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Urbach'’s tail in the absorption spectra of Cu,GeSg semiconducting compound
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In the present work we report on the analysis of the Urbach'’s tail in pure and Mn-dop&kSg samples having small deviation from its
ideal stoichiometry. It is found that the high values of the phonon enkrgyinvolved in the electrons/excitons-phonon interaction in the
formation of this tail are due to structural disorder caused by deviation from ideal stoichiometry. Valugsfof pure and doped samples
were found to be 48, 60 and 81 meV, respectively, whereas the phonon energy for an entirely ord&efdCsample was estimated to be
about 25 meV.
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1. Introduction at 6C/h up to 960C. Again the mixture was kept at this

. temperature for 24 h. Then it was heated to FI5@t the
Ternary compounds of thelB' CJ'/ family, were A=Cu  rate of 30C/h. The mixture in the liquid phase was agitated
and Ag; B = Ge, Sn, and Sb; and C = Se, Te, and S, as fagarefully by periodically rocking the furnace for 48 h. It was
instance CuGeSg and CySnSg, have received consider- qoled at a rate of 6€C/h up to 906C and then to 80TC at
able attention recently for Thermoelectric (TE) applicationsy e c/h with a dwell time at this temperature of 24 h. The
[1-7]. However, although the optical properties of these COMzo0ling rate from 800 to 65 was 6C/h with a dwell time
pounds have been analyzed in some detail [8-14], no studigst 24 h. The furnace was then cooled to 506Gt 20 C/h and
had reported these materials on their optical absorption cgne ingot was annealed at this temperature for 200 h. Finally,
efficient o just below the band edge, where this parametefne furnace was cooled to room temperature 4C30.
varies exponentially with photon energy, a behavior which o opemical composition of samples taken from the cen-

is_ referrgd as Urbach's tail [15,16]. .SUCh studies. are of S.ig’[ral part of the ingots was obtained by energy dispersive X-
nificant importance because they give valuable mformatlor}ay spectroscopy (EDX)

about the electron-phonon interaction and structural disorder : .
P The powder X-ray diffraction (XRD) patterns of the sam-

caused by the compositional deviation from the ideal stoi- . :
chiometry in semiconductors [17-19]. ples were recorded at room temperature using a calibrated

Hence, in the present work we report on the tempera-GUinier'de quf camera. The camera was installed in a x-ray
ture dependence of Urbach’s energy in pure and Mn_dopegenerator equipped with a Cu-target tube operated at 40 kV

samples of the orthorhombic structure,QeSg compound and 20 mA. The position of each peak was established using
(CGSe) having small a deviation from the ideal stoichiometrytheo‘1 component{CuKa; = 0.15406 nm)_. o
2:1:3. The results here obtained are analyzed with the theo- For the measurements of the absorption coefficient spec-
retical model proposed by Wasiet al. [18] and the effectof ~traat various temperatures, parallel-sided single-crystal sam-
structural disorder caused by the deviation from ideal molecP!€s were selectively cut from polycrystalline ingots grown
ularity and valence stoichiometry on the phonon energy offom the melt as described above. They were placed in,a He
pure and Mn-doped CGSe is discussed. cryostat operating in the range from 10 to 300 K. A fully au-
tomated SPEX 1870 monochromator and a 170 W tungsten

. lamp as a light source were used. The transmitted radiation
2. Crystal growth and Experimental methods a5 detected by a cooled PbS detector.

Polycrystalline pure and Mn doped (containing 0.03% Mn in

weight) CGSe samples used in the present study were pre-

pared by melting with direct fusion the constituent elements3. Theory

in a sealed and evacuated quartz tube. The ampoules were

placed in a vertical furnace. Initially they were heated fromAt a given temperature, the optical absorption coefficient
room temperature to 30C at the rate of 30C/h. The mix-  just below the fundamental absorption edge is called Ur-
ture was kept at this temperature for 24 h and then heateblach’s tail and can be expressed by a relation of the form [15]
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expression of the form:

a(hv) = agexplo(hv — Ey)/KgT), 1)

wherehv is the incident photon energy, the steepness pa-
rameterg and £y two characteristic parameters of the ma-
terial, andK g the Boltzmann constant. This behavior has )
its origin in the interaction of electrons and excitons with Where the adjustable parametérand NV are related to struc-
phonons [16,18]E, = K 5T /o, which represents the width tural disorder and thermal phonon modification, respectively.
of the exponential tail, is called Urbach’s energy. The steepln @ perfectly ordered systent; and N are expected to be

ness parameter is found to satisfy the relation [18] zero and unity, respectivelyN is introduced in Eq. (4) to
take into account the fact that due to structural disorder only
o =00(2KgT/hv,) tanh(hv, /2KgT),

a fraction of the total phonon modes excited at a given tem-
perature can interact with excitons/electrons, @rid a char-

EU(Ta Na P) = (KBQ/O—O)

x [(1+ P)/2+ N/{exp(©/T) = 1}], (4)

)

wherehuv, is the energy of the phonons associated with Ur- o i
bach’s tail andr, a constant. Different values &, for the acteristic lattice temperature related to the mean frequency of

same material, some of them much higher than the higheahonons in the crystal. It is expected to be of the same order
optical mode observed in the vibrational spectra of each ma2S the Debye temperatuésy.
terial, have been reported in ternary chalcopyrite [18,20-22]
and chalcopyrite-related structure compounds [23-26].

The existence of these unusually higher energy mode4. EXperimental Results and Discussion
is explained by assuming that they are due to the struc-
tural disorder caused by the deviation from ideal molecu-A detailed analysis of the XRD patterns confirms that this
larity and valence stoichiometry in the samples studied [18]material crystallizes in an orthorhombic cell with space group
This is described by means of the parametef defined as  Imm?2 (C30), as reported by Parghand Garin [27] on the
AZ = AX 4+ AY, where for the present compound CGSe,basis of a single-crystal analysis. Typical unit cell constants
AX =|Cu|/2|Gg — 1, andAY = |Sd/|Metal — 1, repre-  for pure S1 and S2, and Mn doped S3 CGSe, taken from the
sent the deviations from molecularity and valence stoichiomeentral part of the ingots, obtained from the X-ray Ritveld re-
etry, respectively [18]. In these relation&u|, |Ge, and  fining are listed in Table |. These are in good agreement with
|S€ being the average concentrations in atomic percent of ththose reported in for this material in Ref. 27.
constituent elements in CGSe obtained from the composition The chemical analysis of samples taken from the central
analysis. This behavior can be expressed by the relation [18part of the ingots of S1, S2 and S3 CGSe, performed by

. EDX, gives chemical compositions ¢€u| : |Ge : |Sg =
hp(AZ) = hiy, + CAZ, ) 28.4:15.0:56.6, 30.1:17.5:52.4, and g.e‘,:l(s'.o%?.?', iﬁ atomic

wherehu,, is the average of the phonon energy in an entirelypercentage, respectively. These are close to the ideal value
ordered system and C a constant. 2:1:3. However, all the samples show deviations from its

On the other hand, to explain the temperature dependenddeal stoichiometry. Thus, all the samples have deficiency of
of Urbach’s energy in ternary chalcopyrite and chalcopyrite-Cu with respect to GgCu|/|Ge ~ 1.64-1.89) and an excess
related structure compounds, Wasstral. [18] have used an of Se over cationg$d/|metal ~ 1.10-1.35).
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FIGURE 1. Absorption coefficienty as a function of photon energy at different temperatures for pure S1 and S2, and Mn doped S3
Cu,GeSg samples.
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TABLE |. Unit cell constants, b, ¢ and volumel” for Pure S1 and S2, and Mn-doped S3,GeSg samples.

CGSe-sample a (hm) b (nm) c (nm) V (nm?®)
S1-CGSe 1.1854(4) 0.3954(2) 0.5489(1) 0.2573(2)
S2-CGSe 1.1860(3) 0.3960(1) 0.5475(1) 0.2572(2)
S3-CGSe 1.1864(2) 0.3951(1) 0.5489(1) 0.2573(1)

TABLE Il. The parameter&y, oo, oo, phonon energy associated with Urbach’s ai),, absolute value of the molecularity.X, deviation
from valence stoichiometrAY, AZ = AX + AY, and the adjustable parameters P and N for pure S1 and S2 and Mn doped&s3gu
samples.

CGSe Eo Qo o0 hvy, |AX| |AY |AZ] P N
Samples (eVv) (1bem™1) (meV)
S1 0.865 34.8 4.30 60 0.087 0.261 0.348 3.81 0.46
S2 0.827 0.203 1.55 48 0.130 0.098 0.228 1.81 0.61
S3 0.921 1.73 1.09 81 0.181 0.370 0.551 5.69 0.29
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FIGURE 2. The steepness parameteras a function of temper- FIGURE 3. The change imwv, with |AZ| for Cu,GeSg of the

ature for pure S1 and S2, and Mn doped S3@GeSg samples. present work. Values div, vs. |AZ| for CulnTe,, CuGaTe, and

The continuous curves represent a fit of Eq, (2) to the data with theCulnSe chalcopyrite compounds reported in the literature [18,20]

adjustable parametess andhv,, given in Table II. are also shown in this figure for comparison. Straight lines rep-
resent linear fits to the data. For CGSe, the extrapolation of the

_ . . straight line to] AZ| = 0 giveshvpo ~ 25 meV (= 201 cn ).
The logarithmic variation oty with hv at several tem- g AZ] g P ( )

peratures for pure S1 and S2, and Mn doped CGSe samples as mentioned above, it was found for ternary chalcopy-
are plotted in Figs. 1(a), 1(b), and 1(c), respectively. Linéakite compounds that high valuesif,, as those at 48, 60 and
dependence within c_ertain energy range at each t_emperatugq meV found for CGSe in the present work, appear due to
that converges to a single point definedByanday, is ob-  the structural disorder caused by the deviations from molec-
served in these figures. The value 5§ andao, obtained  yjarity A X and valence stoichiometryY” in the samples of
from the fit of Eq. (1) to the data of these CGSe samples argyese ternaries. Hence, to estimate the phonon energy in an
listed in Table I. entirely ordered CuGSe sampley,o, we plot in Fig. 3 the

In addition, the temperature dependence of the steepnesbange imv, with |AZ|. Values ofhv, vs. |AZ| for several
parameter is plotted in Fig. 2. Valuesaf andhv, obtained chalcopyrite related compounds reported in the literature are
from a fit of Eq. (2) to the data are also given in Table II. also shown in this figure for comparison.
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FIGURE 4. The Urbach’s energy as a function of temperature for 0.6 ' b ' AR 6
pure and Mn-doped GGeSg samples. The continuous curves ad ’ T
represent a fit to the data of each sample with Eq. (4). The corre- | < \ 1
sponding adjustable parameters P and N of the two different sam- 05| \S1 ¢ —% 5
ples are given in Table II. q ¢
'/

A linear variation between both these parameters, as ex- 0.4} S2 \ S3 14
pected from Eqg. (3), is observed. The extrapolation of the , 2
straight line to]AZ| = 0, that would correspond to a sam- = o3l y) \ 13
ple of ideal stoichiometry, giveBv,, ~ 25 meV (@, ~ ’ ? @ 9
201 cm™). ) \

From the Raman spectra of CGSe measured at 300 K 0.2 ® \ 12
reported elsewhere [26], the number of lattice vibrational L Y} \ :
modes observed is 8. The frequency of these Raman modes 0.1k y) LS
varies from the lowest at 135 to the highest at 385 &nThe ? \
highest intensive line, assigned as Ag-symmetry mode, [, "
was observed at 189 cmh. This is very close taz,, ~ o0t—m-——r——oL 1L 110

201 cm~! estimated from Fig. 3. Also, the average frequency 20 40 60 80 100

of the eight Raman modes observed in CGSe, weighted by
the peak intensity of the lines, given in Ref. 26, is around  b)
220 cnm! (hvyo &~ 27 meV) as estimated by means of the

xpression . I;v; 1;. This fr ncy is also in
expressiony ; livi/ 3., I s frequency is also in good |AZ| andhy, for S1, S2, and S3 CGSe samples. The extrapola-

agreement Wlth the value calculated above. B tion of the dashed straight lines in Fig 5(b), give, ~ 29 meV at
This confirms that, apart frot, atAZ = 0, additional  p _ § andnu, ~ 106 meV (1170 K) atV = 0.

phonon energy, proportional t&Z|, is involved in the for-

mation of Urbach'’s tail in CGSe. parameters. It is also expected thatnd N should be re-
The variation of Urbach’s energfly = KpT'/s with  lated to]AZ| describing deviations from the ideal stoichiom-

temperature is shown in Fig. 4. Tl vsT data of CGSe etry [18].

are fitted to Eq. (4) with? and N as adjustable parameters. In Fig. 5(a), we plotP and N as a function of AZ|.

A good fit, also shown in Fig. 4, is obtained with the valuesit is observed that bot#® and NV versus|AZ| can be fitted

of P andN also given in Table II. to straight lines displaying the trend that whghZ| tends
To calculate the Urbach’'s energy we have used~  to zero, which corresponds to a defect free samplalso

200 K. This value was obtained from a theoretical fit of the approaches to zero amdl to unity. The dependence d?

temperature dependence of the energy gap [9] by using sand N on hv, is also displayed in Fig. 5(b). Again, a lin-

expression proposed by fld et al. [28] based on a Bose- ear dependence between bdttand N vs. hv, is obtained.

Einstein factor for phonons whefe appears as one of the The extrapolation of these straight lines gives ~ 29 and

hvp (meV)

FIGURE 5. Linear variation of the parameter$() and P() on
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106 meV atP = 0 and N = 0, respectively. The value of terial, having a small deviation from its ideal stoichiome-
hy, at P = 0, that would correspond to an ideal 2:1:3 CGSetry, were analyzed for this study. It is found that the high
sample, agrees well with bothv, ~ 25 meV atAZ = 0, values of the phonon enerdy, involved in the electrons
determined from the extrapolation t&Z| = 0 in Fig. 3, and excitons-phonon interaction in the formation of this tail,
and the average energy of all the eight optical modes, whiclwhich were found to be 48, 60 and 81 meV for the differ-
is 27 meV. On the other hand, the valuefaf, ~ 106 meV  ent Cyp,GeSg samples, are higher than the highest optical
(~ 1200 K) at N = 0, is of the same order as the melting modes observed in this material from Raman spectra analy-
point of CGSe, which is about 1060 K [29,30]. This last re- sis, which was estimated to be about 25 meV. These high val-
sult is consistent with the fact that CGSe undergoes an ordetes are due to structural disorder caused by deviation from
disorder phase transition near its melting temperature frondeal stoichiometry. A relation between this energy and the
the orthorhombic phase to a disordered face-centered cubarameter\ Z, which is the sum of the deviations from ideal
structure with space groug43m [3]. molecularity and valence stoichiometry, is used in the analy-
sis.

5. Conclusion

In the present work we report on the analysis of the Urbach'Acknowledgments

tail in Cu2GeSe3 ternary semiconductor compound which

crystallizes in an orthorhombic cell with space grdupm2  This work was supported by the CDCHTA of the Universidad
(2°). Pure and Mn-doped of GGeSg samples of this ma- de los Andes (Mrida) through Project No. C-700-94-A.
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