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Temperature dependence of band gaps in semiconductors: Electron-phonon interaction
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We have theoretically investigated, by ab initio techniques, the phonon properties of several semiconductors
with chalcopyrite structure. Comparison with experiments has led us to distinguish between materials with
d electrons in the valence band (e.g., CuGaS,, AgGaS,) and those without d electrons (e.g., ZnSnAs,). The
former exhibit a rather peculiar nonmonotonic temperature dependence of the energy gap which, so far, has
resisted cogent theoretical description. We analyze this nonmonotonic temperature dependence by fitting two
Bose-Einstein oscillators with weights of opposite sign leading to an increase at low temperatures and a decrease
at higher temperatures and find that the energy of the former correlates well with characteristic peaks in the
phonon density of states associated with low-energy vibrations of the d-electron elements. We hope that this
work will encourage theoretical investigations of the electron-phonon interaction in this direction, especially of

the current ab initio type.
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I. INTRODUCTION

In the past decade ab initio calculations of the electronic
properties and especially the band gaps of semiconductors
have experienced considerable development. Generally, these
calculations are performed for 7 = 0. Comparison of these
calculations with experimental data, however, requires consid-
eration of the zero-temperature vibrational amplitudes as well
as the effects of finite temperature. Inclusion of these effects
is computationally rather cumbersome and therefore it is often
erroneously assumed that zero temperature is equivalent to
zero-point vibrational amplitude.! In recent years, a number
of calculations of the effects of lattice vibrations on the gaps
and other electronic properties have been performed using
either semiempirical>® or ab initio methods.* This work has
led to the realization that the lowest gaps usually decrease
with increasing temperature,>> although the opposite effect is
also observed in a few exceptional cases.'” The effects under
consideration, due to electron-phonon interaction, can usually
be represented by lattice vibrations which correspond to one
or more Bose-Einstein oscillators.>¢

Manoogian and Leclerc suggested an empirical equa-
tion to describe the energy gap temperature variation. It
included terms to account for the effects of lattice dilation
and electron-phonon interaction.” This so-called Manoogian-
Leclerc equation comprises an Einstein oscillator as a first
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approximation to describe the effect of the lattice vibrations.
Manoogian and Wooley subsequently demonstrated that the
Varshni empirical model?® is a second-order approximation of
the Bose-Einstein term in the Manoogian-Leclerc equation.’
More recently Péssler proposed an analytical description of the
energy gap temperature dependence wherein within the regime
of dominant electron-phonon interaction the electron-phonon
spectral function is described by analytical functions up to a
certain cutoff.'” This assumption allows us to derive analytical
expressions for the temperature variation of the gap which
can be tested against experimental data. It has recently been
shown using a Debye model that at very low temperatures
the gap vanishes like 74.!! For a detailed compilation and a
discussion of the various approaches to model the temperature
dependence of the gaps, see, e.g., the discussion in Ref. 12.
Most of the experimental results for the temperature depen-
dence of gaps have been obtained for binary semiconductors.'
In recent years, however, ternary materials such as those with
chalcopyrite structure have begun to be investigated. Among
the chalcopyrites under investigation are II-IV-V, compounds
(e.g., ZnGeAs,) and those in which the divalent cation is
replaced by either monovalent copper or silver (e.g., MGaX5,
M = Cu, Ag; X = S, Se, Te). Whereas the temperature
dependence of the gaps of the II-IV-V, compounds exhibits
the standard behavior which can be modeled by a single
Bose-Einstein oscillator, the electronic gaps of the Cu and
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Ag chalcopyrites often show anomalous temperature behavior
with a maximum at low temperatures followed by a decrease
of the gap energy above that maximum or sometimes an
extended flat plateau at low temperatures (see Figs. 2—4 below).
In the literature the drop of the electronic gap below the
maximum has often been ascribed to the combined effect of
thermal expansion and the volume dependence of the gap (see,
e.g., Ref. 13 and references therein). However, a convincing
scheme to understand the occurrence of the low-temperature
gap decrease has not been suggested, nor has a quantitative
picture for the magnitude of the gap decrease been developed
on the basis of the volume dilation mechanism. On the other
hand, temperature-dependent effects due to the presence of
the d-like valence electrons (3d for Cu and 4d for Ag) and
their admixture with the usual p-like counterparts (e.g., 4 p for
Se, 5p for Te) are generally ignored. The observation that the
nonmonotonic temperature dependence is particularly notice-
able in the chalcopyrites involving Ag 4d valence electrons
led us to suggest that this effect is related to p-d-electron
hybridization. In this paper we will reanalyze published gap
versus temperature data of a series of related chalcopyrites with
d electrons present or absent. Additionally, we re-measured
the temperature dependence of the gap of several Ag and Cu
chalcopyrites with a new experimental wavelength-modulated
reflectivity setup and analyzed it with a model assuming
two Bose-Einstein oscillators. For the Ag chalcopyrites we
find a clear correlation of their frequencies with results of
new ab initio calculations of the phonon dispersion relations
and the phonon density of states (PDOS). Below we will
argue that for Cu chalcopyrites the nonmonotonic behavior
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FIG. 1. Relevant valence electron energies of the various ele-
ments in the chalcopyrite compounds according to Ref. 14. (a) MYX,
(M =7Zn, Cd; Y =Ge, Sn; X =P, As, Sb). (b) MGaX, (M = Cu, Ag;
X =8, Se, Te). Note the proximity of the 3d and 4d energy levels of
Cu and Ag to the valence p levels of the chalcogenides.
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is also present, but significantly weaker than in the Ag
compounds. We ascribe this difference to the different degree
of p-d hybridization which is modulated by the electron-
phonon interaction and subject to details of the phonon
spectrum.

In order to surmise the degree of valence electron hy-
bridization we have plotted in Fig. 1 the relevant valence
electron energies of the various elements involved.'* While
in the MGaX, (M = Cu, Ag; X = S, Se, Te) there is a
close proximity of the d levels of Cu and Ag to the p levels of
the chalcogen atoms enabling enhanced p-d hybridization, the
d levels of Zn and Cd are lifted in energy, being considerably
separated from the occupied p levels.

The electron-phonon interaction depends critically on the
amplitude of the phonons and the corresponding coupling con-
stants. Unfortunately, because of computational complications
due to the size of the unit cell and k-point convergence issues,
calculations of the corresponding electron-phonon interaction
coefficients are difficult and rare. The phonon amplitudes,
however, are accessible with great precision from ab initio
calculations of the electronic structure. Recently we have
studied the lattice and thermal properties of CuGaS; in more
detail by means of ab initio calculations.'> Applying analogous
computational techniques we have extended these calculations
and obtained the phonon dispersion relations of AgGaX, (X =
S, Se, Te) as well as of MYX, (M = Zn, Cd; Y = Ge, Sn;
X =P, As, Sb). Using these results we have analyzed literature
data and new highly resolved gap versus temperature data
by fitting a model proposed by Gobel et al. for CuX (X =
Cl, Br) and subsequently applied to Cul by Serrano et al.>°
Without any further assumption about thermal expansion
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FIG. 2. (Color online) Temperature dependence of the electronic
gaps of (a) CdGeP, (Ref. 16) and (b) AgGaS, (Ref. 13). The (red)
solid lines are fits to the data with a superposition of either one or two
Einstein terms (for more details see text).
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FIG. 3. (Color online) Temperature dependence of the electronic
gaps of (a) CdGeAs, (Ref. 17) and (b) AgGaSe, (Ref. 13). Similar
data for the band gap of AgGaSe, have recently been reported by
Ozaki et al. and by Caldéron et al.'®'° The (red) solid lines represent
fits to the data with a superposition of either one or two Bose-Einstein
terms (for more details see text).

terms, only by including a second low-energy Bose-Einstein
oscillator [see Eq. (4) below] this model accounts well for
the nonmonotonic temperature dependence of the gaps with
the effects of the two oscillators on the gap having different
signs, i.e., the low-energy oscillator securing an increase of
the gap with increasing temperature. This increase is, however,
compensated and finally dominated by the stronger decrease
towards higher temperatures.

Figures 2, 3, and 4 display some literature data of the
temperature dependence of the electronic gaps of the two
classes of chalcopyrites under consideration together with
fits assuming one or two Bose-Einstein oscillators. The total
temperature variation of the gaps of the Ag chalcopyrites
is significantly smaller than that of the Zn and Cd systems.
Whereas the former does not exceed ~2% the latter amounts to
up to 30% for ZnSnSb,. All compounds containing Ag exhibit
a nonmonotonic temperature dependence with a maximum at
around 100 K which is accounted for well by the low-energy
Bose-Einstein oscillator with a positive coefficient being
smaller in magnitude than the coefficient of the high-energy
oscillator, which leads to the standard gap decrease at high
temperatures.

The fitted parameters are summarized in Table I. Note
that for the AgGaX, series the fitted frequencies with the
negative coefficient decrease when increasing the chalcogen
mass (from S via Se to Te), thus reflecting the increasing energy
compression of the phonon dispersion relations for the heavier
chalcogenides.
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FIG. 4. (Color online) Temperature dependence of the electronic
gaps of (a) ZnSnSb, (Refs. 20,21) and (b) AgGaTe, (Refs. 22-24).
The (red) solid lines are fits to the data of Raadik et al. with a
superposition of either one or two Einstein oscillators (for more details
see text). For AgGaTe, the energies E, and E, were not fitted but
fixed to the values listed in Table I. The (blue) straight line in (a) is a
guide to the eye.

II. COMPUTATIONAL AND EXPERIMENTAL DETAILS

The calculations reported here concern the electronic
structure, the phonon dispersion relations, and the phonon
densities of states (PDOS, including the projections on the
three component atoms). The calculations are based on ab
initio electronic total energy Hamiltonians which use density
functional theory and the plane-wave pseudopotential method
available within the VASP package.”> We have used the
projector-augmented wave scheme (PAW)?%27 implemented
in this package to take into account the full nodal character
of the all-electron charge density in the core region. Basis
sets including plane waves up to an energy cutoff of 380 eV
were employed in order to achieve highly converged results
and an accurate description of the electronic and dynamical

TABLE I. Compilation of the fit parameters obtained from a fit
of one/two Bose-Einstein frequencies E; (i = 1, 2), according to
Egs. (1) and (4), to the literature data displayed in Figs. 2—4.

Ey(eV)  A;(eV) Ei(K) Ay(eV) E(K)
CdGeP,  1.89(2)  —0.041(3) 149(74)
AgGaS,  2.784(6) —0.074(5) 313(35) 0.004(4)  47(31)
CdGeAs, 0.595(3) —0.027(4) 246(22)
AgGaSe; 1.8553) —0.035(5) 191(41) 0.004(6)  44(36)
ZnSnSb,  0.66 —0.058 180
AgGaTe, 1.404(3) —0.0533) 280  0.00253) 40
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FIG. 5. (Color online) Phonon dispersion relations (PBEsol de-
scription) for CuGaS,, CuGaSe,, and CuGaTe;,, from top to bottom,
respectively. The red circles are Raman and IR frequencies at the I
point which have been taken from the literature. CuGaS,: Averaged
from the data given in Table 4 of Ref. 40; CuGaSe,: averaged from
the data given in Table 2 of Ref. 41; Ref. 42.

properties. The exchange-correlation energy was described
with the generalized gradient approximation (GGA) with
the PBEsol prescription.”® A dense special k-point sampling
for the Brillouin zone (BZ) integration was performed in
order to obtain well-converged energies and forces. More
details of the ab initio electronic band structure calculations
have been given, e.g., in Refs. 15 and 29. While most
electronic calculations were performed without spin-orbit
(SO) interaction, a few with the VASP code including SO
interaction were also carried out in order to reveal possible
effects of SO interaction on the lattice properties.”’ The
effect of this interaction on the lattice parameters and dynamics
was found to be insignificant and we therefore restrict the
following discussion to results obtained without including SO
coupling.

The CuGa$S, and AgGaS, crystals investigated here were
grown by a vapor phase transport technique using iodine
as transport agent.’! AgGaSe, and AgGaTe, samples have
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FIG. 6. (Color online) Partial phonon densities of states (PDOS)
of CuGaX, (X = S, Se, Te) as obtained from our VASP PBEsol
calculations. The (red) dashed line represents the partial PDOS
of Cu.

been grown from the elements using the horizontal freezing
technique.’>3

The wavelength-modulated reflectivity spectra were ob-
tained with a SPEX Model-1870 Czerny-Turner monochroma-
tor. A vibrating mirror near the entrance slit of the spectrometer
generates wavelength-modulated radiation emerging from the
exit slit. As a source for broadband optical spectroscopy, light
emitting diodes (LEDs) possess many desired features which
the incandescent and arc lamps lack.>* In order to exploit these
advantages a temperature-tuned LED source was constructed
to provide a bright, stable, and tunable radiation output with
suitable LEDs.**37 The reflected radiation from the sample
was detected with a UV-enhanced Si diode connected to a
lock-in amplifier which also controls the vibrating mirror.
The sample temperature was set with a continuous flow liquid
helium cryostat equipped with fused quartz windows, from 5 K
to 280 K in steps of 5 K. In order to obtain a stable temperature
a heater installed inside the cryostat was used with a closed
loop temperature controller. The temperature stability of this
setup is £0.5 K.
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FIG. 7. (Color online) Partial phonon densities of states (PDOS)
of AgGaX, (X = S, Se, Te) as obtained from our VASP PBEsol
calculations. The (red) dashed line represents the partial PDOS
of Ag.

III. RESULTS AND DISCUSSION

The phonon dispersion relations and the PDOS of CuGaS,
based on ab initio DFT-GGA calculations have been discussed
before by us and other authors (cf. Ref. 15 and references
therein). It appears that complete data for CuGaSe, and
CuGaTe; are not available in the literature. Using ab initio
codes Parlak et al. have calculated the phonon frequencies of
CuGaSe;, at the center of the Brillouin zone.® Semiempirical
calculations based on the adiabatic bond charge model have
also been published.’*> We display in Fig. 5 the phonon
dispersion relations of CuGaX, (X = S, Se, Te) calculated
by using the PBEsol approximation.”® In Fig. 6 we show
the related PDOS. When going from S via Se to Te, i.e.,
increasing the mass of the chalcogen, the overall energy scale
is compressed and a gap seen for CuGaS, between 200 cm ™!
and 260 cm™! is gradually closed. For CuGaS, the acoustic
phonons are dominated by Cu vibrations, whereas in CuGaSe,
Cu and Se vibrations are equally important. For CuGaTe;,,
however, the low-energy acoustic band is essentially Te like.
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FIG. 8. (Color online) Phonon dispersion relations CdGeP,,
CdGeAs;, and ZnSnSb,, from top to bottom, respectively. The red
circles are I'-point Raman frequencies which have been taken from
the literature. CdGeP,: Data given in Table 3 (77 K) in Ref. 49;
CdGeAs, taken from Table 2 in Ref. 48.

Ab initio calculations of the lattice properties of the AgGaX,
(X =S, Se, Te) chalcopyrites have already been performed by
several authors before using LDA codes for the exchange and
correlation potential.**** Our PBEsol calculations generally
agree with the results of the preceding works. By comparing
the calculated heat capacities of the AgGaX, compounds with
our new experimental data we found that the low-temperature
thermal properties are somewhat better described by using
the PBEsol ansatz for the exchange and correlation potential.
Details of the phonon dispersion relations of the AgGaX,
compounds will be discussed with new low-temperature heat
capacity data in a forthcoming paper.*> Figure 7 shows the
PDOS of the AgGaX, chalcopyrites calculated by using the
PBEsol ansatz which have also been utilized in a recent
work to calculate the low-temperature specific heats of several
chalcopyrites.*®

In order to explore the differences of the ternary chal-
copyrites containing d-electron atoms (Cu and Ag) with
those based on p-electron metal atoms like Cd or Zn, we
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FIG. 9. (Color online) PDOS of MYX, (M = Zn, Cd; Y = Ge, Sn;
X = P, As, Sb) as obtained from our VASP PBEsol calculations. The
(red) dashed line represents the partial PDOS of Cd and Zn.

calculated the lattice dynamical properties and the PDOS of
CdGeP,, CdGeAs;, and ZnSnSb, with the PBEsol approach.
Semiempirical calculations of the phonon dispersion relations
of CdGeX, (X = P, As) have been published before.*’*® The
lattice dynamical properties of ZnSnSb, have not been inves-
tigated yet. The results of our calculations are summarized in
Figs. 8 and 9. The energy widths of the phonon dispersion
bands are similar, when one replaces Cu by Zn or Ag by
Cd. The acoustic phonons are either dominated by Cd-like
vibrations (CdGeP, and CdGeAs;) or by Sb-like vibrations
for ZnSnSb,.

Reflectance spectra were measured on samples of CuGa$S,
and on the series AgGaX; (X = S, Se, Te) as a function of
the temperature. CuGaS, exhibits three edge excitons, two (B
and C) near ~2.64 eV (at T = 0 K) and one (A) at 2.50 eV.
Their intensities, linewidths, and energies are temperature
dependent; the latter decreases with increasing temperature
(see details for the B and C excitons in Fig. 10). At low
temperatures two well-resolved peaks of about equal width
and slightly different intensity, separated by about 10 meV, are
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FIG. 10. (Color online) Evolution with temperature of the
wavelength-modulated reflectivity spectra of CuGaS, showing the
B, C excitons near 2.64 eV.

seen near 2.64 eV. With increasing temperature due to the rapid
increase of their linewidths they overlap above ~100 K and
form one broad band at room temperature. Figure 10 shows
the temperature dependence of the energy of the two exciton
peaks near 2.64 eV versus temperature. Our dependence of
the exciton A [see Fig. 11(a)] is in good agreement with data
obtained before by Choi and Yu and more recently by Levcenco
et al.'>>°

Whereas in the cubic monohalides of copper, CuX (X = Cl,
Br, I), the edge exciton is split into a quadruplet (J = 3/2)
and a doublet (J = 1/2), in the tetragonal chalcopyrites the
J = 3/2 quadruplet splits into two doublets and consequently
three exciton doublets are observed. The splitting results from
a combination of spin-orbit and crystal field interaction. The
B-C doublet splitting shown in Fig. 11 amounts to ~10 meV
which corresponds predominantly to spin-orbit splitting.>'>2
The A (B, C) splitting (~120 meV) corresponds predominantly
to the crystal field.

Energy, intensity, and linewidth (half-width at half maxi-
mum), e.g., of the B and C excitons, have been determined by
fitting the second derivative of two Lorentzian resonance lines.
A characteristic fit is shown in the inset in Fig. 11(a). Figure 11
compiles our new data obtained for CuGaS, and compares
them with literature data for CuGaSe, and CuGaTe,.>>%*

The temperature dependence of the exciton energies of all
CuGaX; chalcopyrites shown in Fig. 11 was initially analyzed
by fitting a single Bose-Einstein frequency according to

E(T)= Eo+ Ai[2nge(E1/ksT) + 1], (1)

where A is the weight which, if negative, describes the degree
of the energy decrease with increasing temperature and np is
the Bose-Einstein factor:

nge(E1/ksT) = 1/[exp (E1/ksT) — 1]. @)

The fitted energies Ey, E| and the weight A; are summarized
in Table II.

A comparison of the temperature dependence of the
gap energies of CuGaS,, CuGaSe,, and CuGaTe, reveals
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FIG. 11. (Color online) Exciton energies of (a) CuGaS, (our
data), (b) CuGaSe, (Ref. 53), and (c) CuGaTe, (Ref. 54). The (red)
solid lines represent fits with Eq. (1). The fitted parameters are
summarized in Table II. The inset in (a) shows the 30 K spectrum
(excitons B and C of CuGaS,) with a fit (red) solid line of the second
derivative of a Lorentzian resonance line.

a remarkable trend. CuGaS, shows a broad plateau below
~100 K. This plateau is less pronounced for CuGaSe, and
the temperature dependence of the gap energy of CuGaTe,

TABLE II. Compilation of the parameters obtained from a fit
of a single Bose-Einstein frequency, according to Eq. (1), to the
experimental data of CuGaX, (X =S, Se, Te) displayed in Fig. 11. The
CuGaS, data have been measured in this work; the data of CuGaSe,
and CuGaTe, have been taken from Meeder et al. and Rivero et al.,
respectively (Refs. 53,54).

Eq (eV) Ay (eV) E; (K)
CuGaS$, (A) 2.592(6) —0.088(6) 488(14)
CuGa$, (B) 2.682(7) —0.054(7) 343(24)
CuGa$; (C) 2.694(7) —0.056(7) 353(25)
CuGaSe, 1.748(1) —0.023(1) 208(7)
CuGaTe, 1.464(2) —0.020(2) 116(10)
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FIG. 12. (Color online) Linewidth (HWHM) of the excitons B
and C of CuGaS; resulting from fits of the second derivative of two
superposed Lorentzian resonance lines to the spectra.

resembles a linear decrease with almost no plateau left at low
temperatures. Accordingly, the energies of the Bose-Einstein
oscillators steadily decrease as sulfur is replaced by selenium
and tellurium. We will demonstrate below that the extended
plateau in the low-temperature regime observed for CuGaS,
can be modeled by an additional low-frequency Bose-Einstein
oscillator with a positive weight, i.e., an increase of the gap
energy with increasing frequency.

Before we compare the results obtained for CuGaX, with
those of our new measurements on AgGaS, and AgGaSe,
we briefly discuss the linewidth of the excitons B and C
of CuGaS; shown in Fig. 12. The temperature dependence
of the linewidths can be well described by including a
residual linewidth W, due to defects and acoustic phonons, a
linear increase due to relaxation via acoustic phonons and/or
defects, and an exponential term due to relaxation via optical
phonons,ss’56

AW(T) = AWy +a T + B exp(Q/ksT), 3)

where AW(T) is the linewidth (HWHM), W, is the residual
linewidth, and « and B describe the linear and exponential
increase of the exciton linewidth, the latter with an activation
energy €2.

On average the excitation energies 2 amount to ~750 K and
the linear increase at low temperatures was found unnecessary.
The centers of the optical phonon bands lie at ~500 K
somewhat below the corresponding excitation energies. At the
moment we are not able to fathom the origin of this difference.

In view of the nonmonotonic temperature dependence of
gap energies for the AgGaX, (X = S, Se, Te) observed by
several authors previously, we decided to redetermine, with
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FIG. 13. (Color online) Evolution with temperature of the
wavelength-modulated reflectivity spectra of AgGaS,.

improved resolution, the temperature dependence of the gaps
of AgGaS, and AgGaSe, using the wavelength-modulated
reflectivity setup described above. A particularly impressive
representation of the temperature dependence of the energy
and the intensity of the edge exciton of AgGaS, is shown in
Fig. 13.

Figure 14 displays the gap energies of AgGaS, and CuGaS,
versus 7. The nonmonotonic behavior of the gap of AgGaS,
found previously'® is confirmed; however its description in
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FIG. 14. (Color online) Temperature dependence of the gap
energy of (a) AgGaS; (our data and those of Artus and Bertrand'?)
and (b) CuGaS,. The (red) solid lines represent the fits to Eq. (4)
assuming two Bose-Einstein oscillators. The inset in (a) displays the
wavelength-modulated reflectivity spectrum at 5 K. The strength of
the B and C excitons has been enlarged by a factor of 20 and upshifted
for clarity. The inset in (b) highlights the low-temperature part of the
gap temperature dependence.
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FIG. 15. (Color online) Temperature dependence of the gap
energy of (o) AgGaSe, fitted with Eq. (4) which assumes two
Bose-Einstein oscillators [(red) solid line].

terms of a linear behavior below and above the maximum
has to be modified. Approaching T — 0 K we clearly
observe a leveling-off to a constant value and above the
maximum the temperature dependence is not linear. In order to
describe the temperature dependence we extended Eq. (1) by
adding the contributions of low-energy phonons with opposite
weight leading to an increase of the gap energy according to>°

E(T)= Eo+ Y Ail2nge(E;/ksT) + 1], €

where the parameters have the same meaning as in Eq. (1).
In Fig. 14 we show for comparison also an analysis of the
gap energy of CuGaS, with two Bose-Einstein oscillators
following Eq. (4). Data and fits for AgGaSe, are shown in
Fig. 15. The fit parameters are summarized in Table III.

As has already been discussed in the literature, preparation
of samples of AgGaTe, giving good quality optical spectra
proves to be difficult and, consequently, a wide variation of
the band gaps ranging from 0.99 eV to 1.32 eV has been
reported. 23245759

With the available samples we were able to collect data
only up to 100 K. In Fig. 4(b) we display some of these
data in comparison with those extant in the literature. Our
data, together with those in the literature, display a shallow
maximum between 50 K and 80 K, which can be described by
the two-oscillator model with frequencies consistent with the
phonon dispersion relations.

As we have shown before, the temperature dependence of
the gaps of the chalcopyrites MYX, (M = Zn, Cd; Y = Ge, Sn)
which do not involve p-d electron hybridization can be fitted
with a single Bose-Einstein oscillator with energies compiled

TABLE III. Compilation of the parameters obtained by fitting
our experimental data in Figs. 14 and 15 with two Bose-Einstein
oscillators E; (i = 1, 2) according to Eq. (4).

Eg(eV) A (V) Ei(K) Ay(eV) E;(K)
AgGaS, Artus® 2.784(6) —0.074(5) 313(35) 0.004(4) 47(31)
AgGaS, ourdata 2.783(2) —0.088(1) 395(2) 0.0036(5) 56(2)
CuGaS, ourdata 2.579(4) —0.078(3) 425(17) 0.002(5) 120

AgGaSe, our data 1.871(2) —0.060(2) 379(10) 0.0018(5) 36(8)

4Reference 13.
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FIG. 16. (Color online) Ratio of the partial PDOS of (a) Ag
and (b) Cu with respecct to the total PDOS of MGaS,, MGaSe,,
and MGaTe, (M = Cu, Ag), with (black) solid, (red) dashed, and
(blue) dash-dotted lines, respectively. The vertical arrows indicate
the energies of the second low-energy Bose-Einstein oscillator (E;)
obtained by fitting the temperature dependence of the energy gaps
with Eq. (4) (see Table III).

in Table I. The nonmonotonic temperature dependence of the
gap of AgGaX, requires two Bose-Einstein oscillators with
coupling constants of opposite sign. The frequencies of the
Bose-Einstein oscillators correspond to optic and acoustic
phonons, the latter essentially Ag like. The broad plateau of
the gap energy dependence of CuGaS, can also be ascribed
to a second low-energy Bose-Einstein oscillator of an energy
agreeing well with the Cu maximum in the partial PDOS.
The need for two oscillators is not immediately obvious for
CuGaSe; and CuGaTe, (see Fig. 11). Figure 16 displays the
ratios of the Ag and Cu partial PDOS divided by the total
PDOS. Additionally, we have marked by vertical arrows the
respective energies of the low-energy Bose-Einstein oscillator
which accounts for the gap increase at low temperatures.
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IV. SUMMARY AND CONCLUSIONS

As already surmised previously,! the temperature de-
pendence of the energy gaps of semiconductors is due to
electron-phonon interaction. In this paper we investigated such
dependence for a series of tetrahedral semiconductors of the
chalcopyrite family. Since the phonon dispersion relations and
densities of states of many of these materials were not known,
we have calculated by ab initio techniques several of these
phonons so as to relate them to the measured temperature
dependence of the gaps. Although calculations of the temper-
ature dependence of the gaps based on semiempirical electron-
phonon interaction have appeared in the literature,%° thus far no
calculations for ternary materials have been performed. In this
paper we present fits to the measured temperature dependence
of the electronic gaps based on representations of the corre-
sponding phonons by means of Bose-Einstein oscillators: Two
such oscillators usually suffice to produce excellent agreement.
Remarkably, in some cases the gap energies increase with
temperature while in others they decrease. Such nonmonotonic
behavior is particularly apparent in materials involving Cu
and Ag as cations. Unfortunately, no ab initio calculations
describing this behavior are available as yet. We hope that the
systematic analysis presented here will encourage theorists
to tackle the peculiar problem of temperature dependence of
the electronic gaps of semiconductors involving d-electron
atoms (e.g., Cu or Ag) in the valence band. Measurements
at low temperatures using crystals with pairwise replacement
of isotopes (e.g., AgGa®?S,-AgGa**S,; Ag®GaS,-Ag’ GaS,;
107 AgGaS,-1% AgGa$S,) would help to separate the individual
effects of the various atoms on the zero-temperature gap
renormalization.
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