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Photoluminescence properties of the entire excitonic series in Cu2O
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We investigated the photoluminescence spectra of Cu2O under photoexcitation at 3.05 eV across the
violet band gap. The following three features were found: photoluminescence from blue and violet excitons;
photoluminescence from yellow excitons of s, d , and f states in addition to p states with a quantum number
up to ten; and emissions associated with the inelastic collision of the 1s yellow excitons. The first process is
relevant for the separation of radiative and nonradiative decay rates. The second process likely indicates radiative
enhancement of high Rydberg yellow excitons. The last process verifies up-conversion of 1s yellow paraexcitons
into higher Rydberg states, which is a critical factor impeding the realization of a high-density paraexciton gas
towards transition to the Bose-Einstein condensation.
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I. INTRODUCTION

Investigating the luminescence properties of solids under
weak or strong photoexcitation is of fundamental importance
to understand linear or nonlinear relaxation processes of
excited states out of equilibrium. In the case of semicon-
ductors, a property of particular interest is near band-gap
luminescence, which is often affected by the formation of
quasiparticles, i.e., excitons. An exciton is a Coulomb-bound
pair of an electron and a hole, that may exhibit a hydrogen-
like discrete energy series indexed by the principal quantum
number n. In particular, Wannier-Mott excitons of a small
Bohr radius, such as those in metal oxides (Cu2O [1] and
ZnO [2]), nitrides (GaN [3] and AlN [4]), and transition-
metal dichalcogenides [5] (MoS2, MoSe2, WS2, and WSe2),
are stable owing to their high binding energies. As excitons
remain stable for a wide range of temperatures in such ma-
terials, inelastic scattering due to exciton-exciton collisions
[6] plays a significant role in their properties. Examining
the exciton-exciton collision processes in two-dimensional
semiconductors is also very important as it was recently found
to be a dominant mechanism for the depolarization of valley
degrees of freedom [7].

Despite its significance and the interest it has received, a
detailed study of collisional mechanisms in atomically thin
layered semiconductors is not straightforward because un-
wanted extrinsic effects, such as inhomogeneous broadening
and interaction with substrates, are related to the preparation
method and sample quality. In addition, there are few reports
on the relaxation between excited (n > 2) and ground (n = 1)
states of the Wannier exciton series, although many reports
have been published on the dynamics of the ground states.
Some limited examples are the photoluminescence (PL) stud-
ies on CdS [8], β-ZnP2 [9], CuCl [10], ZnO [11], and Cu2O
[12]. Relaxation between different excitonic series is even less
studied [13]. As Cu2O has the highest excited state (n = 7)
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that has been reported so far in PL [14], it is one of the
ideal materials for studying intra- and interseries relaxations
of excitons. This material was originally considered for use
as a p-type semiconductor in the 1950s, and it is known as
the first material in which the Wannier series excitons were
experimentally observed in 1952 [15].

Figure 1(a) schematically presents the band structure of
Cu2O near the center of the Brillouin zone. The combination
of the two conduction and two valence bands comprises four
Wannier series, referred to as the yellow, green, blue, and vio-
let excitons. The band structure of Cu2O is exceptional in the
sense that the spin-orbit interaction is negative for the valence
band originating from the copper 3d orbital, and the lowest
conduction band originates from the copper 4s orbital. Thus,
both the lowest conduction and the highest valence (split-off
hole) bands, relevant to the formation of the yellow exciton
series, have the same parity. This means that the optical dipole
transition to the lowest-energy excitons across this yellow gap
is forbidden. As shown in Fig. 1(a), the 1s state of the yellow
excitons is further split by an exchange interaction into ortho-
and paraexcitons. The paraexcitons have a lifetime in the
submicrosecond range, which has motivated many attempts
to realize an excitonic Bose condensate [16,17].

In 2014, an epochal report [18] on the observation of giant
Rydberg states of the yellow excitons triggered the opening of
a new branch of physics on Rydberg excitons. Rapid progress
has been made both theoretically and experimentally on the
external perturbation on the Rydberg states [19–23], quantum
chaos [24], quantum coherence [25], and so on. We recently
revisited the PL properties of yellow excitons in Cu2O and
demonstrated that a Rydberg series up to n = 7 was observed
in PL (i.e., two additional p states in comparison to the
previous work by Compaan and Cummins [12]). We proposed
that the yellow Rydberg states are likely to be formed by
exciton-exciton collision of the 1s paraexctions. Therefore,
the luminescence properties of the high Rydberg states could
provide insight into the annihilation process of paraexcitons
relevant to the Bose condensation.

In this paper, we present a detailed PL study of Cu2O under
excitation across the violet band gap by using the highest
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FIG. 1. (a) Schematic of the band structure and excitonic series of Cu2O. (b) PL spectrum of Cu2O at 6 K. A: blue and violet excitons; B:
yellow excitons with n � 2; C: direct and phonon-assisted transitions of 1s yellow excitons; D: emissions associated with up-conversion of
the 1s yellow exciton; and E: region of the green excitons expected from absorption peaks.

photon energy ever used for the photoexcitation of bulk Cu2O
in previous reports. This enables observations of the blue
and violet excitons in the PL spectra, the Rydberg states of
the yellow excitons, as well as an investigation of inter- and
intraexciton series relaxations. Compared to yellow excitons,
blue and violet excitons have not been studied extensively.
Table I summarizes some relevant parameters clarified by
methods other than PL, i.e., absorption [26], electroreflectance
[27,28], and second-harmonic [29] experiments on blue and
violet excitons. Many important parameters determining the
optical properties of the excitons, such as the nonradiative
rates and temperature shifts of the gaps, are also still unknown.

In the following sections, we present the blue and violet
excitons observed in the PL spectra. The results provide
information on the radiative and nonradiative rates (Sec. III A)
and an unambiguous determination of the gap shift as a
function of temperature (Sec. III C), which was found to be
consistent with the well-known shifts of the yellow and green
gaps. Furthermore, the newly found higher yellow Rydberg
states in PL, including even-parity (s, d) states and high
angular momentum (f ) states (Sec. III B) as well as emissions
associated with up-conversion of the 1s state to higher states
of yellow excitons (Sec. III D), will be discussed based on our
refined spectra for the yellow excitons.

II. EXPERIMENTS

Thin Cu2O slabs (thicknesses of ∼1 mm) were cut from
a natural crystal, mechanically polished, and then chemically
etched by immersion in HCl (2 mol/l) for 10 s and in aqueous
NH3 (13 mol/l) for 10 s to remove the surface defects.
Care was taken to avoid deposition of metallic copper on the
surfaces. The mother crystal was a high-quality natural Cu2O
in which a 600-ns lifetime was confirmed for the 1s yellow
paraexciton [30]. The sample was mounted in a closed-cycle
cryostat (Pascal, PRDK-205LAVP). The temperature of the
cold finger was measured by a silicon diode sensor with an
accuracy of ±0.2 K and controlled by a heater in the range of
6–100 K.

The excitation source was a laser diode (Thorlabs,
LD5146-101S) at the photon energy of 3.05 eV (407 nm)

passed through a bandpass filter (Thorlabs, FBH405-10) for
spectral cleaning. The light beam was focused on the sample
surface only in the horizontal direction by a combination of
a cylindrical lens and a planoconvex lens. The line focusing
enabled weak excitation whereas the good signal-to-noise
(S/N) ratio was maintained owing to the signal integration
along the monochromator slit. After the PL signal was passed
through an edge-pass filter (Thorlabs, FELH0450) to cut off
the laser scattering light, it was detected by a Peltier cooled
charge-coupled-device (CCD) camera after dispersion by a
spectrometer (Horiba Jobin Yvon iHR550 or Jobin Yvon
THR1500). Long exposure times of the CCD camera over 8 h
were adopted to detect very weak PL signals, including those
from dipole-forbidden transitions.

The techniques used in this paper, such as chemical etch-
ing, line focusing, and the use of high-dispersion monochro-
mators, enabled the discovery of PL lines as will be presented
below, which was not possible in our previous study [14].

III. RESULTS AND DISCUSSION

Figure 1(b) shows a PL spectrum measured at 6 K for the
entire spectral range from the violet to the yellow excitons.
Three spectra taken with various center-wavelength settings of
the monochromator (iHR550) were carefully connected with-
out correction for the camera sensitivity and grating diffrac-
tion efficiency depending on the wavelength. The connected
energy positions are indicated by vertical lines. It should be
noted that the strongest line (marked by the asterisk symbol in
Box C) is very weak in a general sense because it originates
from the dipole-forbidden and quadrupole-allowed transition
of the 1s orthoexcitons and other lines are much weaker. A
high dynamic range exceeding 104 was achieved by more than
100 times accumulation of the 16-bit counts.

The PL spectral peaks are categorized into four groups:
(A) blue and violet excitons, (B) yellow Rydberg excitons,
(C) yellow 1s excitons and their phonon replicas, and (D)
emissions associated with up-conversion of the 1s yellow ex-
citons (according to our interpretation). Among these, group
C peaks have been known to exist since the 1960s owing to
several studies of Raman processes in Cu2O [31,32]. Group
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TABLE I. Parameters of the blue and violet excitons in Cu2O. Values from the literature [26,27] are compared with those obtained in our
present paper. All values are given in units of eV except for the nondimensional oscillator strengths f .

Previous paper Present paper

Exciton energy

1s blue 2.58 [26], 2.569 [27] 2.5829 ± 0.0001
2s blue 2.62 [26], 2.611 [27] 2.6209 ± 0.0001
1s violet 2.71 [26], 2.693 [27] 2.7191 ± 0.0001
2s violet 2.74 [26], 2.740 [27]

Energy gap

Blue 2.63 [26], 2.625 [27] 2.6336 ± 0.0003
Violet 2.75 [26], 2.756 [27]

Rydberg energy

Blue 0.053 [26], 0.056 [27] 0.0507 ± 0.0002
Violet 0.040 [26], 0.063 [27]

Oscillator strength or total width *

1s blue 5.8 × 10−3 [27] 0.0239 ± 0.0005*
2s blue 6.9 × 10−3 [27] 0.0201 ± 0.0005*
1s violet 9.2 × 10−3 [27] 0.0099 ± 0.0005*

B peaks were reported in our recent paper [14], but in this
paper, we obtained even higher Rydberg states: s, d, f , and
n = 8–10 p states. Attributions of group A and group D peaks
will be reported in the following subsections. In the range of
Box E, no peaks were found around the energy positions of the
absorption peaks for green excitons [33], which implies that
the relaxation of holes in the valence band is excessively fast,
allowing for the dipole-allowed violet excitons, rather than the
green excitons of the (first-class) dipole-forbidden character,
to appear in the PL.

In what follows, we discuss the peaks in groups A, B, and D
in detail to clarify the mechanism of the processes and derive
the relevant parameters.

A. Photoluminescence due to blue and violet excitons and their
radiative rates

The enlarged spectrum of group A peaks is shown in
Fig. 2(a). The 1s and 2s excitons of the blue series and the
1s violet exciton were resolved. The small bump at 2.743
eV may be a trace of the 2s violet exciton, but it is not
certain owing to truncation of the signal by the edge-pass
filter. The moment analysis of the spectral shape of the 1s

blue exciton line indicates that the peak is described better by
Lorentzian than by Gaussian functions with a kurtosis close
to 1.75 for an ideal Lorentzian [14]. Therefore, we fitted the
observed spectrum with the sum of three Lorentzian peaks
centered at the resonance energies varied as fitting parameters.
The agreement between the fit and the data was good. The
energy positions obtained for the blue and violet excitons are
summarized in Table I, and they are in good agreement with
the previously reported positions determined by absorption
[26], electroreflectance [27,28], or second-harmonic spec-
troscopy [29]. The separation (38 meV) of the blue 1s and 2s

excitons indicates a Rydberg energy of Rblue = 51 meV and
an energy gap of Eblue = 2.634 eV in reasonable agreement
with previous reports. When the fit function and the data are
compared closely, there seems to be an additional component

above 2.63 eV in the data. This is probably due to band-edge
emission from the continuum states.

We found that these PL signals are observed in samples
only with smooth surfaces after fine polishing and chemical
treatments. The very weak signals (less than 1/1000 of the 1s

quadrupole line even after enhancement by surface treatment)
must be the main reason why these PL peaks have not been
previously reported. The importance of the surface condition
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FIG. 2. (a) PL spectrum of blue and violet excitons at 6 K. The
dashed line represents the best-fit function. The inset is a schematic
of the radiative and nonradiative processes of the blue exciton. (b) PL
spectra taken at various temperatures. (c) Temperature dependence of
the full width at half maximum (FWHM) of the 1s blue exciton line.
The solid line represents the fitting result obtained by using Eq. (3).
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is highlighted by the fact that the penetration depth of the
incident light is as short as 0.04 μm [34].

Our observation of the 1s and 2s blue exciton peaks in the
PL led to the extraction of the radiative widths, by assuming
that the oscillator strengths follow the relation fn ∝ 1/n3,
which is derived from hydrogenlike wave functions [18,35].
It should be noted that the spectrally integrated absorption
coefficient is proportional to the radiative rate γr , whereas the
PL intensity is proportional to γr/(γr + γnr ) [36] where the
denominator includes the nonradiative rate γnr , which leads to
the broadening of the line. In Fig. 1(b), it is immediately clear
that the PL peaks for blue excitons are much wider than those
for yellow excitons. The total linewidths (the FWHM values)
are h̄γ 1sb

tot = 23.9 meV for the 1s and h̄γ 2sb
tot = 20.1 meV for

the 2s blue exciton. As the conduction band related to the
blue excitons is higher in energy than the lowest conduction
band by approximately 450 meV [see Fig. 1(a)], the rate for
the relaxation of the blue excitons to the lower exciton series
should be very high. Here, by considering the small energy
separation between the 1s and the 2s blue excitons (38 meV)
compared to the separation to other exciton series, we assume
that the nonradiative relaxation rate is common for the 1s and
2s blue excitons. By solving the relations,

γ 1sb
tot = γ 1sb

r + γ b
nr , (1)

and

γ 2sb
tot = γ 2sb

r + γ b
nr , (2)

with an assumption that γ 2sb
r = γ 1sb

r /8, we obtained h̄γ 1sb
r =

4.3 ± 0.6, h̄γ 2sb
r = 0.54 ± 0.08, and h̄γ b

nr = 19.6 ±
0.6 meV.

The results mean that the decay processes of the blue exci-
tons are dominated by nonradiative relaxation because of the
existence of lower-lying states. The radiative widths are one
order of magnitude smaller than the nonradiative width. This
situation differs from the case of the yellow series for which
the radiative width is extremely narrow (h̄γ

2py
r = 80 neV for

the 2p state) and many orders of magnitude smaller than the
nonradiative width of 3.5 meV [37]. The ratio of the radiative
rates for the yellow and blue excitons does not necessarily
match the ratio of their oscillator strengths f1sb = 6 × 10−3

for the 1s blue exciton and f2py = 3 × 10−6 for the 2p yellow
exciton. The expression for γr includes the square of the
resonance frequency and the coherence volume [35,37]. The
value of γr/f was higher for the blue exciton than for the
yellow exciton by a factor of 28. This means that, in addition
to the larger resonance frequencies, the coherence volume of
the blue exciton is larger than that for the yellow exciton.
This may be reasonable considering that the polariton effect
is much larger for the blue exciton.

In previous studies [27,28] performed only at temperatures
of 4, 77 K, or higher, it was difficult to examine temperature
dependence due to thermal broadening. In contrast, our clear
observation of the Lorentzian peaks for the 1s and 2s blue and
1s violet excitons enabled us also to study the temperature
dependence of the relaxation process. Figure 2(b) shows the
PL spectra that we obtained at various lattice temperatures
from 6 to 70 K. Above this temperature, the peaks are further
broadened, and resolving the 2s peak becomes difficult. A

fitting analysis similar to the case of Fig. 2(a) was performed
to extract the peak positions and the linewidth of the blue
and violet excitons. In addition, a small bump was found
above 2.48 eV for all the temperatures measured. The bump
is likely to be due to two-phonon-assisted transition involving
the phonon with �−

2 symmetry based on the energy position.
This process holds the symmetry requirement for a dipole
transition for the exciton state of �−

4 symmetry, that is,
�−

4 ⊗ �−
2 ⊗ �−

2 , which includes the symmetry �−
4 for a dipole

operator. The energy of the �−
2 phonon decreases by 30% at

the X point from the value (43 meV) at the � point [38,39].
This explains the plateaulike spectral shape. Additionally,
among the 18 phonon modes in Cu2O, the triply degenerate
�+

5 phonon is the only mode with positive parity, allowing for
a dipole transition of �−

4 excitons by a one-phonon-assisted
process. The energy of the �+

5 phonon is 63.8 meV, and the
phonon-assisted luminescence can be superimposed on the
plateau of the two-phonon-assisted (2 × �−

2 ) luminescence.
Figure 2(c) shows the FWHM of the 1s blue peak as a

function of temperature T . The temperature variation of the
width can be attributed to the change in the nonradiative rate.
We fitted the data with a well-established expression [40,41],

h̄γtot = h̄γ0 + dacT + dop

exp(h̄ωop/kBT ) − 1
, (3)

where the first term includes the radiative and inhomoge-
neous widths. The third (fourth) term represents intraband
scattering by acoustic (optical) phonons with h̄ωop being the
energy of an optical phonon. The best fit is shown by the
solid line, which is in excellent agreement with the data
points. We obtained the following values as the fitting param-
eters: h̄γ0 = 19.9 ± 0.1 meV, dac = 77 ± 4 μeV/K, dop =
660 ± 50 meV, and h̄ωop = 43 meV. The last result indicates
an association of the phonon of �−

2 symmetry, in accordance
with the observation of the two-phonon-assisted process of the
same phonon mode in the PL spectra. The obtained values
of dac and dop are both of reasonable magnitude considering
those determined in other semiconductors, such as GaAs [42]
and ZnSe [43].

The temperature shifts of the blue and violet energy gaps
were small and in the opposite direction in energy in compari-
son to those of the yellow and green energy gaps. This will be
discussed in detail in Sec. III C.

B. Yellow Rydberg excitons: f states and higher Rydberg p
states

An enlarged spectrum for the yellow excitons in Rydberg
states is represented by the solid line in Fig. 3(a). A similar
spectrum was already reported in Ref. [14], but here we
perform a more detailed analysis, clarifying the additionally
higher Rydberg states with n up to ten and other interesting
features. As mentioned in Sec. II, this improvement on our
previous study [14] is enabled by chemical etching, line
focusing, and the use of high-dispersion monochromators.

If the spectral shape of the 3p line in Fig. 3(a) is compared
with a Lorentz function (the dotted line), there are two extra
components on both side tails. Based on the energy positions
of the peaks, these are attributed to even-parity states. In
Cu2O, the d-like term in the effective mass Hamiltonian does
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FIG. 3. (a) PL spectrum of yellow excitons in Cu2O at 6 K
(the white line with the upper axis). The contour plot is the signal
intensity of the cyclotron resonance of holes under two-photon
excitation measured with another sample at 10 K. The horizontal
axis represents the photon energy of the excitation light, and the
vertical axis is the delay time after pulsed photoexcitation. The
data are reproduced from Ref. [45]. (b) Comparison of the PL
and transmission spectra of yellow Rydberg states indicating the
appearance of f states. The transmission spectrum is shifted by
−0.1 meV to correct the temperature shift of the peaks. The yellow
line is a simulated spectrum discussed in the text.

not commute with angular momentum L, and this leads to
mixing of L = 0 (s orbital) and L = 2 (d orbital) states [44].
Therefore, we denoted these peaks by 3s-d. For a direct con-
firmation, we superimposed the contour plot of a two-photon
excitation spectrum for even-parity excitons in Fig. 3(a),
which was obtained by scanning the laser wavelength for
the cyclotron resonance of holes under two-photon excitation
(the plot is reproduced from Ref. [45]). The energy positions
showed good agreement. Both these peaks are dipole allowed
for a two-photon transition, whereas they are dipole forbidden
for one-photon transition and, thus, are very weak in PL.

Figure 3(b) shows a further expanded PL spectrum for the
states with n � 4. This high-resolution spectrum was obtained
by using a monochromator (THR1500) of a longer focal
length (1500 mm) with a 2400-lines/mm grating. The PL
spectrum (the blue line) was compared with the transmission
spectrum (the green line) through a 210-μm-thick sample,
which was cut and prepared from the same mother crystal. In
the transmission spectrum, the spectral resolution was further
improved to 11 μeV by setting the monochromator to the
double-pass configuration and the slit width to 15 μm. The
dips for np states were saturated owing to the large thickness
of the sample, whereas the dipole-forbidden lines due to high
angular momentum states (4f -6f excitons) are well resolved.

Unfortunately, the triplet splitting of the f states [46] as
seen in the transmission spectrum was not resolved in our PL
spectrum owing to the limited spectral resolution for detection
of the very weak signal. Nevertheless, the PL linewidth was
much narrower for the f states than for the p states, indicating
that the optical transitions to the high angular momentum
states are only weakly allowed owing to mixing with p states
due to the cubic crystal symmetry. It is surprising that the PL
intensity is rather high. This indicates that the nonradiative
rate for the f states is very small and a large population is
accumulated in these long-lived states.

The yellow line in Fig. 3(b) represents an expected PL
spectral shape for the 4p-14p states. We neglected the con-
tributions from f states (which are sufficiently small) and
reproduced the spectrum with the sum of Lorentz functions
with the total linewidth changing as 1/n3 [18,35]. The spec-
tral function was further convolved with a Gaussian to take
account of the effective spectral resolution of 100 μeV. The p

states with n up to ten are clearly resolved in the experimental
data. The actual PL spectrum has an extra component around
the energy gap. This enhanced luminescence might be related
to the enhancement of the matrix element for the dipole
transition owing to the breakdown of the long-wavelength
approximation for the extended center-of-mass wave function
[47] or to the enhancement of the radiative rates owing to
increased coherence length [35].

To conclude this subsection, we observed all the s, p, d,
and f states including even-parity ones in the PL of yellow
excitonic series.

C. Temperature shift of the violet, blue, green, and yellow gaps

Figure 4(a) shows the PL spectra of yellow Rydberg
excitons at various temperatures. Note that the excitation
wavelength was different from that for Fig. 2 of Ref. [14].
In addition to the peaks due to np (n � 2) excitons, we found
a small peak between the 2p and the 3p lines as indicated
by the solid triangles. The energy position agrees with that
of the peak in the two-photon excitation spectrum shown in
Fig. 3(a), which was originally attributed to the 2s yellow
exciton but recently has been reattributed to the 1s green
exciton [48]. A small edge is also seen below the 2p peak as
indicated by the open triangles. Based on the spectral shape,
this structure seems to be a phonon-assisted transition. The
energy separation to the above-mentioned peak is 11.5 meV,
and that to the 3s-d peak in the low-energy tail of the 3p

peak is 17.3 meV. The position is a little too far (close) to
be considered the �−

5 (�−
4 ) phonon replica (see the Appendix

for the phonon energies). Attribution of this edge based on the
temperature shift of the green/yellow gap will be a future task
[49].

The temperature dependence of the position of the 3p

yellow exciton is presented in Fig. 4(b). The data points
for the 1s blue and 1s violet excitons, obtained through the
analysis explained in Sec. III A, are also plotted. As previously
mentioned, the temperature shifts of the blue and violet exci-
tons are towards the higher-energy side when the temperature
increases. On the other hand, yellow excitons redshifted with
increasing temperature. Referring to Fig. 1(a), the respective
conduction bands are shared between the violet and the blue
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FIG. 4. (a) PL spectra of yellow excitons at various temperatures
under excitation at 3.05 eV. The structures indicated by open and
solid triangles are discussed in the text. (b) Energy shift of the exciton
peaks as a function of temperature.

or the green and the yellow excitons, whereas the respective
valence bands are shared between the yellow and the blue
or the green and the violet excitons. This means that the
temperature variation of Eyellow − Eblue should agree with that
of Egreen − Eviolet. Therefore, we calculated Eyellow − Eblue +
Eviolet based on the measured positions in PL, which serves
as a prediction for the temperature variation of the green gap
Egreen. The predicted variation is indicated by the dashed line
in Fig. 4(b).

As no PL was observed in the region of green excitons
[see Box E in Fig. 1(b)], we plotted the energy shift of the
3p green exciton observed by absorption in a thin film [37] by
open squares. The agreement of the data with the prediction of
Egreen is convincing, including the slight blueshift of the violet
and green gaps in the intermediate-temperature range (20–
50 K). For further confirmation, we also plotted previously
reported values of the 3p green peak measured by absorption
on a thin slab [33].

D. Emissions associated with up-conversion from the 1s to the
Rydberg yellow excitons

In this subsection, we discuss the origin of group D peaks.
The emission lines appear approximately at an energy lower
by the amount of the exciton binding energy Ex than the 1s

energy. A detailed understanding of the origin of this group of
peaks is important because it can provide insight into how the
PL from high Rydberg yellow p states appears although their
energy relaxation after photoexcitation is expected to be very
fast.

Under intense photoexcitation, interactions between two
excitons can manifest themselves in PL spectra. In a wide
range of materials [50], two excitons can fuse into an excitonic
molecule, leading to a luminescence peak called the M line.
Owing to the balance between the electron and the hole effec-
tive masses, formation of excitonic molecules is unstable in
Cu2O. Another feature known as P lines or P -band emission
was first observed in CdS [51] and attributed to inelastic
collisions between two excitons. Instead of fusing into an
excitonic molecule, a part of the energy of one exciton is
delivered to the other by emission of a photon. The P -band
emission is distinguished from the Auger process [52] in
which all the energy of one colliding exciton is delivered to
the other.

Figure 5(a) schematically shows the P -band emission
process associated with the collision of two 1s excitons,
initially populated at an energy Einit . After the collision, one
exciton is transferred to a higher-energy (np) state at Efinal,
whereas the other one radiatively recombines by emitting
a photon with an energy equal to EP = 2Einit − Efinal =
Eyellow − 2Ex + Ry/n2 − � (n = 2, 3, . . . ,∞). Here, Ry is
the Rydberg energy, and � is a positive quantity depending
on the difference in the kinetic energies of the initial and
final states. The momentum is also conserved by satisfying
the relation 2kini = kfinal + EP /(h̄v), where v is the speed of
light in the medium. The calculated energies EP with � = 0
are indicated by vertical bars at the bottom of Fig. 5(b). The
strongest peak within Box D energetically matches with the
P line associated with up-conversion from 1s paraexcitons
to 2p excitons. Other smaller peaks also coincide with the
expected positions for para-para-collision to the 3p state or
ortho-para-collision to the 2p and 3p states.

As the P -band emission is a two-body exciton process,
a quadratic dependence on the excitation power is strong
proof. To confirm this, we measured the power dependence
as shown in Fig. 6(a). The spectrally integrated intensity in
the range of the group D peaks sublinearly increased with
power. The power dependence was similar to that of the
PL intensity of the orthoexciton quadrupole line [indicated
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FIG. 5. (a) Schematic of the emissions associated with up-conversion from the 1s paraexcitons to the 2p state. (b) PL spectrum in the
region of yellow excitons at 6 K. The horizontal arrows indicate the transfer energies.

by the asterisk symbol in Fig. 5(b)]. In Fig. 6(b), we plot-
ted the integrated intensity as a function of the square root
of the orthoexciton intensity. For a good S/N ratio, we used
the orthoexciton signal instead of the paraexciton signal,
which is weaker by an order of magnitude. Known as the
“quantum saturation effect,” the paraexciton density changes
proportionally with the square root of orthoexciton intensity
under continuous-wave excitation. Therefore, the horizontal
axis indicates the paraexciton density in a relative unit. We
found that the integrated intensity varies proportionally to the
squared paraexciton density as indicated by the dashed line.
This clearly supports the collision of two paraexcitons as a
source for the P -band emission.

FIG. 6. (a) Intensities of the group D peaks and of the 1s or-
thoexciton quadrupole line as a function of excitation power. (b)
Log-log plot of the emission intensity vs the square root of the
orthoexciton intensity. (c) Spectra of the group D peaks obtained at
various temperatures.

We should note that the linewidth of the P -band emission
is relatively broad owing to the thermal distribution of the
excitons in the initial state. Further broadening can be seen
in the spectra obtained at increased temperatures as shown in
Fig. 6(c). The peak position slightly moves towards the low-
energy side with increasing temperature. The line broadening
was approximately 12 meV from 6 to 100 K. This width
corresponds to an effective temperature of ∼140 K, which is
on the same order of magnitude as the lattice temperature.

Finally, we would like to emphasize that appearance of
the emission lines associated with inelastic collision of the
1s excitons implies formation of the 2p and 3p yellow
excitons because these are collision counterparts. Therefore,
the present results clearly support our proposal [14] on the
formation of high Rydberg yellow excitons via the exciton-
exciton collision in the 1s states.

IV. CONCLUSION

We observed the PL spectra in high-quality natural Cu2O
in a wide spectral range under photoexcitation at 3.05 eV. We
extracted accurate energy positions and radiative/nonradiative
widths of the blue excitons. The temperature variation in-
dicated contributions of acoustic and optical phonon scat-
terings for the exciton relaxation mechanism. In contrast to
the absorption spectra affected by Fano interference with
the phonon-assisted transitions, the PL spectra showed clear
exciton peaks without background signals and thus served as
a particularly powerful tool to provide rich information on
the s, p, d, and f states. Despite the successful observations
of the PL peaks of violet, blue, and yellow excitons, the PL
of the green exciton was not observed. This result indicates
that relaxation of holes in the valence band is faster than
relaxation of electrons in the conduction band and radiative
recombination of the green excitons but is slower than ra-
diative recombination of the violet excitons. We attributed
the peaks at the low-energy side of the phonon-assisted 1s

yellow lines to the emissions (the so-called P -band emission)
associated with inelastic collision of the 1s excitons, based
on their energy positions, power dependence, linewidths, and
the temperature dependence. The appearance of this emission
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FIG. 7. Phonon-assisted luminescence of ortho- and paraexcitons of the 1s yellow state in Cu2O at 6 K. The black lines represent the fitting
results obtained by using the spectral function given by Eq. (A1).

band indicates up-conversion of excitons from the 1s states to
the np states as collision counterparts.

A deep understanding of the properties of excitons in Cu2O
will aid researchers who are interested in the formation of a
stable excitonic Bose-Einstein condensate, vast applications
of giant Rydberg excitons or atoms, and developments of
inexpensive solar cells and catalysts [34]. Furthermore, intra-
/interseries exciton relaxation and up-conversion of ground-
state excitons can occur in a wide range of materials, and
our discussions using a textbooklike semiconductor should
stimulate further experimental progress in other materials.
Recently, a theory [35] has claimed that the radiative rate of
a giant Rydberg exciton increases with the principal quan-
tum number according to an extension of the coherent wave
function as opposed to a decrease in the oscillator strength.
A breakdown of the long-wavelength approximation and a
necessity of quantization of the exciton center-of-mass motion
are also pointed out for Rydberg excitons with giant Bohr
radii [47]. We hope that our experimental results would help
to examine these conceptually novel regimes on the optical
properties of Rydberg excitons.

TABLE II. Energy positions of the phonon-assisted lines, mea-
sured from the resonance energy of the 1s yellow orthoexciton Eo

and assignments in the present and previous papers. The errors shown
are based on the fitting errors.

Label Eo-Ei (meV) Previous paper [31] Present paper

1 10.51 ± 0.05 Ortho-�−
5 Ortho-�−

5

2 13.52 ± 0.01 Ortho-�−
3 Ortho-�−

3

3 18.84 ± 0.01 Ortho-�−
4 Ortho-�−(1)

4 (TO)
4 22.76 ± 0.02 Para-�−

5 Para-�−
5

5 32.78 ± 0.04 Ortho-(�−
3 +�

−(1)
4 (LO))

6 36.24 ± 0.04 Ortho-(2 × �−
3 +�−

5 ) Para-(�−
3 +�−

5 )
7 39.25 ± 0.03 Ortho-3 × �−

3 Para-2 × �−
3

8 43.49 ± 0.01 Ortho-�−
2 Ortho-�−

2

9 63.20 ± 0.02 Ortho-�+
5 Ortho-�+

5

10 78.42 ± 0.02 Ortho-�−
4 (TO) Ortho-�−(2)

4 (TO)
11 82.02 ± 0.01 Ortho-�−

4 (LO) Ortho-�−(2)
4 (LO)
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APPENDIX: ASSIGNMENT OF THE
PHONON-ASSISTED LINES

Figure 7 shows an enlarged spectrum for the region within
Box C. Except for the quadrupole line of the 1s yellow
orthoexcitons at Eo = 2.032 70 eV (at 6 K), all the phonon-
assisted lines exhibit asymmetric shapes with tails into the
high-energy side. We analyzed the spectral shapes by assum-
ing a Maxwell-Boltzmann distribution,

I (E) ∝
√

E − Ei exp[−(E − Ei )/(kBTeff )], (A1)

of excitons at an effective temperature of Teff = 9 K. We
fit the spectra with a spectral function convoluted with a
Gaussian representing the spectral resolution of the detection
system and adjusted the position of the edge Ei . The obtained
energies Ei (i = 1, 2, . . . , 11) and assignments of the peaks
are shown in Table II.

TABLE III. Comparison of phonon energies (in units of meV)
obtained in previous and present papers.

Phonon Previous paper [31] Present paper

�−
5 10.8 10.5

�−
3 13.6 13.5

�
−(1)
4 (TO) 18.8 18.8

�
−(1)
4 (LO) 19.1 19.3

�−
2 43.4 43.5

�+
5 63.9 63.2

�
−(2)
4 (TO) 78.5 78.4

�
−(2)
4 (LO) 82.1 82.0
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Compared to previous reports [31], we obtained one new
attribution for line 5 to the (�−

3 + �
−(1)
4 (LO)) phonon-assisted

transition of the orthoexciton and two different attributions
for lines 6 and 7: the (�−

3 + �−
5 ) line of the paraexciton

instead of the (2 × �−
3 + �−

5 ) line of the orthoexciton, and
the 2 × �−

3 line of the paraexciton instead of the 3 × �−
3

line of the orthoexciton. The latter two lines are reported
also in Ref. [53]. These transitions, involving two odd-parity
phonons, are forbidden if the parity is conserved. This might
be the reason that these assignments were excluded in the

past reports [31]. Nevertheless, our spectral resolution of
0.89 meV clearly differentiates the ortho-para-separation of
12.2 meV and the �−

3 phonon energy of 13.5 meV. Simi-
larly, not satisfying the parity conservation, single even-parity
(�+

5 ) phonon-assisted transition of the orthoexciton was also
observed. These transitions are favored by large momentum
excitons as pointed out in Ref. [53].

After the assignments of the phonon-assisted lines, we
obtained the energies of each phonon. The results are sum-
marized in Table III.
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