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Transition state redox during dynamical
processes in semiconductors and insulators
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Abstract
Activation barriers associated with ion diffusion and chemical reactions are vital to understand and predict a wide
range of phenomena, such as material growth, ion transport, and catalysis. In the calculation of activation barriers for
non-redox processes in semiconductors and insulators, it has been widely assumed that the charge state remains fixed
to that of the initial electronic ground state throughout a dynamical process. In this work, we demonstrate that this
assumption is generally inaccurate and that a rate-limiting transition state can have a different charge state from the
initial ground state. This phenomenon can significantly lower the activation barrier of a dynamical process that
depends strongly on charge state, such as carbon vacancy diffusion in 4H-SiC. With inclusion of such transition state
redox, the activation barrier varies continuously with Fermi level, in contrast to the step-line feature predicted by the
traditional fixed-charge assumption. In this study, a straightforward approach to include the transition state redox
effect is provided, the typical situations where the effect plays a significant role are identified, and the relevant electron
dynamics are discussed.

Introduction
Macroscopic dynamical phenomena ranging from ion

diffusion to chemical reactions are frequently understood
and predicted by analyzing the transition states (TSs) of
elementary dynamical processes occurring in extended
systems, such as in bulk materials or on bulk material
surfaces. A widely-used assumption1–7 in TS modeling is
that the charge state remains fixed during a non-redox
process, such as the ion diffusion. Unlike metallic systems,
the Fermi level (EF) in the ab initio modeling of an
extended semiconducting or insulating system is typically
not at the value of the real system, so electron exchange
with the bulk states associated with EF must be included
by explicit post-processing. Therefore, the fixed-charge
assumption prohibits potential electron exchange
between the bulk states and the local region where a
dynamical process takes place.

In this article, we remove the fixed-charge assumption
and relax the TS charge state to obtain the lowest acti-
vation barrier for defect/impurity diffusion in semi-
conductors and insulators as concrete illustrations. Our
density functional theory (DFT) computations confirm
that typically it is energetically favorable for the TS to
exchange electrons with the bulk states. By allowing such
TS redox, the activation barrier is lowered and the EF
dependence of activation barrier becomes continuous. We
compare these computational results with available dif-
fusion experiments, analyze the magnitude of the cor-
rection associated with the method proposed in this work,
and discuss the electron dynamics during the TS redox.

Materials and methods
Our ab initio calculations are carried out using DFT as

implemented in the Vienna Ab initio Simulation Package
(VASP)8. An energy cutoff of 400, 450, and 300 eV is set
to the plane-wave basis sets for GaAs, 4H-SiC, and Si
systems, respectively, and the following projector aug-
mented-wave potentials are utilized: Ga_GW(4s24p1) for
Ga, As_GW(4s24p3) for As, Si_GW(3s23p2) for Si, C_GW
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(2s22p2) for C, and Li_GW (2s1) for Li. The HSE069 hybrid
functional is employed, which predicts the band gaps of
GaAs, 4H-SiC, and Si to be 1.38, 3.16, 1.15 eV, in good
agreement with the experimental values10,11 of 1.42, 3.26,
1.12 eV at 300 K, respectively. The k-point sampling is a
3 × 3 × 3 Monkhorst-Pack grid for the GaAs, 4H-SiC, and
Si supercells with a= b= c= 11.20 Å, a= b= 9.21 Å and
c= 10.04 Å, and a= b= c= 10.87 Å, respectively. For
defective systems, each supercell contains one defect. The
ab initio method proposed by Freysoldt, Neugebauer and
Van de Walle (FNV)12 is adopted to remove the image
charge interaction and adjust the potential alignment
between the perfect and defected structures.
The defect formation energy Ef of a defect D with charge

state q is defined as Eq. 113,

Ef Dq;EFð Þ � Etot D
qð Þ þ EFNV Dqð Þ � Etot bulkð Þ

þ
X

μi þ q EVBM bulkð Þ þ EF½ � ð1Þ

where EtotðDqÞ and Etot(bulk) are the total internal
energies of the systems with defect Dq and perfect bulk,
respectively; EFNV, EVBM and EF are the FNV correction,
valence band maximum (VBM) energy and Fermi energy
relative to VBM energy, respectively; chemical potentials
µX for X=Ga, C, and Li are summarized in the section 1
of the Supplementary Information. The lowest defect
formation energy of a defect, Emin

f , is determined by the
minimum value of different charge states as Eq. 2,

Emin
f D; EFð Þ � Min Ef Dq; EFð Þ� �

: ð2Þ
Defect energy levels correspond to the EF where the

slope of Emin
f changes and are independent of the choice

of chemical potentials.
The structure and energy of TS is determined using the

climbing nudged elastic band (cNEB) method14. To relax
the TS charge state and obtain the EF dependence of the
lowest activation barrier, a three-step approach is devel-
oped here. First, we determine the TS corresponding to a
given initial/final charge state by considering the TS
charge state within a reasonable range using the cNEB
method. Calculations of all possible combinations are
demanding. However, from the viewpoint of an energy
surface, a TS does not change when the initial or final
state shifts in the same energy valley. For the systems
studied here, we indeed find that the TS coordinates and
energy are insensitive to the charge state of the initial/final
state, so just one initial/final charge state can be used for
all the TS charge state calculations if desired (see section 2
of the Supplementary Information). Second, we identify
the lowest formation energy curve among these different
charges of the TS over the entire range of EF in the band
gap, following the same procedure of determining the
lowest defect formation energy curve for stable states.
Third, we take the difference between the lowest TS

energy curve and the initial state energy curve as the EF
dependence of the lowest activation barrier. Two notable
consequences of the above relaxed-charge approach are
that (1) the activation barrier must be continuous as a
function of EF, because the energy curves of both TS and
initial state are continuous; (2) the activation barrier must
be equal to or lower than that obtained from the fixed-
charge assumption, because the TS here has the lowest
energy in the entire range of EF.

Results
We computationally examine three diffusion processes:

gallium vacancy, VGa, diffusion in GaAs; carbon vacancy,
VC, diffusion in 4H-SiC; and lithium interstitial, Lii, dif-
fusion in silicon (see geometrical structures and relevant
VASP input files in the Supplementary Data Set). These
systems are chosen because they have been extensively
studied and thus serve as ideal models to verify our pre-
dictions. Additionally, they exemplify three different cases
how a TS charge state can differ from that of the initial
state, which include electron loss, electron gain, or no
electron exchange.

VGa diffusion in GaAs
Figure 1a shows the defect formation energy of VGa and

its diffusion TS in GaAs. In the examined range of EF, VGa

consists of three stable charge states from 1− to 3−. Two
predicted defect levels at 0.38 and 0.69 eV relative to the
VBM are in good agreement with the experimental
values16,17 of 0.40−0.50 eV and 0.70−0.75 eV, respectively.
Note that VGa is metastable in the region of 0 ≤ EF ≤ 0.28 eV
according to a previous study18 and the complex diffusion
in this range is not investigated here. The TS curve by the
relaxed-charge method shows different charge states from
those of the stable state in certain regions, indicating that
electron exchange of TS with the bulk will occur accord-
ingly. We predict that the TS state loses one, then two, and
one electron relative to the initial state in the ranges of 0.38
< EF ≤ 0.69 eV, 0.69 < EF ≤ 0.78 eV, and 0.78 < EF ≤ 0.99 eV,
respectively. The fixed-charge method is valid only in the
heavy n- and p-type doping regions. The hopping barriers
in Fig. 1b show that the fixed-charge method predicts a
step-line curve with two jumps of 0.39 and 0.31 eV at the
boundaries of −/2− and 2−/3−, respectively. In contrast,
the relaxed-charge approach significantly lowers the hop-
ping barrier and smoothens the curve in the entire range.
The formation energy of TS in Fig. 1a includes the energy
to form and migrate the vacancy, and hence corresponds to
the Ga collective diffusion barrier, which can be measured
in experiments. In the range of 0.38 < EF ≤ 0.99 eV, the
fixed-charge method predicts two prominent spikes, which
are reduced by 0 to 0.39 eV with the relaxed-charge
method. A compilation of comparison with available
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diffusion experiments will be discussed in the Discussion
section.

VC diffusion in 4H-SiC
Figure 2a shows the defect formation energy of VC and

its diffusion TS in 4H-SiC. Results of the less common
silicon vacancy, VSi, does not add significant insights and
are included in section 3 of the Supplementary Informa-
tion. Our three predicted defect levels are consistent with
previous calculations19 and the one 0.40 eV below the

conduction band minimum (CBM) corresponds to the
deep-level-transient-spectroscopy peak Z1/2

20-26 observed
in the range of 0.59–0.72 eV below CBM, while the two
levels 1.30 and 1.58 eV below CBM contribute to the
broad peak of EH6/7

21,22,24,25,27,-29 in the range of
1.48–1.80 eV below CBM. The TS of VC can either gain or
lose electrons, in contrast to the consistent loss of elec-
tron as seen in the TS of VGa. Specifically, the TS gains
one, two, and one electron relative to the initial state in
the ranges of 0.61 < EF ≤ 1.11 eV, 1.11 < EF ≤ 1.58 eV, and
1.58 < EF ≤ 1.86 eV, respectively; the TS loses one electron
in the range of 2.77 < EF ≤ 3.16 eV. Figure 2b shows that
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Fig. 1 Electron loss of TS during the VGa diffusion in bulk GaAs. a
Defect formation energy, Ef

min, of the stable VGa and its diffusion TS
predicted by the fixed-charge and relaxed-charge approaches under
As-rich condition. The violet star is an experimental value of the Ga
self-diffusion barrier obtained in the temperature range of
800–1225 ˚C15. b Comparison of hopping barriers, Eb, predicted by the
two approaches. EF is relative to the VBM. Charge state of each region
is labelled. Vertical dashed lines indicate defect energy levels
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Fig. 2 Electron gain or loss of TS during the VC diffusion in bulk
4H-SiC. a Defect formation energy, Ef

min, of the stable VC and its
diffusion TS predicted by the fixed-charge and relaxed-charge
approaches under C-rich condition. The violet star is an experimental
value of the C self-diffusion barrier obtained in the temperature range
of 2100–2350 ˚C30. b Comparison of hopping barrier, Eb, predicted by
the two approaches
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the fixed-charge approach induces reductions of hopping
barrier in two ranges: 0.61–1.86 eV and 2.77–3.16 eV, and
the maximum reduction is up to 1.42 eV at EF= 1.58 eV.
As expected, the collective diffusion barrier (formation
energy of TS in Fig. 2a) shows significant reduction and is
continuous by the relaxed-charge method.

Lii diffusion in Si
Figure 3a shows that Lii has two stable charge states in

bulk Si, + and 0, with a shallow defect level 0.07 eV below
the CBM, which is in excellent agreement with the

experimental value of 0.03 eV below the CBM31. In con-
trast to the VGa in GaAs and VC in 4H-SiC, Lii and its TS
possess almost the same charge states (Fig. 3a) and
therefore the fixed-charge and relaxed-charge approaches
yield almost identical activation barriers. Figure 3b shows
that the hopping barriers of Lii

+ and Lii
0 are predicted to

be 0.632 eV and 0.625 eV, respectively.

Discussion
Comparison with diffusion experiments
Figures 1a and 2a indicate previous experimental values

of Ga and C self-diffusion barriers through the vacancy-
mediated mechanism in GaAs and 4H-SiC, respectively.
The diffusion barrier in intrinsic GaAs was measured to
be 4.24 eV under As-rich condition in the temperature
range of 800–1225 ˚C15 and the diffusion barrier in
intrinsic 4H-SiC was 8.50 eV under C-rich condition in
the temperature range of 2100–2350 ˚C30 (see section 4 of
the Supplementary Information for determination of the
EF in experiments). In both cases the relaxed-charge
approach agrees with the experiments better than the
fixed-charge approach, which generally supports the for-
mer. However, robust experimental verification of the
improvements by the relaxed-charge method is not
straightforward, because the high experimental tempera-
tures induce significantly reduced band gaps, substantial
thermal vibrational energies, and increasing contribution
of excited states, all of which could be important to the
correct prediction of activation barrier. For instance,
relative to the values at 300 K, the temperatures of
800–1225 ˚C reduce the band gap of GaAs by 0.39–0.61
eV, and the temperatures of 2100–2350 ˚C reduce the
band gap of 4H-SiC by 0.91–1.04 eV. Therefore, future
experiments at relatively lower temperatures or theore-
tical thermal corrections to the current results would be
valuable to enable compelling validation of the
predictions.
Unlike the two other cases, low-temperature experi-

ments for Lii diffusion in intrinsic Si32,33 had been per-
formed. The experimental temperatures of 25–125 ˚C
correspond to Si band gaps of 1.13–1.10 eV, which are
very close to the value of 1.15 eV in our simulation. Our
predicted collective diffusion barrier of 0.60 eV at EF=
0.54 eV, which corresponds to 75 ˚C for intrinsic Si (sec-
tion 4 of the Supplementary Information), is in good
agreement with the experimental value of 0.66 eV, as
shown in Fig. 3a. Unfortunately, the fixed-charge and
relaxed-charge methods yield the same prediction in this
case, so this comparison cannot be used to distinguish the
two approaches.

Magnitude of correction by the relaxed-charge method
To gain insights into when the TS redox is likely to play

a significant (minor) role, we compare the correction of
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hopping barrier by the relaxed-charge method with the
discontinuity of hopping barrier predicted by the fixed-
charge method. Figure 4 shows that the maximum cor-
rection of hopping barrier generally increases with the
discontinuity. In other words, the relaxed-charge method
plays a significant (minor) role when the fixed-charged
method predicts a strong (weak) charge dependence.
Physically, this correlation arises from the fact that a
discontinuity is caused by forcing the TS into an incorrect
charge state, so a larger discontinuity corresponds to a
larger error in the TS energy and more reduction when
this error is corrected.
It is unclear what combination of migrating species and

host material would exhibit strong charge dependence,
although it is known that a charge state can impact acti-
vation energy through the change of ionic size and
bonding characteristics. A previous study34 has found that
the charge sensitivity of activation barrier depends linearly
on the defect level shift in the TS relative to that in the
initial state, a relationship that can be easily understood
through the analysis in section 5 of the Supplementary
Information. However, such defect level shift requires
essentially the same calculations as a traditional activation
barrier and thus does not enable easy prediction.

Electron dynamics during TS redox
Because all our results so far are based on thermo-

dynamic equilibrium, it is interesting to investigate how
the electron dynamics could influence the TS redox.
Taking the hopping with an oxidized TS as an example,
Fig. 5 schematically shows the time scales of four relevant
processes, together with schematic suggestions of where
the processes take place: (1) the time residing in initial
states before a successful hop, (2) the ionic hop time, (3)

the time for electrons to leave the ion or the oxidation
time, and (4) the time for the electrons to combine with
the ion or the reduction time. Given that most dynamical
processes possess activation barriers greater than 0.3 eV
and most experimental temperatures are less than
3000 oC, a reasonable lower limit of time scale 1 is many
picoseconds, according to the Arrhenius equation and an
attempt frequency of 5 × 1012 Hz. The time scale 2 is
generally on the scale of 0.1 ps35. The time scales 3 and 4
have not been established and may depend strongly on the
hopping species and the host material. For example, the
reduction process could be similar to electron-hole
recombination, which can occur in the wide time scale
from nanoseconds to microsceconds36–41.
Depending on the four time scales, the redox during the

ionic hop in Fig. 5 could involve two possible mechan-
isms. Since the different charge states in the initial state
are largely in thermal equilibrium (time scale 1 >> time
scale 2), one mechanism is that a thermally excited ion
with charge state q2 hops with constant charge. This
pathway (orange curve) is dominant because it possesses
the lowest collective diffusion barrier of E0

TS � E0
initial ,

where E0
TS and E0

initial are the energies of the rate-limiting
TS and initial ground state, respectively. If the redox are
much faster than the ionic hop (time scales 3 and 4 <<
time scale 2), an additional mechanism that involves the
variation from initial state q1 to the TS q2 and back to final
state q1 will be invoked, which can be realized through
electron emission/absorption during the ionic hop. Both
mechanisms predict the same collective diffusion barrier
as that based solely on thermodynamic equilibrium. Note
that the electron emission/absorption during a hop is not
equivalent to the charge redistribution caused by rehy-
bridization in a traditional TS calculation. The
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rehybridization may play a significant role in determining
the activation energy, such as for oxygen vacancy hopping
in some perovskite oxides42, but it does not involve
electron emission/absorption and does not require the
special treatments described in this work.

Conclusions
In summary, we have developed a relaxed-charge

approach to study activation barriers in semiconductors
and insulators, and identified several diffusion processes,
in which a TS redox can lower the activation barrier. The
TS redox results in continuous dependence of activation
barrier with EF, in contrast to the step-line feature pre-
dicted by the traditional fixed-charge approach. This
effect is particularly important to dynamical processes
where the activation barriers are sensitive to charge state.
The TS redox can be realized through two possible
mechanisms: the constant-charge hopping from a ther-
mally excited initial state and the varying-charge hopping
from an initial ground state. It should be noted that the
computational procedure proposed in this work is also
applicable to processes that have different charge states
between the initial and final states. In view of the funda-
mental role of activation barriers, the possibly significant
overestimation by the fixed-charge method, and the
straightforward new computational approach, we suggest
including the possibility of TS redox in future prediction
of dynamical processes in semiconductors and insulators.
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