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Effects of Rayleigh scattering on photovoltaic spectra associated with 1s orthoexcitons in Cu2O
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Photovoltaic~PV! spectra in the 1s orthoexciton region of Cu2O 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.

DOI: 10.1103/PhysRevB.63.033202 PACS number~s!: 72.40.1w, 71.35.2y, 78.35.1c
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Photoelectric spectra near the band-edge region of C2O
have strong correlation with absorption spectra associ
with excitons.1 Tselepiset al. have given a model to explai
the exciton-mediated photovoltaic~PV! generation in Cu2O
~Ref. 2! as an extension of a standard model used in
theory of solar cells.3 In their model, photogenerated exc
tons diffuse into a thin layer where they are ionized co
pletely by the built-in electric field in the proximity of th
electrodes to give PV signals. Fortinet al. used this effect to
detect the ballistic propagation of excitons in high-dens
photoexcitation.4 We have been interested in the origin of t
large prompt signal followed by a delayed one due to
arrival of the excitonic packet at the electrodes.

On the other hand, we have reported5,6 that the PV signal
is generated under illumination at locations distant fro
electrodes, even when the distance is much larger than
relevant diffusion lengths of excitons and free carriers. T
led us to consider the possibility of some light scatter
processes occurring within the crystal. In fact, elastic scat
ing light is usually observed under the one-photon resona
excitation around the 1s orthoexciton region even if the op
tical quality of the sample seems to be satisfactory as fa
the excitonic absorption,7 luminescence,8 and cyclotron
resonance9 spectra are concerned. In the present work
studied PV spectra as a function of the temperature of
lattice and the distance of the illumination spot from the ed
of electrodes in order to examine the effect of light scatter
on the PV spectral shape.

A single crystal of Cu2O @2 mm (H)36 mm (W)
31 mm (D)#, cut from a natural cuprite, was used as
sample. The crystal looks very transparent and shows st
intrinsic emission of excitonic origin at low temperature. T
measure the PV signals, electrodes were attached to
chanically polished and chemically etched surfaces fac
each other. The magnitude of the signal depends on the
terial of the electrodes. However, the spectral shape is s
lar and its sign is the same at 145 K for three different co
binations of the electrodes: Cu-carbon~Electrodag 112,
Acheson!, Au-Au, and carbon-carbon. We used Au-Au ele
trodes because of its moderate~about the half of that of Cu-
carbon electrodes! sensitivity and good linearity against th
incident laser power. The light source was a conventio
dye-laser~Rhodamine B in methanol! pumped by a nitrogen
laser of;5 nsec duration. The spectral width of the dye la
light was<0.3 meV. The photon energy of the incident lig
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was calibrated by atomic lines of a Ne lamp. The PV spec
did not depend on the pulse energy in the range between
and 5mJ/pulse.

The sample was sandwiched with cold fingers of a c
ostat with a couple of mica sheets for electric insulation.
boxcar integrator was used to average PV signals by se
the sampling gate for 2ms at the maximum of the signa
pulse. The duration of the signal pulse was mainly det
mined by the electric properties of the circuit, including t
internal resistance of the sample. Transmission spectra o
sample were measured by a conventional monochrom
with a stabilized Xe lamp as the light source.

The temperature of the sample was determined con
tently from the temperature dependence of the resonance
ergy of the 1s orthoexcitons and the intensity of the phono
assisted indirect absorption. The resonance energies
have been reported by one-photon10 and two-photon11 spec-
troscopy were used to obtain the empirical Varshi’s equat
in units of eV: E(T)52.0332(3.831024T2)/(1451T),
whereT is the lattice temperature in K. The absorption c
efficients at respective photon energies are consistent
the value determined rigorously by O’Haraet al.12

Solid curves in Fig. 1 show the PV spectra at vario
temperatures withx50.3 mm, wherex is the location of the
excitation spotP of diameter;0.16 mm, measured from th
edge of an electrode on the front surface marked byA in the
inset~a!. The PV spectra are shown after being corrected
the spectral gain distribution of the incident laser light. Co
tinuous structure due to one longitudinal-optical~1LO! (G3

2)
phonon-assisted transition is clearly seen with the sharp r
nance due to the 1s orthoexcitons. With the increase of th
temperature, the shape of the PV spectra changes in a c
plex manner.

We tried to apply Tselepis’s model to reproduce the P
spectra observed. The PV signalJ is given by

J}@exp~aw!21#exp~2at !1
aL

a2L221
S ~aL21!

3exp$2@a~ t2w!#%1
exp@2~ t2w!~a21/L !#2aL

cosh@~ t2w!/L# D ,

~1!

with the absorption coefficienta and three length param
eters: the thickness of the samplet, the diffusion length of
©2001 The American Physical Society02-1
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the excitonsL, and the thickness of the exciton-ionizatio
regionw. In our calculation we tentatively used the distan
d betweenP and the edge of the rear electrodeB instead of
t. The first term of Eq.~1! stands for the direct creation of th
carriers in the ionization region while the second term com
from the solution to a continuous equation of excitons w
diffusive motion. The first term has a spectral depende
similar to the second one in a limit of our case,w!L!d.

The dashed curve in the inset~b! of Fig. 1 represents a PV
spectrum calculated from the absorption spectrum meas
at 64 K, taking reliable length parameters referring to
temperature dependence of the diffusion length of
excitons.13 The calculated spectrum, however, does not
produce the experimental data shown by the solid curve
the inset. It was found that the PV spectrum is well rep
duced if the measured absorption coefficientaabs is multi-
plied by about 3 at respective photon energies. A sim
tendency was seen at other temperatures. Dotted curve
Fig. 1 represent the calculated spectra takinga53aabs, d
51.04 mm,L550 mm, andw5100 nm.

Solid curves in Fig. 2 represent similar PV spectra o
tained withx52 mm as a function of the detuning from th
resonance energy of the 1s orthoexcitons. We found agai

FIG. 1. Temperature dependence of PV spectra withx
50.3 mm. Inset~a! shows the configuration of the electrodes (A,B)
and the excitation spot (P). Solid curves are PV spectra observe
Dotted and dashed curves represent the spectra calculated wa
53aabs anda5aabs, respectively.
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that the absorption coefficient has to be multiplied by abou
to reproduce the PV spectra, as shown by dotted curves

To understand these facts, we measured absorption s
tra for a similar sample under the configuration shown in
inset of Fig. 3. The location of the illuminated spot and t
window of the masks are also marked asP and B for the
convenience of comparison with the inset~a! of Fig. 1. The
solid curve in Fig. 3 is an example of absorption spec
obtained by on-axis geometry at 77 K. The intensity of t
transmitted lightI is well described by the usual Lambert
law, I 5I 0exp(2aabst), whereI 0 andaabsare the intensity of
the transmitted light in the transparent region and the abs
tion coefficient, respectively. The dotted curve is a simi
spectrum obtained by off-axis geometry withx;0 mm at the
same temperature. In this case, it was found that the si
intensity is well reproduced by an equation ofI 5I 08
exp(23aabsd), whered is the direct distance fromP to B.
The intensity of the signal in the transparent regionI 08 was
measured as;1024I 0. The factor of 3 was almost indepen
dent of the photon energy andx. The situation did not change
at various temperatures.

According to theoretical and experimental analyse16

based on the integrodifferential equation given
Chandrasekhar,17 the extinction coefficient of light in a me
dium where scattering significantly occurs is expressed

.

FIG. 2. Solid curves are PV spectra obtained withx52 mm at
various temperatures. Dotted curves are calculated takinga
53aabs.
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the sum ofaabsandascatt, whereascatt is the measure of the
scattering. This concept has been discussed in astrophys18

and medical photobiology.19 We consider that the light in the
crystal may be strongly influenced by the multiscattering

The origin of the scattering to giveI 08 may be due to the
dynamical fluctuation14 of the lattice or static density
fluctuation15 in the crystal. In both cases dipole-allowe
states of large oscillator strength predominantly take par
the elastic scattering. In the present experiment, the or
would be the latter. The scattering on the front surface m
also contribute toI 08 .

If we assume that the intensity of the transmitted light c
be expressed asI 5I 08abs1ascatt)d], ascatt should have the
same spectral dependence asaabs in the energy range of the
relevant indirect absorption continuum. The spectral cha
ter can be explained by resonance Rayleigh scattering m
ated by the 1s orthoexcitons with the assistance of LO (G3

2)
phonons. This process is regarded as a coherent couplin
a dipole-allowed phonon-assisted transition and the rev
one. The selection rule is identical to the 2LO resona

FIG. 3. Absorption spectra at 77 K in on-axis~solid curve! and
off-axis ~dotted curve! geometry. In off-axis geometry, the ban
pass of the monochromator is widened so as to detect the w
signals with a sufficient signal-to-noise ratio.
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Raman process.20 The efficiency of the scattering should b
proportional toaabs(v i) ~Ref. 21! where v i is the photon
energy of the incident and scattering light, giving the sa
spectral dependence ofascattandaabs. On the other hand, the
reabsorption of the anti-Stokes 2LO (G3

2) Raman scattering
light does not contribute to the present phenomenon bec
the spectral shape ofascatt}aabs(vs) is different from that of
aabs(v i), wherevs5v i12vLO is the photon energy of the
Raman scattering light, withvLO being the energy involving
phonons.

In the high-temperature range, the PV signal of the op
site sign appears at the high-energy side whenx50.3 mm.
According to Eq.~1! with w!L!t, the PV signal saturate
when the absorption coefficient exceeds 1/t where t is the
distance of the light passing through the crystal to arrive
the electrode. For the front electrode,t;x is very small and
the signal is expected to be maximized at the higher-ene
side than that from the rear electrode. Therefore, we cons
that the ‘‘negative’’ PV signal originates from the front ele
trode. This is also supported by the fact that the signal r
idly decreases asx increases~see Fig. 2!. At low tempera-
tures, absorption is small in the 1s exciton region so that no
negative signal manifests itself due to the cancellation by
large positive signal from the rear electrode, maximized
a;1/d. The study on the PV spectra in the lower tempe
ture range is also in progress, where the diffusion length
the excitons should become longer to give some effects
the PV spectrum.

In conclusion, we have measured the PV spectra medi
by 1s orthoexcitons in a natural crystal of Cu2O as a func-
tion of temperature and the location of the illumination sp
against the electrodes. The effect of Rayleigh scattering
observed thanks to the high sensitive character of the
generation in the crystal.

We are grateful to J. Ieda and T. Unuma for their cond
of experiments for characterizing the electrodes. One of
~N.N.! would like to thank Professor M. Kikuchi~Tokai Uni-
versity! for his encouragement to our study on electric pro
erties of this material at the first stage of our experimen
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