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Temperature-dependent photoluminescence measurements were carried out between 8 and 300 K on
CulnsS single crystals grown by a traveling heater method. Ten distinct peaks were present in the
near-band edge region. Four unknown peaks, observed at 8 K, were found to be due to bound
exciton emission. Moreover, the luminescence remained stable up to room temperati2801©
American Institute of Physics[DOI: 10.1063/1.1345802

Solar cell technologies using I-Ill-YIchalcopyrite etched in a~0.5% Br-methanol solution and PL measure-
semiconductors have made rapid progress in recent years. inents were carried out between 8 and 300 K witd Aaser
particular, Culn_,GaSe, (CIGS based solar cells have (514.5 nm using a photomultiplier tube for detection.
been extensively reported in comparison to other chalcopy- Typical PL spectrum ta8 K is shown in Fig. 1. Ten
rite semiconductor based solar cells, primarily because of itdistinct peakgindicated arrowsare present in the spectrum.
large absorption coefficienimore than 10 cm™! near the Peak energies are listed in Table I. Binsetaal.s data at
band gap regionand its band gap energy of between 1.0 and4.2 K are also listed as a reference. Peak emission lines
1.7 eV at room temperature. Conversion efficiencies forcalled FE (free excitonl’6), EX1, EX2, EX3, or EX4 and
polycrystalline CIGS based solar cells have been signifiEX5 (EX: acceptor or donor bound excitgnare also ob-
cantly improved over recent years and the best cell is novgerved in this work. However, four peaks at 1.5347, 1.5324,
reported at 18.8%.Among ternary chalcopyrite semicon- 1-5288, and 1.5281 eV are observed.
ductors, CulnSmay be the most promising material for pho- Excitons can from stable complexes with neutral and
tovoltaic applications due to the band gap of 1.5 eV whichionized donors or ionized acceptors. The binding energies of
perfectly matches the solar spectrum for energy conversiofi€utral-donor and neutral-acceptor complexes have been cal-
However, the conversion efficiency of the CujriSsed so- culatgd using the Coulomb |nterapt|ons and eI'ectron-phonon
lar cells are so far limited to around 12%©ne reason for COupling. From these results, Binsned al. estimated the
this relatively low efficiency is that the physical properties of €Xciton-neutral donor Kp,) or acceptor binding energy
Culns, are not accurately known because high quality singld Ea1), usingme=0.16 andm,=1.30, for Culn$g to be
crystal growth of Culng is difficult in comparison to

CulnSg and CuGaSg T s
In our previous articled? bulk CulnS single crystals CuInS2 s X1 Ar"-Laser
have been grown by a traveling heater metliodM). The 9K 4 l E l (514.5nm)
samples obtained were of chalcopyrite structures, In-richz =
composition andh-type conductivity, as determined by pow- =
der x-ray diffraction, electron probe microanalysiEPMA), 'g
and thermoprobe analysis, respectively. In addition optical}’
properties were examined by photoluminesce(i®le mea- =
surements at 77 K. §
In this letter to further characterize physical properties =
and radiative recombination processes we report on temperaﬁ
ture dependent PL measurements of Culei®gle crystals
grown by THM.

Bulk CulnS; single crystals were grown by the THM at
860—-900 °C from In solutions. The samples were chemically
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dAuthor to whom correspondence should be addressed; electronic maiFIG. 1. Typical photoluminescence spectrum of the CubsiBgle crystal at
yoshino@pem.miyazaki-u.ac.jp 8 K. Ten distinct peaks are indicated by arrows.
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TABLE I. Band edge emission lines observed in the In-rich Cylergstals. RS T T T Trr o
Binsma's data at 4.2 K are also listed as a reference. CulnS, CulnS,
hv (eV) Emission line hv (eV) J\VZO XM\
) ) $0K 300K
(this work at 8K (Binsmaet al. at 4.2 K - —J\uzo )
= |70k S| x1000 260K
15355 eV FE 1535 eV 5 J\u ol E _/\
1.5347 S [oox 2| xs00 /\zzox
1.5324 & ok 10| I
1.5298 EX1 1.530 = _JMS Zr| xx0 P\ -
1.5288 Z |aox Z A
1.5281 ] __,_J\Mz & x 10 140K
. 1 0] =
1.5240 EX2 1525 g | __/—)\L = <5 100K
1.5225 DV 1.520 = oy
=™ X 2.5
1.5173 EX3 1.5185 A 90K
EX4 1.5165 80K
1.5142 EX5 1513 e S RV B
1.50 152 1.54 156 144 149 153 158  L62
Photon Energy (eV) Photon Energy (eV)
Egx=0.27Ep, + Ey, (1) FIG. 2. Temperature dependent near band edge photoluminescence between
8 and 300 K.
Egx=0.06Ea1 T Ex, 2

where, Ex is 20 meV for an exciton binding energies of of the quenching of the emission intensity with increasing
Cuns,.® . o temperature. In Fig. 3, the emission intensity of the peak is

Also for excitons bound to ionized donors or acceptorspiotted versus a reciprocal of temperature. From 1000/
calculations of the binding energies were performed both=ghout 30-120 K?, that is to sayT=8-40 K, the PL in-
with and without photon coupling. Because no general relatensity is almost unchanged indicating that the exciton,
tion can be given for the binding energy including phononformed by the excitation light, relaxes by nonradiative re-
coupling, we will take the binding energies in the effective combination process. The thermal activation energy of the
mass approximation as our starting point. The binding enpeak can be obtained using the PL intensity from 100 to 300
ergy of an exciton to an ionized donoEf;) or acceptor K and is found to be 65 meV. This value is close to that the
(Ea2) is given by activation energy of In interstitial (Jn.%’ The In defect is

Egy=1.044 Ep,+Ey, (3)  likely to be present in the sample as it is in line with the

EPMA results which showed an excess of In.

Peak energies of, for example, FBnd EX1, seem to
increase with increasing temperature from 8 to 100 K and
exciton is represented by decrease_ with inc_reasing temp_era_ture frqm 100 to 300 K

Such an increase in band gap with increasing temperature, is,
hv=Eg—Ex. 5 in general quite anomalous for semiconductors, has been ob-
Using Egs.(1)—(5), the ionization energies of the donors or Served previously for_other chalcopyrite semiconduc"tots.
acceptors which can be calculat@icible 1). All calculations ~ The anomalous behavior of the energy gap can be explained
have been performed faF=8 K. on the basis of the temperature dependentl hybridiza-

The typical temperature dependent PL spectra of thdion. Shay and Wernick explained that the energy gap of the
CulnS; single crystal between 8 and 300 K are shown in Fig.

2. As the temperature increased from 8 to 80 K, the intensity 10°
of the EX2 peak drastically decreases and the EX1 peak

EBX: 1.5 EA2+ Ex, (4)
and the photon enerdyv of radiative transition of a bound

becomes dominant at 80 K. One broadband is clearly present 65 meV
up to room temperature, this luminescence is observed at _ 19* | 0 3
. . . 2] E E
room temperature. An experimental determination of the E : o o © ]
binding energy if the peak is made possible from an analysis 5t o ;
2 10 F @] 3
; F @) E
TABLE II. Possible values of donor or acceptor levels as calculated from ~ [ ]
Egs.(1)—(4). ‘? 2
2 10" F 3
hv (eV) Neutral lonized Neutral lonized i 3 ]
(this work at 8 K donor donor acceptor  acceptor E [ i
1
1.5347 eV 3meV  20meV  13meV 14 meV = 10F
1.5342 11 22 53 15
1.5298(EX1) 22 25 98 17.1 .
1.5288 24 25.5 112 17.8 10" B b b b b b L
15281 27 26.2 123 182 0 20 40 60 80 100 120 140
1.5240(EX2) 43 30 192 21 1000/T (K 1)
1.5173(EX3) 67 37 303 25
1.5142(EX5) 79 40 355 28 FIG. 3. Relative intensity of the EX1 peak as a function of the reciprocal

temperature.
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