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We present an investigation of ¥rphotoluminescence in )05 waveguides codoped with El

As a function of europium concentration we observe an increase in decay rate of the 8rgigm
energy level and an increase of the ratio of photoluminescence emission frdinga@and?l

states. Using a rate equation model, we show that this is due to an energy transfer from the
4 11/2—* 13, transition in erbium to europium. This increases the branching ratio dfi thg state
towards thel 5, state and results in a higher steady state population of the first excited state of
erbium. Absolute intensity enhancement of thk;, emission is obtained for europium
concentrations between 0.1 and 0.3 at. %. In addition, the photoluminescence due to upconversion
processes originating from thé,,, state is reduced. Using such state-selective energy transfer the
efficiency of erbium doped waveguide amplifiers can be increased20@ American Institute of
Physics[S0021-89780)01321-9

I. INTRODUCTION Mainly Ce" has been investigated as codopant so'far,
while E** and TE" have been suggestéd.

Erbium-doped optical amplifiers operate at 1540 nm by |n this article we describe codoping of ErY,0; with
stimulated emission from th# 15, state in E?*. The stan- EfR*. yitrium oxide has already proven its suitability for
dard in telecommunications to excite this energy level is viagptical amplification in waveguideésthanks to its high re-
the second excited stafié;;,, using 980 nm radiatioricf.  fractive index which provides both a high erbium emission
Fig. 1. An important ingredient in this pumping scheme is cross section and the possibility of integration on a small
the nonradiative transition between the,,andl 13, States.  area. We investigate the energy transfer by studying the er-
Its rate depends on the host material. Incidentally, the modfium photoluminescence intensities and decay rates as a
promising materials for erbium doped waveguide amplifiersfunction of europium concentration, and establish a model
possess low phonon energies, and therefore small nonradibased on rate equations which reproduces the data. Finally
tive transition rates. This is a severe problem, since it givesve show that the green upconversion emission of erbium in
rise to a significant steady state population ofthg,,level.  a planar waveguide is significantly reduced upon codoping
As a result, a considerable fraction of*Eris not available ~ with Eu®*.
for stimulated emission from tH# 5, state. Moreover, when
the #1411/, population is high, excited state absorption and
cooperative upconversion processes lead to unwanted excita-
tion of even higher lying energy levels. For these reasons itl. EXPERIMENT
is desirable to increase the transition rate betweerfithe,
and?l 5, energy levels without affecting the optimized prop-

erties of the*l 5, state itself. This will make the excitation ! . . :
stored in the*l,,, state available for amplification of 1540 ?X'd? 1b$ﬁetr Ifsyc?cf S:;-,C?hYzoghaS ?hhlgfler Tdex oftrefrac—
nm radiation, and in the process will also significantly reduce'?annar 'wa?/e Lide q’he fifrl’r:]s alr% 80(I)Snfnr$hcicul<r2\sa§este?rsniie d
the probability of cooperative upconversion and excited staté . 9 : .

using Rutherford backscattering spectromg®RBS). They

absorption from thél ., state. " were doped with erbium by ion implantation at a series of
One way to enhance the transition rate from the second . :
. . ) . . ) energies between 200 and 500 keV to obtain a flat concen-

to the first excited state is engineering the crystal field of th

Sration profile ranging from 30 to 100 nm below the surface.

host matrix at the position of_ the erbium ions. A simpler andSubsequentIy europium was implanted into the sample, cre-
newer approach, while leaving the well-established proper;

. s . . ) ting a flat concentration profile that overlaps the erbium
ties of existing waveguide materials unchanged, consists <§

lectivel ulati h ition b p oped region completely. By implanting only part of the
selectively stimulating the transition between second an ample with europium we kept an on-wafer reference of only
first excited state of Bf by resonant energy transfer to a

> X erbium doped ¥Os. In this way variations in luminescent
suitable codopant. Hereby the.energy difference between tr}f’roperties caused by slight differences of quality and treat-
relevant states of the erbium is transferred to the codopant,ant petween samples can be taken into account. Exact con-
centrations were determined by RBS analysis and amount to
3E|ectronic mail: C.Strohhofer@amolf.nl 0.19 at. % erbium and to 0.024, 0.048, 0.12, 0.24, and 0.48

The samples used in this study were prepared by sputter
deposition of %05 on a 3um-thick thermally grown silicon
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D nm with the cooled germanium detector, taking care not to
z change the experimental settings. After correction for the
256V Fp detector response, the total intensity in each line was deter-
H,,, 5D, mined by integrating over the spectra.
3, In order for the analysis presented in this article to be
5D, correct, it is important to perform all measurements in a re-
2.0 eV - gime where no saturation of the emission signal due to high
. pump power takes place. Therefore the pump power depen-
i dence of the emission line intensity was monitored before
each measurement, and the excitation power adjusted to a
15 oy~ gz value within its region of linearity.
5 : Hy I1l. RESULTS AND DISCUSSION
W A. Rate equation model
106V 21@ Figure 1 shows the mechanism we investigated to accel-
1 —— L3z erate the decay rate of the second excited state Bf. Hthe
C, , ratesW,, W,q, andW,, are defined as transition rates of the
— F  excited states of Bf in Y,0; when no codoping with
05eVe  w | w,, —_— K europium has taken plac#y; is the total decay rate from
::? the #1153, level, and is the sum of a radiative raw,
N . and a nonradiative rat&V,,,. W, is the transition rate
v ] =  between the'l;;, andl 4, states. It consists as well of a
O0ev 4 o g - F, nonradiative and a radiative part, this distinction is however

Er3+ Eus+ unnecessary for the mod#l, is the transition rate from the
4111/, State to the ground state and is taken to be purely
FIG. _1_. Energy level diagram of Er and E&*. Included are the relevant radiative. The total decay rate of tﬁblllz state is given by
transitions for the rate equation model. W,=W,;+W,y, in the absence of Bii. The coupling of the
41 117— 4l 13» transition with the E&" ion is described by the
rate constanC,. We assume that an excited Euion re-
at. % europium. After implantation, the samples were heataxes nonradiatively and fast to its ground state via7ﬂﬁp
treated at 700 °C for 30 min in a rapid thermal annealedadder. This is a reasonable conjecture since the energy level
under oxygen flow. spacings of the’F; multiplet of EW* in Y,03" can be
For photoluminescence measurements we exploited thieridged by two phonons or less of the,0; host (highest
planar waveguide geometry of the samples. The 488 nmhonon density of states at 400 ch®
emission line of an Af laser was mechanically chopped and This idealized model is complicated by undesirable in-
then butt coupled into the waveguide via an optical fiber.teractions, which are not depicted in Fig. 1. Important are
Photoluminescence emission was collected perpendicular fateractions especially of th8l 15, state of EF" with Eu®*
the waveguide by a multimode fiber with 8Qfn core di-  (e.g., phonon-assisted energy transtarwith defects origi-
ameter. The signal was dispersed in a 96 cm monochromatanating from the europium implantation. These constitute ad-
The EP* emission around 1540 nm was analyzed with aditional decay channels for tH#, 5, State. We take this into
germanium detector cooled to 77 K. For all emission linesaccount by an interaction rat8;, which may depend on
with wavelengths shorter than 1100 nm an AgOCs photoeuropium concentration. The rate equations for the popula-
multiplier tube was used. The detector signal was fedion of the excited erbium levels thus have the following
through a lock-in amplifier. Photoluminescence decay traceform:
of the EF" emission around 1540 nm were obtained using a

- . . . . 5
digital oscHIospope, averaging typically 2500 smglg traces. WZRz—WzNz—CquNz,

The photoluminescence decay of the 980 nm emission of

Er**, as well as of other emission lines at shorter wave- g 1)

lengths, was measured using a photon counting system and a d_tlz R1—W;N;+ Wy Ny + CoNgNo— SN
multichannel scaler.

The 488 nm radiation leaving the planar waveguide afThe symbolsR; and R, signify the excitation rate per unit
the output end served to trigger lock-in amplifier, oscillo- volume into the first and second excited states of Ere-
scope, and multichannel scaler. In that way variations of thepectively. Here we take into account that in the experiments
chopping speed will not have an influence on the accuracy dEr** is initially excited into the*F-, state, from which the
the measurements. two lowest levels are fed according to some branching ratio.

To obtain a good measure for the intensity ratio of thelt is assumed that no excitation-induced saturation of the
emission originating from thél ;5, and“l ,,,, levels, spectra Er** occurs, and that the population of the*Eenergy lev-
were taken of the corresponding lines around 1538 and 986Is is small enough to neglect nonlinear processes such as
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cooperative upconversioll, represents the concentration of
Euw’. We assume that only an insignificant part of thé Eu
is excited at any time.

The fraction of the population of thd ,;/, state that is
de-excited via energy transfer to £y so to speak the
branching ratio of the energy transfer, is determined by the
ratio of the energy transfer rate and the total decay rate of the
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Similarly, we can write the fraction of the population of the
113 level that is quenched by the presence of Ear de-
fects caused by the europium implantation as
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FIG. 2. Typical emission spectrum of an’trand E§* doped %0; wave-
guide, excited at 488 nm. Where no final state for a transition is given, the
The branching ratio®; and Q, are experimentally acces- excitation relaxes directly to the ground state of the relevant ion.

sible via decay rate measurements, as will be shown in the

next section. They do not depend on erbium concentration. _ ) ) _ ) .

We would like to draw attention to the differences in defini- O the first excited state is very likely linked to the ion im-

tion betweenQ, andQ,. The interaction that quenches the plantation, and can be reduced to zero using other doping

first excited state of erbiumS;) may depend o, in an methods(compare, e.g., Ref.)3

unspecified way, while we assume a dependenc®.0bn .

N, as given by an energy transfer towards europium. In this- Experimental results

way we include the possibility that the reduction in lumines-  Figure 2 shows the emission spectrum of the sample

cence efficiency of the first excited state is caused by defec@oped with 0.19 at. % erbium and 0.44 at. % europium in the

from the europium implantation, which are not annealed oujisible and near infrared region, when excited at 488 nm.

during the heat treatment. On the other hand the model staysmission lines of both B¥ and EG* can be identified, con-

sufficiently precise with respect to the energy transfer fromfirming the triply charged state of the ions in the matrix. The

the EP* *I 11, level to EG to be tested by experiment. weaker emission of Bii as compared to Bf is due to the
The ratio of the emission intensities from €15,  small excitation cross section of Euat 488 nm. Figure 3

and *l,,, levels can serve as an independent way to testompares decay traces at 981 nm originating from tHe Er

the model. Substituting; and Q, into the rate Eq(1) at 4, . Jevel in Y,0; with and without addition of 0.24 at. %

steady state, and writing the intensitieslass Wi, -hv1-N; eyropium. The decay is single exponential in the sample

andl;=W,g- hv,- N, for the emission from the first and sec- without europium, with a decay rate of 471%sUpon addi-

ond excited states of £, respectively, the intensity ratio is tion of europium, the decay becomes faster, the decay rate

given by the expression increases to 9477, and the decay becomes nonsingle ex-

I 1-Qu 17 Wiy Qu(1-Qy) »

== 0 : @
l, 1-Qly W, 1- v ;
2 Ql; Wi Qv 1 o ErY,0,
I, andl, are the emission intensities from the first and sec- Eu:ErY O, (0.24at.% Eu)
ond excited states of erbium, respectively, in the presence o
europium, v, and v, the corresponding emission frequen-
cies,h Planck’s constant, an/13 the intensity ratio of the &
two emission lines in the limit of zero Bl concentration. 2 o1t '\’*
The first term on the right of Eq4) describes the change in 3 T B e g
intensity ratio due to the depopulation of the two levels, s i N Wi
. . . £ '.i"-". a & 0% R aEgh o
while the second term takes into account the feeding of theg r iy T T Enﬁaﬁ
first excited state from the second via the energy transfer tc r . "' T :-_. “ -
Eu*. ) . . . 001f . -._'--. (L
Along the same line of reasoning, an absolute increase ir ; R S
emission intensity; is achieved when el L 1 1w Tt e s
0 1 2 3 4 5 6 7 8
Q1 Ig W; v, Time (ms)

Q>r—~ 0w - 5

1-Q; I2 Wi, vy FIG. 3. Photoluminescence decay of thé'Etl ;,, state in Y,0, monitored
. . at 981 nm. The erbium concentration is 0.19 at. %. Decay traces are shown
Let us stress that in the ideal caseSyf=0 (Q1=0) the ¢4 5 sample containing no europium and a sample containing 0.24 at. %

analysis presented here is greatly simplified. The quenchinguropium.
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FIG. 5. Ratio of emission intensity from the ¥r*l ;5, and*l ;;,, energy
levels. Included are calculations according to equation 4 With=_89 and
ost

FIG. 4. Branching ratio of the Bf(*l;;,,—*l15,) to EL*" energy transfer
(Qggp) and the fraction of energy lost from the *£r*l 5, state due to
europium implantation@;539. The line is a fit 0fQqg; to Eq. (2).

ponential. By evaluating decay rates from curves taken at It .is clear from Eig. 4 that thro‘%gh, the right choice of )
981 and 1538 nm, we obtain experimental values for th&uropium concentration, a substantial increase of the transi-

fraction of the population de-excited via a channel inducedion rate from the second to the first excited state of erbium
by the europium can be induced at a low cost in lifetime of the first excited

state itself.
Ng_ WY For completeness let us state that we have also measured
Q _1_W_’\'q' ©®  the change in decay rate of erbium energy levels in the
1

visible region. A significant increase is observed only in
The indexi labels the emission wavelength, the superscriptshe sample containing 0.44 at.% europium. In this case,
0 andN, refer to the europium concentration. the ?Hy,/, and *Sy), levels are the only ones affected, with
QTgss can be identified directly witlQ; as given in the Qgg; and Qs,; amounting to 0.20.1. This may be due
previous section, since the definition of the latter does noto nonresonant energy transfer to tH2, , levels of EG*
explicitly state a dependence dw,. Conversely, ing'gl (cf. Fig. D).
exhibits the functional form of),, this is a clear indication The validity of the model can be independently checked
that energy transfer towards Eurea"y takes p|ace_ by measuring the intensity ratio of the emission originating
In Fig. 4 we show the values fo@}s,, and QY as ~ from the I 15, and*l 1, levels. Figure 5 shows these mea-
a function of europium concentrationQ.g, increases tsurernent; asa function of europium concentratlon. The in-
. . . _tensity ratio increases from 0.57 without europium to 1.41 at
monotonically and seems to saturate for high europiuny 54 1+ o : A sliah ;

. N . : . .% europium. A slightly lower value is observed at
concentrat!onsnggs, however, |nc.reases f(?r low eurpplum 0.44 at. % europium. Included in the figure are data calcu-
concentrations, and saturates for intermediate europium cofsteq according to Eq(4), with the data of Fig. 4 as input.
centrations. AN,=0.44 at. % we see anotherelnﬁrease. IN-The measurement is once again reproduced well by the cal-
cluded in Fig. 4 is a fit of Eq(2) to the data 0Qgg; ™, with  cyjation. The only free parameter here is the radiative decay
C, as the single free parameter. The data is reproduced wefhte of the first excited stat®,, , which has been adjusted to
for an energy transfer coefficiei@, of 2.9x10 *®cm®s. 89 s for the best fit. As a comparison, the total decay rate
This value is nearly an order of magnitude higher than they, was measured to be 115.7's
cooperative upconversion coefficient from the first excited  To illustrate the effect of the increased branching ratio
state of E¥* in Y,05,° indicating that the energy transfer from the %l,,,, to the %l 4, State, we have also plotted the
towards europium is indeed efficient. calculated values fow,;,=0. It is clear that for high eu-

The data forQ)%,, on the other hand, cannot even be ropium concentrations the second term on the right-hand side
partially fitted to an equation of the form of E®), justify-  of Eq. (4) contributes significantly to the intensity ratio. As
ing the open definition of),. With these data we can ex- stated earlier, this term represents the contribution caused by
clude that the increase in decay rate of the,, level is  the additional feeding of thél 5, level via the interaction
caused by energy transfer to £u Both resonant and pho- between the'l;;/, level and Ed*. It is only this term that
non assisted energy transfer have the same dependency contains the adjustable paraméeféy, . In case all europium-
Ny, and should therefore be reproduced by a function of thénduced de-excitation of thél ,, state were towards the
form of Eq.(2). This stands in clear contrast to our observa-ground state, this term would be zero this is equivalent to
tions. Rather, we attribute the increase ofthg,, decay rate  settingW;,=0. The values of the first term of E(), how-
to quenching via implantation induced defects. ever, lie significantly lower than the measurement points,
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come into effect, on a somewhat lesser scale. Even in such a
system it is therefore desirable to increase the transition rate
between thél ;, and*l 5, states.

IV. CONCLUSION

The population in the first excited state of*Erin an
Y ,03 matrix under excitation at 980 nm can be increased by
codoping with Ed*. This is due to a controlled resonant
energy transfer from the second excited state 8f Ezwards
Eu®*, reducing the population in that state in favor of the
population in the first excited state. This process of selective
increase of the decay rate of a certain energy level with con-
trol over the transition’s final state is especially useful for
FIG. 6. False color image of the green emission of'Exith and without ~ Materials with low phonon energies.
europium. The green emission from the*Ef'S,, state is represented in We have been able to show that energy transfer between
black. 980 nm Iight is coupled into the planar waveguide frc_)m a filedt Errt and EG is responsible for the acceleration of the de-
hand side pf the |_ma}g¢s_|n the presence_of 0.44 at. % europium, the green cay of the erbium’s second excited state igO¥ doped by
upconversion emission is reduced considerably. . . X X i 7

ion implantation. By codoping with only 0.44 at. % europium
we have achieved a 60% efficiency of the energy transfer in

especially at high europium concentrations as shown in Figdepopulating the second excited state. This is reflected in the
5. Accordance can only be achieved by postulating theemission intensities: the emission from the first excited state
model detailed in the previous section. From the intensityis significantly increased for europium concentrations above
ratios we can therefore exclude direct de-excitation of thé.1 at. %. The reduced population of the second excited state
411152 level to the ground state via, e.g., defels. leads further to a decrease in green upconversion photolumi-

From the experimental data it follows that inequality 5 is nescence under 980 nm excitation. In this way an important
fulfilled for Eu®™ concentrations between 0.1 and 0.3 at. %.loss channel in highly pumped optical amplifiers can be ef-
Assuming that the rate equation model fully describes thdectively closed.
physics in our samples, this means that in spite of the higher
decay rate of thél 5, State, in this region absolute intensity ACKNOWLEDGMENTS
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The reduction of upconversion emission due to codoping the ground state, will change the dependencies on europium concentration
with El® can also find application in erbium-doped ampli- of neitherQ, nor the intensity ratio. The parameter arrived at in Fig. 5
fiers pumped directly into thH 132 level, e.g., with 1480 nm then constitutes a lower limit foW,, rather tharWW;,, itself. On the other
Iight. In highly doped amplifiers Cooperative upconversion hand, the measured lifetime of tAk 5, State extrapolated to zero erbium

. . concentratiof96 s * (Ref. 6] provides an upper limit fow;, . Since the
and excited state absorption from tﬁlq3,2 state lead to a radiative decay rate has not been determined independently, we have to

significant population of thél,;/, level. The same mecha-  conclude by pointing out that the limits W;, do not allow for enough
nisms of gain reduction as described for 980 nm pumping variation to jeopardize the statements made in the main text.
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