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Effects of Rayleigh scattering on photovoltaic spectra associated withslorthoexcitons in Cu,O
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Photovoltaic(PV) spectra in the & orthoexciton region of C40 natural single crystals have been measured
as a function of the location of the illumination spot in the temperature range between 28 and 185 K. The
spectral shape analysis of the exciton-mediated PV reveals the effective contribution of Rayleigh scattering
light in the sample, as confirmed by off-axis transmission measurements.
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Photoelectric spectra near the band-edge region gOCu was calibrated by atomic lines of a Ne lamp. The PV spectra
have strong correlation with absorption spectra associatedid not depend on the pulse energy in the range between 0.6
with excitons! Tselepiset al. have given a model to explain and 5uJ/pulse.
the exciton-mediated photovoltai®V) generation in C4O The sample was sandwiched with cold fingers of a cry-
(Ref. 2 as an extension of a standard model used in th@stat with a couple of mica sheets for electric insulation. A
theory of solar cells.In their model, photogenerated exci- boxcar integrator was used to average PV signals by setting
tons diffuse into a thin layer where they are ionized com-the sampling gate for 2s at the maximum of the signal
pletely by the built-in electric field in the proximity of the Pulse. The duration of the signal pulse was mainly deter-
electrodes to give PV signals. Fort al. used this effect to  Mined by the electric properties of the circuit, including the
detect the ballistic propagation of excitons in high-density'memal resistance of the sample. Transmission spectra of the

photoexcitatiorf. We have been interested in the origin of the sgmple were measured by a co.nvent|onal monochromator
with a stabilized Xe lamp as the light source.

large prompt signal followed by a delayed one due to the . .
arrival of the excitonic packet at the electrodes. The temperature of the sample was determined consis-

On the other hand. we have repoftédhat the PV sianal tently from the temperature dependence of the resonance en-
: » We have rep ) v Si9 ergy of the & orthoexcitons and the intensity of the phonon-
is generated under |IIum|nat.|on at I_ocat|ons Sy fromassisted indirect absorption. The resonance energies that
eIectrodeg, even when the d|st§mce is much Iarge_r than W?ave been reported by one-phdtdand two-photoH spec-
relevant diffusion lengths of excitons and free carriers. Th'Stroscopy were used to obtain the empirical Varshi's equation
led us to consider the possibility of some light scatteringiy ynits of eV: E(T)=2.033-(3.8X 10 4T2)/(145+T),
processes occurring within the crystal. In fact, elastic scattefyhere T is the lattice temperature in K. The absorption co-
ing light is usually observed under the one-photon resonancgfficients at respective photon energies are consistent with
excitation around the d orthoexciton region even if the op- the value determined rigorously by O’'Haeh al 2
tical quality of the sample seems to be satisfactory as far as Solid curves in Fig. 1 show the PV spectra at various
the excitonic absorptioh, luminescencé, and cyclotron temperatures witlk=0.3 mm, wherex is the location of the
resonance spectra are concerned. In the present work weexcitation spoP of diameter~0.16 mm, measured from the
studied PV spectra as a function of the temperature of thedge of an electrode on the front surface markedliy the
lattice and the distance of the illumination spot from the edgeanset(a). The PV spectra are shown after being corrected by
of electrodes in order to examine the effect of light scatteringhe spectral gain distribution of the incident laser light. Con-
on the PV spectral shape. tinuous structure due to one longitudinal-optiCHLO) (I'3)

A single crystal of CyO [2mm (H)X6 mm (W) phonon-assisted transition is clearly seen with the sharp reso-
X1 mm (D)], cut from a natural cuprite, was used as anance due to theslorthoexcitons. With the increase of the
sample. The crystal looks very transparent and shows strorntgmperature, the shape of the PV spectra changes in a com-
intrinsic emission of excitonic origin at low temperature. To plex manner.
measure the PV signals, electrodes were attached to me- We tried to apply Tselepis’s model to reproduce the PV
chanically polished and chemically etched surfaces facingpectra observed. The PV sigris given by
each other. The magnitude of the signal depends on the ma-
terial of the electrodes. However, the spectral shape is simi-
lar and its sign is the same at 145 K for three different com- Joc[explaw) — 1]exp — at) +
binations of the electrodes: Cu-carbdgilectrodag 112,

Acheson, Au-Au, and carbon-carbon. We used Au-Au elec- expf — (t—w)(a—1/L)]— aL)

(alL—1)

a’l?-1

trodes because of its moderd#bout the half of that of Cu- Xexp{—[a(t—w)]}+
carbon electrodgssensitivity and good linearity against the costi(t—w)/L]

incident laser power. The light source was a conventional (1)
dye-lasefRhodamine B in methanppumped by a nitrogen

laser of~5 nsec duration. The spectral width of the dye lasemwith the absorption coefficienz and three length param-
light was=0.3 meV. The photon energy of the incident light eters: the thickness of the samlethe diffusion length of

0163-1829/2001/63)/0332024)/$15.00 63 033202-1 ©2001 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 63 033202

- {a) ouUTPUT -
e I ) l

PV Signal Intensity
2
iR

PV Signal Intensity

1.96 2.04

0
2.00 .
Photon Energy (eV) Detuning (meV)

FIG. 2. Solid curves are PV spectra obtained with2 mm at
various temperatures. Dotted curves are calculated taking
=3aabs.

FIG. 1. Temperature dependence of PV spectra with
=0.3 mm. Inseta) shows the configuration of the electrodésB)
and the excitation spotR). Solid curves are PV spectra observed.
Dotted and dashed curves represent the spectra calculatedrwith
=3apsand a= ayy,, respectively. that the absorption coefficient has to be multiplied by about 3

to reproduce the PV spectra, as shown by dotted curves.
the excitonslL, and the thickness of the exciton-ionization ~ To understand these facts, we measured absorption spec-
regionw. In our calculation we tentatively used the distancetra for a similar sample under the configuration shown in the
& betweenP and the edge of the rear electroBénstead of inset of Fig. 3. The location of the illuminated spot and the
t. The first term of Eq(1) stands for the direct creation of the window of the masks are also marked Rsand B for the
carriers in the ionization region while the second term comegonvenience of comparison with the inget of Fig. 1. The
from the solution to a continuous equation of excitons withsolid curve in Fig. 3 is an example of absorption spectra
diffusive motion. The first term has a spectral dependenc@btained by on-axis geometry at 77 K. The intensity of the
similar to the second one in a limit of our case<L < 4. transmitted lightl is well described by the usual Lambert’'s

The dashed curve in the ingéh of Fig. 1 represents a PV law, | =1¢exp(—azpd), wherel ; and agpsare the intensity of
spectrum calculated from the absorption spectrum measurdbie transmitted light in the transparent region and the absorp-
at 64 K, taking reliable length parameters referring to thetion coefficient, respectively. The dotted curve is a similar
temperature dependence of the diffusion length of thespectrum obtained by off-axis geometry with O mm at the
excitons*® The calculated spectrum, however, does not resame temperature. In this case, it was found that the signal
produce the experimental data shown by the solid curve ifntensity is well reproduced by an equation of1]
the inset. It was found that the PV spectrum is well repro-exp(—3a,p), Where é is the direct distance fror® to B.
duced if the measured absorption coefficients is multi- ~ The intensity of the signal in the transparent regignvas
plied by about 3 at respective photon energies. A similameasured as-10 *l,. The factor of 3 was almost indepen-
tendency was seen at other temperatures. Dotted curves dient of the photon energy andThe situation did not change
Fig. 1 represent the calculated spectra takirg3a,,s, 6  at various temperatures.
=1.04 mm,L=50 um, andw=100 nm. According to theoretical and experimental analy8es

Solid curves in Fig. 2 represent similar PV spectra ob-based on the integrodifferential equation given by
tained withx=2 mm as a function of the detuning from the Chandrasekhdr, the extinction coefficient of light in a me-
resonance energy of thes Iorthoexcitons. We found again dium where scattering significantly occurs is expressed by
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T - 1T 71 Raman proces®. The efficiency of the scattering should be
ok proportional toa,,d ;) (Ref. 21) where w; is the photon
energy of the incident and scattering light, giving the same
OFF.AXIS ON.AXIS spectral dependence af.yanda,,s. On the other hand, the
g A o T N reabsorption of the anti-Stokes 2L@®'{) Raman scattering
R &1 light does not contribute to the present phenomenon because
h 3 the spectral shape @fy < @ ws) is different from that of
aapd i), wherews= w;+ 2w, o is the photon energy of the
- Raman scattering light, witly, o being the energy involving
- phonons.
In the high-temperature range, the PV signal of the oppo-
site sign appears at the high-energy side wker0.3 mm.
- According to Eq.(1) with w<L<t, the PV signal saturates
when the absorption coefficient exceeds Wheret is the
. . 2 . distance of the light passing through the crystal to arrive at
2.00 photonz.i)iznergy &) 2.04 the electrode. For the front electrode; x is very small and
the signal is expected to be maximized at the higher-energy
FIG. 3. Absorption spectra at 77 K in on-axiolid curve and  Side than that from the rear electrode. Therefore, we consider
off-axis (dotted curve geometry. In off-axis geometry, the band that the “negative” PV signal originates from the front elec-
pass of the monochromator is widened so as to detect the wedkode. This is also supported by the fact that the signal rap-
signals with a sufficient signal-to-noise ratio. idly decreases as increaseqsee Fig. 2 At low tempera-

i tures, absorption is small in thes Bxciton region so that no
the sum Of“ab.s and dscar, whereascatt_ls the measure of the_ negative signal manifests itself due to the cancellation by the
scattering. This concept has been o_hscussed in E.iStro.pm/S'C?arge positive signal from the rear electrode, maximized at
and medical photobiolog}’ We consider that the light in the .
crystal may be strongly influenced by the multiscattering. a~1/6. Th‘? study on the PV spectra in the_ '°W.er tempera-

ture range is also in progress, where the diffusion length of

The.orlgm of the_ scattering to g'\.’l% may be glue to the the excitons should become longer to give some effects on
dynamical fluctuatiof of the lattice or static density
the PV spectrum.

fluctuatiort® in the crystal. In both cases dipole-allowed | usi n dthe PV . diated
states of large oscillator strength predominantly take part in h conclusion, we have measured the Spectra mediate
y 1s orthoexcitons in a natural crystal of g as a func-

the elastic scattering. In the present experiment, the origilli’ - > > G
would be the latter. The scattering on the front surface mafion Of temperature and the location of the illumination spot
also contribute td/). against the electrodes. The effect of Rayleigh scattering was

If we assume that the intensity of the transmitted light carPPS€rved thanks to the high sensitive character of the PV
be expressed ab=|japst @scad 8], @scar Should have the generation in the crystal.
same spectral dependenceaggin the energy range of the We are grateful to J. leda and T. Unuma for their conduct
relevant indirect absorption continuum. The spectral characsf experiments for characterizing the electrodes. One of us
ter can be explained by resonance Rayleigh scattering mediN.N.) would like to thank Professor M. KikuctiiTokai Uni-
ated by the % orthoexcitons with the assistance of LO4() versity) for his encouragement to our study on electric prop-
phonons. This process is regarded as a coherent coupling efties of this material at the first stage of our experiments.
a dipole-allowed phonon-assisted transition and the reversthis work has been partially supported by The Mitsubishi
one. The selection rule is identical to the 2LO resonancéoundation for Scientific Researches.
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