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In this work we report on direct measurements of the temperature and pressure dependences of the low-
frequency dielectric constant alowgaxis (g)) of GaS, GaSe, and InSe. The temperature dependence of both
the ordinary and extraordinary refractive indexes is also presented. A large incregsenadfer pressure has
been observed. In the framework of a rigid ion model, the lattice contributiepitoshown to increase slightly
under pressure, due to the change of the angle between the anion-cation bond and the layer plane. Conse-
quently, the pressure behavior ©fis proposed to arise from a large increase of the electronic contribution to
g,. This fact is explained through a decrease of the Penn gap for polarization paralleld@tie whose
energy and pressure coefficient are shown to scale with those of the indirect band gap in these compounds. A
supplementary and reversible step increase db observed at 1.6 GPa in GaS, which is associated with a
phase transition that has been already observed by other aytB0i63-18209)11547-9

[. INTRODUCTION the other hand, the second model, which will be referred to
as isotropy hypothesis, assumes that at about 5 GPa inter and
The pressuréP) and temperaturél) dependences of the intralayer forces become of the same order resulting in a
dielectric constants of semiconductors are of current interestearly isotropic behavior of all physical parameters.
in semiconductors research. In principle, the study of these In this paper we study, by capacitance measurements, the
properties is an important issue because they enter in a nopsressure and temperature dependences, af GaS, GaSe,
trivial way into the underlying physics of transport, optical, and InSe. The maximum pressure was limited to 3 GPa.
and lattice-dynamical properties. Since the early work ofFurthermore, we have measured the temperature dependence
Samard, the effects of pressure and temperature on the lowef the refractive indexes of these materials. The experimental
frequency dielectric constaf#) of tetrahedrally coordinated arrangements are briefly described in Sec. Il and the follow-
semiconductors are well known. In particular, the temperaing two sections are devoted to present and discuss the re-
ture dependence of has been shown to be controlled by sults. On the basis of these data and earlier results, we evalu-
anharmonicities in crystal potentials, yielding positive tem-ate the influence of the lattice and electronic contributions on
perature coefficients Moreover, in the most representative the behavior of .
semiconductors, it has been observed thalecreases with

increasing pressure, this phenomenon being a consequence Il. EXPERIMENTAL DETAILS
of the reduction of both the electronic and Ilattice
polarizabilities* Single crystals of semi-insulating GaS and GaSe were

Nevertheless, in IlI-VI layered semiconductors a differentgrown by the conventional Bridgman technique without any
behavior under pressure is expected. These semiconductgrerposely added doping agent. High-resistivity InSe single
consist of two types of chemical bonding, depending on theerystals have been obtained by introducing phosphorus in the
crystallographic orientation. This strong crystal anisotropynonstoichiometric melt IS g5 Whose related acceptors
affects both optical and transport propertie¥ The applica- compensate the native donor levEi$® Samples were pre-
tion of pressure provides then a means to tune the degree pared by cleaving the ingots parallel to the laygerpen-
anisotropy in bonding. This leads to strong nonlinearities indicular to thec axis). For capacitance measurements the
the pressure dependence of physical propeftiesin par-  samples were cut into slabs 5—a thick and 4< 4 mn¥ in
ticular, a large decrease of the excitonic binding energy hasize. The thickness of the slabs was measured by means of
been observed in indium selenidéinSe and gallium the interference fringe pattern in the near-infrared region.
selenidé® (GaSeé under compression. It was attributed to the Gold electrodes were vacuum evaporated in the large sample
increase of the low-frequency dielectric constant parallel tdaces. Ohmic contacts were made by soldering silver leads to
the ¢ axis (g;). This behavior ofe, has been verified up to the electrodes with high-purity indium. The capacitance of
1.2 GPa by direct measurements in gallium sulfiGaS.'*  the samples was measured by using a high-accuracy capaci-
Two models have been developed to explailf ibne is the  tance meter and shielded leads.
charge transfer hypothesis, which relates the variatios, of Hydrostatic pressure measurements were carried out up to
to a charge transfer from intralayer to interlayer space. Ori.2 GPa by using a piston-cylinder Unipress copper-
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berylium cell with a 4:1 methanol-ethanol mixture as pres- 25 —
sure transmitting fluid. In addition, measurements under | ® GaS s
guasihydrostatic conditions up to 3 GPa were carried out I
using a Bridgman cell which has been described in Ref. 13. |
In the present case, we have used tungsten carbide anvils 27 20
mm in diameter. Gaskets were made of pyrophyllite pre- .
treated at 720 °C during one hour in order to get suitable
mechanical properti€€, and the pressure-transmitting me-
dium was sodium chloride. The pressure was determined by
calibration of the oil pressure of the 150-ton press used
against known fixed point$. Temperature measurements of
the capacitance were performed in a helium closed cycle
Leybold Hereaus cryogenic system.

Afterwards, to determine the temperature dependence of
both the ordinaryi§,) and the extraordinaryn() refractive
indexes, the samples were heated in a system implemented at
the laboratory. For these measurements, the thickness of the I
used samples was between 10 angu®®. The thickness was 5
obtained from the interference fringe pattern in a large spec-
tral range by assuming the curves f as a function of
wavelength(\) given by Refs. 19 and 20. The ordinary re-

-
[6,]
L

c/A (pFimm?)
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fractive index as a function of temperature was measured ol
from the shift of the interference fringe pattern in the near 0.0 0.1 0.2 0.3 0.4
infrared (\=21000 nm transmission spectra at normal inci- 1/d (um™)

dence. The extraordinary refractive index was determined

from transmission spectra at oblique incidence with polariza- FIG. 1. C/A vs 1M for GaS, GaSe, and InSe.

tion parallel to the plane of incidence. Under these condi- o )
tions, fringe minima are given B in Table I. In all cases, it lies in the wide range of values that

can be found in the literaturd;?%?123-31 35 measured

2n,d Siré 6 through several techniques, specially infrared reflectivity.
mm —nr) W
I

A. Pressure dependence of,
where 6 is the incidence angle annh is the interference

order, which is identified at RT and normal incidence ands (\é\/)ef:gi: %X(?DTI\?VZ t:::viffjé:; oEf(er)e Sél:];eﬁﬁs-[?a?(zt?r':o
can be easily followed in a temperature run. Note that in ! )

order to determina, from Eq. (1), it is necessary to know account the pressure changes in the sample dimensions

. . through the parallel X,) and perpendicular X, )
n, for which we have used the resulis previously estab, ompressibilities®~12 Figure 2 shows the pressure depen-
lished. Finally, fringe pattern spectra were taken at sever

L . ence of the parallel low-frequency dielectric constant ob-
angles of incidence, ang (\) curves were obtained for each P q y

run: these curves were averaged in order to qive the fin tFlined under hydrostatic conditions for three different
oné g g aSampIes of GaSe. In this figure, it can be seen #hdtas a

similar behavior to that observed previously in GAFigure
3 givesg as a function of pressure up to 3 GPa for Gas,
Il RESULTS GaSe, and InSe. Notice that, in the range of pressure up to

The capacitancéC) at a given pressure and temperature1-2 GPa, these results confirm those obtained under hydro-
static conditiongsee Fig. 2 and Ref. 14In addition, from

is given b
9 y Fig. 3, one can observe that, in the three layered compounds
A(P,T) studied here, the pressure coefficiéfin ¢,)/0P is positive
C(P,T)=8|\(P,T)m, (2)  within the whole range of pressures, quite in contrast with

the case of tetrahedrally coordinated semiconductors. The
whereA is the area of the gold electrodes amds the slab  values of this coefficient aP=0 and 3 GPa are listed in
thickness. Then, by means of E@), we have determined Table II.

the value ofg;, at ambient conditions, from the capacitance ) B

measurements in ten to twelve samples with different thick- TABLE I. Value of ¢, at ambient conditions for GaS, GaSe, and
ness. In Fig. 1, we have plotte@/A as a function of . InSe as obtained from capacitance measurements.

The linear behavior obtained indicates that our results are not

affected by the activation of native shallow impurities. In . el 8

. . . Material Present work Literature References
addition, by performing measurements with the sample em-
bedded and not embedded in the pressure medium, we hagas 5.30.3 5.2-6.6 14, 29-31
verified that the presence of this medium does not producgase 6.+0.3 6.1-7.9 27, 28
substantial changes in the capacitance of our samMpiBEse  |nse 7.6-0.4 6.8-8.5 20, 21, 23-26

value of ¢, obtained for GaS, GaSe, and InSe is shown
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80 ) TABLE Il. Values of the logarithmic pressure and temperature
I derivatives ofe; as deduced from the present results.
7.5 } 9 o ‘: (9(In SH)/(?P (9(|n 8”)/(7P (7(|n 8”)/61- &(In SH)/(?T
EQ@OOOO 1 Material [10 2GPal] [10 3GPa?] [1075K™!] [107 5K
[ AT o° i
70l Ama&f; o . P=latm P=3GPa T=300K T=40K
- .38 ° ] Gas 855 55+5 83+5 50+5
65k Eggé% ] GaSe 13510 575 74+5 45+5
e 8% 1 InSe 1206-10 325 72+5 36+5
B ]
6.0 - .
i 1 and 1.8 GPa seems to be reversitdee Fig. 3 besides a
[ hysteresis of 0.4 GPa. A similar behavior has been obtained
5.5 Ly e

00 oz oz s o8 1o 12 previously in the pressure dependence of the ordinary refrac-
tive index at around 1.6 GPa.These changes in the optical
P(GPa) constants are related with a pressure-induced reversible
FIG. 2. Piston-cylinder measurements of the low-frequency di—phase gzans_ition that OCCWS without destruction of single
electric constant parallel to axis for three different samples of Crystals™ This phase transition leads to a more compact new
GaSe. phase in which an enhancement of the charge density is ex-
pected. This enhancement causes the observed increase of

In Fig. 3, it can be also seen that in GaSe, the behavior of!* The fapt th%gt,he change ef is not so abr“‘?t' as the one
g is nearly linear up to around 1.8 GPa; above this pressurgb‘e’erved Im,,~ IS d“? to the presence of _un|aX|a_I stress in
a reduction of the slope takes place. These results are jugf" measurements which were carried out in a solid medium.
between those expected from the isotrope and the charge
transfer hypothesis proposed by Gauthi¢rall® For InSe B. Temperature dependence ok, n, , and n,

the same kind of pressure dependence has been observed butWe next consider the effects of temperaturesomnd the
the change in the slope occurs at around 1 GPa. This is b Y

coherent with the higher ionicity of InSe, which can be refractive indexes. To obtaiey(T) from C(T) we have used

viewed as inducing an inner pressure via Coulomp29&in Eq.(2), but now the correction for the thermal expan-

. T ; X dsion of the samples has been neglected, bearing in mind that
interaction3? making the InSe analogous to the pressurize . .
GaSe. it leads to a correction several orders of magnitude lower

. than the experimental errors. Figure 4 shows the temperature
incque?saer?gg r?aisﬁgeeslwsbesne:-vlg dGi?)v%gSejFSaS;/ae’ i%aglrauglpendence of, that turns out to be nonlinear. In particu-

. I . ) ’ ’ ar, a reduction in the temperature coefficiéfin ¢)/dT, as

its pressure dependence is almost the same as that obser\{ﬁg temperature decreases, has been obséseedTable
below 1.5 GPa. It is important to notice that upon decom- P ’ '

pression, the strong change ©f observed between 1.5 GPa Then, (A) andn(\) spectra of GaS sample at different
temperatures are shown in Fig@h Similar spectra have

been obtained for GaSe and InBee Figs. &) and 5c)],
respectively. Figure 6 shows the temperature dependence of
the ordinary and extraordinary refractive indexes in the three
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FIG. 3. Pressure dependence of the low-frequency dielectric FIG. 4. Temperature dependence of the low-frequency dielectric
constant parallel t@ axis as obtained from capacitance measure-constant parallel t@ axis as obtained from capacitance measure-
ments in a Bridgman cell. ments.
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InSe at 30 °C and 100 °C as obtained from fringe measurements.
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TABLE Ill. Temperature coefficient of the ordinary and extraor-
dinary refractive index ah =1400 nm (1800 nm for InSg The
temperature coefficient of,.; ande ; are also given.

(9(|n nJ_)/ﬁT &(ln n”)/(ﬂ_ (9(|n 800”)/(91— (9(|n 8|_”)/(9T
Material [107°K™!] [10°K™Y] [10°K™1] [10°°K™]
Gas 3.50.3 10.1-0.5 201 620+-80
GaSe 4.30.3 13.8-0.5 171 850+ 110
InSe 5.8-0.5 14.5-0.5 18+1 600+ 70

IV. DISCUSSION

Before entering into the discussion of the present experi-
mental results, we will briefly bring forward some theoretical
considerations. The low-frequency dielectric constant of a
heteropolar semiconductor can be written as

)

wheree.,=n? is the electronic contribution to the dielectric
constant and: is the lattice contribution, which arises be-
cause the longitudinal-opticlLO) mode produces a macro-
scopic electric moment in these semiconductors. These con-
tributions are given b¥

e=¢g,.tTegL,

2

E5'

£,=1+

4

whereEp is the plasma energy of valence electrons, Bgd
is the Penn gap, and
Net?
EL=

goM w%—o'

©)

compounds studied here. In all of them we have observed an

increase of botm, (\) andny(\) with increasing tempera-
ture. Their temperature coefficien#gln n,)/dT are summa-
rized in Table Ill and agree with the data found in the
literature~" in the wavelength region where comparison is
possible.
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FIG. 6. Temperature dependences of both the ordifemypty
symbolg and the extraordinaryfull symbolg refractive index for
GaS(0), GaSe(d), and InSe(A).

whereg is the vacuum permitivityN is the number of unit
cells per unit volumeej is the transverse dynamic effective
chargeM is the reduced mass of the polar mode, ang is
the frequency of the transverse-opti¢dlO) mode. Notice
that a simple one-gap mod&! has been assumed fet, .
From Eq.(3) it can be shown that

dine,
JP

dine
JP

ﬁln EL
JaP

Ex EL

€

©6)

T ¢ T T

and a similar expression can be deduced for the temperature
derivatives. In the case of IlI-VI semiconductors E¢R)—

(6) must be written for both polarizations, perpendicular and
parallel toc axis. The electronic and lattice contributions to
g, have been measured by several auth®dfsd2° Unfortu-
nately, the reported values ef,, and ¢, exhibit a large
dispersion, which explains the large errors attributed to them
in Table IV. In spite of the dispersion, all results agree in the
small value of the lattice contribution tg, .

A. Electronic and lattice contributions to g, and their
pressure dependences

In order to explain the large increase gf, the charge
transfer modéf focuses on the lattice contribution and pro-
poses an increase of the effective chaggedue to a charge
transfer from the cation-cation bond to the interlayer space.
That mechanism is suggested by the pressure behavior of the
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TABLE IV. Values of the optical and lattice contributions &g the same time to elucidate the origin of it. In order to do so,
at ambient conditions. Last column shows the photoelastic paramye choose a rigid ion scheme. According to this model, if we

eter. call ¢ the angle between the anion-cation bond and the layer
: plane, the relationship between the transverse effective
Material 8o Ly K charges could be roughly estimatededg'e, =tg¢. In the
GaS 5.10.2 0.55-0.05 3.0-0.3 case of InSe, for WhiC|¢=28.4°, it yieldseﬁ/eﬁ =0.53,in
GaSe 5702 0.42-0.05 6.5 0.7 good agreement with its actual value, Q#47.05° It has
InSe 70603 0.76-0.10 4.0-0.4 been shown recently that the angjeincreases under pres-

sure in GaSe and InSéRef. 37 at a rate of 5.1
X 10 3rad/GPa, and in GaTéRef. 39 at a rate of 4

phonon modes whose frequency critically depends on th 10 3rad/G.Pa. From prewous.Raman sca_ttenng results, it

force constant associated with the cation-cation bond. In Ra¥as determined that the effective chargfg in GaSe de-

man experiments under pressure, a frequency decrease Creases under pressure, at a rate J¢ €f,)/oP=—8.7

very weak increageof those modes is actually obsen®d, 10 2GPa™.*® A similar behavior fore}, can be deduced

indicating a weakening of the cation-cation bond. in InSe, whered(Inef, )/oP=—11.2<10 ° GPa .*® Then,
Nevertheless, the existence of such charge transfer doeme can easily calculate that, within the framework of the

not necessarily lead to an increase of the dynamic charge foigid ion model, the pressure increaseedf is given by

polarization parallel to the axis. From the point of view of

the band structure, this charge transfer could be seen as an Jine*  alne* p

increase of the weight of the Isantibonding or the Se, T _ L —¢sin¢>cos¢. )

nonbonding states in the valence bands. In a rigid ion P P P

scheme, the first possibility would have little effect on the

overall charge associated with them, as one would expect thEhe values obtained fo#(In ef;,)/dP by applying this equa-

electron density associated with In related states to followion are shown in Table V. In addition, from E¢p), it is

the In atoms movemeiithat vibrate in phase in the LO polar straightforward to derive the pressure coefficientpf:

mode. The second possibility would result in an increase of

the electron density around the anions and, consequently, in gl Jine* Il

an increase of botk}, andef, . This is hardly compatible e —x+2 T, 2N @0l ®)

with the observed decrease of the effective charge perpen- aP aP P

dicular to thec axis e¥, .1° Quantitative predictions of the

charge transfer hypothe&isare based on the assumption thatwhere y=2y, + x, is the volume compressibility, which is

the total dynamic charge remains constant under pressurgell known in the layered materials here studifd The

However, an increase of the crystal ionicity under pressur@ressure coefficiert(In wrg)/dP in layered semiconductors

could result in an overall change of the dynamical effectivenas not been measured yet, but this coefficient spans in a

charge, as there is no physical principle stating the constand@nge of (15—20% 10 3GPa* for A1 nonpolar modes in

of this quantity that, in fact, has been shown to decreasé'Se (Ref. 39 and GaSé? Therefore, in Eq(8), the shift

under pressure in Ill-V semiconductdrs. towards higher energies of the TO mode under
On the other hand, according to the isotropy schéheg, ~ compressiotf**compensates the positive contribution of the

must suffer a drastic evolution since 111-VI semiconductorsfirst two terms. Then, by assuming fgrand d(In wrg)/JP

around 5 GPa should behave macroscopically as isotropitie values shown in Table V, E¢) yields d(In g )/dP of

materials. However, within this assumptios, should be the order of 810 3GPa’ for InSe and of —2

about 10.5 at 5 GPa in GaSe, whereas an extrapolation of out 10 3 GPa ! for GaSe. With Eq.(6) and the data from

results would give a value not higher than 9 fgrat that Table IV the contribution ofe  to the increase ofg,

pressure. In addition, examination of Fig. 3 reveals that theinder pressure turns out to be in absolute value

increase observed in InSe is smaller than the one expectétk, /e,)d(Ine.)/dP|<10 *GPa?! and can be safely ne-

according to this schenteln fact, the isotropy scheme is a glected. It follows that the main contribution to the increase

mere phenomenological hypothesis that can hardly result in @f ¢, under pressure must come from the electronic contri-

model accounting for the pressure dependence of bastoutione. . this conclusion is in agreement with the behavior

physical quantities. of the extraordinary refractive indey in Gas that exhibits a
We will now discuss a possible explanation of the experi-strong increase under presstfé! The pressure coefficient

mentally observed behavior @f; under pressure, trying at of ., in GaS, as deduced from the refractive index increase,

TABLE V. Pressure coefficient of the perpendicular and parallel effective charges, the parallel TO
phonon mode, and ;. The compressibility and#/JP are also given.

d(Ineg )oP dpl P d(In &)/oP X a(In wre) /P d(In ey )P
Material [10 3GPa?] [10 %rad/GP3 [10 °GPal] [10 °GPal] [10 3GPal] [10 3GPal]

GaSe —-8.7 51 3.4 35 1%3 86
InSe —-11.2 5.1 0.9 363 173 —2*6
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6 ———— : TABLE VI. Van Vechten model parameters and indirect band
4 Ey(nSe) | |, gap for GaS, GaSe, and InSe. The pressure coefficient of the Penn
= Ey(GaSe) gap and of the indirect band gap are also given.
e Ey (Gas)
o E'g:;;) Eq Epy  0Eq/dP  Egq  0Eg/dP
- Eg‘ Material [eV] [eV] [meV/GPE [eV] [meVIGP3
...... 1 (GaS)
5L il GaS 55&0.15 1144 -200£10 25 -—110+10
120 GaSe 4.760.15 10.77 —360£30 2.0 —150*+20
- \\\ ' - InSe 3.85-0.15 990 -—-210+20 1.6 —60£10
N 2
(1Y T Tow
\ —— ] pressure dependence of the Penn gap can be calculated, from
. our results, by means of Ed@4), taking into account the
4 _;‘““““m““_‘ L :':: " e oY compressibility of each compound, that enters !n the pressure
415 dependence dEp;. The results are shown in Fig. 7 and the

I \9 | pressure coefficient at room pressure can be seen in Table

VI. The results illustrated in Fig. 7 show that the pressure
dependence obtained féi, is very similar to that ofEg; .
This, together with the fact that both the energy and pressure
s coefficient ofEq andEg; scale in the three compounds, ap-
pears as an indication of the plausibility of the present model
P(GPa) and supports the electronic origin of the large pressure in-

crease ok, .
FIG. 7. Pressure dependencelgf for GaS, GaSe, and InSe as

obtained from our experimental results. The lines represent the
pressure dependence of the indirect band gap. B. Temperature dependences
First, we want to point out some remarks regarding the

is (90+10)x 10”3 GPa*. This value is, within errors, very temperature dependence wf. The temperature derivative
close to that ofg;, as obtained from capacitance measure-on, /4T can be calculated at different wavelengths by assum-
ments(Table II). ing thatn, varies linearly withT in the range between 0°C

In this context, it is of interest to discuss this resultand 120°C. It can be seen from Figabthat in Gas, this
in relation with the Weintsteiret al®° criterion of bond derivative seems to be nearly constant betwekn
dimensionality. If we assume that the increase sgfis  =1000nm andA=1400nm. Instead of that, in GaSe
mainly of electronic origin, the photoelastic parameterjn, /4T depends on the wavelengitbee Fig. )]. The re-
k| =—2dIn(e;—1)/dInV can be estimated from the pressuresulting dependence of this derivative is shown in Fig. 8
coefficient ofe;. The result is shown in the last column of (solid line); a similar behavior is obtained for InSe. We think
Table IV. There it can be seen thaf turns out to be large that this difference is related to the proximity of the absorp-
and positive, suggesting that, along thaxis, IlI-VI layered  tion edge of GaSe and InSe to the region where the measure-
semiconductors behave as molecular solids, i.e., their opticathents were carried out. In fact, in InSe the wavelength had
properties for polarization parallel to theaxis would be to be extended beyond 1400 nm since the presence of a
dominated by the band widening produced by the increase of
interlayer interactions. 10% e

From another point of view, the strong increasesof
under pressure in these materials can be correlated to the
increase of this quantity in the series GaS-GaSe-(iTable
IV) through their band structure. According to recent LMTO
calculations in InSé! near to the border of the first Brillouin
zone, the upper valence batwlith anionp, character runs
parallel to the lowest conduction barwith cationp, char-
actey, which yields a high joint density of states. The tran-
sition is fully allowed for polarization parallel to theaxis.
Let us assume, in the framework of a simplified one-gap
Phillips—van Vechten model, that this transition corresponds
to the effective Penn gaR,, determininge., through Eq.
(4). If we calculate the plasma energy from the valence band 04 Lol e i1
electron densityky, can be obtained frora.,;. The result is 1000 1100 1200 1300 1400
shown in Table V. This table also shows, for the sake of Anm)
comparison, the value of the indirect gag; and its pressure
coefficient for each compourd#?43In this model, these FIG. 8. Temperature coefficient of the extraordinary refractive
transitions must be correlated, as they share the same finialdex of GaSe as a function of photon wavelengtblid ling). The
state(the conduction band minimum at the zone boyd€he  dotted line represents the effective coefficient.

o
-
N
w

GaSe

dn/dT (K™)
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TABLE VII. Volume thermal expansion coefficient, compress- fundamental gap in 1lI-VI semiconductors is known to be
ibility, and d(In Eg)/dT for GaS, GaSe, and InSe. The logarithmic determined by the interaction of electrons with homopolar
temperature derivative of the smallest band ¢&g) is also given  optical phonon§9'51 In function of the results shown in

for comparison. Table VII and taking into account that the self-energy con-
: tribution to the fundamental gap arises mainly from the va-
Material B X ‘9(In50”)/jiT ’90959)?-'1— lence band®' it is reasonable to assume that the temperature
[10°K™] [107°GPa™] [10°7K™] [107°K™]  gependence of the Penn gap is also determined by electron-
GaS 27.5 33 —-1.67 -2 phonon interaction. .
GaSe 305 35 ~1.85 —2138 On the other hand, as the experimental value of

d(Ine,)/dT is at least four times smaller than the tempera-
ture coefficient ofe; (see Tables Il and I)] the temperature
increase ok cannot be explained only with the increase of

strong peak ak ~990 nm affects the temperature coefficient = Then, from these results anq by means of an expression
of n,. Finally, we note that the decrease &f,/dT with angl_ogous to Eq(.G}, we hav_e e_stlmated the temperature co-
increasing\ (see Fig. 8 obtained from our data is not in efﬂmgqt of the lattice contribution te,. The _valugs of this
complete agreement with the previously reported results fofO€fficient for GaS, GaSe, and InSe are given in Table IIl.
GasSe®?’ This disagreement can be related to the fact that N€ logarithmic temperature derivative of is consider-
those measurements were carried out in a range of energi@gly larger than the corresponding derivative «f; . By
including the exciton absorption line. Considering this, thecomparison with 1I-VI and 1ll-V compounds;..; exhibits a
effects of the shift of the direct band gaRgy) in on/dT normal response, but the temperature coeff|C|eratLpf_s one
must be taken into account in order to calculag e.,)/gT ~ Order of magnitude larger than the one observed in tetrahe-
in GaSe and InSe. drally coordinated semiconductdrsFrom Eq. (5), it is

Let us assume, as a first approximation, that the absorpitraightforward to deduce
tion edge is given by a step function. In that case, it can be
easily shown that

InSe 44.5 363 —2.08 —2.62

&In EL _ ZB r9|n e:’f-” 2(9'” e#u ZB (9|n wWTO|
J(Any)  —2hCaq (9EgyldT) T PTyTp TATar T TP
T o7 E2,—E? "’ ©
od dIn wrg
whered(An;)/dT is the variation oh; due to the shift of the —2 JT (1D

direct band gap with the temperature, is the absorption
coefficient ance is the photon energy. Thus, using for GaSe,
ay=4x10" cm™14 Egq=2.0196 eV® and IE g4l 0T = From the data given in Tables V and VII, the first, second,

—0.5meV/K* one can evaluate the effective temperatureand third term give neglectable contributions. As regards the
derivative on*/oT from which we have calculated last term, as the temperature coeffici‘(lantslogzphonon r_nodes
d(In e.4)/JT. The dotted line of Fig. 8 showan’/JT as a  are very smallof the order of=2x10 K ) * its contri-
function of . We have also calculate#{In e.,)/JT for InSe ~ Pution is of the order of %10 "K"" Then, in order to
with the same approximation. The obtained values for thig¢ccount for the large temperature coefficientgf one must
coefficient in the three compounds are shown in Table IiI. 8ssume a large increaseedf with temperature. This term is
The temperature dependence @f; can be understood 'elated to phonon-phonon interactiof@s a consequence of
with the help of Eq.(4). From this equation it can be de- the crystal potential anharmonicjtshrough the increase of
duced that the temperature coefficient of the electronic dithe ion vibration amplitude. Unfortunately, in spite of being

electric constant is given by topics of constant interest, the effects of these anharmonici-

ties on the effective charge are not well understood. In the

dn(e.;—1) 2B dlnEy _JInEy, case of the layered IllI-VI semiconductors, we can point out
T +— -2 , (100 that the polar LO phonon modgolarized along the axis)

aT - 9P aT \
X breaks the symmetry of one half layer with respect to the

where g is the volume thermal expansion coefficient. Then,other, which could contribute to an extra mechanism of po-
by takingy and 3 from the literatur&®?314647and using the  larization in which some electronic charge would be trans-
values previously deduced faE, /P, it can be seen that ferred between half layers when the vibration amplitude is
the two first terms of Eq(10), which account for the effect very large. We stress that this would be an extra mechanism
of thermal expansion, are always negative. Would this be thef polarization, that would not appear in a rigid ion scheme.
only operative mechanism, it would lead to a negative valudn that case there would be electric polarization without
of d(In e.,)/dT. Then, in order to account for the experimen- charge transfer between the half layers, as the LO phonon
tal temperature behavior ef,,, a decrease of the Penn gap mode changes the angle of the anion-cation bond with re-
with increasing temperature must be assumed. The obtainepect to thec axis in a opposite way in each half layer. For
values ford(In Ey)/dT are summarized in Table VII. In this the sake of completeness we should also point out that this
table, the logarithmic temperature derivative of the funda-extra mechanism would not contribute to an increasetof
mental gap is also given for comparison and turns out to b&nder pressure, as it depends on the vibration amplitude that
very close to that of the Penn gap in eachdecreases under pressufas the phonon frequency in-
semiconductof>#®4° The temperature dependence of thecreasep
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V. CONCLUSIONS tion have been shown to be neglectable. The electronic con-
tribution is dominated by the temperature decrease of the
enn gap due to electron-phonon interaction. In addition, the
Fong increase of the lattice contribution with temperature
was attributed to an extra mechanism related to the asymme-
?ry between half layers induced by the LO polar mode at
!earge vibration amplitudes.

The pressure dependence ggfof GaS, GaSe, and InSe
has been measured up to 3 GPa. We have also measured
temperature dependence gf, n;, andn, . All these data,
combined with earlier results, have led to evaluate the lattic
and electronic contributions to the pressure behaviog,of
that is proposed to be controlled by the large increase of th
electronic contribution. This fact was explained through a
decrease of the Penn gap, which scales with the decrease of
the indirect band gap of IlI-VI semiconductors. Finally, the  This work was supported by the Spanish Government
temperature behavior @f) has been discussed. The thermalCICYT under Grant No. MAT95-0391 and by Generalitat
expansion effects on both the lattice and electronic contribuvalenciana under Grant Nos. GV-2205/94 and GV-3235/95.
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