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We use ultrashort optical pulses to microscopically image carrier and thermal diffusion in two
spatial dimensions in pristine and mechanically polished surfaces of crystalline silicon. By
decomposing changes in reflectivity in the latter sample into a transient component that varies with
delay time and a steady-state component that varies with pump chopping frequency, the influence of
thermal diffusion is isolated from that of carrier diffusion and recombination. Additionally, studies
using carrier injection density as a parameter are used to clearly identify the carrier recombination
pathway. © 2010 American Institute of Physics. �doi:10.1063/1.3272827�

I. INTRODUCTION

Great potential exists for the use of nanostructured semi-
conductor materials in energy conversion systems, including
advanced superlattice-based photovoltaics1 and nanoscale
thermoelectric materials.2 In spite of this, there is still con-
siderable debate regarding the detailed mechanisms govern-
ing thermal transport in these systems.3 Continued progress
in this field requires the development of spatially and tem-
porally resolved metrology tools with well-characterized ex-
perimental parameters.

Laser-based methods have emerged as a leading candi-
date for making precise thermal transport measurements due
to their noncontact nature and well-defined optical coupling
conditions. Laser excitation can be implemented in the fre-
quency domain using amplitude modulated continuous wave
�cw� laser heating4–6 or in the time domain using pulsed laser
heating.7,8 The probe beam either reflects off the material
surface, sampling the heated region �through thermoreflec-
tance�, or propagates along the surface, sampling the heated
gas just above the surface �through the mirage effect�.9 For
imaging applications, the highest lateral spatial resolution is
obtained by scanning a probe beam spot at normal incidence.
The spatial resolution depends on the thermal wavelength or
the diffusion length, and is ultimately limited by the laser
spot size.

For thermal transport measurements on semiconductors,
a metallic transducer layer is typically used to avoid compli-
cated data analysis owing to the presence of a diffusing pho-
toexcited electron-hole plasma.10,11 However, the transducer
layer introduces new experimental parameters. It is thus ad-
vantageous to use measurement schemes involving uncoated
semiconductor materials. Such experiments require relating
the changes in optical properties to the coevolution of the
plasma and the temperature fields.

For pulsed-laser measurements, only transport properties
in the depth direction are monitored when the pump optical

spot size is much larger than the plasma or thermal diffusion
lengths.12–14 In such an example closely related to the present
study, Tanaka et al.15 have imaged plasma and thermal dif-
fusion in an uncoated ion-irradiated crystalline Si sample. By
changing the delay between the pump and probe pulses, they
measured the relative contributions of the plasma and tem-
perature fields to the change in probe reflectivity. However,
they did not probe times greater than the carrier recombina-
tion time.

Alternatively, for pulsed-laser measurements, one can
also monitor transport properties in the lateral direction when
the pump optical spot size is on the order of or much smaller
than the plasma or thermal diffusion lengths. For short laser
pulse durations, tl�1 ns, this approach requires near-field
optical focusing.16 Similarly, for chopped cw laser excitation,
the chopping frequency can be varied to determine the rela-
tive contributions of the plasma and temperature fields;10

however, unlike pulsed-laser studies, the thermal and plasma
waves cannot be easily decoupled.

Recently, a new approach17,18 that uses elements of both
time and frequency domain methods has emerged. This hy-
brid approach uses a time-delayed probe pulse to laterally
image transient as well as steady-state contributions to the
change in the probe reflectivity. In this paper, we use this
method to image plasma and thermal diffusion in a crystal-
line silicon sample damaged by mechanical polishing,
thereby enabling lateral thermal transport to be completely
decoupled from that of the plasma. For probe delays that are
large in comparison to the carrier recombination time, it is
shown that the optical reflectivity changes arise solely from
thermal diffusion. In this way, the in-plane thermal properties
of the substrate can be accurately probed.

II. EXPERIMENTAL SETUP

The setup used for imaging changes in reflectivity is
shown at the top of Fig. 1. A pump pulse is used to excite
charge carriers �electrons� into the conduction band of a Si
sample. The photoexcited carriers quickly relax to the con-
duction band edge, giving up their excess kinetic energy toa�Electronic mail: david.hurley@inl.gov.

JOURNAL OF APPLIED PHYSICS 107, 023521 �2010�

0021-8979/2010/107�2�/023521/5/$30.00 © 2010 American Institute of Physics107, 023521-1

Downloaded 22 Aug 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3272827
http://dx.doi.org/10.1063/1.3272827


the lattice in the form of heat. The carrier plasma continues
to expand under the influence of density-gradient-driven dif-
fusion until the carriers recombine. Because Si is an indirect-
bandgap semiconductor, carrier recombination provides a
second heating source. A probe pulse is then used to monitor
sample reflectivity changes caused by both the expanding
carrier plasma and the diffusion of heat.

The imaging system is similar to the setup presented by
Tachizaki et al.,19 and involves translation at near-normal
optical incidence of a microscopic probe spot relative to a
fixed pump spot. A single probe pulse monitors changes in
probe reflectivity. The probe beam is sent through a confocal
lens pair �with focal length of 100 mm� and is focused onto
the sample using a microscope objective. The first lens in the
confocal system is attached to a stage that allows the lens
and the probe beam to be translated in the x-y plane. The

probe beam propagation vector remains collinear with the
lens axis. The second lens converts the x-y motion of the
beam into a change in entrance angle into the objective. The
pump beam is guided along the optical axis of the objective
using a dichroic beam splitter placed after the lens pair. The
pump and probe beams, with wavelengths of 400 and 800
nm and incident pulse energies of 0.026 and 0.013 nJ, re-
spectively, are derived from a Ti:sapphire laser with a pulse
duration of �200 fs. The respective spot diameters of the
pump and probe beams at the sample are 4.6 and 4.0 �m �at
full width at half maximum intensity�. The probe energy is
half that of the pump, but the interrogation volume �defined
by the spot diameter and the skin depth� of the probe is
approximately two orders of magnitude larger than that of
the pump. Thus, in our case, the probe can be considered to
passively interrogate that sample.

FIG. 1. �Color� Top: experimental setup. The dashed box represents a dual stage system that allows the lens and the probe beam to be translated in the x-y
plane. A single objective is used for focusing light onto the sample. Bottom: Images of the amplitude and phase of the probe reflectivity change as a function
of delay time, using a chopping frequency f0=50 kHz. At early delay times, the transient component that varies with delay time is dominant. At large delay
times, for the mechanically polished surface, the steady-state component is dominant.
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The pump beam was chopped at a frequency in the range
f0=10–50 kHz to enable measurements of diffusion pro-
cesses at these frequencies. The maximum transient tempera-
ture rise caused by a single pump pulse is 5 K,20 and the
steady-state temperature rise is �0.5 K.5 Typical values of
the relative change in reflectivity of the probe beam ��R /R0�
ranged from �10−4 to 10−3.

The two samples studied are cleaved from a single
boron-doped �p-type� �100� Si wafer with a doping concen-
tration of 2�1016 cm−3, with two different surface prepara-
tions. One sample, referred to as the mechanically polished
sample, is obtained by polishing the as-received �100� sur-
face using a �3 �m� diamond slurry and then �0.05 �m�
colloidal silica.21 This process significantly damages the
crystal lattice in the near-surface region ��1 �m�.22 This
sample is then annealed at 300 °C to relieve the residual
stress caused by polishing. The second sample is in the as-
received state. In this case, the vendor used a dilute HF etch
to remove any residual surface damage. In all cases investi-
gated, the crystal �011� axis is aligned with the laboratory
x-axis.

III. RESULTS AND DISCUSSION

The series of images in Fig. 1 represent the modulus
��R�t�� �left column� and phase lead ���t� �right column� of
the reflectivity variation measured by the lock-in amplifier at
a chopping frequency f0=50 kHz at two delay times: t
=2 ps and t=1 ns. We first consider the results for the me-
chanically polished surface. We decompose the signal into
two components. The first is a transient component that de-
pends on the delay time, and depends on a summation of the
effects of thermal and plasma waves at harmonics of the
laser pulse repetition frequency �76 MHz�.23,24 The second is
a steady-state component associated with a temperature os-
cillation at the pump chopping frequency. The relative mag-
nitude of these components depends on f0 and t. For these
measurements at f0=50 kHz, the transient component is
dominant at relatively short times on the order of a few pi-
cosecond: at t=2 ps, there is little lateral spatial variation in
the phase over the excitation region, and the primary gradi-
ents in temperature and carrier density are in a direction per-
pendicular to the surface �over the pump optical skin depth
of 82 nm�. Thus, at t=2 ps, ���t� should primarily be in-
fluenced by such perpendicular gradients. �R�t� is an aver-
aged response over the probe skin depth ��10 �m�, which
is considerably larger than the pump skin depth �82 nm�
�Ref. 25� and the plasma and thermal diffusion lengths at 2
ps �28 and 13 nm, respectively�.26

The images of ��R�t�� and ���t� for the mechanically
polished surface at t=1 ns are markedly different. Unlike the
behavior at t=2 ps, �� decreases steadily with increasing
distance from the source. Moreover, the profiles of ��R�t��
and ���t� no longer vary with increasing delay time, instead
showing a steady-state behavior. The rapid decrease in the
transient component is due to the short ��1 ns� recombina-
tion time, �r, associated with surface trap sites.27 After t
=1 ns, the transient component vanishes, leaving only the
steady-state component.

For the as-received sample measured under the same ex-
perimental conditions, ��R� at t=2 ps �not shown here� is
essentially the same as that for the mechanically polished
surface. However, ��R� and �� for t=1 ns, as shown in Fig.
1, are qualitatively different from that of the mechanically
polished surface: the transient component remains dominant,
as evidenced by the flat �� spatial profile. This is under-
standable given that the plasma and thermal diffusion lengths
at 1 ns, �700, and �300 nm, respectively, are considerably
smaller than the laser spot sizes for this sample. Compared to
the mechanically polished sample, surface passivation by
etching results in a much slower surface recombination ve-
locity and a persistence of the transient component.22

Further analysis of the results for the mechanically pol-
ished sample is beneficial because, for delay times greater
than the carrier recombination time, the experimental results
can be analyzed using a simplified thermal wave model in
three spatial dimensions �3D�. This model, which has been
discussed in detail in a previous paper,28 considers thermal
waves produced by a sinusoidal heat input. Because of the
relatively low chopping frequencies here, we do not consider
the effect of thermal waves at frequencies corresponding to
harmonics of the laser pulse repetition frequency.23,24 The
volumetric thermal wave source associated with the chopped
pump beam is taken to have a Gaussian profile in the lateral
direction determined by the cross-correlation of the pump
and probe spot sizes29 and a decaying exponential profile in
the depth direction �over the pump beam optical skin depth
of 82 nm�. While it is assumed that the damaged layer will
have an appreciably smaller thermal conductivity than the
pristine substrate, for the pump chopping frequencies consid-
ered it can be shown that the perturbation caused by the
damaged layer on the thermal wave phase profile is relatively
small.30 We will thus assume that the sample is homoge-
neous. The literature value of the optical skin depth for crys-
talline Si at the pump wavelength is used.25 Figure 2�a�
shows the experimental profiles at t=1.5 ns, at two different
chopping frequencies f0=10 and 50 kHz, compared with
���x� obtained from the thermal wave model, where x is the
lateral scan distance. The thermal diffusivity used for the
model results presented in Fig. 2�a� is obtained by fitting the
predicted and experimentally measured thermal wave phase
profiles ���x�. The best fit value for the thermal diffusivity
D= �8.8�0.2��10−5 m2 s−1 is very close to the literature
value D=8.71�10−5 m2 s−1 for pure crystalline Si.26,31,32

The good correspondence between experiment and simula-
tion at f0=10 kHz �corresponding to a thermal diffusion
length l=53 �m� and 50 kHz �l=24 �m� confirms that af-
ter t=1.5 ns the electrons have recombined and that the
steady-state component is driven solely by thermal diffusion.
Our value for D illustrates that the surface damaged layer
does not significantly alter ���x�.

To better understand the plasma dynamics for this me-
chanically polished sample, we examine an intermediate de-
lay time: the right-hand plot in Fig. 2�b� shows ��R� for f0

=50 kHz and t=200 ps, at which delay the magnitude of
the transient and steady-state components are comparable.
The reflectivity change associated with the steady-state com-
ponent is proportional to the surface temperature oscillation,

023521-3 Hurley et al. J. Appl. Phys. 107, 023521 �2010�
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of amplitude �T̂ss�x�, and to the surface carrier density os-

cillation, of amplitude �N̂ss�x�, of the thermal and plasma
waves, respectively, at the chopping frequency. Because the
carrier recombination time �approximated here to be less
than 1 ns� is much smaller than the pump chopping period,

�N̂ss�x� can be neglected. The reflectivity change associated
with the transient component is proportional to the transient

change in surface temperature, �T̂tr�x , t�, and to the transient

change in surface carrier density, �N̂tr�x , t�. For early times
before a significant fraction of the carriers have recombined,
the transient component is dominated by the diffusing
plasma.10 A simple model that reproduces ��R�x�� in the me-
chanically polished sample for a specific delay time is given
by

��R�x�
R

� � �A�t���N̂tr�x,t�ei	tr� + B��T̂ss�x�ei	ss�x��� , �1�

where A�t� and B are, respectively, the relative contributions
of the plasma component and steady-state component, and
	ss�x� and 	tr are the respective phases of the thermal wave

and transient component. �T̂ss�x� and 	ss�x� are taken from
the 3D thermal wave simulation described above. The coef-
ficient B is not a function of time, and is determined from the
measurements of ��R� for f0=50 kHz and t=1 ns, a time for
which ��R� is solely associated with the thermal wave.

�N̂tr�x , t� is assumed to mimic the Gaussian spatial profile of
the autocorrelation of the pump and probe pulses at t=2 ps.
The flat phase profile of the transient component is deter-
mined by the constant value of 	tr equal to the difference

between �� at t=1 ns �dominated by the thermal wave� and
�� at t=2 ps �dominated by the plasma wave� at x=0 �the
spot center�. This phase difference, illustrated in Fig. 1, is
�180°, indicating that these two components have opposite
signs.10 This model, which neglects the diffusing nature of
the plasma �i.e., it replaces the plasma wave with a static
amplitude profile and phase�, is reasonable since the plasma
diffusion length �700 nm� for a 1 ns recombination time is
only a small fraction of the pump and probe spot sizes. The

reflectance variations depending on �T̂ss�x� and �N̂tr�x , t
=2 ps�, labeled thermal wave and Gaussian, respectively, are
shown on the left-hand side of Fig. 2�b�. Equation �1� can be
fitted to ��R�x�� for any given delay using A /B as a fitting
parameter. The result of this procedure for t=200 ps is
shown on the right-hand side in Fig. 2�b�. In Fig. 2�c�, we
plot A /B versus ln�t�.

The vanishing of the transient component at long delay
times further illustrates that the photoexcited carriers in the
mechanically polished sample have recombined after 1 ns.
Carrier-density-dependent Auger recombination can be ne-
glected because the recombination time connected with this
pathway is estimated to be in excess of 20 ns.33 Rather, our
data are consistent with fast recombination associated with
the Shockley–Read–Hall �SRH�27,34–36 recombination path-
way. SRH recombination sites arise from lattice defects in
highly damaged surface layers. In our mechanically polished
sample, this layer extends to approximately 1 �m below the
surface,22 which is larger than the plasma diffusion length of
�700 nm at 1 ns.26 The diffusing photoexcited carriers
therefore cannot escape from the damaged layer before re-

FIG. 2. �Color� �a� Experimental phase lead profile �� �dots� measured at t=1.5 ns and a 3D simulation based on thermal waves �solid lines� �b� Right:
experimental ��R� �dots� and corresponding theoretical profile according to Eq. �1� �solid line�. Left: theoretical profile for ��R� arising from the thermal
waves. The Gaussian represents the cross correlation of the pump and probe spots. �c� Amplitude ratio A /B vs delay time. �d� Amplitude ratio A /B vs plasma
injection density for a delay time of 250 ps. The dashed lines in �c� and �d� are guides to the eye. The chopping frequency corresponding to �b�–�d� is f0

=50 kHz.
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combination. Although not investigated here, the temporal
dependence of the coefficient A and hence A /B is indicative
of the coevolution of carrier and temperature distributions
mediated by electron-phonon coupling.

The experimentally derived functional dependence of
A /B on the average injected carrier density N0 sampled by
the probe spot is shown in Fig. 2�d� for a delay of 250 ps.37,38

A /B increases linearly with increasing fluence and hence
with increasing injection density N0. Previous studies on
polycrystalline Si have shown that SRH recombination cen-
ters saturate at high N0.39,40 This behavior is consistent with
the observed increase in the transient component with in-
creasing N0. Moreover, the screening of SRH sites slows
recombination, which causes N0 to decrease more slowly
with time. Because the transient component is governed by
N0, this in turn leads to the observed persistence of the tran-
sient component.

IV. CONCLUSION

In conclusion, we use ultrashort optical pulses to micro-
scopically image carrier and thermal diffusion in two spatial
dimensions in pristine and mechanically polished surfaces of
crystalline silicon. By decomposing changes in optical re-
flectivity into a transient component that varies with delay
time and a steady-state oscillating component at the pump
chopping frequency, the respective influences of carrier re-
combination and thermal diffusion are identified. We demon-
strate that for probe delays that are large in comparison to the
carrier recombination time in the mechanically polished
sample, thermal and plasma diffusion can be completely de-
coupled. By means of a 3D heat diffusion model for the
oscillating temperature at the pump chopping frequency, we
derive the thermal diffusivity of the polished sample. Fur-
thermore, studies as a function of carrier injection density are
used to confirm the recombination pathway in this sample.
This study provides a useful starting point for the further
investigation of the 3D diffusion of thermal and plasma
waves in a variety of treated semiconductor surfaces.

ACKNOWLDEGMENTS

This work was supported by an INL and SNL LDRD
under DOE Contract No. DE-AC07-05ID14517.

1G. J. Conibeer, D. König, M. A. Green, and J. F. Guillemoles, Thin Solid
Films 516, 6948 �2008�.

2R. Venkatasubramanian, Phys. Rev. B 61, 3091 �2000�.
3D. G. Cahill, W. K. Ford, K. E. Goodson, G. D. Mahan, A. Majumdar, H.
J. Maris, R. Merlin, and S. R. Phillpot, J. Appl. Phys. 93, 793 �2003�.

4W. B. Jackson, N. M. Amer, A. C. Boccara, and D. Fournier, Appl. Opt.
20, 1333 �1981�.

5J. Opsal, A. Rosencwaig, and D. L. Willenborg, Appl. Opt. 22, 3169
�1983�.

6J. Hartmann, P. Voigt, and M. Reichling, J. Appl. Phys. 81, 2966 �1997�.
7C. A. Paddock and G. L. Eesley, J. Appl. Phys. 60, 285 �1986�.
8Y. Kan Koh, S. L. Singer, W. Kim, J. M. O. Zide, H. Lu, D. G. Cahill, A.
Majumdar, and A. C. Gossard, J. Appl. Phys. 105, 54303 �2009�.

9A. C. Boccara, D. Fournier, and J. Badoz, Appl. Phys. Lett. 36, 130

�1980�.
10J. Opsal and A. Rosencwaig, Appl. Phys. Lett. 47, 498 �1985�.
11W. S. Capinski, H. J. Maris, R. Ruf, M. Cardona, K. Ploog, and D. S.

Katzer, Phys. Rev. B 59, 8105 �1999�.
12M. G. Grimaldi, P. Baeri, and E. Rimini, Appl. Phys. A: Solids Surf. 33,

107 �1984�.
13O. B. Wright and V. E. Gusev, Appl. Phys. Lett. 66, 1190 �1995�.
14A. J. Sabbah and D. M. Riffe, J. Appl. Phys. 88, 6954 �2000�.
15T. Tanaka, A. Harata, and T. Sawada, J. Appl. Phys. 82, 4033 �1997�.
16M. Vollmer, H. Giessen, W. Stolz, W. W. W. Ruhle, L. Ghislain, and V.

Elings, Appl. Phys. Lett. 74, 1791 �1999�.
17T. Bienville, L. Belliard, P. Siry, and B. Perrin, Superlattices Microstruct.

35, 363 �2004�.
18D. H. Hurley and K. L. Telschow, Phys. Rev. B 71, 241410 �2005�.
19T. Tachizaki, T. Muroya, O. Matsuda, Y. Sugawara, D. H. Hurley, and O.

B. Wright, Rev. Sci. Instrum. 77, 043713 �2006�.
20C. Thomsen, H. T. Grahn, H. J. Maris, and J. Tauc, Phys. Rev. B 34, 4129

�1986�.
21The colloidal silica contains dilute sodium peroxide. Thus, there is some

chemical polishing in addition to mechanical polishing.
22R. Stickler and G. R. Booker, J. Electrochem. Soc. 111, 485 �1964�.
23D. G. Cahill, Rev. Sci. Instrum. 75, 5119 �2004�.
24A. J. Schmidt, X. Chen, and G. Chen, Rev. Sci. Instrum. 79, 114902

�2008�.
25The index of refraction used in this calculation is for crystalline Si and is

taken from Handbook of Optical Constants of Solids, edited by E. Palik
�Elsevier, Amsterdam, 1998�; it has been observed that the index of re-
fraction for a mechanically polished surface can differ from that of a
passivated surface, M. Ohlidal, I. Ohlidal, and F. Lukes, Surf. Sci. 55, 467
�1976�.

26The plasma and thermal diffusion lengths are given by l= �Dt�1/2, where D
is either the ambipolar diffusion coefficient or the thermal diffusivity, and
t is the pump-probe delay time. The literature value of the carrier-density-
dependent ambipolar diffusion coefficient is taken from C.-M. Li, T. Sjo-
din, and H.-L. Dai, Phys. Rev. B 56, 15252 �1997�; the value of the
thermal diffusivity is taken from H. R. Shanks, Phys. Rev. 130, 1743
�1963�.

27F. E. Doany, D. Grischkowsky, and C.-C. Chi, Appl. Phys. Lett. 50, 460
�1987�.

28D. H. Hurley and M. K. Fig, J. Appl. Phys. 104, 123703 �2008�.
29O. B. Wright, R. Li Voti, and O. Matsuda, J. Appl. Phys. 91, 5002 �2002�.
30The error incurred by assuming the sample to be homogeneous can be

estimated using a simple expression for the thermal wave dispersion taken
from A. A. Maznev, J. Hartmann, and M. Reichling, J. Appl. Phys. 78,
5266 �1995�. For a 1 �m damaged layer with a thermal conductivity that
is one half that of single crystal Si, the difference in the thermal wave
phase over a 20 �m scan distance is 0.02°.

31The best fit was obtained by minimizing the standard deviation. The un-
certainty corresponds to a value of D that has an associated standard
deviation that is 30% larger than the minimum.

32J. C. Thompson and B. A. Younglove, J. Phys. Chem. Solids 20, 146
�1961�. At 300 K, the thermal conductivity is practically independent of
the doping concentration.

33The Auger recombination time is given by �=1 /CN2, where N is the
carrier density and the Auger recombination coefficient �C=4
�10−31 cm6 s−1� is taken from V. E. Gusev and A. A. Karabutov, Laser
Optoacoustics (AIP, New York, 1993�.

34W. Shockley and W. T. Read, Phys. Rev. 87, 835 �1952�.
35R. N. Hall, Phys. Rev. 87, 387 �1952�.
36N. K. Bambha, W. L. Nighan, Jr., I. H. Campbell, and P. M. Fauchet, J.

Appl. Phys. 63, 2316 �1988�.
37The average injected carrier density as measured by the probe spot is taken

as the maximum carrier density at the centre of the pump spot reduced by
a factor of 1 / �1+wprobe

2 /wpump
2 �, where wpump and wprobe are the respective

spot diameters of the pump and probe beams.
38B was assumed to be proportional to the pump fluence.
39E. Fabre, M. Mautref, and A. Mircea, Appl. Phys. Lett. 27, 239 �1975�.
40S. R. Dhariwal, L. S. Kothari, and S. C. Jain Solid-State Electron. 24, 749

�1981�.

023521-5 Hurley et al. J. Appl. Phys. 107, 023521 �2010�

Downloaded 22 Aug 2012 to 133.87.26.18. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1016/j.tsf.2007.12.102
http://dx.doi.org/10.1016/j.tsf.2007.12.102
http://dx.doi.org/10.1103/PhysRevB.61.3091
http://dx.doi.org/10.1063/1.1524305
http://dx.doi.org/10.1364/AO.20.001333
http://dx.doi.org/10.1364/AO.22.003169
http://dx.doi.org/10.1063/1.364329
http://dx.doi.org/10.1063/1.337642
http://dx.doi.org/10.1063/1.3078808
http://dx.doi.org/10.1063/1.91395
http://dx.doi.org/10.1063/1.96105
http://dx.doi.org/10.1103/PhysRevB.59.8105
http://dx.doi.org/10.1007/BF00617616
http://dx.doi.org/10.1063/1.113853
http://dx.doi.org/10.1063/1.1316047
http://dx.doi.org/10.1063/1.365713
http://dx.doi.org/10.1063/1.123087
http://dx.doi.org/10.1016/j.spmi.2003.11.007
http://dx.doi.org/10.1103/PhysRevB.71.241410
http://dx.doi.org/10.1063/1.2194518
http://dx.doi.org/10.1103/PhysRevB.34.4129
http://dx.doi.org/10.1149/1.2426158
http://dx.doi.org/10.1063/1.1819431
http://dx.doi.org/10.1063/1.3006335
http://dx.doi.org/10.1016/0039-6028(76)90252-1
http://dx.doi.org/10.1103/PhysRevB.56.15252
http://dx.doi.org/10.1103/PhysRev.130.1743
http://dx.doi.org/10.1063/1.98173
http://dx.doi.org/10.1063/1.3033163
http://dx.doi.org/10.1063/1.1462414
http://dx.doi.org/10.1063/1.359702
http://dx.doi.org/10.1016/0022-3697(61)90146-9
http://dx.doi.org/10.1103/PhysRev.87.835
http://dx.doi.org/10.1103/PhysRev.87.387
http://dx.doi.org/10.1063/1.341047
http://dx.doi.org/10.1063/1.341047
http://dx.doi.org/10.1063/1.88407
http://dx.doi.org/10.1016/0038-1101(81)90056-3

