tran-
sition would be enough to desorb the ion. However, if the
electron is transferred back to the silicon during the desorp-
tion event, the energy gained from the electron transition is
not enough. Either the electron transitions back into a deep
hole state or the remaining energy must come from phonons.
We speculate that the phonons serve to weaken the Si-Br
bond as well as provide the energy for the electronic excita-
tion to the Si-Br antibonding state.

B. I-Si(100)

Figure 5 shows an I-Si�100� surface after only 1 min at
725 K. The surface was initially saturated with I. The dimers

with I appear bright, the bare dimers appear darker, and the
DV’s again appear as dark spots that are the full width of the
dimer row. The I is arranged in a c�4�2� pattern that arises
due to strong steric repulsive interaction between the large
adatoms.35,36 Analysis reveals the initial and final coverages
were 0.999 ML and 0.44 ML. The average desorption rate is
then 9.3�10−3 ML s−1, which is nearly three orders of mag-
nitude larger than for Cl and Br desorption at this tempera-
ture. From Fig. 2�a�, the best fit to the I data gives an acti-
vation energy of 0.85 eV with a prefactor of 5�103 s−1.
Although the activation energy could be consistent with elec-
tron capture in the Si-I antibonding states, Fig. 3 shows that
I does not fit on the curve for the PAESD processes of Cl and
Br. Either one of the terms in the prefactor is significantly
altered for I or a new mechanism dominates the desorption.

From Eq. �A4�, an increase in the prefactor must arise
from an increase in P, the probability of desorption after
excitation. In principle, the increase in the desorption rate
could reflect a much-increased lifetime of the Si-I �* state.
Although we have no way to test this possibility, we think it
is unlikely due to the chemical similarity of the halogen
bonds. Although the large steric repulsive energies involving
the iodine adatoms35,36 could alter the shapes and relative
positions of the potential curves of Fig. 4�b�, they do not
account for the increased rate. This conclusion is based on a
desorption experiment where the initial I coverage was
�0.42 ML and steric repulsive interactions would be greatly
reduced.37 After 1 min at 725 K, the coverage decreased to
0.22 ML. The corresponding rate fits in the first-order
Arrhenius plot of Fig. 2�a�, within experimental error, with-
out any indication that steric interactions significantly influ-
ence the rate of desorption.

Although the PAESD reaction would still occur for
I-Si�100�, it is apparently not the dominant mechanism driv-
ing the I desorption. We propose a second contribution that
involves the capture of free carriers by the Si-I �* states. Due
to the relatively weaker bonding of I, the �-�* separation is
smaller than for Cl or Br and the Si-I �* states overlap with
the CBM. Since there are a large number of free carriers
within kBT of the CBM, free carriers that reach the surface
can be captured by the Si-I �* states. This process is similar
to PAESD in that both involve the localization of an electron
in the antibonding states, but they are distinguishable.

PAESD involves the rare process of many phonons com-
bining to excite an electron directly into the �* state while
desorption induced by the capture of free carriers is governed
by the equilibrium number of electrons at the CBM imping-
ing on the surface. The capture of free carriers does not
involve the large entropy change associated with the assem-
bly of multiple phonons, �Spho. Hence, the capture of free
carriers can be ruled out for Cl and Br since rate crossings
are observed that can only be explained by the multiphonon
entropy term in the rate equation. The iodine desorption da-
tum point does not lie on the Br and Cl lines of the Meyer-
Neldel plot in Fig. 3 since any multiphonon excitation of
electrons into the �* states is overwhelmed by direct electron
capture. The data still fit a first-order Arrhenius plot since the
equilibrium number of electrons at the CBM is well de-
scribed by Boltzmann statistics. Significantly, the activation
energy of 0.85 eV matches well the energy separation be-
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tween EF and the CBM at the elevated temperatures for
p-Si. Thus, the much more frequent occurrence of free-
electron capture results in a huge increase in the prefactor
and, thus, in the desorption rate.

IV. CONCLUSIONS

The results presented here demonstrate that the desorption
of halogens from Si�100� results from complex processes
involving both phonons and electronic excitations. More-
over, large entropy changes are critical components of the
reactions and, for Cl and Br, they lead to crossovers in the
desorption rates. For the halogen-Si system, this desorption
pathway is important because the halogen coverage is a key
parameter in etching and roughening reactions, in surface
patterning, and in equilibrium morphologies. The results
point to charge carriers playing a more general role in sur-
face reactions than has been previously recognized.
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APPENDIX

The following analysis shows that Eq. �A4� provides ac-
curate values for the activation energy and prefactor. The
general expression for a first-order reaction rate is

r = −
d	

dt
= k	 �A1�

where k is the rate constant, 	 is the reactant �halogen� con-
centration, and t is time. For PAESD involving electron lo-
calization in the Si-halogen antibonding level at energy E�*,
the rate constant is k= IP where I is the electron capture rate
in units of s−1. Capture introduces one extra electron and
results in an activated state that resides on a new potential
energy surface via a Franck-Condon transition. P is the prob-
ability that this state will lead to halogen desorption.The rate
of transition to the activated state is described by Eyring
theory38 as

I = A exp�− �G

kBT
� , �A2�

where A is a constant and �G=�H−T�S is the difference in
the Gibbs free energy between the ground state and the ex-
cited state with an electron in �*. Treating the Si-halogen
molecule as a two-state system in equilibrium with an energy
and particle reservoir, we can split the change in entropy, �S,
into three parts—one associated with adding an electron to
the �* state, �Se; one associated with the phonons involved
in the excitation process, �Spho, to be discussed below; and
one associated with any other changes in the molecular re-
action, �Sother, presumed to be the same for each sample.
�Se is related to the chemical potential 
 through the ther-

modynamic relation 
=−T �Se /�N, where �N=−1 is the
change in the number of electrons. Also, the enthalpy �H
��E=E�* where we have defined E=0 for the ground state.
Thus, the capture rate can be written

I = A exp��Spho + �Sother

kB
�exp�−

E�* − 


kBT
� , �A3�

where 
=EF. The rate constant is then

k = � exp�−
�

kBT
� , �A4�

where

� = PA exp��Spho + �Sother

kB
�

is the prefactor and �= 	E�*−EF	�kBT is the activation en-
ergy. Substituting Eq. �A4� into Eq. �A1� gives

ln k = ln
1

t
ln� 	i

	 f
�� = −

�

kBT
+ ln � . �A5�

Equation �A5� is important because 	i, 	 f, and t are known in
each experiment. Note that Eqs. �A4� and �A5� are very gen-
eral Arrhenius expressions that would fit most first-order re-
actions and specific assignment of the kinetic parameters is
only meaningful in light of a specific reaction mechanism.
The activation energy of Eq. �A4� is taken as the energy
separation between the Si-halogen antibonding states and the
Fermi level. However, this separation depends on tempera-
ture since both the Fermi level and the gap have temperature
dependences. Also, the entropy factor is temperature depen-
dent because Peacock-Lopez and Suhl and later YM showed
that the phonon entropy is directly proportional to the acti-
vation enthalpy.29,31 Though the shifts in the Fermi level and
band gap are small in the temperature range studied, we must
determine if their temperature dependences lead to apparent
kinetic parameters that are larger or smaller than the actual
parameters.

To test this, we explicitly substitute the known tempera-
ture dependencies of EF and the band gap into Eg. �A4� and
use the resulting equation to fit a plot of ln k vs T. We will
use p-Si as an example but note that the cases of ldn- and
hdn-Si are similar. We assume that the Si-halogen antibond-
ing states are fixed with respect to the CBM—i.e., that the
�−�* separation has the same temperature dependence as
the band edges so that �* moves with the CBM. It is conve-
nient to define the CBM to have E=0. We write Eq. �A4� as

k = PA exp��Sother

kB
�exp��Sph

kB
�exp�−

E�* − EF

kBT
� .

�A6�

From the MN rule, we can write the phonon entropy as

�Sph = kBb�E�* − EF� , �A7�

where b is the slope of the best fit in Fig. 3 and we have
assumed that �Sother is not directly proportional to �E. We
also use the temperature-dependent expressions for EF �Ref.
39� and the band gap40
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EF = − Eg + kBT ln�NV

N
� , �A8a�

Eg�T� = Eg�0� −
�T2

T + 
, �A8b�

where NV is the density of states in the valence band, NA is
the dopant concentration, Eg�T� is the band gap energy at
temperature T, Eg�0� is the band gap energy at 0 K, and �
and  are constants. We have ignored the temperature depen-
dence of N� since it is inside the logarithm. Substituting Eqs.
�A6�–�A8� into Eq. �A5� gives

ln k = ln
1

t
ln� 	i

	 f
��

= ln �0 + �b −
1

kBT
�E�* −

Eg�0�
kBT

− bkBT ln�NV

NA
�

−
b�T2

T + 
+

�T

kBT + kB
+ bEg�0� + ln�NV

NA
� , �A9�

where �0=AP exp��Sother /kB�. We emphasize that E�* is
measured with respect to the CBM.

Fitting a plot of ln k vs T with Eq. �A9� gives E�*

=1.45±0.18 eV with �0=3�10−5.0±0.1 s−1 and E�*

=0.31±0.06 eV with �0=7�10−5.0±0.1 s−1 for Cl and Br de-
sorption, respectively. Note from the small values of �0 that
either P must be a very small number or �Sother must be a
large negative number, or both. To compare these values to
those found using Eq. �A4�, we must add to the activation
energies the energy separation of 0.86 eV between the CBM
and EF, and we must multiply the prefactors by the exponen-
tial of the phonon entropy. This gives 2.31 eV with 1.8
�1010 s−1 and 1.17 eV with 1.2�104 s−1, very close to the
values found from Fig. 2�a�. A similar analysis for ldn- and
hdn-Si also gave values that closely matched those found
from the Arrhenius plots of Fig. 2�a�. We conclude that the
temperature dependences of the Fermi level and band gap in
Eq. �A4� do not lead to significant errors in the kinetic pa-
rameters.
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