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ABSTRACT

We investigate the use of Raman spectroscopy to measure carrier concentrations in n-type GaSb epilayers to aid in the development of this
technique for the nondestructive characterization of transport properties in doped semiconductors. The carrier concentration is quantified by
modeling the measured coupled optical phonon-free carrier plasmon mode spectra. We employ the Lindhard-Mermin optical susceptibility
model with contributions from carriers in the two lowest GaSb conduction-band minima, the I" and L minima. Furthermore, we evaluate three
conduction-band models: (1) both minima parabolic and isotropic, (2) the I' minimum non-parabolic and isotropic and the L minima para-
bolic and isotropic, and (3) the I minimum non-parabolic and isotropic and the L minima parabolic and ellipsoidal. For a given epilayer, the
carrier concentration determined from the spectral simulations was consistently higher for the ellipsoidal L minima model than the other two
models. To evaluate the conduction-band models, we calculated the L to I electron mobility ratio necessary for the electron concentrations
from the Raman spectral measurements to reproduce those from the Hall effect measurements. We found that the model with the ellipsoidal L
minima agreed best with reported carrier-dependent mobility-ratio values. Hence, employing isotropic L minima in GaSb conduction-band
models, a common assumption when describing the GaSb conduction band, likely results in an underestimation of carrier concentration at
room temperature and higher doping levels. This observation could have implications for Raman spectral modeling and any investigation
involving the GaSb conduction band, e.g., modeling electrical measurements or calculating electron mobility.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0140357

I. INTRODUCTION silicon substrates generally result in the creation of lattice defects,

GaSb and related alloy semiconductors have numerous current Whi.Ch can limit device performance if th.e defects propagate to the
and potential applications, including mid-infrared sources'™ and device layers. To reduce defect formation in the device layers,
detectors™ and high-speed, low-power electronic devices®™!! various types of buffer layers are utilized between the device layers

- > - . 5,12-14 .
Growth of these devices on native GaSb substrates is generally pre- and the substrate. Some of these buffer layers can be electrically

ferred. H . . o ine these devices h active. This precludes unambiguous characterization of transport
erred. However, 1T1.terest s Increasing in growing these e:r }Sii ete{- properties of the GaSb and GaSb-based layers in the device using fre-
oepitaxially on silicon or gallium arsenide substrates.” ~~'" This

1pd 2GE07L0°'S L 20255 1/886€8891/25€011L0°6/E901 01/10p/spd-sjone/del/die/bio-diesqndj/:dny woy pepeojumoq

) " » - quently employed single magnetic field Hall effect measurements
interest is due to many factors. For example, silicon and gallium

arsenide substrates are more cost effective and exhibit better thermal
properties compared to GaSb substrates. In addition, the use of
silicon substrates can facilitate the incorporation of GaSb-based
devices into photonic integrated circuits.”'>'* The lattice mismatch
between GaSb and GaAs and silicon substrates and the polarity mis-
match and difference in thermal expansion between GaSb and

since more than one carrier type contributes to sample conductivity
and Hall coefficient."” As an understanding of the transport proper-
ties in GaSb and GaSb-based materials is fundamental to the design
and optimization of devices based on these materials, development
of alternative techniques that can selectively characterize transport
properties of specific (sometimes buried) layers in devices structures
is desirable.
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Raman spectroscopy provides a non-contact, non-destructive,
and spatially resolved method for characterizing buried layers.'>"”
Furthermore, Raman spectroscopy has been employed to investigate
carrier properties in many compound semiconductor materials. Such
an analysis involves observation of the coupled phonon-plasmon
modes, which result from the interaction between the polar longitu-
dinal optical (LO) phonon mode and the collective carrier plasmon
mode."® Quantitative analysis requires knowledge of the relationship
between the coupled phonon-plasmon mode frequency and the free
carrier concentration. Many investigations have focused on coupled
mode spectra in n-type GaAs or InP."*'*"** For such materials, the
electron population generally is significant in only a single spherical
energy band minimum, the I" minimum, at typical experimental
conditions. Hence, the plasmon can be described in terms of a
single, isotropic electron effective mass. In contrast, for GaSb and
related alloys, the electron population can be significant in two
energy band minima, the I" and L minima, at typical experimental
conditions. Furthermore, the L minima are ellipsoidal. Hence, the
plasmon is best described in terms of two electron effective masses,
one isotropic and one anisotropic. The quantitative analysis of the
coupled mode spectra in antimonide-based materials has been
described for n-type GaSb*”** and GaInAsSb.” " In the GaSb
studies, the coupled mode spectra were simulated using electric sus-
ceptibility described in terms of different classical models. However,
it has been shown that a more accurate determination of carrier con-
centration in III-V semiconductors can be obtained when using a
Lindhard-Mermin (LM) model for the electric susceptibility.’”’”

In this report, we analyze the n-type GaSb coupled phonon-
plasmon mode spectra first presented in Ref. 27 using an LM
model, rather than the classical model originally employed.
Furthermore, considering the complexity of the GaSb conduction-
band structure,”™*’ we compare the following three conduction-
band models to evaluate the impact of model parameters on fit
results:

(1) (P-P) model. A parabolic I' minimum with an isotropic effec-
tive mass and a parabolic L minimum with an isotropic effec-
tive mass described by the geometric mean of the longitudinal
and transverse effective masses.

(2) (NP-P) model. A structure as with the (P-P) model except that
we employ a non-parabolic I' minimum.

(3) (NP-E) model. A structure as with the (NP-P) model except
that we employ a non-isotropic, ellipsoidal L minimum.

The organization of the paper is as follows. In Sec. II, we
describe the experimental Hall and Raman measurements.
In Sec. III, we introduce the mathematical model for the GaSb
Raman line shape, optical susceptibility, electronic structure, and
electron density. In Sec. I'V, utilizing the foregoing three models, we
calculate the resulting electron densities extracted from Raman
measurements and then compare the results with those obtained
from Hall measurements. In Sec. V, we summarize our findings.

Il. EXPERIMENTAL RAMAN MEASUREMENTS IN Gasb

The deposition and characterization of the six n-type doped
GaSb epilayers listed in Table I have been described previously.””
The epilayers were deposited on semi-insulating GaAs substrates

ARTICLE scitation.org/journalljap

TABLE I. Selected details concerning the epilayers examined in this work.

DETe mole fraction  #11,"(x10'®) Urzanl’
Epilayer (x107%) (cm™) (x10° cm?/V s)
1 5.0 0.49 3.18
2 7.5 0.65 2.74
3 10 0.74 2.53
4 15 0.88 2.26
5 25 1.04 1.93
6 50 1.17 1.65

*The authors estimate that the statistical variation for ny,y is +10% based
on measurement reproducibility.
The authors estimate that the statistical variation for Uppan is +10% based
on measurement reproducibility.

using organometallic vapor phase epitaxy and doped with tellurium
using diethyltellurium (DETe) at the mole fractions in the reactor
given in Table 1.*** All epilayers were nominally 2.5um thick;
however, the three band models presented in Sec. IIT are valid for
all thicknesses and are not specific to Raman spectral measure-
ments of n-type GaSb. GaSb epilayers grown without DETe flow

were unintentionally doped p-type due to native defects with a
300K hole concentration and mobility of 1.44 x 10®cm™ and

804cm?/Vs, respectively, and a 77K hole concentration and
mobility of 4.08 x 10" cm™ and 4821cm?/V's, respectively.
These values correspond to a native acceptor concentration of
~8.8 x 10" cm™3, assuming a doubly ionizable defect® with
energy levels’” of 0.03 and 0.1 eV and a negligible native donor
concentration. Because the total electron concentration in the

most lightly Te-doped epilayer (epilayer 1) was 1.33 x 10¥ cm™3 ¢

at 300 K, we ignore in this work compensation.

We performed the Raman measurements with 752.22 nm

radiation from a krypton ion laser at room temperature in a back-
scattering geometry described by z(x, y)z, where x,y,z, and z
denote the [100], [010], [001], and [001] directions, respectively, as
described previously.”” The laser power density at the sample was
less than ~9 W/cm?. Collected radiation was coupled into a single
grating, 0.46 m focal length, f/5.3 imaging spectrograph operating
with a 1200 grooves per millimeter holographic grating (750 nm

blaze wavelength) and 130 mm slits. A thermo-electrically cooled

(to 90°C), 1024 x 128 pixel array (26 um x 26 um square pixels),
deep depletion back-illuminated charge coupled device camera

system was employed. The instrumental bandpass (FWHM) was %

~2.9 cm™!. All spectra shown represent the average of two spectra,
each of which was obtained with 300s integration time.
Spectrograph wavelength calibration was performed with atomic
lines from an uranium hollow cathode tube. All Raman scattering
intensities were corrected for the wavelength-dependent response
of the optical system using a white-light source of known relative
irradiance.”® Only the coupled mode spectra are shown in this
report. These spectra were obtained by removing the LO phonon
scattering, the second order phonon scattering, and the nitrogen
and oxygen molecular Raman scattering from ambient air, and a
cubic polynomial baseline from the original spectra, as described in
Appendix A.
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Electron concentration and mobility were determined using
single magnetic field Hall effect measurements based on the van
der Pauw method. Ohmic contacts were made to GaSb using an
indium metal. Measurements were performed at room temperature
using a 1 T magnetic field. These data are listed in Table I.

. THEORY

Using the three conduction band-structure models presented
in Sec. I, we describe now how to obtain the electron concentra-
tions numerically on a given GaSb epilayer from the Raman
measurements.

A. The Raman line shape

The Raman line shape L(g, @) at an angular frequency o, scat-
tering wavevector ¢, and temperature T is given by the full longitu-
dinal dielectric response function £(g, )"

L, o) = 1 0} — &? I 1 W
v0) = () ()

In the above expression, S = 1/kgT, where kg is the Boltzmann
constant, w0 and wro are the longitudinal (LO) and transverse
(TO) phonon angular frequencies, ®, = @tov/1 + Cpu, and Cpy is
the dimensionless Faust-Henry coefficient. The dielectric response
function £(g, ) has contributions from the valence and conduction
electrons, the polar lattice phonons, and their coupling. Explicitly,

£(q, ©) = 1+ 4myyg + 4y, (0) + 41 ), (2)

where yyyg is the dielectric term due to the valence electrons, and
Xpho(®) is the contribution originating in the polar lattice phonons,

2 2
?y —
4r, 0) = £ | 219, 3

Zpho(©) (w%o —w? ®

with £ = 1 + 47yyg. In Eq. (3), we neglect the phonon damping.
The term ¥$* in Eq. (2) accounts for the conduction-band
electron contribution to the GaSb optical response and the Raman
spectrum and depends on the band-structure model. We assume
that the electrons in the I" and L bands contribute independently to
253 and since the L band has four equivalent minima in the first

Brillouin zone, we write

a 1 2 i
25%(, q) = yr(, q) + 5 ; 2@, q), ()

where the terms y and y; depend on the corresponding disper-
sion relations Er and E;, according to the Lindhard form

s F(EK), Er)
h@+ iy + B — Bk + q)
- FEK), Er)
W@+ i) + Bk — ) — E(K)

eZ
(w, g) = dk
xi@, q) = 7 J

(©)
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TABLE II. Parameter values used in the calculation of the GaSb band structure and
susceptibility. These values are derived from other parameters in the literature as
described in Appendix B, unless a reference is given. m, is the electron mass.

Band-structure parameters Susceptibility parameters

mr 0.035 m, 0o 236 cm™!
my” 1.4 m, or1o 226 cm™!
M 0.081 m, Eoo” 144

& —0.84 Cru —0.245

Ero 0.727 eV a;’ 6.09%x107°m
Ero— Ero 0.0847 eV q 7.422 % 10° cm™!

“Reference 51.
PReference 53.
“Reference 52.
9Reference 47.
“Reference 54.

for i =T, L. In Eq. (5), f(E(k), Er) = (1 + exp (B(E(k) — Ep))™" is
the Fermi function and Ep is the Fermi energy. Following
Mermin,”’ to properly account for the effects of damping, we
modify y;(w, q) as follows:

o+ iy;
w

xi(w, q) — xi(o, q)(

1 ) (6)
L+ iy xi(o, 9)/2:0,9))

In this form, the Raman line shape in Eq. (1) depends
parameterically on the Fermi energy and the damping rates yp
and y;. Thus, after implementing the above expressions numeri-
cally adopting one of the three band-structure models (see below
Subsections I1I C-III E) and varying Ef, yr, and y;, we fit the cal-
culated Raman line shapes to the experimental line shapes. Table II
lists the values of the input parameters.

B. Electron density

The T and L electron densities depend on the density
of states (DOS) p(e), Ep, and the Fermi function f(e, Ep)
= (1 +exp (Ble — Er) 7,

ni(Es) = J dep(e)f (e, Er) (i =T, L), )

where the DOS is a function of the dispersion relation E;(k),

&k
@n)’

pile) = j 5 — E(K) (=T, 1L). ®)

In Eq. (7), integrals are evaluated from the bottoms of the respec-
tive I' and L bands and in Eq. (8) from the k =k, to the edge of
the first Brillouin zone. This implies that the electron densities
depend only on the I" to L energy difference and not on the values
of Ery and E;o. Moreover, the electron densities are sensitive to the
band-structure model, represented by E;(k). The total electron
density nyo; is the sum of the electron densities in the I'-band nr
and each of the four L band minima n".
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C. (P-P) model L-band DOS is

For this model, we assume that the dispersion relations for the

I" and L bands are parabolic near their corresponding minima, - ( Ale,v) 1)
a aB(g, v)
(hk)* PL(E) :@J Ble, v)\/aA(e, v)/B(s v)
Er(K) = Ero + - ©) R
mr’ a
+ ZJ sm v, (16)
8 B(e v)\/aA(e, v)/B(e, v)
(hk)*
Er (k) = Ero +3 o (10)
where Ery and Ejy are the energy value at the bottom of the F and 18; ]
L-band, mr is the I'-band effective mass, m; = (m;Lm,L) , and r a 1
my, and my are the transverse and longitudinal effective masses in 17} 1
Table II. The corresponding DOSs are [
3/2 = 16:_ e °
1 (2m ) ) r S - Q
prie) =1 hi V(e — Ero), a3 :
1 (2my)*? : B N | 8
)= > h@ V(e — Eq). (12) 14 R
: ",-’ ..... - nIF\IP_nlzg ] %
Table II lists the values of the band structure used in our L L e A 18
calculations. 190 . 5
D. (NP-P) model s
In this model, we assume that the I"-band dispersion relation _ 18 g
is isotropically nonparabolic, % 1%
i 5
hk )™\ 177 g
B (6) = B + K - () o) - (13) . s
EI‘() 2m[‘ [ 3
where { is the non-parabolicity coefficient in Table II. For the 161 2
L-band, this model assumes that E; is parabolic as in Eq. (10). 3
The nonparabolic I'-band DOS is (see Appendix C) I =
19+ 8
( ) (2m1-)3/2 \/1 — \/1 + 4(§/E1“0)(8 — Ero) (14) L §
pri&) = - [ g
AR /—2(£/Ero)\/1 + 4({/Ero)(€ — Ero) _ 18 S
S [ [N
We note that pr(€) in Eq. (14) converges to the parabolic limit, éo [ lg
Eq. (11) for vanishing ¢. Finally, the L-band DOS is the same as in 17+ 3
the (P-P) model, Eq. (12). [ %

E. (NP-E) model 16

This model takes into account that the energy dispersion near I
-0.15 -0.10 -0.05 0.00 0.05 0.10

each GaSb L-conduction-band minimum is an ellipsoid character-
ized by my, and myy, Er (eV)
(hkz)2 FIG. 1. The log of the GaSb electron density as a function of E¢ at 300K. (a)
Ev(k) = Epo + 2m zth (ki + kj)' (15) I'-band electron density nr- for a model with parabolic (P) and nonparabolic

(NP) dispersion relations. (b) L-band electron density n, for a model with para-
For the (NP-E) model, we find the L-band DOS by integrating bolic (P) and ellipsoidal (E). dispersion relations. (c).TotaI electron density
Eq. (8) in ellipsoidal coordinates after substituting E; (k) [Eq. (15)] (nr + np) for the fully parabolic model and the model with nonparabolic (NP) '
4 p N . &L X 4 and ellipsoidal (E) L bands. Table || includes the parameters used here.
(see Appendix D for details). The resulting expression for the
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given in terms of the functions mp = (memlL)l/ ?_ The latter form for the effective mass resu1t§
from a low-temperature approximation to the electron density™
W2a?sin? v consisting of replacing the Fermi function by the exponential
Ale,v) =& —Eo+—7 ——, (A7) exp{~B(E — Ep)} in Eq. (7).
Wa (cos’v  sin’v IV. DISCUSSION
B(e, v) = — + , (18) :
2\ my myy,

Starting from the GaSb band structure, we investigate the
implications of these models for interpreting Raman measure-
2(Er (k) — Erg)+ /mIZL —m} ments. First, we analyze the electron density as a function of Fermi
4= e : (19) energy for each model in Fig. 1, for which the Fermi energies are
referenced to the bottom of the conduction band at the I" symme-

For the T" band, this model assumes the nonparabolic forms for the try point. We note that corrections to the I'-band electron density
dispersion relation and the DOS in Egs. (13) and (14). due to the nonparabolicity near the conduction-band minimum
We stress that in the case of the (P-P) and (NP-P) models, affect this value by less than 1% as compared with the estimation
we approximate p;(€) by the form in Eq. (12) with effective mass made by the parabolic approximation. On the contrary, accounting
g
Experiment ~ ----- Theory g
Epilayer 1] | w— Epilayer 2 Z
. &
2 2
S °
Q <
£ 3
§
3
o
®
= - !
. g
Epilayer 3| | w— Epilayer 4 ;
g
> 2
£ 0.6] r g
g g
£ 04t 3
3
0.2¢ é
o
or ==* S
1.+ [ ~
' w_ . w_ . o
08 Epilayer 5 Epilayer 6 2
ad i &
> g
= 067 r 3
C
[}
€ 04¢ 3
0.2¢ “t : W
of % . . e . .
200 400 600 200 400 600
w(em™ w(em™)

FIG. 2. Raman spectra of GaSb samples with different carrier concentrations. Solid lines are measured sectra and dashed lines are theoretical fits based on the (NP-E)
model. _ and @ indicate correspondingly the low- and high-frequency coupled phonon—plasmon modes.
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for the ellipsoidal form of the L-band, we observe a significant dif-
ference in the electron carrier density in the L-band, n;. We note
in Fig. 1(b) that this difference in ny persists even at low doping
densities for which to Fermi energies tend to be near the top of the
valence band. This result indicates that an isotropic approximation
to the L-band in terms of the geometric mean of the longitudinal
and transverse effective masses, m; = (m?LmlL)1 3 underestimates
the electron density in the L-band at room temperature. This also
suggests that the low-temperature approximation to the electron
density in ellipsoidal energy bands, consisting of replacing the
Fermi by the Boltzmann distribution (see, e.g., Ref. 55) in the
expression for the electron density, may fail already at room tem-
perature for GaSb. However, we note in Appendix D and Fig. 6
that an isotropic parabolic model can approximate the
density-of-states for the L-band with an effective mass of about 1.7
times the geometric mean.

We show the Raman spectra for the six epilayers in Fig. 2
and the theoretical line shapes obtained from the (NP-E) model.
The line shapes from this model are in excellent agreement with
the measured data. Qualitatively, the quality of fits from all three
models were comparable. However, the (P-P) model could not
reproduce the relative intensities of the coupled mode spectra
without changing the Faust-Henry coefficient from —0.21 for the
epilayer 1 spectrum to —0.245 for the epilayer 6 spectrum.
(The Faust-Henry coefficient was constant for the other two
models.) Quantitatively, the different models resulted in different
Fermi energies and total carrier concentrations for a given epilayer.
The (P-P), the (NP-P), and the (NP-E) model produced the
largest, an intermediate, and the smallest Fermi energy, respectively,
for a given epilayer. This trend was a consequence of the different
density of states for a given energy increment for each model
Including the nonparabolicity of the I'minimum results in an
increased density of states in this minimum for the (NP-P) model
compared to the (P-P) model. Accounting for the anisotropy of
the L-minima with an ellipsoidal model rather than a spherical
approximation results in an increased density of states in this
minimum for the (NP-E) model compared to the other two
models. With respect to total carrier concentration, the results are
shown in Fig. 3 where the n, obtained from fits to the Raman
line shapes are plotted vs the Hall effect carrier concentration
(see Table T). The (NP-P), the (P-P), and the (NP-E) model pro-
duced the smallest, an intermediate, and the largest values, respec-
tively, for a given epilayer. Hence, the assumption of isotropic L
minima in the spectral models consistently results in lower carrier
concentrations when compared to the model with ellipsoidal L
minima. In comparison with the total carrier concentration
obtained from the (P-P) model for each epilayer, the (NP-P)
model predicts concentrations 10%-20% smaller, while the esti-
mates from the (NP-E) model are 60%-20% larger for the low- to
high-density epilayers. We also note that the susceptibility x5 in
Eq. (5) for the (NP-E) model depends on the relative angle
between the scattering wavevector § and the longitudinal direction
in the L-band minima, kj. We report the results for the fits using
the (NP-E) model in Table III.

Each model provides different values for electron density. It is
difficult to evaluate the accuracy of each model given the complex-
ity of the GaSb band structure. Raman spectral models are often

ARTICLE scitation.org/journalljap

ot (X 1018 cm™)
w =N

(3]
—

0.8 0.9 1.0 1.1

Mg (% 10 cm™)

FIG. 3. Nyt VS nyar for the three GaSb band-structure models. (green dots—
dashed line) (P-P) model, (brown squares—dotted line) (NP—P) model, and
(red diamonds—solid line) (NP-E) model.

validated by comparison to Hall effect measurements. However,
such comparisons for most III-V compounds involve a single
carrier type in an isotropic energy band minimum, which is not
the case for GaSb. Therefore, we assess the quality of each model
by calculating the electron mobility ratio, 4, = p; /ur, from the
relation between the I' and L-minima in the spectral models and
from the Hall effect electron density measurements #y,y. We use
the following expression” to accomplish this:

(nr + TlL/lr)z

_— 20a
nr + F(Ky)npu? (202)

NHall =

or, equivalently,

= —nrny + /nrapnga(ng — F(K) (nr — nyan)] (20b)
’ n? — ngaF(Kp)ng '

where F(K}) is the anisotropy factor of the L minimum given by

3KL(Kp +2)

F) =k v 07

@1

TABLE Ill. Fermi energy, damping parameters, and electron densities from the
Raman spectral fits for the (NP-E) model.

Er 7 yo o onp x 108 1 x 10" n x 108

Epilayer (eV) (meV) (meV) (cm™) (cm™ (cm™)
1 0.008 0.1 0.4 0.160 1.075 1.236
2 0.015 0.2 0.87 0.195 1.402 1.598
3 0.020 0.4 3.2 0.224 1.693 1917
4 0.029 1.5 54 0.279 2.336 2.615
5 0.036 2.0 10 0.329 3.017 3.345
6 0.045 3.1 24.8 0.402 4.191 4.593
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FIG. 4. Mobility ratio u, predicted from the carrier concentrations obtained from
fits to the Raman line shapes and the three band-structure models. The refer-
ence values in blue are taken from Ref. 34, and those in black are taken from
Refs. 57-61.

with K; = my;/my. Equation (20) assumes that the Hall scattering
factors are equal to unity. We compare the predicted u, values with
those reported in Ref. 34 in Fig. 4. Indeed, the (NP-E) model is in
better agreement with the experimental mobility-ratio measure-
ments than the other two models.

We note the following two assumptions. First, the foregoing
three models do not include the many-body effects due to possible
high carrier densities, such as those associated with exchange and
correlation energies. These effects lead to distorted-perturbed den-
sities of states and changes in separations among the various con-
duction and valence subbands;'>°* and second, the foregoing three
models depend only on the separation between the energy levels of
the conduction I' subband and L subband minima. Reports on this
dependence®™** suggest that the energy spacing does not decrease
by more than ~10% over the total carrier concentration range of
107 cm 3 to 10'® cm™3. Because we achieved without including the
many-body effect agreement with mobility ratios needed to repro-
duce Hall electron densities, we speculate that the variation with
electron density of the separation between the I subband and L
subband minima energy is not quantitatively significant for extract-
ing electron densities from Raman spectra of GaSb.

V. CONCLUSION

We have demonstrated that a Lindhard-Mermin optical sus-
ceptibility model with contributions from carriers in the two lowest
GaSb conduction-band minima can be used to simulate coupled

ARTICLE scitation.org/journalljap

phonon-plasmon mode Raman spectra in n-type GaSb. We investi-
gated the impact on the spectral simulations of three conduction-
band models in the optical susceptibility expression. The three
conduction-band models were (1) both minima parabolic and iso-
tropic, (2) the I' minimum non-parabolic and isotropic and the L
minima parabolic and isotropic, and (3) the I minimum non-
parabolic and isotropic and the L minima parabolic and ellipsoidal.
For a given epilayer, the carrier concentrations were consistently
higher for the model with the ellipsoidal L minima compared to
the other two models with isotropic L minima. To evaluate the
conduction-band models, we calculated the electron mobility ratio
necessary for the electron concentrations from the Raman spectral
measurements to reproduce those from the Hall effect measure-
ments. The model with the ellipsoidal L minima agreed best with
reported carrier-dependent mobility-ratio values. Hence, it is likely
that the total carrier concentration will be underestimated when
isotropic L minima in GaSb conduction-band models are assumed,
at least at room temperature and for higher doping levels. This
observation could have implications not only for Raman spectral
modeling but also for any investigation involving the GaSb
conduction-band structure.
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APPENDIX A: LINE SHAPE

We obtained the coupled mode spectra by subtracting contri-
butions corresponding to LO phonon Raman scattering, second
order phonon scattering, nitrogen and oxygen scattering from
ambient air, and a cubic polynomial baseline from the original
spectra. We simulated the LO phonon contribution by fitting sepa-
rate Gaussian functions to each side of the LO phonon peak at
236.21 cm™! (the LO phonon was asymmetric) and by subtracting
the resulting fit from the measured spectrum. For simplicity, the
line shapes were fit with a single functional form. A Gaussian line
shape was selected rather than a Lorentzian line shape as the
former provided a better fit to the observed features (the instru-
ment function presumably dominated the observed line shape).

WLO

Original Spectrum

LO phonon

27d order phonons
Ny and O, scattering

Baseline

Intensity (a.u.)

Coupled mode spectrum

1 L L L 1 1 L L L L 1 L L L L 1

200 300

w (cm‘l)

FIG. 5. The coupled phonon-plasmon mode spectrum of Epilayer 1 is obtained
by subtracting contributions from LO phonon Raman scattering, second order
phonon Raman scattering, N, and O, molecular Raman scattering, and a cubic
polynomial baseline from the original spectrum. w_ denotes the low-frequency
coupled phonon-plasmon mode; w0, the LO phonon mode, and w.;, the high-
frequency coupled phonon-plasmon mode.
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Except for the peak amplitude, all respective peak parameters were
constant for all spectra. The peak amplitude was decreased as the
doping level increased, and the width of the surface space charge
region decreased.”® We simulated the second order Raman scatter-
ing features”” with Gaussian peaks centered at 250, 272, and
433.3 cm™!. The respective peak parameters were constant for all
spectra and were determined from fits to the measured data in
spectra where the respective features could best be spectrally
resolved from any phonon-plasmon modes. We simulated the scat-
tering from nitrogen and oxygen molecules in ambient air with
Gaussian peaks. The respective peak parameters were constant for
all spectra and were determined from fits to the measured data. We
simulated the non-linear background using a cubic polynomial
expression that was identical for all spectra except for the constant
term. An example of the removal of these features from the original
Epilayer 1 spectrum to obtain the coupled mode spectrum is
shown in Fig. 5.

APPENDIX B: GaSb PARAMETERS
In this Appendix, we obtain the bandgap energies, effective

masses, and a I'-band nonparabolicity factor used in our band- ?

structure models reported in Table II. We include the parameters
used in these calculations in Table IV.

1. Bandgap energies. The bandgap energies were calculated assum-
ing that the band minimum temperature dependence can be
expressed in the Varshni form,

a,-TZ
E(T) = E(T = 0) — —— . Bl
(T) = E( )= ) (B1)
These values for the Varshni parameters result in

Ero-Erg = 0.0847 eV, which lies near the median of the range ¢

TABLE IV. Parameter values used in the computation of the bandgap energies,
effective masses, and a I'-band nonparabolicity factor, as described in Appendix B.

Parameter Value Parameter Value

Bandgap energies”

Er(0K) 0.813 eV E, (T=0) 0.902 eV

ar 3.78 x 10~ eV/K ar 3.97x 107 eV/K

Br 94K BL 94K

Effective masses

mr(0K)" 0.039 m, my, (0K)* 0.085 m,
E, (10K)¢ 2.184 eV

Aso™ 0.76 eV A (10K)* 0.435eV

E} 7.96 eV EL 12.82¢eV
E; (300 K)! 2.184 eV
A, (300K) 0.442 eV

*Reference 47.
PReference 66.
“Reference 51.
IReference 70.
“Assumed T-independent.

1pd 2GE07L0°'S L 20255 1/886€8891/25€011L0°6/E901 01/10p/spd-sjone/del/die/bio-diesqndj/:dny woy pepeojumoq

J. Appl. Phys. 133, 155702 (2023); doi: 10.1063/5.0140357
Published under an exclusive license by AIP Publishing

133, 155702-8


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

of reported values, which is 0.040-0.120 eV.°*™** For Epg—Ery
values of 0.040 eV and 0.120 eV, the ny, values obtained from
fits to the spectra were 7.82 x 108 cm~3 and 2.27 x 10} cm 3,
respectively. This ny range corresponds to 4.593x 10¥cm™—3
+70%/ —51% (the nyy value obtained for E;g—Ero=0.0847 eV).
While the 7, value depends on the choice of the Ejo—Er, value,
it is beyond the scope of this work to definitively identify the
EL()—Er() value.

2. The T minimum effective mass. The temperature-dependent
band edge I effective mass, mr(T), was calculated from Ref. 69,

m, r
=1+E
mrp(T)

( 2 + ! ) (B2)
P\Er(T)  En(T) + Aso

3. The L minimum transverse effective mass. The temperature-
dependent band edge L transverse effective mass, my,(T) , was
calculated from Ref. 69,

o :1+EL< 2 1 > (B3)
my (T) PA\E(T)  Ei(T)+ A

4. The L minimum longitudinal effective mass. The band edge L
longitudinal effective mass, my;, is assumed to be
temperature-independent.

5. Non-parabolicity factor for T minimum. The I' minimum non-
parabolicity factor was calculated from using 300 K values where
applicable,”

(1 — mP% /m,)’ (3EE + 4ErAso + 28%,)
(Er + Aso)(3Er + 24s50)

g (B4)

APPENDIX C: T BAND DOS: NONPARABOLIC MODEL

We consider an isotropic dispersion relation near the
conduction-band minimum k, = 0,

S AR
B = o + 00 <E—> < o ) , )
and calculate the density of states (DOS)
[ &Pk
ple) = jwa(e ) (2)

by substituting Eq. (C1) into Eq. (C2) and introducing the follow-
ing variable substitution:

(hk)®
u=
2m

Wk V2h

(C3)

In this form, the DOS reads

3/2
ple) = é(ani J du~\/ud (e —Ey—u— (Ei) uz). (C4)

ARTICLE scitation.org/journalljap
We define u 4 by
—1
ws = 57py (1 £ VIFAERE-R) ()
such that
6(8 —Ey—u-— (E%) uz) =68(—[¢/Eo)(u — u_)(u— uy))
1
= m5((u —u_)(u—uy))
S(u—uy)+8(u—u_)
= . Cé6
C/Eollu — 1] (0

We integrate the expression in Eq. (C4) near the band minimum
(k =0) in the region where the nonparabolic form in Eq. (Cl) is
physical. Since the root u. diverges as { vanishes, this root is
unphysical and falls out of the integration range. We conclude that

1 2m)*? 1
P& = ig/Ef ]V ©
3/2 1—/1+4(C/E)(e —E,
L1 em 1 - VT AETR)E — B .

4w W\ /22CE)/1+ 4/ — E,)

Finally, utilizing +/1+x~ 1+1x when x <« 1, we note that
ple) — #(2—'223—/2 V(e — E,) when ¢ — 0.

APPENDIX D: L-BAND DOS: ELLIPSOIDAL MODEL

We adopt an ellipsoidal model for the L-band structure near
each one of their corresponding minima,

(hk.? 1

E(k) = E, + +— (kK + k).
zth

D1
pyo (D1)

We find the L-band DOS by susbtituting Eq. (D1) into

Eq. (C2) and integrating in k-space after changing variables to ¢

prolate spherical ellipsoidal coordinates (u, v, ¢),

k, = asinhyusin v cos ¢, (D2)
k, = asinhu sin v sin ¢, (D3)
k, = acoshy cosv, (D4)

with 4 >0, v € (0, 7), and ¢ € (0, 27). a is a length parameter
that depends on the ellipsoids in Eq. (D1) and that we obtain in
Eq. (D7). In the prolate coordinate system, the volume of integra-
tion d*k

@k = a° sinh u sin nu(sinh® u + sin® v) du dv dé. (D5)
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— pr(e) Ea. (14)
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—
T
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FIG. 6. Density of states for the bands in the (NP-E) model. We show the
L-band DOS in Eq. (16) (dotted—red) vs a parabolic model with me; = 0.8957
and Neg = 1 (solid—blue), and the nonparabolic I'-band DOS in Eq. (14)
(solid—black).

Writing Eq. (D1) in the form

K2 K+ K
1= - 7+ s (D6)
2my (E(k) — Eo)/h*  2my (E(k) — Eo)/h
and considering that my, > my, we find a,
e 2(E(k) — Eo)/m3, — m} . (D7)

hZ

After integration with respect to 4 and ¢, we obtain the DOS
reported in Eq. (16). Figure 6 presents the GaSb p; as a function of
energy E — Ej. Note that L-band DOS can be fit to the DOS corre-
sponding to the parabolic band, with an effective mass approxi-
mately equal to 1.7(memlL)1 ?

APPENDIX E: ELECTRON DENSITY FITTING FUNCTIONS

The L-band electron carrier concentration n;(Er) at room
temperature and as a function of Er is given by

n(Ep) = 4J dep,(e)f (e — Ep), (E1)

TABLE V. Fitting parameters for the polynomial approximation to the electron
density in Eq. (E2) at 300 K.

Coeff. ng nr

ap 8.066 74 x 10"7 1.2643 x 10"
a 2.93115x 10" 3.89395x 10'®
a, 5.190 88 x 10%° 4.67419 x 10"
as 8.21191 x 10* 1.537 56 x 10%°
a, 8.2598 x 10%* —1.05847 x 10*!

ARTICLE scitation.org/journalljap

n(EF) (cm™)

‘ ‘ ——— EF (eV)
-0.04 -0.02 0.02 004 006

FIG. 7. Comparison between the exact (dots—red) and approximate (solid—
blue) total electron density at 300 K as a function of the Fermi energy.

where f(E — Ep) is the Fermi distribution function, which we can
evaluate numerically. Here, we provide a polynomial approximation
as a function of Er of the form

4
ni(Er) = Y aiFy, (E2)
i=0

considering also an identical approximation to nr(Eg). Table V
reports the fitting parameters g; for the (NP-E) model at 300 K
(Fig. 7).

REFERENCES

'T. D. Eales, I. P. Marko, A. R. Adams, J. R. Meyer, I. Vurgaftman, and
S.J. Sweeney, J. Phys. D: Appl. Phys. 54, 055105 (2021).

2A. Tkyo, I. Marko, K. Hild, A. Adams, S. Arafin, M.-C. Amann, and S. Sweeney,
Sci. Rep. 6, 19595 (2016).

3E. A. Al-Saymari, A. P. Craig, Q. Lu, A. R. Marshall, P. J. Carrington, and
A. Krier, Opt. Express 28, 23338 (2020).

“L. Monge-Bartolome, B. Shi, B. Lai, G. Boissier, L. Cerutti, J.-B. Rodriguez,
K. M. Lauy, and E. Tournié, Opt. Express 29, 11268 (2021).

SE. Tournié, L. Monge Bartolome, M. Rio Calvo, Z. Loghmari,
D. A. Diaz-Thomas, R. Teissier, A. N. Baranov, L. Cerutti, and J.-B. Rodriguez,
Light Sci. Appl. 11, 1 (2022).

®W. Huang, L. Li, L. Lei, J. A. Massengale, R. Q. Yang, T. D. Mishima, and
M. B. Santos, J. Appl. Phys. 123, 113104 (2018).

7F. Rothmayr, E. D. Guarin Castro, F. Hartmann, G. Knebl, A. Schade,
S. Hofling, J. Koeth, A. Pfenning, L. Worschech, and V. Lopez-Richard,
Nanomaterials 12, 1024 (2022).

8p, C. Klipstein, Appl. Phys. Lett. 120, 060502 (2022).

°E. D. Guarin Castro, F. Rothmayr, S. Kriiger, G. Knebl, A. Schade, J. Koeth,
L. Worschech, V. Lopez-Richard, G. E. Marques, F. Hartmann, A. Pfenning, and
S. Hofling, AIP Adv. 10, 055024 (2020).

197..X. Yang, F. Wang, N. Han, H. Lin, H.-Y. Cheung, M. Fang, S. Yip, T. Hung,
C.-Y. Wong, and J. C. Ho, ACS Appl. Mater. Interfaces 5, 10946 (2013).

TIN.-T. Yeh, P.-C. Chiu, J.-I. Chyi, F. Ren, and S. J. Pearton, J. Mater. Chem. C
1, 4616 (2013).

2D, Benyahia, . Kubiszyn, K. Michalczewski, A. Keblowski, P. Martyniuk,
J. Piotrowski, and A. Rogalski, . Electron. Mater. 47, 299 (2018).

1pd 2GE07L0°'S L 20255 1/886€8891/25€011L0°6/E901 01/10p/spd-sjone/del/die/bio-diesqndj/:dny woy pepeojumoq

J. Appl. Phys. 133, 155702 (2023); doi: 10.1063/5.0140357
Published under an exclusive license by AIP Publishing

133, 155702-10


https://doi.org/10.1088/1361-6463/abc042
https://doi.org/10.1038/srep19595
https://doi.org/10.1364/OE.396928
https://doi.org/10.1364/OE.419396
https://doi.org/10.1038/s41377-022-00850-4
https://doi.org/10.1063/1.5019019
https://doi.org/10.3390/nano12061024
https://doi.org/10.1063/5.0084100
https://doi.org/10.1063/5.0008959
https://doi.org/10.1021/am403161t
https://doi.org/10.1039/c3tc30585f
https://doi.org/10.1007/s11664-017-5766-4
https://aip.scitation.org/journal/jap

Journal of

Applied Physics

13Q. Lu, A. Marshall, and A. Krier, Materials 12, 1743 (2019).

T4C. L. Canedy, W. W. Bewley, S. Tomasulo, C. S. Kim, C. D. Merritt,
I. Vurgaftman, J. R. Meyer, M. Kim, T. ]J. Rotter, G. Balakrishnan, and
T. D. Golding, Opt. Express 29, 35426 (2021).

T5W. Beck and J. Anderson, J. Appl. Phys. 62, 541 (1987).

18E. Zhang, J. F. Castaneda, T. H. Gfioerer, D. Friedman, Y.-H. Zhang,
M. W. Wanlass, and Y. Zhang, Light Sci. Appl. 11, 1 (2022).

17]. Geurts, Phys. Status Solidi B 252, 19 (2015).

18G. Abstreiter, M. Cardona, and A. Pinczuk, “Light scattering by free carrier
excitations in semiconductors,” in Light Scattering in Solids IV: Electronics
Scattering, Spin Effects, SERS, and Morphic Effects, edited by M. Cardona and
G. Guntherodt (Springer, Berlin, 1984), pp. 5-150.

19G. Abstreiter, E. Bauser, A. Fischer, and K. Ploog, Appl. Phys. 16, 345 (1978).
20G. Abstreiter, R. Trommer, M. Cardona, and A. Pinczuk, Solid State
Commun. 30, 703 (1979).

21L. Artts, R. Cusco, J. Ibaiez, N. Blanco, and G. Gonzélez-Diaz, Phys. Rev. B
60, 5456 (1999).

223, Ernst, A. Goni, K. Syassen, and M. Cardona, Phys. Rev. B 53, 1287 (1996).
23, Nowak, W. Richter, and G. Sachs, Phys. Status Solidi B 108, 131 (1981).
24p. Pinczuk, G. Abstreiter, R. Trommer, and M. Cardona, Solid State
Commun. 21, 959 (1977).

25M. Ramsteiner, J. Wagner, P. Hiesinger, K. Kohler, and U. Rossler, J. Appl.
Phys. 73, 5023 (1993).

26G. Schwartz, G. Gualtieri, L. Dubois, W. Bonner, and A. Ballman,
J. Electrochem. Soc. 131, 1716 (1984).

27), E. Maslar, W. S. Hurst, and C. Wang, J. Appl. Phys. 104, 103521 (2008).
28R. Cusco, J. Ibafiez, and L. Artus, Appl. Phys. Lett. 97, 091909 (2010).

29R. Cusco, E. Alarcon-Lladé, L. Artis, W. S. Hurst, and J. E. Maslar, Phys. Rev.
B 81, 195212 (2010).

3°]. Maslar, W. Hurst, and C. Wang, J. Appl. Phys. 106, 123502 (2009).

31G. Hu and R. O’Connell, Phys. Rev. B 40, 3600 (1989).

2] Ibafiez, R. Cusc6, and L. Artts, Phys. Status Solidi B 223, 715 (2001).

33M. A. Ochoa, J. E. Maslar, and H. S. Bennett, ]. Appl. Phys. 128, 075703
(2020).

3%H. Harland and J. Woolley, Can. J. Phys. 44, 2715 (1966).

35D Seiler and W. Becker, Phys. Lett. A 26, 96 (1967).

38Y. Livneh, P. Klipstein, O. Klin, N. Snapi, S. Grossman, A. Glozman, and
E. Weiss, Phys. Rev. B 86, 235311 (2012).

37D, Seiler and W. Becker, Phys. Rev. 186, 784 (1969).

38D, Seiler, W. Becker, and L. M. Roth, Phys. Rev. B 1, 764 (1970).

39H. J. Lee and J. C. Woolley, Can. J. Phys. 59, 1844 (1981).

“0G. P. Williams, F. Cerrina, G. Lapeyre, J. Anderson, R. Smith, and
J. Hermanson, Phys. Rev. B 34, 5548 (1986).

417, Ahangari and M. Fathipour, ]. Comput. Electron. 13, 375 (2014).

“2A. Sawamura, J. Otsuka, T. Kato, and T. Kotani, ]. Appl. Phys. 121, 235704
(2017).

ARTICLE scitation.org/journalljap

43]. Mudd, N. Kybert, W. Linhart, L. Buckle, T. Ashley, P. King, T. Jones,
M. Ashwin, and T. Veal, Appl. Phys. Lett. 103, 042110 (2013).

“4c., Wang, S. Salim, K. Jensen, and A. Jones, J. Cryst. Growth 170, 55
(1997).

“5¢, Wang, D. Shiau, R. Huang, C. Harris, and M. Connors, J. Cryst. Growth
261, 379 (2004).

“46R. Baxter, F. Reid, and A. Beer, Phys. Rev. 162, 718 (1967).

“TM. Levinshtein, Handbook Series on Semiconductor Parameters (World
Scientific, 1997), Vol. 1, pp. 125-146.

48]. Maslar, W. Hurst, and C. A. Wang, Appl. Spectrosc. 61, 1093 (2007).

%9 M. V. Klein, B. N. Ganguly, and Priscilla J. Colwell. Phys. Rev. B 6, 2380
(1972).

5ON. D. Mermin, Phys. Rev. B 1, 2362 (1970).

5TH. Arimoto, N. Miura, R. Nicholas, N. Mason, and P. Walker, Phys. Rev. B 58,
4560 (1998).

52]_ Blakemore, J. Appl. Phys. 53, R123 (1982).

53M. Hass and B. Henvis, J. Phys. Chem. Solids 23, 1099 (1962).

54M. Mufioz, K. Wei, F. H. Pollak, ]. Freeouf, and G. Charache, Phys. Rev. B 60,
8105 (1999).

55M. Balkanski, R. F. Wallis, and R. F. Wallis, Semiconductor Physics and
Applications (Oxford University Press, 2000), Vol. 8, Chap. 6.

56p, Mathur, N. Kataria, and S. Jain, J. Phys. Chem. Solids 39, 403
(1978).

57, Sagar, Phys. Rev. 117, 93 (1960).

58]. Basinski, S. Rosenbaum, S. Basinski, and J. Woolley, ]. Phys. C: Solid State
Phys. 6, 422 (1973).

9], Basinski, C. C. Kwan, and J. C. Woolley, Can. J. Phys. 50, 1068
(1972).

60G. Bordure, F. Guastavino, and C. Llinares, Phys. Status Solidi B 34, 759
(1969).

®1C. Liang, J. Appl. Phys. 39, 3866 (1968).

S2F Bertazzi, A. Tibaldi, M. Goano, J. A. G. Montoya, and E. Bellotti, Phys. Rev.
Appl. 14, 014083 (2020).

83\ J. Aubin, M. B. Thomas, E. H. V. Tongerloo, and J. C. Woolley, Can.
J. Phys. 47, 631 (1969).

€%p, Paskov, Europhys. Lett. 20, 143 (1992).

65T, Sekine, K. Uchinokura, and E. Matsuura, Solid State Commun. 18, 1337
(1976).

6. Vurgaftman, J. Meyer, and L. Ram-Mohan, J. Appl. Phys. 89, 5815
(2001).

87C. Kourkoutas, P. Bekris, G. Papaioannou, and P. Euthymiou, Solid State
Commun. 49, 1071 (1984).

€8A. Walton and S. Metcalfe, J. Phys. C: Solid State Phys. 9, 3855 (1976).

9D, Aspnes, Phys. Rev. B 14, 5331 (1976).

795, Zollner, M. Garriga, J. Humlek, S. Gopalan, and M. Cardona, Phys. Rev. B
43, 4349 (1991).

1pd 2GE07L0°'S L 20255 1/886€8891/25€011L0°6/E901 01/10p/spd-sjone/del/die/bio-diesqndj/:dny woy pepeojumoq

J. Appl. Phys. 133, 155702 (2023); doi: 10.1063/5.0140357
Published under an exclusive license by AIP Publishing

133, 155702-11


https://doi.org/10.3390/ma12111743
https://doi.org/10.1364/OE.435825
https://doi.org/10.1063/1.339780
https://doi.org/10.1038/s41377-022-00833-5
https://doi.org/10.1002/pssb.201350410
https://doi.org/10.1007/BF00885858
https://doi.org/10.1016/0038-1098(79)91165-7
https://doi.org/10.1016/0038-1098(79)91165-7
https://doi.org/10.1103/PhysRevB.60.5456
https://doi.org/10.1103/PhysRevB.53.1287
https://doi.org/10.1002/pssb.2221080117
https://doi.org/10.1016/0038-1098(77)90899-7
https://doi.org/10.1016/0038-1098(77)90899-7
https://doi.org/10.1063/1.353771
https://doi.org/10.1063/1.353771
https://doi.org/10.1149/1.2115945
https://doi.org/10.1063/1.3021159
https://doi.org/10.1063/1.3481381
https://doi.org/10.1103/PhysRevB.81.195212
https://doi.org/10.1103/PhysRevB.81.195212
https://doi.org/10.1063/1.3271351
https://doi.org/10.1103/PhysRevB.40.3600
https://doi.org/10.1002/1521-3951(200102)223:3%3C715::Aid-pssb715%3E3.0.Co;2-o
https://doi.org/10.1063/5.0011247
https://doi.org/10.1139/p66-221
https://doi.org/10.1016/0375-9601(67)90120-X
https://doi.org/10.1103/PhysRevB.86.235311
https://doi.org/10.1103/PhysRev.186.784
https://doi.org/10.1103/PhysRevB.1.764
https://doi.org/10.1139/p81-245
https://doi.org/10.1103/PhysRevB.34.5548
https://doi.org/10.1007/s10825-013-0544-x
https://doi.org/10.1063/1.4986658
https://doi.org/10.1063/1.4816519
https://doi.org/10.1016/S0022-0248(96)00580-5
https://doi.org/10.1016/j.jcrysgro.2003.11.031
https://doi.org/10.1103/PhysRev.162.718
https://doi.org/10.1366/000370207782217789
https://doi.org/10.1103/PhysRevB.6.2380
https://doi.org/10.1103/PhysRevB.1.2362
https://doi.org/10.1103/PhysRevB.58.4560
https://doi.org/10.1063/1.331665
https://doi.org/10.1016/0022-3697(62)90127-0
https://doi.org/10.1103/PhysRevB.60.8105
https://doi.org/10.1016/0022-3697(78)90082-3
https://doi.org/10.1103/PhysRev.117.93
https://doi.org/10.1088/0022-3719/6/3/007
https://doi.org/10.1088/0022-3719/6/3/007
https://doi.org/10.1139/p72-148
https://doi.org/10.1002/pssb.19690340239
https://doi.org/10.1063/1.1656867
https://doi.org/10.1103/PhysRevApplied.14.014083
https://doi.org/10.1103/PhysRevApplied.14.014083
https://doi.org/10.1139/p69-082
https://doi.org/10.1139/p69-082
https://doi.org/10.1209/0295-5075/20/2/009
https://doi.org/10.1016/0038-1098(76)90972-8
https://doi.org/10.1063/1.1368156
https://doi.org/10.1016/0038-1098(84)90426-5
https://doi.org/10.1016/0038-1098(84)90426-5
https://doi.org/10.1088/0022-3719/9/20/020
https://doi.org/10.1103/PhysRevB.14.5331
https://doi.org/10.1103/PhysRevB.43.4349
https://aip.scitation.org/journal/jap

