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Enhanced down conversion of photons emitted by photoexcited Er,Y,_,Si,O5 films
grown on silicon
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Photon cutting with efficiencies up to 400% is demonstrated in Er,Y,_,Si,O; films grown on Si and its
concentration dependence is analyzed. The cutting is the result of cross-energy-transfer processes occurring
within a single rare earth (Er3*) acting as both sensitizer and activator. Similarities with upconversion are
revealed and possible applications in solar cells are discussed.
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The improvement of solar cell efficiencies represents an
important technological challenge requiring the exploitation
of new fundamental physical effects.! One of the main limi-
tations in photovoltaics is represented by the fact that when a
photon is absorbed into a semiconductor cell the generated
electron-hole couple releases very rapidly the energy in ex-
cess of the band gap into heat. This is particularly dramatic
for ultraviolet and green photons and it represents a funda-
mental limit to the maximum efficiency achievable. An ideal
solution to this problem would be a capping material able to
down convert each high-energy photon into several low-
energy parts before the interaction with the actual solar cell
occurs.

Rare-earth (RE) ion-doped materials have attracted for a
long time the interest of the scientific community for the
wide application in optical communications and lasers.?
Most recently potential applications as down converters have
also emerged. The simultaneous transfer of excitation energy
from a sensitizer to an activator transforms a high-energy
photon into two (or more) photons of lower energy, hence
“cutting” the energy quantum.’ While most of the published
works report two-photon quantum cutting using two different
RE ions*® or by exploiting the energy transfer between the
host, acting as a sensitizer, and one RE ion,>'? a higher ef-
ficiency has been achieved through multiple exciton genera-
tion in semiconductor quantum dots.!'~!3 Here, through a
careful tuning of the optical properties of Er, Y,_,Si,O5 films,
we will demonstrate that by using a single RE (Er**) as both
sensitizer and activator a quantum cutting with an efficiency
up to 400% can be achieved.

Er,Y,_.Si,0; is a material in which it is possible to in-
crease gradually the Er content, in such a way that Er passes
continuously from a regime where it is a dopant to a regime
in which it is a constituent. This is made possible by the
similar chemical properties of Y>* and Er** and by their
ionic radii (0.90 and 0.89 A, respectively'#) which allow the
two ions to concur in the occupation of similar lattice sites.
However, since Y>* is optically inactive, in this way one can
finely control the Er** pair interactions and maximize the
desired effects.

Erbium-yttrium disilicate thin films, about 130 nm thick,
have been grown in an ultrahigh vacuum magnetron sputter-
ing system on (100) c¢-Si substrates heated at 400 °C by
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radio frequency (rf) cosputtering from Er,O;, Y,0;, and
SiO, targets. Further details on the apparatus and on the
deposition procedure can be found elsewhere.!>!'® Different
compositions were synthesized by changing the rf powers
applied to the targets and analyzed by Rutherford back-
scattering spectrometry. The Er content was measured be-
tween 2 X 10%° and 1.50% 10> ¢cm™ in erbium yttrium dis-
ilicate films, Er,.Y,_.Si,O;, corresponding to x values
between 0.03 and 2. Deposited films are amorphous and after
rapid thermal annealing at 1200 °C for 30 s in O, ambient
crystallize in a mixture of the y and « phases typical of
rare-earth disilicates, as already observed for Er,Si,O; thin
films.!"> The crystalline structure is independent of the Er
content, as verified by x-ray diffraction. The refractive indi-
ces were evaluated by ellipsometric measurements per-
formed with an He-Ne laser at 632.8 nm.

Room-temperature photoluminescence (PL) measure-
ments were performed by pumping with the 2.54 eV line of
an Ar* laser. The light was chopped through an acousto-optic
modulator at a frequency of 11 Hz, analyzed by a single
grating monochromator, and detected by a Hamamtsu infra-
red extended photomultiplier tube cooled at liquid-nitrogen
temperature coupled with a lock-in amplifier having the
modulation frequency as a reference.

All the samples show an intense PL emission peaked at
1.54 um associated with the Er’* de-excitation from the
*I13» to the *I;5), level. No other PL peaks are detected. The
inset of Fig. 1 reports the PL spectra obtained for x values
between 0.03 and 2 under a pump photon flux, ¢, of
110" cm™s7!. The shapes appear unchanged indepen-
dently of x, demonstrating that in all cases the emitting ions
are in the same environment, typical of Er** ions in the «
phase of the RE disilicate, as already observed for
a-Er,Si,0,.131% The observed peak PL intensity increases
with increasing the Er content. However, passing from
x=0.03 to x=2, corresponding to an increase in the Er con-
tent by about a factor of 70 the intensity is increased by only
a factor of 10. This suggests that Er**-Er** interactions de-
pleting the first excited level 4113/2, such as upconversion
phenomena, might influence the PL emission at the higher Er
contents. In order to characterize these effects we have mea-
sured the PL intensity (/p;) at 1.54 wm as a function of ¢ in
the range 10'8—10%? cm=2 s~!. The data are shown in Fig. 1
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for three samples having x=0.03, 0.65, and 2. The PL inten-
sity increases linearly and then exhibits a sublinear increase
associated with the upconversion phenomenon where two
Er’* ions both excited at the *I;3, level interact, with one
being de-excited to the *I;5/, ground state and the other being
resonantly excited to the *Iy, level,'” as schematically de-
picted on the left-hand corner. The final effect is a depletion
of the first excited level. Of course this effect should be more
severe at high Er contents and high pump powers. In fact we
observe that by increasing the Er concentration the linear
regime is limited to a narrower flux range, owing to the
reduction in the Er**-Er** distance and therefore to the more
efficient dipole-dipole interaction, thus determining an in-
crease in the upconversion rate. Note that for all the samples
under an excitation flux of 1X 10" c¢cm™s™! used for the
data reported in the inset of Fig. 1 the regime is always
linear, suggesting that in this flux range upconversion phe-
nomena are negligible. At low pump powers, however, a
nonradiative concentration quenching process may occur. In
this case the excitation is resonantly transferred from one
excited Er’* ion to a nearby Er’* ion in the ground state and
hence it travels along the sample. The excitation is eventu-
ally lost when a quenching center is encountered.!” The in-
fluence of concentration quenching has been evaluated by
the decay time measurements for this low excitation condi-
tion. The curves have a simple exponential behavior in all
the cases and the obtained lifetime values (7) decrease mono-
tonically from 5.6 to 0.27 ms by increasing the x value from
0.03 to 2, as a result of the gradual mean Er**-Er’* distance
reduction.

In the studied linear regime the PL intensity follows the
relationship

-
Ip, = nOdNg,—, (1)
TRAD

with 7 being the detection efficiency, o being the effective
excitation cross section, Ng, being the total Er content, and
Trap Deing the radiative lifetime. Since the measurements
have been performed under the same excitation conditions,
by exciting Er** ions resonantly to the *F;,, level, 7 and ¢
are the same for all the analyzed cases. Moreover, since the
Er de-excitation can be described as an electrical dipole tran-
sition following the Fermi golden rule, the spontaneous
emission probability, and therefore the inverse of the radia-
tive lifetime 7p, has a squared dependence on the medium
refractive index.'® Ellipsometric measurements have shown
that the refractive index is 1.77*0.02 for all the samples;
therefore, we conclude that 7z, is constant independent of x
in Er,Y,_,.Si,0,. If we report the experimentally determined
ratio Ip; / (Ng,7) normalized to the value obtained for the low-
est x value, as a function of Ng,, we have indeed a plot of
o/ oy, i.e., of the effective cross section o normalized to its
low concentration value oy, as shown in Fig. 2(a). In prin-
ciple, the excitation cross section is expected to be similar
for all samples since the excitation due to direct photon ab-
sorption involves the same atomic transition of Er’* ions in a
similar environment. In contrast, three different concentra-
tion regimes are visible: up to x=0.40 o remains constant,
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FIG. 1. (Color online) PL intensity at 1.54 um as a function of
pump photon flux ¢ of the samples with x=0.03, 0.65, and 2. The
continuous curves are fits of the experimental data for the three
samples, obtained by using relation (3), the dashed curve is the
linear fit in the low excitation regime for the sample with x=2. The
inset (on the right corner) reports the PL spectra of the three
samples for ¢=1Xx10"" cm™ s~!. In all the cases the excitation
energy is 2.54 eV of an Ar" laser. A scheme of the upconversion
phenomenon is depicted on the left-hand corner.

for x=0.65 it increases by about a factor of 2, and for x=2 it
reaches the maximum value of about 3.

A confirmation of these higher effective excitation cross
sections at increasing Er contents is also given by fitting the
Ip;, trend at 1.54 um as a function of ¢ in Fig. 1. In fact, if
we describe the system by a two-level model only by ne-
glecting the population of the levels lying at energies higher
than *I,3,, as confirmed by their rapid de-excitations,'® the
rate equation can be described by?°

Excitations per photon
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FIG. 2. o/ 0y, i.e., the effective cross section ¢ normalized to its
low concentration value oy, or number of excitations per photon as
a function of Er concentration in Er,Y,_,Si,O5 films under (a) 2.54
and (b) 3.26 eV excitation. The lines are guide for the eyes.
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dN
% = 0(Ng, — N (1)) -

N,y (1)

- CulN (P, (2)

where N,(7) is the Er** population in the first *I,5, excited
level at the time 7 and C, is the upconversion coefficient. By
considering the steady-state condition we obtain

1
2C,,7

N, = [V1+ 0¢r(2 +4C N7+ 0¢p7) — (1 + 0h7)].

3)

The PL intensity reported in Fig. 1 can indeed be con-
verted to the Er’* population in the first excited level, N,
(right-hand scale), by means of a proper calibration proce-
dure using an Er-doped silica sample as a reference. In the
calculation procedure it was assumed that all Er** in silica is
optically active and the differences in 7,4 and in light extrac-
tion efficiencies among samples have been properly taken
into account following a procedure already well established
in the literature.?! The data in Fig. 1 can be fitted with Eq. (3)
and it is possible to extract Cy, values. By considering as the
effective excitation cross section for x=0.03 the known value
of the absorption cross section under 2.54 eV resonant exci-
tation for Er-doped silicate glasses,”? 2.2X 102! cm?, while
for x=0.65 and 2, respectively, two and three times this
value, as suggested by Fig. 2(a), the curves—reported in Fig.
1 as continuous lines—well fit the experimental data. Note
that assuming a single effective cross section o for all three
samples it is instead impossible to obtain a reasonable fit.
This is a further evidence of the dependence of ¢ on the Er
content. Moreover, the fits give us also an estimation of Cy,
values of (2.320.6)x107"7, (6.4+0.9)x107'°, and
(1.120.1) X 107 cm?/s, respectively, for x=0.03, 0.65,
and 2. The C,, value obtained for the low Er-doped disilicate
is on the same order of magnitude of that reported for Er-
doped silica,”® while the increase in the C,, value with in-
creasing Er contents can be ascribed to the smaller distances
among Er** excited pairs.

The simultaneous increase in both C,, and o for the high
Er concentration regime strongly suggests that the two pro-
cesses have a common root. In fact the increased effective
excitation cross section observed for the high Er’** concen-
tration regime [Fig. 2(a)] can easily be explained as the result
of cross-energy-transfer processes involving the highly ex-
cited Er** ions (*F/,) having absorbed an incoming photon
and the Er** population in the ground state *I;s, (Np), with a
final result of multiple excitations with a single incoming
excitation photon. These processes can become competitive
with the fast nonradiative relaxation processes of the in-
volved levels when the Er**-Er** interactions are more effi-
cient. They involve a resonant Er**-Er’* energy transfer, as
in the case of upconversion, and as a first approximation we
can consider as an estimate an interaction coefficient similar
to the experimentally determined C,, values. Therefore, the
characteristic time of interaction between an excited Er** ion
and a nearby one in the ground state can be estimated to be
~(NErCup)‘1, since Ng,=~ N, under these low excitation con-
ditions. This value varies from about 200 us for x=0.03, to
0.3 us for x=0.65, and to 0.06 us for x=2. This means that
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FIG. 3. (Color online) Schematic pictures of the cross-energy-
transfer processes involving Er’* ions under (a) 2.54 and (b) 3.26
eV excitations. Dashed lines indicate nonradiative phononic decays,
light gray bold arrows indicate the transitions associated with the
cross-energy transfers, the dark bold arrows indicate the radiative
transition 4113/2 — 4115/2.

the Er**-Er’* interaction strength strongly increases by in-
creasing the Er** content. For this reason in the low Er-
doping regime, under the 2.54 eV excitation, all the excited
Er’* ions to the *F;, level de-excite nonradiatively to the
first excited level (4113,2) by subsequent nonradiative de-
excitations [left panel in Fig. 3(a)]. One incoming photon is
hence producing a single excitation. In contrast at higher Er
concentrations the very rapid times of the Er**-Er’*
interaction make it more probable the occurrence of energy-
transfer processes before multiphonon relaxation can take
place. For instance, after the very rapid relaxation of
4F7,2H4S3,2 the 4S3/2 level has a relaxation time of 5 us.
This means that for Er’* contents higher than x=0.65
Er**-Er’* interactions are faster and a resonant energy trans-
fer (*S53,,— *lo), *I15/,— *1135) can occur [process (1) in the
center panel of Fig. 3(a)]. This is a real quantum cutting
phenomenon since a single incoming photon is producing
two excitations. The ion excited at the *Iy, level can then
decay nonradiatively to 4 112 and *I,3,, with a characteristic
time of 0.3 us. If the Er** concentration is high enough a
further Er’*-Er’* interaction [process (2) in the right panel of
Fig. 3(a)] can be faster than multiphonon relaxation and
leads to a further excitation. The initial green photon has
hence produced three infrared photons. The enhanced effec-
tive excitation cross section in Fig. 2(a) is therefore a clear
indication of quantum cutting with an efficiency up to 300%
as a result of a competition between Er’**-Er** interaction
and multiphonon relaxation. The intimate meaning of the
enhanced o is an enhanced number of Er** excitations per
photon, as clearly evidenced by the right-hand scale of Fig.
2. The important aspect we would like to stress is that quan-
tum cutting is occurring in a system with a single RE species
as both sensitizer and activator and the process appears to be
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strongly related to upconversion, with the important differ-
ence that upconversion, involving interactions among excited
levels, requires high excitation photon fluxes, while photon
cutting, requiring the interaction with ground-state RE ions,
occurs in the low pump power regime.

One question arises on the possibility of obtaining even
higher quantum cutting efficiencies. In order to explore this
possibility we have pumped the system at an excitation en-
ergy of 3.26 eV extracted from a Xe lamp and properly se-
lected through a monochromator. The PL intensity at
1.54 pm was measured and the trend of o/ oy as a function
of Ng, has been evaluated [Fig. 2(b)]. In such conditions the
Er** ions in the Er,Y,_,Si,O; films are directly excited to the
G115 level, having an energy that corresponds to about four
times the energy gap between the ground and the first excited
states; as a consequence, a maximum increase by a factor of
4 of the effective excitation cross section for the ‘7 132 level
should be expected. Indeed the experimentally determined
excitations per photon reach a maximum value very close to
4. However, this value is reached at 4.9X 10*' Er/cm?
(x=0.65), while under the 2.54 eV excitation the
maximum value (about 3) was reached only in Er,Si,0,
(1.50X 10% Er/cm?, x=2).

In order to explain such a different behavior it is neces-
sary to take into account the further cross-energy-transfer
processes that may occur under the 3.26 eV excitation. They
are depicted in Fig. 3(b) as processes (3)—(6). In particular
through processes (3) and (4) one Er** ion directly excited to
the Gy, level, by absorbing one photon, decays to *F,
and to *S5,, respectively; at the same time another ion in the
ground state is resonantly promoted to 4 132- In both cases
the highly excited Er’** ion may then follow the same de-
excitation path already described in Fig. 3(a). Therefore,
three or four Er’* jons may be excited at the *1,5, level for
each absorbed photon. Moreover, process (5) brings two Er**
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ions in the *Iy, level. This may determine four, three, or two
excitations, depending on whether it is followed or not by
process (2). Up to three excitations may be obtained through
process (6) followed by process (2).

The nonradiative decay times of the levels 2G11 25 2H9,2,
and “Fs,, are very fast, included between 0.2 and 0.4 us,
comparable to that of *Iy,,. Therefore, in principle each of the
four cross-energy-transfer processes (3)—(6) should become
probable only for Er amounts well above 4.9 X 10! at/cm?
(x=0.65), as previously observed for process (2) involving
*I,/,. Since under the 3.26 eV excitation the number of pos-
sible decay paths for each excited Er** ion is increased, the
probability that at least one among them occurs also for
lower Er amounts increases. This explains why an efficient
quantum cutting occurs already at lower Er concentrations
with respect to the case of the 2.54 eV excitation.

In conclusions, we have demonstrated that a proper tuning
of the Er content in Er,Y,_,Si,O; thin films enables cross-
energy-transfer processes, typically deleterious for amplify-
ing active materials, which become fundamental for the oc-
currence of quantum cutting of green and ultraviolet photons
with an efficiency up to 400%. While it should be clear that
not all photons but only those in resonance with the RE ion
absorption spectrum can indeed be cut, the many multiplets
present into the RE energy levels (Fig. 3) ensure that a non-
negligible fraction of high-energy photons can indeed inter-
act with the RE materials. In principle, these materials can
hence have an impact in solar cells where photons of several
energies can be properly cut in many low-energy parts in-
creasing the number of generated electron-hole pairs.
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