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Photoluminescencd’L) and photoluminescence excitation measurements over a temperature range
12 K<T<300 K on high quality CuGaTecrystals grown by the vertical Bridgman method were
completed. The whole PL spectrum consists of two regions. The first region includes PLEhands

at 1.431 eVE, at 1.426 eV, ande; at 1.417 eV, together with their phonon replicas while in the
second region we have a PL babg, at 1.338 eV with its well-resolved LO-phonon replicas
(hw o=26.5 meV). All these PL bands appear to be at higher energy than the Iguregamenta!

band gap energEg\. The possible origin of observed PL bands is discussed19€8 American
Institute of Physicg.S0021-897@08)04712-4

I. INTRODUCTION ments with 99.999% purity in a vacuum sealed quartz tube
Over recent years the physical properties of I-lll5VI with diameter 10 mm. The melting poipt and phase transition

semiconductors have been studied intensively because gmperatures as well as the phase diagram were taken from

their promising potential as solar cell materials. However,R€f- 9. The ampoule with about 25 g charge was heated up to

the optical properties of the tellurides of this group, such ag000 °C and cooled in horizontal position in order to prere-
CuGaTe, are still relatively poorly understood. act the components. After cooling it down to the room tem-

It is known, that CuGaTghas usually @-type conduc- Perature the ampoule was introduced into a two zone furnace
tivity and a direct band gafE,=1.22-1.24 eV at room for growth by the vertical Bridgman techniqi. _
temperaturé=® Although also some data on the low- During the growth process the ampoule was held in a
temperature optical properties near the fundamental edge @uartz holder on the top of a porcelain rod in the center of
CuGaTe have been reported, practically no information is the furnace tube, without touching the wall, in order to avoid
available about the defect levels and luminescence measurgudden vibrations during the movement of the furnace. The
ments in this material. It is known, that the photolumines-Prereacted material was melted at 1000 °C and held at this
cence(PL) spectroscopy can be a valuable tool to study deiemperature fo6 h in the upper, hot zone of the furnace.
fect levels, but as far as we know, no low-temperaturé\ext, the ampoule was translated through a temperature gra-
(T<77 K) PL measurements on CuGaTeave been done so dient of about 0.5 °C/cm by moving the furnace up with the
far. However, PL measurements done earlier at 77 K havépeed of 2 cm/day. The solidified material was cooled at
shown that in CuGaTesamples very interesting features can1 °C/h rate through the phase transition down to 600 °C. Be-
be seerf:® In the present article we report for the first resultslow this temperature the ampoule was cooled with a gradu-
of detailed low-temperature PL studies of CuGaBigle ally increasing rate. The fabricated ingot was about 6 cm
crystals grown by the vertical Bridgman method. These relong and consisted of several grains with lengths from 0.5 to
sults reveal several novel features and clearly point the wa$.5 cm. One of these grains taken from the middle part of the

forward to a more detailed investigation. ingot, was sliced perpendicular to the growth direction into
full circular shaped crack free samples, each about 1.5 mm

Il. GROWTH AND PROPERTIES OF THE CuGaTe, thick. Slices, polished with 3 and Am diamond paste, and

SINGLE CRYSTALS then etched for 2 min in a 1% Br-methanol solution, were

A polycrystalline ingot of the near stoichiometry analyzed by the energy dispersive spectrosd@iyS) tech-
CuGaTe composition was synthesized from individual ele- nique. The elemental composition was found to be in good
agreement with the melt composition: 23.43 at. % Cu, 24.63
0, 0, H
3Electronic mail: krustok@cc.ttu.ee at. % Ga, and 51.94 at. % Te. The resulting CuGargstal

bpresent address: Electronic Instrumentation Lab., DIMES, Delft University1@d @ p-type conductivity as proved by a thermal probe
of Technology, Mekelweg 4, 2628 CD Delft, The Netherlands. measurements.
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we—or—-sam-—-svr—r————t——1—— TABLE |. Comparison of the experimental sample diffraction data of
E CuGaTe with the data in the databaser-2
z a12) Sample data PDF-2 (No. 34-1500

E No 20 dA g% dA 1% h k [
£ 1 25648 3.47 100 3.469 100 1 1 2
g 2 29.635 3.012 6.3  3.009 9 2 0 0
7 3 29.888 2987 22 2985 2 0 0 4
g 4 34147 2.624 0.3 2.626 1 2 1 1
= 5  missing 2.215 1 1 0 5
6 42429 2129 269 2128 45 2 2 0
ol o T 7 42615 212 461 212 80 2 0 4
20 40 60 30 100 8 50256 1.814 319 1814 40 3 1 2
9 50.604 1.802 106 1.802 12 1 1 6
10 52779 1.733 23 1733 3 2 2 4
20 (Degrees) 11 61562 1.505 57 1.506 8 4 0 0
G file of CUG d | 12 62142 1.493 24 1492 1 0 0 8
FIG. 1. XRD profile of CuGaTgpowder sample. 13 67.834 1.38 6.6 1.381 7 3 3 2
14 68109 1.376 11.9 1376 11 3 1 6
15 69.81  1.346 11 1346 2 4 2 0
An electron channeling pattefBECP) was obtained from 13 ?g-ig‘i 1-3;‘2 i‘i” 12‘3“7‘ 15‘ , 4 o 0 . 4
various points on cleaved and polished-etched surfaces. Th%8 77793 1.997 119 1297 12 4 ) 4
fact that ECP over the surface yielded the same pattern, wag§g 78193 1221 123 1222 4 o 2 8
taken as an evidence that the samples are single crystal®o 83381 1.158 47 1.158 5 5 1 2
Because the contrast of an ECP comes from the near surfacgdl 83.674 1.155 36 1.155 4 5 0 3

layer, the perfection of the crystalline lattice can be assessed 3 3 6
. 2 842 1.149 3.7 1149 2 1 1 10

from the contrast of the ECP. Polished and unetched surfac

: 3 92756 1.064 22 1.064 3 4 4 0
yielded no ECP. Etched surface ECP usually gave worse,, 93293 1059 56 1059 11 4 0 8
contrast than ECP from cleaved surfaces. Because of this @5 98467 1.017 45 1.017 4 5 3 2
cleaved crystal surface was used for the optical measure26  98.739  1.015 35 1015 5 5 1 6
ments. 27 9926  1.011 31 1011 3 3 1 10

X-ray diffraction measurements of the powdered
CuGaTg crystal were performed and data were collected ]
using a standard Bragg—Brentano powder diffractometer | he cell parameter refinement gave é6+6.01924) and

(DRON-1) with vertical axes, 180 mm radius, working at 30 ¢=11.9343) A which is in good agreement with data stored
KV and 20 mA. CuK« radiation (\=1.5406 A was colli- in PDF-2[a=6.0212) andc=11.9375) A].
mated with Soller slitsaperture 2.5°and a 1 mmdiver-

gence slit. Soller slit¢aperture 2.5°in the diffracted beam, lll. OPTICAL MEASUREMENTS

a 0.03 mm Ni filter, a 0.25 mm receiving slit, and a scintil- ~ The PL measurements were carried out using the 488 nm
lation detector were used in a step-scanning m@d@2° of  line of an Ar'-ion laser or Ti-sapphire laser as the excitation
20 in 5 9 for the angular range 2—-100° ofi2 source. The sample was mounted on a cold finger of a

The software systemxes'! was used for peak detec- closed-cycle cryostat which can be cooled down to 10 K.
tion, fitting with Pearson VIl type function and search/matchThe luminescence radiation was analyzed by a 0.5 m grating
in theIcDD PDF-2database. ProgransucREwas used for the monochromator SPEX 1870 and an L bboled Ge detector
cell parameter refinemefitalibration with a standard mate- using lock-in technique.
rial was not used The slits of the monochromator usually had the width

X-ray diffraction pattern showed 26 peaks in th® 2 corresponding to a spectral resolution of 0.45 nm over the
range of 20-100°, see Fig. 1. Pattern search/match on tHgeasuring range, translating to an energy resolution better
Icbb databasepDr-2 identified with figure-of-merit FOM than 1 meV. For the purpose of the analysis, the emission
=6.9 all belonged to CuGaZ}épPpF File No. 34-1500, see  spectra were corrected for grating efficiency variations and
Table I. One peakNo. 5 in Table ) with hkl=(115 was not  for the spectral response of the detector, measured sepa-
found in the experiment. This can be explained by very lowrately.
intensity of this peak <1%. Relatively large differences For the photoluminescence excitatigRLE) measure-
between the experimental and thier-2 data peak intensities ments a tunable Ti-sapphire laser was used for the excitation.
of some peakge.qg., 220, 204, 404, 408an be explained by The detector monochromator was tuned to the peak dbthe
texture effects in the sample. The powder sample, preparédL band,E=1.338 eV at 12 K. The resulting PLE spectra
for diffraction, was displayed by a simple optical reflection were also corrected for the laser emission efficiency varia-
as a few individual small grains on the surface. The preferreions.
orientation is probably close to the directi¢?11) because
the experimental peaks from the planes close to (€18., IV. RESULTS AND DISCUSSION
116, 224, 316, 228have a measured intensity equal or even A typical PL spectrum of a CuGajeample at 11.5 K is
higher compared with the peak intensitiesPibF-2 shown in Fig. 2. The whole spectrum consists of two regions.
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The first region at the upper band edge includes PL b&nrds
at 1.431 eV,E, at 1.426 eV, anck; at 1.417 eV, together
with their phonon replicas while in the second region we
have a PL ban®, at 1.338 eV with its well-resolved LO-  FiG. 4. Normalized PL spectra of the CuGaEeystal, shown as a function
phonon replicas. The separation between these phonon re@-temperature.

licas gives us a LO-phonon enerdw, c=26.5 meV. As is

usual, we assume here that the intensity of Bepeak and
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its phonon replicas follow a Poisson distribution The general temperature dependence of PL spectra is
n shown in Fig. 4. Although the precise spectral features are
|(n)=|oe_s—,- (1) not discernible by naked eye only, several conclusions can

n!

be drawn. At low temperatures the upper edge emission is
Here S is the Huang—Rhys coupling parameter dgds a  dominated by theE; band. This band vanishes approxi-
scaling constant. By fitting the measured spectra to(Fg. mately at 40 K leaving th&, band to be the most intense.
we can see that th® parameter has a vall&~0.29. We feel ~ Starting from & K a new band appears at the higher energy
that it is important to observe that the high energy tail of theside of theE, band and this feature dominates the edge emis-
D, band has a closely exponential shape while other Pision region at higher temperature§> 140 K). The high-
bands can be fitted with Gaussian shape. energy side of this band decreases exponentially according to

Excitation with varying laser power showed that g  the exp—(E—Ey)/KT] relation. This is a typical feature for
band did not shift or change its shape with laser power. Aband-to-band recombination, with the hole masgs much
the same time various changes take place in the upper eddgrger than the conduction band electron nvags and there-
emission region, see Fig. 3. The intensity of agPL band fore it is reasonable to identify this band as the BB band. At
increases with excitation intensity more rapidly~(l gf the same time the high-energy side of ihgband decreases
than the intensity of other bands in this region. Additionally according to exb—(E—Eé)/ZkT]. This result can be ex-
there is a little shift ofE, andE; PL bands towards higher plained, if we suppose, that the recombination is also a band-
energies with excitation intensity. to-band type, but with relatively light holes such that,
~Me.

In order to study the temperature quenching of PL bands

Lok T R we first divided spectra into two regions, tBeband and the
g Laser power: 1 edge emissionEE) band, and then plotted the integrated
3 r —— 0.07mW 1 intensity of each of these versus temperature, see Fig. 5.
& 75 ] It is obvious from Fig. 5 that both of the bands show
.g’ ' 1 multiple quenching processes. Therefore we used the follow-
g sof 1 ing semiempiric equation to fit the experimental data plotted
= L 1 . . .
E [ in Fig. 5:
5S¢ ] I On
: o | ®(M=2 e @
139 141 1.43 1.45 1+ ex;{ kT)

The D and EE bands were thus fitted with two and three
different quenching processes, respectively, and the param-

FIG. 3. Normalized PL spectra of the CuGaT@ystal as a function of eters_ Obtained_ ar_e_collected in Table_ 1. The reSUlm‘@_T)
excitation intensity. functions of this fitting are also given in Fig. 5 as continuous

E (eV)
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FIG. 5. Temperature dependence of integrated intensity obthand EE
PL bands. Continuous curves show the result of parameter fitting t2Eq.
with parameter values as given in Table II.

FIG. 6. Result of fitting of the EE band with E¢L).

termined by the quenching of the free carrier band to
band emission, but the activation energy of this process
is quite indeterminate.

I|ne§. The flttmg funcuon used n Eq2) is semiempirc (5) We were not able to find any clear-cut activation energy
only; therefore it is not easy with any certainty to assign

! . . for the E; band.
precise physical meaning to the parameters. Nevertheless,

broadly speaking at least, from these data, the following con-

To obtain more information about the upper edge emis-
clusions can be drawn:

sion region(“ E") of our PL spectra we fitted tentatively
(1) The first stage of the EE band quenching is determine%evera.I low temperature speqtra Wlth. three_d'ﬁe_ref“ Seres of
by the E. band with an activation eneray &-—8.7 aussian bands. In each series the intensity distribution was
y L : . gy dr=2. taken from Eq.1) and the individual bands were separated
meV. Because the intensity of the; band increases by the LO-phonon energyio,o=26.5 meV. The result of
rapidly with laser power and because it has also a ver Lo ! .

small half-width (full width at half maximum, W~5

meV) we believe, that th&; band has probably an ex-
citonic origin.

(2) The first stage of th® band quenching gives an activa-
tion energy Er=14 meV and the high temperature

quenchmg of this band ha? an act|vfat|9n en&gy:65 bands peak position as obtained from the fitting. The result is
meV. It is clear that there is a certain inconsistency be-

tween the rather “deep” position of this PL band and
the rather “shallow” values oE; and S found for this

band.

(3) The second stage of quenching of the EE band is pro

%ne such fitting is given in Fig. 6. The fitting of various
spectra showed, that at low temperature we indeed may well
have three different Gaussian bands with their phonon repli-
cas.

In Fig. 7 we present the dependence of the Huang—Rhys
coupling parametes of these bands on the zero-phonon sub-

a nearly linear function which may be taken to indicate that
the D band withS~0.29 would be expected to have a peak
position approximately aE=1.416 eV. This value is very
close to the peak position of the; band. Therefore it is

ably determined by thE, band, which quenches with an reasonable to assume that the actually ob;etvdnhnq at
s " -~ low temperature is somehow connected with the different

activation energ¥e=22 meV. The peak position of this

band is also located about 20 meV below the “band

gap,” the magnitude of which was determined at 11.5 K ¢4 ——

T T LI | T
by the PLE measurements to Bg=1.446 eV.
(4) The high temperature quenching of the EE band is de- L
031 7

TABLE Il. Fitting parameters for the EE arld PL bands in CuGaTe 0_2_— s

Parameter EE band D band

loy 167.8 74.7 011 i

B1 332 1380

En (meV) 8.7x0.3 14.0-0.7 1 I PR SN YO S T S N P

I 8.6 35 Py

P 51300 115 1.410 1.415 1.420 1.425 1.430 1.435

E1, (meV) 22+3 65+5

los 15 E, (eV)

B3 38000

E1; (MmeV) 225+30

FIG. 7. The dependence of the Huang—Rhys coupling pararBeter the
zero-phonon subbands peak position in CuGatiye emissionK) region.



J. Appl. Phys., Vol. 83, No. 12, 15 June 1998 Krustok et al. 7871

TABLE Ill. Reported room temperature values of the band gaps in AL A B B A A B AL L
CuGaTe. 100
A (eV) B (eV) C (eV) References —_ [
s 75F
1.22 1.28 1.42 13 < C
1.23 1.28 1.98 12 E r
1.23 1.89 14 2 s0r-
1.24 1.27 1.86 6 = F
1.23 1.28 1.97 5 = C
251
0- N2 - -. ]
1.375 1.400 1.425 1.450 1.475

energy gap in CuGatleand that the phonon replica structure

may have the same bq;is as Heband. Fror_n the difference E (eV)

between the peak positions of the “theoretical” and the mea-

suredD band we are able to calculate the approximate dif-IG. 8. Normalized PLE spectra of ti, PL band of CuGaTgcrystal,
ference between two energy gapE,=1.416-1.33878  Measured at different temperatures.

meV. Although this value is rather rough, it gives us an order

of magnitude for this effect—and a clue to the explanation of .

our results. that the higher energy PL bands E,”” ** D'’) are not con-

It is known that in CuGaTgthree different direct energy nected to the transition A, at least at higher temperatures,
gaps, ak=0, may be present due to the crystal field splitiing because at low temperatures the peak position dbthband

H A
A and the spin-orbit splittingk o of the uppermost valence 1S Very close to the band gap) energyEy . But the tem-

band>®12-14These gaps are usually called as A, B, and cperature dependence of thi&, peak position is different

gaps, but there is a great difference between the values &om the temperature dependenge!:‘cﬁ found earlier and
these gaps measured by different groups. Most of the experileréfore it is obvious, that at higher temperatures e
mental determinations have been done via a measurement Bnd is not connected with the A transition. One possibility
the absorption coefficient as a function of energy which, t© explain our results is to assume, that there may be present
unfortunately, may not necessarily give the magnitude of th&0-called B and/or C excitons. The B and C excitons from
optical gap unambiguously. Theoretical studies on the detailEL Measurements were first detected in CuGaiigle

18 . .
of the band structure of chalcopyrite semiconductors ar&"yStals: o Later thes'\fzo excitons have been found in
availablé®~1"for comparison, and the fitting to experimental CuGasg' and in GaN’ In all these materials B and C

data has assumed that the fundamental direct gap f&xcitons were detected together with A excitons and they

CuGaTe, at room temperature, i§,=1.23 eV. This im- were always weaker than the A excitons. But in CuGate
plies, definitely, arEy(T=0 K) vaIueg<1.3 eV. Besides. no S€ems that PL bands corresponding to the A transition were

direct experimental data has been available about the lofiot detected at all. Therefore it is unlikely, that our PL bands

temperature values of the A, B, and C band gaps of thi§an be_ explained by B or C excnpns. It is obylous, .that the

material. The previously reported room temperature value§*citation energy~2.54 eV) used in our experiment is suf-

of the band gaps are collected in Table IIl. ficient to produqe holes not .only in the zone—centgr valence
As it can be seen from Table IlI, most groups have foundP@nds but also in deeper lying valence band maxima at the

for the A and B transitions nearly the same energies, but thBoundary of the Brillouin zone, and electrons can also be

most problematic seems to be the transition C, where re€Xcited to higher conduction band minima. Thus, transitions
ported values differ unusually. from a higher conduction band minimum to defect states or

Typical PLE spectra of thB, band are presented in Fig.
8. It can be seen that this PL band has an excitation mecha-
nism through the band-to-band transition. We were able to
measure PLE spectra at temperatufes100 K. At higher 7

temperature$T=120-300 K we used the peak position of 1.40F \\—\4‘\-\\.\\
the band-to-bandBB) PL band to follow the temperature [ dE ,/dT=-3.0*10 "eV/K ]

1.35 ]
dependence of the “band gap.” Both results were collected J r ]

in Fig. 9. Above 130 K the BB band peak position changes HE‘

approximately linearly with the temperature with a tempera- 1'30. ]
ture coefficient ol E ., /dT=—3x10"* eV/K. This value is Lash - E'{;E peﬁ" P‘{i?“""

remarkably lower than the valuwbE, /dT=—4X 10 % eVIK ' e D lf;ak ;)Ozsiii:f,:'

reported in Ref. 4. The temperature dependence of the bant 120 .
gap energy measured in Ref. 4 is also plotted in Fig. 9 to- 0 100 200 300

gether with the peak position of thi2, PL band. As it can be
seen from Fig. 9 almost all observed PL bands are at higher

energy than the band gap ene_@y, which ObViQU_SW COr-  FIG. 9. Temperature dependence of the peak positions of PL and PLE bands
responds to the lowest A transition. Therefore it is apparenind the band gap enerdy, (Ref. 4 in CuGaTe.

T (K)
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