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Luminescence quantum efficiency and local optical density of states
in thin film ruby made by ion implantation

T. M. Hensen, M. J. A. de Dood,a) and A. Polman
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands

~Received 19 June 2000; accepted for publication 4 August 2000!

Single crystal~0001! oriented, sapphire samples were implanted with 150 keV Cr ions at fluences
between 6.031014 and 4.031015Cr/cm2. The peak concentrations ranged from 0.04 to 0.28 at %.
Characteristic photoluminescence of theR lines at 694.3 and 692.9 nm was observed. Annealing at
1450 °C for 2 h increased the luminescence intensity by a factor of 45, due to the increasing fraction
of substitutional Cr ions as confirmed by Rutherford backscattering spectrometry. The Cr
luminescence decay rate in an annealed sample implanted with 3.031015at/cm2 at 300 K is 299 s21.
Decay rates were also measured for samples covered with a range of transparent liquids~refractive
index n51.33– 1.57), showing a clear increase with increasing refractive index of the liquid. This
effect is explained by the increase of the local optical density of states in the Cr-implanted region.
By comparing the measured data with the calculated optical density of states the radiative decay rate
is found to be 164610 s21 and the internal quantum efficiency;50%. The quantum efficiency
decreases slightly for increasing Cr concentration. ©2000 American Institute of Physics.
@S0021-8979~00!06021-7#
fl
he
el
be
i

-

at
r
c

he
a
e

ow
g
or
g

hi
eo
br
d

ve
io

oc
. I

s of
ood
s
by
s a

d fre-
al

to

f Cr

y lu-
se to
s,
ss
nt

lu-
us
t
r-

e

ized
S in

-
,

I. INTRODUCTION

The spontaneous emission rate of an atom can be in
enced by placing it close to a dielectric interface, within t
scale of the emission wavelength, as first noted by Purc1

Several experiments that demonstrate this concept have
performed and involve rare-earth ions or dyes in solution
contact with a dielectric or a mirror,2–5 erbium ions im-
planted near a glass surface,6 and electron-hole pairs recom
bining in a slab bound by two dielectrics.7

A theoretical description of the change in emission r
requires the quantization of the electromagnetic field and
sults in an expression of the decay rate in terms of a lo
density of states~DOS! of the ~classical! Helmholtz
equations.8,9 In spatially inhomogeneous geometries t
DOS changes from its free (e51) value. For the case of
dielectric interface it can be calculated using Fermi’s gold
rule.6,10–13

While the simple case of a dielectric interface has n
been well studied and understood, it appears challengin
study the modification of spontaneous emission in m
complicated cases, involving, e.g., absorbing layers, stron
scattering systems, or photonic crystals. In order to do t
well-defined probes to measure the change in spontan
emission rate are required. In this article we study the fa
cation of thin film ruby (Al2O3:Cr31) layers that can be use
as probes in such experiments.

The optical properties of transition metal ion solids ha
been studied for many years. Because the optical transit
of these ions occur in the outer lying 3d electronic levels of
the ion, a strong coupling between these levels and the l
crystal field of the surrounding atoms in the solid exists
Cr31 ions are incorporated intoa-Al2O3 as substitutional at-

a!Corresponding author; electronic mail: dood@amolf.nl
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oms on the Al sublattice~known as ruby!, characteristicR
line luminescence is observed at well defined wavelength
692.9 and 694.3 nm. The energy levels are well underst
in terms of ligand-field theory14–16and the luminescence wa
studied intensively since the introduction of the ru
laser.17,18Apart from its use as a laser, ruby can be used a
high-pressure or stress sensor. Here the pressure-induce
quency shift of theR lines, caused by a change in the loc
crystal field, is used for pressure or stress determination.19–22

Ion implantation is a relatively simple technique used
introduce Cr ions into the near-surface region of Al2O3. In
the past much work has been done on the implantation o
ions to study surface hardening of Al2O3.

23–25 However
these ion-implanted samples were never characterized b
minescence measurements. Luminescence of Cr ions clo
a dielectric interface was studied in thin film ruby layer
formed by epitaxial growth, that were used as stre
sensors.26,27In this case no attention was paid to luminesce
lifetimes.

In this article we study Al2O3 implanted with Cr31 ions
in the near-surface region, resulting in characteristic photo
minescence around 694 nm.16 Subsequently the spontaneo
emission is influenced by bringing liquid films with differen
refractive indices into contact with the surface of the C
doped Al2O3. The aim of this article is to determine th
radiative lifetime and quantum efficiency of theR line lumi-
nescence for ion-implanted samples. Once character
these samples can be used as probes of the local DO
more complicated photonic systems.

II. EXPERIMENT

One mm thick~0001! orienteda-Al2O3 single crystals
with low Cr content~,1 ppb! were implanted at room tem
perature with 150 keV Cr1 ions to fluences of 0.6, 1.6, 2.5
2 © 2000 American Institute of Physics
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3.0, and 4.031015at/cm2. The samples were rotated 7° wit
respect to the incoming Cr ion beam to avoid channeling
the @0001# crystal direction. The current on the sample du
ing implantation was kept below 0.1mA/cm2. After implan-
tation, the samples were annealed for 2 h at1450 °C in air.
One set of samples, implanted with 3.031015Cr/cm2, was
first annealed at 1200 °C for 1 h, and then at 1450 °C for 1

Rutherford backscattering spectrometry~RBS! in combi-
nation with ion channeling was used to study the crys
structure before and after annealing, as well as the Cr d
distributions. A 2.0 MeV4He1 beam was used at a scatterin
angle of 165°. Photoluminescence~PL! measurements wer
performed at room temperature using the 457.9 nm line o
Ar-ion laser as a pump source. Typical pump powers of
mW in a 0.3 mm diam spot were used. The luminesce
signal was detected using a 96 cm monochromator an
thermoelectrically cooled GaAs photomultiplier tube. T
spectral resolution was 3.3 cm21. The pump beam was
chopped at 13 Hz using an acousto-optic modulator and
signal was collected using standard lock-in techniques.
minescence decay traces were recorded, at a spectral re
tion of 8.3 cm21, using the GaAs photomultiplier tube i
combination with a multichannel photon counting syste
The overall time resolution was 400 ns.

Various liquids with different refractive indices wer
brought in contact with the implanted front side of th
samples by inserting a droplet of the liquid between
sample and a fused silica slide, placed at a distance of;1
mm from the sample. The Cr ions were pumped through
back side of the Al2O3 sample and the PL signal was co
lected from the back as well. The transparent liquids used
water (n51.33), a mixture of ethylene glycol and water (n
51.45), microscope immersion oil (n51.51), and
2-methoxy-4-propenylphenol (n51.57).

III. RESULTS AND DISCUSSION

Figure 1 shows RBS channeling measurements along
@0001# direction of Al2O3 samples implanted with 3.0
31015Cr/cm2 before and after annealing. The dashed l
shows a channeling spectrum of the as-implanted sampl
random spectrum~closed circles! is shown for reference. The
dotted line shows the channeling spectrum after annealin
1200 °C for 1 h. Annealing at 1450 °C for 1 h resulted in
spectrum~solid line! similar to that of a virgin sample~not
shown!. To show the implanted Cr distribution, the yield
the random and channeling spectra for the sample anne
at 1450 °C was multiplied by a factor of 50 for energi
above 1.22 MeV.

Comparing the channeling spectrum of the as-implan
sample with the random spectrum shows that the impla
tion has caused a disordered region, but has not comple
amorphized the Al2O3. The depth of maximum damage i
the Al sublattice is around 100 nm, while the near-surfa
region is relatively damage free. Although clear channel
is observed in the Al sublattice, no channeling is observe
the O sublattice. This implies that the O sublattice, contr
to the Al sublattice, has been amorphized by the ion impl
tation. This difference between the Al and O sublattices w
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observed before in the annealing behavior of ion implan
Al2O3.

23–25Figure 1 shows that annealing at 1200 °C for 1
partly removes the damage made by the implantation~in
both the Al and O sublattices!. The damage is completel
removed after subsequent annealing at 1450 °C for 1 h.

The random spectrum in Fig. 1 shows a Gaussian-sha
implanted Cr distribution, peaking at a depth of 70 nm a
with a full width at half-maximum~FWHM! of 115 nm.
Using this distribution and a density of 1.1731023at./cm3 for
Al2O3 the implanted doses of 0.6, 1.6, 2.5, 3.0, and
31015Cr/cm2 correspond to peak concentrations of 0.0
0.11, 0.18, 0.21, and 0.28 at. % respectively. Note that di
sion of Cr in Al2O3 can be neglected for temperatures up
1600 °C.23,24 The small peak to the right of the surface e
ergy of Cr is possibly due to a small amount of Fe~surface
energy 1.51 MeV! either at the surface or co-implanted wi
the Cr. A comparison between the random and channe
RBS spectra for the Cr section in Fig. 1 shows that af
annealing at 1450 °C the minimum yield of the Cr ions
most vanishes, indicating that the Cr ions are substitutio
The peak observed in the channeling spectrum around
MeV is most likely due to Cr ions that are not substitution
after annealing due to end-of-range damage caused by th
implantation. Our results indicate that at least 95% of the
ions are substitutional, in agreement with existi
literature.23,24 To summarize the RBS results, the first tw
columns of Table I list the minimum yield of the Al subla
tice and the integrated minimum yield of the Cr distributio
for the as-implanted sample and the samples anneale
1200 and 1450 °C.

Figure 2 shows PL spectra measured at room temp
ture of Al2O3 samples implanted with 3.031015Cr/cm2, af-
ter implantation and after annealing at 1200 and 1450 °C.
spectra show two distinct peaks at energies of 14 403
14 432 cm21 ~corresponding to wavelengths of 694.3 a
692.9 nm, respectively!, often identified as theR1 and R2

FIG. 1. RBS spectra of Cr-implanted (3.031015 Cr/cm2) Al2O3. Channeling
spectra are shown for the as-implanted sample and for samples annea
1200 and 1450 °C. A random spectrum after 1450 °C annealing is
shown. The Cr section in the spectrum is enlarged by a factor of 50 an
only shown for the random and channeled spectrum of the sample ann
at 1450 °C.
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lines, respectively. The lines can be very well fitted with
sum of two Lorentzian line shapes.28 For the sample that wa
annealed at 1200 °C, the FWHM of the 14 403 cm21 peak
~R1 line! is 15.2 cm21 and the FWHM of the 14 432 cm21

peak (R2 line! is 11.4 cm21. After annealing at 1450 °C, th
FWHM reduces to 12.7 and 9.72 cm21 ~corresponding to
0.61 and 0.47 nm!.

The R1 andR2 lines at 694.3 and 692.9 nm are chara
teristic for Cr31 ions that are substitutional on the A
sublattice.16 The 457.9 nm line of the pump source is a
sorbed in the4T1 and4T2 broad bands.29 Subsequently, rapid
nonradiative relaxation to the first excited (2E) state occurs,
followed by radiative transition to the ground sta
(4A2).17,18,29The broadening of theR lines is caused by Cr
lattice interaction. The FWHM measured in Fig. 2 is som
what larger than that measured for bulk Al2O3:Cr. A pos-
sible explanation for this could be that the Al2O3 lattice
contains residual damage or stress from the ion implanta
that was not annealed completely24 ~but is invisible in RBS!.

From Fig. 2 it is clear that the PL intensity increas
with increasing anneal temperature. Although hard to id
tify in Fig. 2, the as-implanted sample shows two clearR
lines superimposed on a broad background. This is consis

TABLE I. Minimum yield from RBS channeling measurements for the
sublattice (xAl) and the minimum yield integrated over the Cr depth dis
bution (xCr), measured after different anneal treatments. The normalized
intensities and lifetimes measured at 694.3 nm (R1 line! are also shown.

xAl

~%!
xCr

~%! I PL(R1)
WPL

~s21!

As implanted 53 50 0.02 495
1200 °C 13 70 0.26 361
1450 °C 4 3 1.00 303

FIG. 2. Room temperature PL spectra of Al2O3 implanted with 3.0
31015 Cr/cm2 for various anneal treatments. Data are shown for the
implanted sample, after annealing for 1 h at1200 °C and after an additiona
anneal for 1 h at 1450 °C. ClearR line luminescence is observed peaking
14 403~694.3 nm! and 14 432 cm21 ~692.9 nm!. The spectral resolution is
indicated by the arrows. The pump wavelength is 457.9 nm and the p
power is 15 mW in a 0.3 mm diam spot.
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with channeling measurements24 that show evidence of a
small substitutional Cr fraction after implantation. Annealin
at 1200 °C enhances the intensity by a factor of 12; sub
quent annealing at 1450 °C yields a factor of 45 higher
tensity than that of the as-implanted sample. An increas
intensity may be explained by an increase in concentratio
substitutional Cr as well as by an increase in luminesce
quantum efficiency. Luminescence lifetime measureme
were performed at 694.3 nm to study the latter. The m
sured decay rates are 495, 361, and 303 s21 for the as-
implanted and 1200 and 1450 °C annealed samples, res
tively. The decay rates are listed in Table I together with
peak luminescence intensity of theR1 line at 14 402 cm21.
The measured decrease in decay rate of only a factor of
upon annealing implies that the 45-fold increase in PL int
sity is mainly due to an increase in the concentration of s
stitutional Cr after annealing.

Due to additional nonradiative processes the measu
decay rate will be higher than the radiative decay rate. I
known that ion implantation introduces defects and latt
strain in the crystal24 which may not be completely remove
by thermal annealing, leading to line broadening like in F
2 and nonradiative decay channels. The total decay ratW
can be written as the sum of radiative (Wrad) and nonradia-
tive decay (Wnonrad):

W5Wrad1Wnonrad. ~1!

In order to study the luminescence quantum efficiency
the R line luminescence, PL decay measurements were d
for samples brought into contact with liquids with differe
refractive indices. Figure 3 shows decay traces measured
wavelength of 694.3 nm (R1 line! for an Al2O3 sample im-
planted with 3.031015Cr/cm2 annealed at 1450 °C for 2 h
for the sample in air (n51.00) and the sample in contac
with 2-methoxy-4 propenylphenol (n51.57). The experi-

L

-

p

FIG. 3. Decay traces (l5694.3 nm) for an Al2O3 sample implanted with
3.031015 Cr/cm2 ~annealed 2 h at 1450 °C! measured in air and when in
contact with 2-methoxy-4-propenylphenol (n51.57). The PL was collected
from the back of the sample as shown in the inset. The curve measured
(n51.00) shows a decay rate of 299 s21. An increase in the decay rate t
314 s21 is observed if the sample is covered with the liquid. The 457.9
pump light is switched of att50.
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mental configuration is shown in the inset of Fig. 3. A cle
increase in the decay rate from 299 to 314 s21 is observed
upon adding the liquid.

We have performed similar measurements of the de
rate of theR2 line at a wavelength of 692.9 nm and found n
difference in decay rate between theR1 and R2 lines. This
agrees with the notion that at room temperature theR lines
are expected to be in thermal equilibrium due to the sm
energy difference of 29 cm21. We have also performed tem
perature dependent measurements of the PL intensity an
decay rate~not shown!, which indicated that theR lines are
in full thermal equilibrium for temperatures above 150 K
observed earlier.29

Figure 4 shows measured decay rates for samples in
and brought into contact with liquids with refractive indic
of 1.33, 1.45, 1.51, and 1.57, respectively. Decay rates w
measured for samples implanted with 0.6, 1.6, 2.5, 3.0,
4.031015Cr/cm2 that were annealed at 1450 °C for 2 h. A
can be seen the decay rate increases with refractive inde
the liquid and, for a given index, the decay rate increases
increasing Cr concentration.

The increase with index can be explained by calculat
the local optical density of states for the Cr ions close to
interface, where the presence of the liquid modifies the o
cal surrounding of the atom. Local field effects can play
role on length scales between wavelength and atomic sc
In our calculation we have assumed that the presence o
liquid at the interface does not affect the local field arou
the Cr ion.30,31 Since the outer 3d shell of the Cr ion is
involved in the optical transition, the transition frequency
determined by the field at the position of the atom and
extremely sensitive to the local field. In the experiment
did not observe spectral shifts or changes in the line sh
suggesting that the local field is not influenced by the liqui

Using the dipole approximation, the spontaneous em
sion rate can be obtained from Fermi’s golden rule.6,12

FIG. 4. MeasuredR line decay rate as a function of the refractive index
the covering liquid. Data are shown for samples with Cr peak concentrat
of 0.04, 0.11, 0.18, 0.21, and 0.28 at. % annealed at 1450 °C for 2 h.
dotted line shows the calculated decay rate as a function of the refra
index of the liquid based on the calculated optical DOS, assuming pu
radiative decay of 310 s21 for bulk sapphire. The solid line is a fit to all dat
points assuming a constant radiative decay rate for all samples indepe
of concentration but a different nonradiative decay rate for each sampl
r
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whereD is the dipole matrix element of the2E→4A2 elec-
tronic transition at a frequencyv. r is the polarization- and
angle-averaged local DOS6,13 at a distancez from the inter-
face, ande(z) is the position-dependent dielectric consta
The matrix elementD depends on the local environment
the emitting Cr ions and is not influenced by the optic
properties of the interface or the presence of a liquid. The
fore the only parameter varied in our experiments is the lo
DOS r(v,z) at a fixed frequency determined by theR line.

The radiative decay rateWrad can be expressed mor
conveniently in terms of an optical DOSf 1.76, which differs
by a factor ofe from the local DOS32 introduced earlier. This
optical DOS is normalized to the DOS for bulk Al2O3 with a
refractive index of 1.76. The total decay rateW(n,z) for a Cr
ion at positionz, with the sample covered by a liquid wit
index n, can now be written as

W~n,z!5 f 1.76~n,z!Wrad
1.761Wnonrad, ~3!

whereWrad
1.76 is the radiative decay rate in bulk Al2O3. The

nonradiative decay rate is assumed to be independentz
andn.

Figure 5 shows a calculation of the optical DOSf 1.76 as
a function of the distancez from the dielectric interface. The
solid line shows the result of a calculation for a system w
an infinite half space of Al2O3(n51.76) and an infinite half
space of air (n51.00). We have neglected the effect of th
Cr ions on the refractive index in our calculations, becau
for the highest Cr concentration of 0.3 at % the change
refractive due to the Cr is less than 0.01. The interface
positioned atz50. The dashed line shows the calculation f
Al2O3 in contact with a medium with a refractive index o
1.57. In both cases, the optical DOS is discontinuous at

ns
he
ve
ly

ent

FIG. 5. Polarization- and angle-averaged optical DOSf 1.76 as a function of
position calculated for an Al2O3 sample in contact with air (n51.00, solid
line!, and with a liquid with refractive index of 1.57~dashed line!. The
optical DOS is normalized to the optical DOS in bulk sapphire (n51.76).
The position of the peak of the ion-implanted Cr distribution is indicated
the arrow.
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interface due to a discontinuity of the polarization comp
nent parallel to the interface. The oscillations on both si
of the interface are caused by interference between incom
and reflecting waves and have a periodicity of;l/2n. The
position of the peak of the Cr distribution is indicated by t
arrow. Figure 5 shows that the radiative decay rate is s
pressed towards the interface compared to the bulk value
the position of the Cr ions the rate increases for increas
refractive index of the liquid. This observation is support
by the data in Figs. 3 and 4.

To calculate the effect of the change in local DOS on
Cr decay rate, we integrated the optical DOS overz using the
measured Cr distribution from Fig. 1 for refractive indices
the range of 1.00–1.76. The result of this calculation
shown by the dotted line in Fig. 4, assuming only radiat
decay (Wnonrad50) and a radiative decay rate for bulk Al2O3

of 310 s21. Note that the radiative decay rate is just a scal
factor in the calculation; in this example the value of 310 s21

is arbitrarily chosen such that the calculated relative va
tion with refractive index can be compared to the data.

By comparing the dashed line in Fig. 4 with the me
sured data, which show a much weaker increase withn, it is
clear that the data cannot be described by assuming radi
decay only. The data can be fitted if a nonradiative de
component that is independent ofn is introduced as given by
Eq. ~3!. The solid lines show a single fit to all data in Fig.
assuming the same bulk radiative rate for all concentratio
but a different nonradiative rate for each sample. This res
in Wrad

1.765164610 s21 for the radiative decay rate in bul
sapphire. The radiative rate at the position of the implan
Cr ions is 143610 s21 and is lower than the bulk value du
to the reduced local DOS near the interface. The nonradia
rates are 137610, 146610, 156610, 155610, and 168
610 s21 for the samples implanted with 0.6, 1.6, 2.5, 3
and 4.031015Cr/cm2, respectively, corresponding to intern
quantum efficiencies ranging from 46% to 51% for bu
sapphire.

Figure 6 shows the PL decay rate~measured in air! as a
function of Cr peak concentration after annealing at 1450

FIG. 6. PL decay rate as a function of Cr peak concentration after anne
at 1450 °C for 2 h. The solid line is a linear fit through the data. T
extrapolated PL decay rate for zero Cr concentration is 276 s21.
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for 2 h. The decay rate increases linearly with Cr concen
tion which can be explained by assuming an energy mig
tion process between Cr ions that leads to nonradiative de
~‘‘concentration quenching’’!.33,34 Extrapolating the PL de-
cay rate to zero Cr concentration, where no energy migra
takes place, leads to a decay rate of 276610 s21. This value
is higher than the radiative decay rate of Cr ions near
interface as found above (143610 s21!. Note that reabsorp-
tion of the R line luminescence, which could lengthen th
observed decay, can be neglected for our samples du
their thin film geometry in combination with a small absor
tion coefficient~;10 cm21!, as was observed earlier for C
doped Al2O3 samples of different thickness.35 We also note
that the PL spectra were identical for all Cr concentratio
suggesting that an increased Cr concentration does
change the local field, nor does it lead to significant Cr–
pair formation.

A possible explanation for this difference is the ex
tence of a nonradiative decay channel that is associated
defects remaining from the ion implantation, independen
Cr concentration. Alternatively, it could be that for conce
trations lower than those studied in Fig. 6 the decay rate d
not depend linearly on Cr concentration and would in fa
extrapolate to the measured value ofWrad. Such an effect
was found earlier in Er implanted alkali-borosilica
glasses,33 in which ion beam induced defects introduced a
ditional nonradiative decay paths of which the density d
pends on the implanted fluence.

Our experimentally determined radiative decay rate
164610 s21 is lower than the value of 250 s21, correspond-
ing to a lifetime of 4 ms, reported in literature.29,35 This
could be due to a difference in the local environment of
Cr in our ion-implanted samples compared to bulk sapph
doped with Cr ions using different methods. This observat
is supported by the line broadening observed in Fig. 2, wh
might be due to residual stress or defects that are not c
pletely annealed out after implantation.

IV. CONCLUSION

Ion implantation followed by thermal annealing can
used to dope a well-defined near-surface region of sapp
with optically active Cr31 ions. Thermal annealing a
1450 °C is required to remove all implantation damage a
leads to the incorporation of at least 95% of the Cr ions o
substitutional position, presumably in the Al sublattice.

Photoluminescence decay rates at a wavelength of
nm were measured in air and as a function of refractive in
for a range of transparent liquids (n51.33– 1.57) covering
the sample. The decay rate was found to increase with
refractive index of the liquid. From a comparison of the me
sured decay rates with calculations of the local optical d
sity of states, the radiative decay rate was determined to
164610 s21 independent of Cr concentration. A
concentration-dependent nonradiative decay rate was fo
that ranged from 137610 s21 for 0.04 at. % Cr to 168
610 s21 for 0.28 at. % Cr. These well-characterized samp
can now be used to probe the optical DOS in more com

ng
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cated photonic systems such as strongly absorbing me
scattering media, or photonic crystals.
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