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United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any waiTanty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



·, 

t 

0 0 0 0 LBL-3544 

.. 
Luminescence of CdS Generated By High Intensity Excitation 

Below the Bandgap 

* A. Mysyrowicz , A. J. Schmidt, Y. R. Shen 
Department of Physics, Univers~ty of California, and 

Inorganic Materials Research Division, 
Lawrence Berkeley Laboratory, Berkeley, California 94720 

and 

P. Robrish, H. Rosen 
Energy and Environment Division, 

Lawrence Berkeley Laboratory, Berkeley, Calif. 94720 

ABSTRACT 

High excitation photoluminescence of CdS at low temperatures 

excited by photons below the bandgap show the same general 

features as those obtained by -one-phot,on band to band absorp-

tion. The excitation spectrum of theM-line shows no.struc-

ture corresponding to a giant two-photon absorption expected 

for the direct creation of excitonic molecules. 

Die Photolumineszenz von CdS bei tiefen Temparaturen, 

angeregt durch intensives Laserlicht unterhalb der Bandkante, 

zeigt qualitativ dieselben Zuge wie die, die durch direkte 

Band-Bandanregung zus tande kommt. Das Anregun.gsspektrum der 

M-Linie weist keine Strukturen auf, die einer Zweiphotonen- · 

riesenabsorption, verursacht durch Direktanregung von Exziton-

molekulen, entsprechen wurden. 

* On leave from Laboratoire d'Optique Quantique du CNRS, e"cole 

polytecbnique, Palaiseau, France. 
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In recent years, photoluminescence under high-intensity excitation 

has been investigated in a large number of semiconductors. In particular, 

the case of CdS has been studied by several research groups using laser 

1-6 excitation with photon energies larger than the band gap. Several 

new features in the luminescence spectrum were observed. The observed 

spectra and their intensity dependence are in'good qualitative agree- ., 

ment among various groups, although the interpretations vary to a con- ·,~ 

siderable extent. Most people, however, believe that the new features 

in the spectrum are due to a high exciton concentration and the existence 

of exciton molecules. ~t is conceivable that by studying the luminescence 

with tunable laser excitations around the exciton lines and the band 

edge, one might obtain some clarifying information about these new 

features. This paper reports our preliminary attempt along this line. 

The experiments were carried out on pure vapor-phase grown CdS 

single crystal platelets which were immersed in liquid helium below 

the A point. The c-axis was in the plane of the platelets. The excita-

7 tion source used was a 10 pps N2-laser-pumped dye laser tunable between 

4750 and 4950 A. Its output had a linewidth of about 0.1 A and an 

energy per pulse of about 60 ~J in 3 nsec. The dye laser beam was 

normally focused on the sample by a lens with a 25-cm focal length, 

2 
producing an estimated maximum intensity of 3 MW/cm on the sample surface • 

. Filters were used to vary the excitation intensity. The luminescence 

was collected either in the forward or in the backward direction 

After passing through a 1-m Jarrel..:Ash double monochromator~ 

it was detected by a photomultiplier and recorded by a gated electronic 

8 integrator. 
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At all laser excitation frequencies we studied, either below or 

above the band gap (2.582 eV), with or without linear absorption, the 

luminescence spectra under sufficiently high-intensity excitations, 

showe.d features reminiscent of results in ·previous reports, where the 

excitation frequencies were always larger than the band gap. As·· an 

example, we present in Fig. 1 the intensity-dependent luminescence 

spectra at two excitation frequencies, one at 2.5542 eV close'to the 

peak of the~ (longitudinaDexcitation, and the othe7 at 2.5511 eV 

where no linear absorption structure was observed. In both cases, at 

the lowest intensity (Fig. la), we obtai~ed the usual low-excitation 

luminescence spectrum. At higher exCitation intensity (Fig. lb) ~ a 

broad ·line {called M) ·appeared on. the low energy side of the bound exciton 

line: 12 and started to dominate the spectrum. With even higher exci

tation intensity (Fig. lc), another broad line (called P) centered 

around 2.53 eV appeared arid grew nonlinearly with the excitation inten-

sity. It eventually outgrew the M line· and its peak shifted slightly 

to lower energy. 

The design of our laser did not allow· us to monitor the luminescence 

intensity under constant laser excitation while the laser was continuously 

tuned over a large frequency range. We could,· however, do so over 

small frequency intervals. As shown in Fig. 2a, with low excitation 

intensity, (~ 1' ]JJ per pulse), the excitation spectrum of the 12 

luminescence line shows clear resonant enhancement at the· three exciton 

lines~ (2.5542 eV), A (2.5534 eV), artd AF (2.5519 ev). But with high 

excitation intensity, · the excitation spectrum of the H line showed 

' 
no sharp structure but only a general decline towards the low 
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frequency side. 

We did measure the luminescence spectra of CdS at a constant 

high-excitation· level (8.8 ~J per laser pulse) while varying the laser 

excitation frequency between 2.5300 and. 2;5693 eV in steps of 2.2 meV. 

Figure 3 summarizes the results for the M line for laser polarizations 

both perpendicular and parallel to the c-axis. The peak intensity 

of the M line first increases slowly with decreasing excitation frequency, 

reaches a p7ak near the A exciton lines, and then drops below the noise 

level at - 2.535 eV. There is no obvious fine structure in these exci-

tation sp~ctra. · A similar behavior was observed for the P line, but 

the data appeared more strongly scattered. This is presumably because 

at such an excitation level, the P line is more sensitive to fluctuations 

of the excitation intensity. As a result, we cannot rule out the 

possibility of fine structure in the excitation spectrum of the ~ line. 

The intensity ratio of the P line to the M line decreases with decreasing 

excitation frequency. We should emphasize that, in our experiments, the 

M line could be observed, even when the laser excitation frequency was 

less than that of the M line. 

The above results suggest that the high~excitation luminescence 

arises from strong two-photon excitations. Our attempt to measure 

nonlinear absorption as a function of laser frequency and intensity has 

not been successful because of diffraction from striations on the surface 

of the sample. The qualitative results, however, did show a strong 

nonlinearity. Experiment-s on a better sample are presently in progress. 

4 Shionoya et al. have designated the M line as arising from the 

decay of excitonic mc)lecules. 9 Hanamura has predicted the direct formation 

~ .. 

·.-
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of excitonic molecules via giant two-photon absorption. Gale and 

Mysyrowicz10 have observed such a resonant line in the excitation 

spectrum of exc~ton-molecular luminescence in CuCl •• However, we could 

not find any resonant enhancement in the excitation spectrum of the 

M line (see Fig. 3) in the region corresponding to a molecular binding 

. . 3 4 
energy given by either Figueira and Mahr, or Shionoya ~ al., or to 

any other reasonable binding energy. This suggests that either the 

M line is not due to decay of excitonic molecules, or that the correspond-

ing molecular state cannot be reached by direct two-photon absorption. 

We had suspected that our results might be affected by laser heating 

of the sample. 
11 . . . 

Shah et al. determined the sample temperature of the 

highly excited CdS by analyzing the shape of the acoustic phonon wings 
. . 

of the' r 1 bound-exciton emission line. Using their results, we estimate 

a maximum temperature of - l5°K for th~ sample under our excit~tion 

conditions. Although this temperature is considerably higher than the 

helium bath temperature, it is not sufficient to account for the con-

-1 . 
tinued existence of theM line at 60 em above the excitation frequency. 

We therefore suggest that the high-excitation luminescence of CdS 

in our case came from direct two-photon excitations of 

carriers via interband transitions. The lack of fine structure in the 

excitation spectrummight be due to appreciable saturation in the 

absorption process since otherwise we should have found sharp and 

strong resonant enhancement around the various exciton lines. 
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FIGURE CAPTIONS 

Fig. 1. Intensity dependence of the luminescence of CdS for two selected 

excitation frequencies; hv = 2.5511 eV(left) .and hv = 2.5542 eV 

(right). The spectra were taken iii the backward geometi?'. The 

exciting· light is polarized II to the c-axis of the sample. The 

luminescence is predominantly polarized 1 to c. The excitation 

laser intensities are: 

(a) = 0.01 MW/cm
2

; (b) 0.1 ~/cm2 ; (c) 1 MW/cm2 • The luminescence 

spectra are magnified by the amount shown in the figure. The 

sharp line on the right side of the spectra is due to elastically 

scattered laser light. 

Fig .. 2(a). Excitation spectrum of the I 2 emission line (backward geometry). 

The spectrometer bandpass (1. 5 meV) was centered at the peak of 

the I 2 line and the excitation frequency was scanned over a region 

2 
near the A (n = 1) exciton line with a laser intensity of - .03 MW/cm • 

The input polarization was parallel to c and the output polarization 

perpendicular to c. 

2(b). Excitation spectrum of theM line taken under similar condi-

2 tions but with a laser intensity of 1 MW/cm . Note that the emission 

intensity in (b) is much larger than in .(a). 

Fig. 3. Peak intensity of M line luminescence as a f:unction of excita-

. -+ -+ 
tion photon energy for· input polarizations E II c and E 1 c. The 

data were taken in the forward geometry with a laser power of 0.5 MW/cm
2

. 
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