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Luminescence quantum efficiency and local optical density of states
in thin film ruby made by ion implantation
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Single crystal(0002)) oriented, sapphire samples were implanted with 150 keV Cr ions at fluences
between 6.6 10'* and 4.0< 10'°Cr/cn?. The peak concentrations ranged from 0.04 to 0.28 at %.
Characteristic photoluminescence of fRéines at 694.3 and 692.9 nm was observed. Annealing at
1450 °C fa 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 witH8'®at/cn? at 300 K is 299 st.

Decay rates were also measured for samples covered with a range of transparen(ridudsve
indexn=1.33-1.57), 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 164 10s ! and the internal quantum efficieney50%. The quantum efficiency
decreases slightly for increasing Cr concentration. 2@0 American Institute of Physics.
[S0021-897€00)06021-1

I. INTRODUCTION oms on the Al sublatticéknown as ruby, characteristidR
o . line luminescence is observed at well defined wavelengths of
The spontgnepus emission .rate of an atom can b? influsg2 9 and 694.3 nm. The energy levels are well understood
enced by placing it close to a dielectric interface, within the, tarms of ligand-field theoR~*6and the luminescence was
scale of the emission wavelength, as first noted by Pulrce"'studied intensively since the introduction of the ruby
Several experiments that demonstrate this concept have be%&er.”*“Apart from its use as a laser, ruby can be used as a

performed and involve rare-earth lons or dyes in solution inyigh_nressure or stress sensor. Here the pressure-induced fre-
contact with a dielectric or a mirrdr;> erbium ions  im- quency shift of theR lines, caused by a change in the local
planted near a glass surfetand electron-hole pairs recom- ¢y 4| field, is used for pressure or stress determind¥idh.
bining in a slab bound by two dielectrics. . lon implantation is a relatively simple technique used to

A theoretical description of the change in emission rateqiroduce Cr ions into the near-surface region o§@\. In
requires the quantization of the electromagnetic field and reg, past much work has been done on the implantation of Cr
sults in an expression of the decay rate in terms of a locgl)ns 1o study surface hardening of ,8k.23-25 However
density of states(DOS) of the (classical Helmholtz  {hege jon-implanted samples were never characterized by Iu-

-89 : ; i . - -
equations:” In spatially inhomogeneous geometries the inascence measurements. Luminescence of Cr ions close to

DOS changes from its freeet-1) value. For the case of @ 5 giglectric interface was studied in thin film ruby layers,

dielectric interface it can be calculated using Fermi's golden, meq by epitaxial growth, that were used as stress
6,10-13 _ o U . _

rule.” ™ _ _ . sensor€®?’In this case no attention was paid to luminescent
While the simple case of a dielectric interface has NOWifetimes.

been well studied and understood, it appears challenging to | this article we study AD; implanted with C?* ions

study the modification of spontaneous emission in MOr, (e near-surface region, resulting in characteristic photolu-
complicated cases, involving, e.g., absorbing layers, strongly,inescence around 694 rifhSubsequently the spontaneous
scattering systems, or photonic crystals. In order to do thisymssion is influenced by bringing liquid films with different

well-defined probes to measure the change in spontaneoyse active indices into contact with the surface of the Cr-
emission rate are required. In this article we study the fab”'doped ALOs. The aim of this article is to determine the

cation of thin film ruby (AbO5:Cr*) layers that can be used agiative lifetime and quantum efficiency of tReline lumi-

as probes in such experiments. nescence for ion-implanted samples. Once characterized

The optical properties of transition metal ion solids havey,oge samples can be used as probes of the local DOS in
been studied for many years. Because the optical transitiong e complicated photonic systems.

of these ions occur in the outer lyingl3lectronic levels of
the ion, a strong coupling between these levels and the local
crystal field of the surrounding atoms in the solid exists. Ifll. EXPERIMENT

L . : -

Cr*" ions are incorporated inta-Al ,O; as substitutional at- One mm thick(000) oriented a-Al,O, single crystals
with low Cr content(<1 ppb were implanted at room tem-

dCorresponding author; electronic mail: dood@amolf.nl perature with 150 keV Crions to fluences of 0.6, 1.6, 2.5,
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3.0, and 4.x 10'°at/cnf. The samples were rotated 7° with VT 1

respect to the incoming Cr ion beam to avoid channeling in | random
the [0001] crystal direction. The current on the sample dur- [ "\‘ i 1
ing implantation was kept below 0,4A/cm?. After implan- 15} ~~, 1

tation, the samples were annealed 2oh at1450 °C in air.

One set of samples, implanted with %.Q0'Cr/cn?, was 1

first annealed at 1200 °C for 1 h, and then at 1450°C for 1 h. ¢ ., b \, i l' ]
_Ruth_erfo_rd backscatt_ermg spectromet®BS) in combi- _’\, ,'(urwf.‘\" 4‘%;% e ° 1

nation with ion channeling was used to study the crystal I fy A

structure before and after annealing, as well as the Cr depth§ 11200 °C ‘\ . x50 ‘ .

distributions. A 2.0 MeV*He" beam was used at a scattering

angle of 165°. Photoluminescen@@lL) measurements were ;

performed at room temperature using the 457.9 nm line of an [ 1450 0 §

Ar-ion laser as a pump source. Typical pump powers of 15 O — e 15

mW in a 0.3 mm diam spot were used. The luminescence Energy (MeV)

signal was detected using a 96 cm monochromator and a

thermoelectrically cooled GaAs photomultiplier tube. TheF!G: 1. RBS spectra of Cr-implanted (00" Cr/en?) Al,Os. Channeling

| uti 33 ¢th Th b spectra are shown for the as-implanted sample and for samples annealed at
spectral resolution was 3.3 C € pump béam WasS 1509 and 1450°C. A random spectrum after 1450 °C annealing is also

chopped at 13 Hz using an acousto-optic modulator and théhown. The Cr section in the spectrum is enlarged by a factor of 50 and is
signal was collected using standard lock-in techniques. Luenly shown for the random and channeled spectrum of the sample annealed
minescence decay traces were recorded, at a spectral resofly 450 °C-
tion of 8.3 cm'%, using the GaAs photomultiplier tube in

combination with a multichannel photon counting system.
The overall time resolution was 400 ns. observed before in the annealing behavior of ion implanted
Various liquids with different refractive indices were Al,05.2~?Figure 1 shows that annealing at 1200 °C for 1 h
brought in contact with the implanted front side of the partly removes the damage made by the implantation
samples by inserting a droplet of the liquid between thepoth the Al and O sublatticesThe damage is completely
Sample and a fused silica Slide, placed at a distance bf removed after Subsequent annea“ng at 1450 °C for 1 h.
mm from the sample. The Cr ions were pumped through the  The random spectrum in Fig. 1 shows a Gaussian-shaped
back side of the AlO; sample and the PL signal was col- jmplanted Cr distribution, peaking at a depth of 70 nm and
lected from the back as well. The transparent liquids used argith a full width at half-maximum(FWHM) of 115 nm.
water (1=1.33), a mixture of ethylene glycol and water ( Using this distribution and a density of 1.x20?at./cn for
=1.45), microscope immersion oil nE1.51), and A0, the implanted doses of 0.6, 1.6, 2.5, 3.0, and 4.0

[ as—
- implanted

rmalized Yield

2-methoxy-4-propenylphenoh( 1.57). X 10'°Cr/cn? correspond to peak concentrations of 0.04,
0.11, 0.18, 0.21, and 0.28 at. % respectively. Note that diffu-
IIl. RESULTS AND DISCUSSION sion of Cr in ALO5 can be neglected for temperatures up to

1600 °C?324 The small peak to the right of the surface en-

Figure 1 shows RBS channeling measurements along thergy of Cr is possibly due to a small amount of arrface
[000]] direction of ALO; samples implanted with 3.0 energy 1.51 MeVeither at the surface or co-implanted with
x 10'5Cr/cn? before and after annealing. The dashed linethe Cr. A comparison between the random and channeling
shows a channeling spectrum of the as-implanted sample. RBS spectra for the Cr section in Fig. 1 shows that after
random spectrurtclosed circlesis shown for reference. The annealing at 1450 °C the minimum yield of the Cr ions al-
dotted line shows the channeling spectrum after annealing ahost vanishes, indicating that the Cr ions are substitutional.
1200°C for 1 h. Annealing at 1450 °C for 1 h resulted in aThe peak observed in the channeling spectrum around 1.33
spectrum(solid line) similar to that of a virgin samplénot  MeV is most likely due to Cr ions that are not substitutional
showr). To show the implanted Cr distribution, the yield of after annealing due to end-of-range damage caused by the Cr
the random and channeling spectra for the sample annealé@wplantation. Our results indicate that at least 95% of the Cr
at 1450°C was multiplied by a factor of 50 for energiesions are substitutional, in agreement with existing
above 1.22 MeV. literature®>?* To summarize the RBS results, the first two

Comparing the channeling spectrum of the as-implante@olumns of Table I list the minimum yield of the Al sublat-
sample with the random spectrum shows that the implantatice and the integrated minimum yield of the Cr distribution
tion has caused a disordered region, but has not completefgr the as-implanted sample and the samples annealed at
amorphized the AD;. The depth of maximum damage in 1200 and 1450 °C.
the Al sublattice is around 100 nm, while the near-surface  Figure 2 shows PL spectra measured at room tempera-
region is relatively damage free. Although clear channelingure of ALO; samples implanted with 3:010'°Cr/cn?, af-
is observed in the Al sublattice, no channeling is observed irter implantation and after annealing at 1200 and 1450 °C. All
the O sublattice. This implies that the O sublattice, contraryspectra show two distinct peaks at energies of 14403 and
to the Al sublattice, has been amorphized by the ion implani4 432 cm® (corresponding to wavelengths of 694.3 and
tation. This difference between the Al and O sublattices wa$92.9 nm, respectively often identified as th&k; and R,
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TABLE I. Minimum yield from RBS channeling measurements for the Al L B A B I L |
sublattice §') and the minimum yield integrated over the Cr depth distri- H Pump Cover |
bution (x*"), measured after different anneal treatments. The normalized PL Pulse n Iln EL;quid
intensities and lifetimes measured at 694.3 i [ine) are also shown. 2 10°: ‘/ E
2 n = 1.00 :
XAI XCr WPL _§ u (299 5—1) PL =
%) ) 1ou(Ry) s = Has |
1 Cr
As implanted 53 50 0.02 495 o
1200°C 13 70 0.26 361 2 oL = 157
1450 °C 4 3 1.00 303 = i (314 57
I3 [
2
lines, respectively. The lines can be very well fitted with a
sum of two Lorentzian line shap&$For the sample that was 102

0 5 10 15
Time (ms)

annealed at 1200 °C, the FWHM of the 14 403 ¢npeak
(R, line) is 15.2 cm* and the FWHM of the 14 432 cnt
peak R, line) is 11.4 cm™. After annealing at 1450 °C, the FIG. 3. Decay traces=694.3 nm) for an AJO; sample implanted with

FWHM reduces to 12.7 and 9.72 cfn (corresponding to 3.0x 10'°Cr/cn? (anneald 2 h at 1450 °C measured in air and when in
' ' contact with 2-methoxy-4-propenylphenal=€ 1.57). The PL was collected
0.61 and 0.47 nm

) from the back of the sample as shown in the inset. The curve measured in air
TheR; andR; lines at 694.3 and 692.9 nm are charac-(n=1.00) shows a decay rate of 299'sAn increase in the decay rate to

teristic for CP* ions that are substitutional on the Al 314 s'is observed if the sample is covered with the liquid. The 457.9 nm
sublattice'® The 457.9 nm line of the pump source is ab- PUMP lightis switched of at=0.

sorbed in théT; and*T, broad band$? Subsequently, rapid

nonradiative relaxation to the first excitetE() state occurs,

followed by radiative transition to the ground state yjth channeling measuremefitsihat show evidence of a
("Az).”"""*The broadening of th& lines is caused by Cr-  gma| substitutional Cr fraction after implantation. Annealing
lattice interaction. The FWHM measured in Fig. 2 is some-5t 1200 °C enhances the intensity by a factor of 12; subse-
what larger than that measured for bulk,®:Cr. A pos-  quent annealing at 1450 °C yields a factor of 45 higher in-
sible explanation for this could be that the 8% lattice  tensity than that of the as-implanted sample. An increase in
contains residual damage or stress from the ion implantatiohtensity may be explained by an increase in concentration of
that was not annealed completétybut is invisible in RBS. gypstitutional Cr as well as by an increase in luminescence
_ From Fig. 2 it is clear that the PL intensity increasesgyantum efficiency. Luminescence lifetime measurements
with increasing anneal temperature. Although hard to idenyere performed at 694.3 nm to study the latter. The mea-
tify in Fig. 2, the as-implanted sample shows two cléar syred decay rates are 495, 361, and 303 fer the as-
lines superimposed on a broad background. This is consistefihplanted and 1200 and 1450 °C annealed samples, respec-

tively. The decay rates are listed in Table | together with the
peak luminescence intensity of thy line at 14 402 crm.

Wavelength (nm) The measured decrease in decay rate of only a factor of 1.6

695 694 693 692

1.2 ] upon annealing implies that the 45-fold increase in PL inten-

I ] sity is mainly due to an increase in the concentration of sub-
B 1450 °C

-
o
T

] stitutional Cr after annealing.

] Due to additional nonradiative processes the measured
decay rate will be higher than the radiative decay rate. It is
1 known that ion implantation introduces defects and lattice
strain in the cryst&f which may not be completely removed
by thermal annealing, leading to line broadening like in Fig.
2 and nonradiative decay channels. The total decay\Wate

] can be written as the sum of radiativé/(y and nonradia-

tive decay Wnonra() :

o
o
T

Ry

PL Intensity (a.u.)
o o
E [«2]
1 |

1200 °C

/

I
N
T

- -\ N _
- . i/m:::nted\ ~— TN ] W=Wagt Whonrad- (1)
0.0 A e R T Tt ) -
14.38 14.40 14.42 14.44 14.46 In order to study the luminescence quantum efficiency of

3 -1
Photon Energy (10% em™) the R line luminescence, PL decay measurements were done

FIG. 2. Room temperature PL spectra of @ implanted with 3.0  fOf Sar_npl?s prOUgh.t into contact with liquids with different
X 1015 Cr/cn? for various anneal treatments. Data are shown for the asf€efractive indices. Figure 3 shows decay traces measured at a
implanted sample, after annealing foh at1200 °C and after an additional wavelength of 694.3 nmR; line) for an AlL,O; sample im-

anneal for 1 h at 1450 °C. Cle&line luminescence is observed peaking at ; 5 o
14 403(694.3 nm and 14 432 cm! (692.9 nn). The spectral resolution is planted with 3.0¢10" Crlcmz annealed at 1450°C for 2 h

indicated by the arrows. The pump wavelength is 457.9 nm and the pumf)o_r the sample in airf=1.00) and the sample in ContQCt
power is 15 mW in a 0.3 mm diam spot. with 2-methoxy-4 propenylphenolnE1.57). The experi-
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FIG. 4. MeasureR line decay rate as a function of the refractive index of —4 -2 . 0 2 4
the covering liquid. Data are shown for samples with Cr peak concentrations Position z ()‘/27‘)

of 0.04, 0.11, 0.18, 0.21, and 0.28 at. % annealed at 1450 °C for 2 h. The

dotted line shows the calculated decay rate as a function of the refractivg!G. 5. Polarization- and angle-averaged optical DIQ% as a function of

index of the liquid based on the calculated optical DOS, assuming purelyosition calculated for an AD; sample in contact with airn(=1.00, solid

radiative decay of 3107 for bulk sapphire. The solid line is a fit to all data line), and with a liquid with refractive index of 1.5%ashed ling The

points assuming a constant radiative decay rate for all samples independegtical DOS is normalized to the optical DOS in bulk sapphine=(.76).

of concentration but a different nonradiative decay rate for each sample. Thhe position of the peak of the ion-implanted Cr distribution is indicated by
the arrow.

mental configuration is shown in the inset of Fig. 3. A clear
increase in the decay rate from 299 to 314 & observed o
upon adding the liquid. W, 2)=——|D|?p(w,2), 2
We have performed similar measurements of the decay he(z)
rate of theR, line at a wavelength of 692.9 nm and found no whereD is the dipole matrix element of théE—“A, elec-
difference in decay rate between tRg andR, lines. This  tronic transition at a frequenay. p is the polarization- and
agrees with the notion that at room temperatureRhmes  angle-averaged local DO$’ at a distance from the inter-
are expected to be in thermal equilibrium due to the smalface, ande(z) is the position-dependent dielectric constant.
energy difference of 29 cit. We have also performed tem- The matrix elemenD depends on the local environment of
perature dependent measurements of the PL intensity and Rhe emitting Cr ions and is not influenced by the optical
decay ratgnot shown, which indicated that th& lines are  properties of the interface or the presence of a liquid. There-
in full thermal equilibrium for temperatures above 150 K asfore the only parameter varied in our experiments is the local
observed earliet® DOS p(w,z) at a fixed frequency determined by tRdine.
Figure 4 shows measured decay rates for samples in air The radiative decay rat®V,,q4 can be expressed more
and brought into contact with liquids with refractive indices conveniently in terms of an optical DOS ;¢, which differs
of 1.33, 1.45, 1.51, and 1.57, respectively. Decay rates wery a factor ofe from the local DO’ introduced earlier. This
measured for samples implanted with 0.6, 1.6, 2.5, 3.0, andptical DOS is normalized to the DOS for bulk &l; with a
4.0x 10*°Cr/cn? that were annealed at 1450 °C for 2 h. As refractive index of 1.76. The total decay ra4n,z) for a Cr
can be seen the decay rate increases with refractive index @fn at positionz, with the sample covered by a liquid with
the liquid and, for a given index, the decay rate increases foindexn, can now be written as
increasing Cr concentration. . 1.76
The increase with index can be explained by calculating W(n,2)= 11,71, 2) Wraa™ Wronrag 3
the local optical density of states for the Cr ions close to tha/vhereere;fj6 is the radiative decay rate in bulk &;. The
interface, where the presence of the liquid modifies the optinonradiative decay rate is assumed to be independent of
cal surrounding of the atom. Local field effects can play aandn.
role on length scales between wavelength and atomic scales. Figure 5 shows a calculation of the optical DOS;s as
In our calculation we have assumed that the presence of theefunction of the distancefrom the dielectric interface. The
liquid at the interface does not affect the local field aroundsolid line shows the result of a calculation for a system with
the Cr ion3*3! Since the outer @ shell of the Cr ion is an infinite half space of ADy(n=1.76) and an infinite half
involved in the optical transition, the transition frequency isspace of air (= 1.00). We have neglected the effect of the
determined by the field at the position of the atom and iCr ions on the refractive index in our calculations, because
extremely sensitive to the local field. In the experiment wefor the highest Cr concentration of 0.3 at% the change in
did not observe spectral shifts or changes in the line shapeefractive due to the Cr is less than 0.01. The interface is
suggesting that the local field is not influenced by the liquidspositioned az=0. The dashed line shows the calculation for
Using the dipole approximation, the spontaneous emisAl,O5 in contact with a medium with a refractive index of
sion rate can be obtained from Fermi’s golden fif@. 1.57. In both cases, the optical DOS is discontinuous at the
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L for 2 h. The decay rate increases linearly with Cr concentra-
] tion which can be explained by assuming an energy migra-
tion process between Cr ions that leads to nonradiative decay

Aszo i ] (“concentration quenching)’*334 Extrapolating the PL de-

T cay rate to zero Cr concentration, where no energy migration
\: ] takes place, leads to a decay rate of 24® s . This value

E 300 . is higher than the radiative decay rate of Cr ions near the
- interface as found above (1430s1). Note that reabsorp-

§ tion of the R line luminescence, which could lengthen the
(]

observed decay, can be neglected for our samples due to

7] their thin film geometry in combination with a small absorp-

] tion coefficient(~10 cm 1), as was observed earlier for Cr-

o doped ApO; samples of different thickness.We also note

0.0 0.1 0.2 0.3 that the PL spectra were identical for all Cr concentrations,
Cr Peak Concentration (at.%) suggesting that an increased Cr concentration does not

FIG. 6. PL decay rate as a function of Cr peak concentration after annealin&hange the local field, nor does it lead to significant Cr—Cr

at 1450 °C for 2 h. The solid line is a linear fit through the data. The pair formation.

extrapolated PL decay rate for zero Cr concentration is 276 s A possible explanation for this difference is the exis-

tence of a nonradiative decay channel that is associated with

defects remaining from the ion implantation, independent of

interface due to a discontinuity of the polarization Compo_Cr poncentration. Alternatively, it, cogld be that for concen-
nent parallel to the interface. The oscillations on both sidedrations lower than those studied in Fig. 6 the decay rate does
of the interface are caused by interference between incominig®t depend linearly on Cr concentration and would in fact
and reflecting waves and have a periodicity-ok/2n. The €xtrapolate to the measured value\bf,q. Such an effect
position of the peak of the Cr distribution is indicated by the V@S fo;md earlier in Er implanted alkali-borosilicate
arrow. Figure 5 shows that the radiative decay rate is Supg!a_lsse§, in which ion beam induced defects introduced ad-
pressed towards the interface compared to the bulk value. Afitional nonradiative decay paths of which the density de-
the position of the Cr ions the rate increases for increasin§€nds on the implanted fluence. o
refractive index of the liquid. This observation is supported _ OUr %ﬁpe”mema”y determined radiative decay rate of
by the data in Figs. 3 and 4. ;64i 10s_ is lower than the value 0f_25§f§ corrggpor}d—

To calculate the effect of the change in local DOS on thdNd 0 @ lifetime of 4 ms, reported in I|terqtui"%. This
Cr decay rate, we integrated the optical DOS avesing the coqld be QUe_to a difference in the local environment of the
measured Cr distribution from Fig. 1 for refractive indices in T in our ion-implanted samples compared to bulk sapphire
the range of 1.00-1.76. The result of this calculation isdoPed with Crions using different methods. This observation
shown by the dotted line in Fig. 4, assuming only radiativels_supported by the Il_ne broadening observed in Fig. 2, which
decay Wiomai=0) and a radiative decay rate for bulk®k might be due to residual s_tress or (_1efects that are not com-
of 310 s *. Note that the radiative decay rate is just a scaling?'€tely annealed out after implantation.
factor in the calculation; in this example the value of 316 s
is arbitrarily chosen such that the calculated relative varia-
tion with refractive index can be compared to the data. IV. CONCLUSION

By comparing the dashed line in Fig. 4 with the mea-
sured data, which show a much weaker increase withis lon implantation followed by thermal annealing can be
clear that the data cannot be described by assuming radiativessed to dope a well-defined near-surface region of sapphire
decay only. The data can be fitted if a nonradiative decayith optically active C?' ions. Thermal annealing at
component that is independentrofs introduced as given by 1450 °C is required to remove all implantation damage and
Eq. (3). The solid lines show a single fit to all data in Fig. 4 leads to the incorporation of at least 95% of the Cr ions on a
assuming the same bulk radiative rate for all concentrationssubstitutional position, presumably in the Al sublattice.
but a different nonradiative rate for each sample. This results Photoluminescence decay rates at a wavelength of 694
in WL7f=164+10s"! for the radiative decay rate in bulk nm were measured in air and as a function of refractive index
sapphire. The radiative rate at the position of the implantedor a range of transparent liquidei€ 1.33—1.57) covering
Crions is 143 10s * and is lower than the bulk value due the sample. The decay rate was found to increase with the
to the reduced local DOS near the interface. The nonradiativeefractive index of the liquid. From a comparison of the mea-
rates are 13710, 146-10, 156+10, 155+-10, and 168 sured decay rates with calculations of the local optical den-
+10s ! for the samples implanted with 0.6, 1.6, 2.5, 3.0, sity of states, the radiative decay rate was determined to be
and 4.0< 10'° Cr/cnt, respectively, corresponding to internal 164+10s ' independent of Cr concentration. A
guantum efficiencies ranging from 46% to 51% for bulk concentration-dependent nonradiative decay rate was found
sapphire. that ranged from 13710s ! for 0.04 at.% Cr to 168

Figure 6 shows the PL decay rdtmeasured in airas a +10s * for 0.28 at. % Cr. These well-characterized samples
function of Cr peak concentration after annealing at 1450 °QGzcan now be used to probe the optical DOS in more compli-

280
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