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Upconversion in Er-implanted Al ,05 waveguides
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(Received 2 August 1995; accepted for publication 1 November)1995

When pumped with a 1.4&m laser diode, Er-implanted /D5 ridge waveguides emit a broad
spectrum consisting of several distinct peaks having wavelengths ranging from the midinfrared
(1.53 um) to the visible (520 nm. In order to explain these observations, three different
upconversion mechanisms are considered: cooperative upconversion, excited state absorption, and
pair-induced quenching. It is found that for samples with a high Er concentrétidnat. %,
cooperative upconversion completely dominates the deexcitation of theédhs. For a much lower
concentration(0.12 at. %, the influence of cooperative upconversion is strongly reduced, and
another upconversion effect becomes apparent: excited state absorption. These conclusions are
based on measurements of the luminescence emission versus pump intensity, and also on measured
luminescence decay curves. The upconversion coefficient is found @118 x 10 18 cm¥s; the

excited state absorption cross sectiorfd9+0.3)x10 2! cn. It is shown that in spite of these
upconversion effects, a high fraction of the*Ercan be excited at low pump powers. For pump
powers between 2 and 10 mW, the optimum Er concentration is calculated. The results show that for
an Er concentration of 0.5 at. %, more than 2 dB/cm net optical gain is achievable at a pump power
less than 10 mW. ©1996 American Institute of Physid$§0021-897@6)08303-]

I. INTRODUCTION length is restricted to several centimeters for any useful ap-
plication. This implies that Er concentrations in the range of

Erbium doping of planar optical waveguides has at-0.1-1 at. % are required.
tracted much attention following the success of the erbium- At such high Er concentrations the distance between the
doped fiber amplifiet> Trivalent erbium is used as optical Er** ions is small, and electric dipole—dipole interactions
dopant because of its intrat4transition around 1.54um,  between the different ions take place, of which the interac-
coinciding with the low-loss window of standard silica-basedtion strength depends onr#/ with r the distance between
optical fiber. Optical waveguides doped with Er can thereforawo Er" ions. These interactions effectively lower the frac-
function as optical amplifiers in the standard telecommunition of excited Er at a given pump power. The simplest form
cations wavelength window around 1.x8n, and be used to of such a concentration quenching effect is energy migration
fabricate for instance lossless 3 dB splitters, and in generdkee Fig. 1a)], where an excited ion transfers its energy to a
be used to compensate for the losses in a variety of passivgarby ion in the ground state. This results in diffusion of the
and active components in an integrated optical device.  excitation, and finally loss of the excitation if one of theé Er

In the free E¥* ion, the transitions around 1.58m are  jons couples to a defect, for example, a hydroxyl grafip.
parity forbidden. Incorporating Ef in a solid host induces a Under conditions of amplification, most of the ions are ex-
weak mixing of states of opposite parity to thé dlectrons, cited to the first excited state, and another concentration
which are shielded by filledSand 5 shells? This results in quenching mechanism can take place: cooperative upconver-
allowed transitions, with radiative lifetimes for the excited sjon, also referred to as cross relaxatiohFigure Ib) sche-
states of up to several milliseconds, and emission and abmatically shows this process, where twa>Eions, both in
sorption cross sections of I8-10?* cn’. The energy level  the first excited {4/, state, interact, promoting one ion into
diagram of E¥* is schematically shown in Fig. 1. The life- the %I, state, leaving the other in the ground state. Subse-
time of the first excited{l 15, state is long, and population quently, the excited ion decays rapidly to thlg,, state
inversion between this state and the ground state can in prinhrough a nonradiative transition by emission of
ciple be achieved at relatively low pump powers. Because ophonons->! From there it can decay either back to the first
the relatively small emission cross sections fot‘Ereason-  excited state or to the ground state. In effect, cooperative
able values of optical gaifr3 dB=a factor of 3 can only  upconversion reduces the degree of inversion at a given
be reached when the signal beam encounters a large amoysimp power. Very efficient cooperative upconversion can oc-
of excited EF" (10°°-10* cm™®). For an integrated Er- cur when two(or more ions form a pair(or clustey, result-
doped amplifier in an optical circuit on a chip, the amplifiering in almost immediate interaction of the ions once both of
them are excited. This is referred to as pair-induced quench-

; 12-14 : .. ;
dpresent address: Philips Laboratories, 345 Scarborough Rd., Briarclif"9 (PI_Q . _and eﬁ_eCt'Vely I|m|t_s the maximum degree of
Manor, NY 10510-2099. inversion attainable in the material. Upconversion can also
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is deduced. It is concluded that net optical gain can be

5T (a) Energy migration (8) ™oy [ 410 achieved in Er-implanted AD; waveguides at pump powers
(b) Cooperative upconversion (7) *Hy s | 520 below 10 mW.
— (c) Excited state absorption (6) 433/2 - 545 T
=2k 4 c
Nl ®) Fopp 660 = Il. EXPERIMENT
3 (4) %5, 800 % '
:c: 1 (3) *rye [ 980 g Al,O; waveguide films, 600 nm thick, were fabricated
[ @) ‘e | 1530 2 by radio-frequency magnetron sputter deposition from an
- Al,O5 target onto a thermally oxidized $L00) substrate.
[ I I I The deposition was carried out in an oxidizing ambient of
ok — (1) e b 90% Ar and 10% Q at a pressure of 0.8 Pa, with the sub-

© ®) (<) strate held at room temperature. This process is known to
FIG. 1. Schematic of three different concentration quenching effects irprOduce dense stochiometric cubic polycrystallingQ|
Er*. The right-hand scale shows the’Erenergy level diagram with the  1ilms.?22° Subsequently, two samples were implanted with
corresponding Russel-Saunders notation for the energy levels. Er, with the samples held at 77 K. One sample, referred to as
the high-concentration sample, was implanted with 1.3 MeV
Er to a fluence of 1.6210'® Er/cn?. The other, referred to as
occur through absorption of a photon by an excitetfEon,  the low-concentration sample, was implanted at four differ-
promoting it to a higher-energy stafteee Fig. 1c)]. This is  ent energies between 180 keV and 1.3 MeV to a total fluence
generally referred to as excited state absorptiB8A).1>'®  of 5.1x10' Er/cnt.
This process is independent of Er concentration, as only one Using Rutherford backscattering spectrome{BBS),
ion is involved, but depends on the pump intensity. the Er fluence was confirmed and the Er depth profiles were
Although upconversion processes put a limit to the permeasured. The high-concentration sample shows a Gaussian
formance of optical amplifiers operating at Jubn, they may Er profile peaked at a depth of 270 nm with a full width at
be used to create higher-energy excitations, and thus shortdralf-maximum of 160 nm. The Er peak concentration is 1.4
wavelength photons, using relatively long-wavelength pummt. %. The low-concentration sample shows a roughly con-
light. Several reports have shown this for bulk rare-earthstant Er concentration of 0.12 at. % ranging from just under
doped materials’~?! optical fibers?®> as well as for planar the AlLO; surface to a depth 0£400 nm.
waveguide€3?* This opens possibilities for the fabrication After implantation, waveguides were defined by photo-
of visible and maybe even ultraviolet lasers pumped withlithographic patterning of the sample with stripes having
readily available infrared pump sources. widths ranging from 1.0 to 3..wm. An Ar atom beam was
In this work upconversion is studied in Er-doped®} used to etch 300 nm of the Ab;, resulting in ridge
planar waveguides which may be used for amplifiers andvaveguides under the previously defined stripes. Following
lasers operating at 1.58m. Polycrystalliney-Al,O; films  this, a top SiQ cladding layer was deposited, and the struc-
were deposited on Si substrates by sputtering, and ridgeire was annealed at either 825 or 775 °C for 1 h. This an-
waveguides made in these films show losses as low as 0.3f&aling treatment results in low loss waveguidé@s35
dB/cm. y-Al,O; has a cubic crystal structure very similar to dB/cm),?® and is also necessary to anneal out implantation
that of ErO,,2° which may enable high concentration optical damage and activate the ErFinally, the samples were saw
doping with Er. Such structural compatibility also might help cut to =9 mm length, and the end faces were mechanically
to prevent clustering of Er, which has been shown to occur irpolished in order to attain optimal light coupling into the
Si0,.%® Photoluminescence studies of Er-implanted@y  waveguide.
have shown B luminescence lifetimes as high as 6-10ms,  PhotoluminescencéL) spectroscopy was performed by
even for concentrations of1 at. %2’ This indicates that in coupling a 1.48um InGaAsP laser diode pump into the
this material the energy migration referred to in Figa)l waveguides using a tapered optical fiber, which was aligned
does not result in luminescence quenching, presumably due the waveguides using piezoelectric actuators. Thus, pow-
to the absence of quenching centers. ers of up to 5 mW could be coupled into the guides, resulting
In this study, it is found that Er-implanted &), ridge  in pump intensities of up to210° W/cn?. The lumines-
waveguides (Er concentrations of 0.12 and 1.4 at) % cence emitted by the waveguides was collected using a fiber
pumped at 1.48«m emit luminescence at several wave- with a 0.8-mm-diam core mounted normal to the sample sur-
lengths shorter than the pump. Measurements of the luminegace. The luminescence was then dispersed using a 48 cm
cence intensity and decay rate, both versus pump intensitgingle-grating monochromator and detected with either a
show that both cooperative upconversion and ESA takdiquid-nitrogen-cooled Ge detector, for the infrared, or a
place. The data are analyzed quantitatively, and the cooperaeoled photomultiplier tub€PMT), for the visible and near-
tive upconversion coefficient and ESA cross section are deinfrared part of the spectrum. The pump laser was mechani-
termined. Besides the first-order upconversion, also a&ally chopped, and lock-in techniques were employed to
second-order cooperative upconversion process is observedpnitor the signal. All luminescence intensities were cor-
which leads to green emission at 520 and 545 nm. From theected for detector sensitivities, and their relative strengths
determined coefficients and luminescence lifetimes, the optimay be compared in terms of photons/nm. The time evolu-
mum Er concentration for a planar Er-doped®4 amplifier ~ tion of the luminescence was measured using an averaging
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FIG. 2. Photoluminescence spectrum of an Er-implante®Afidge waveguide pumped with a 1.48n laser diode. The transitions are indicated by their
initial states. All but one of the transitions terminate at the ground state; the one exception is also indicated by its final state. Note the multiplication factors
(X5, x50, X250). The relative intensities may be compared.

digitizing oscilloscope. All measurements were performed atogarithmic scales. Data were obtained by varying the pump

room temperature. power between 0.03 and 5 mW. The data show a linear be-
havior with a slope of 1.83). Also shown in the figure is the

IIl. RESULTS AND DISCUSSION calculated behavior of the 980 nm emission for three cases,
as follows.

A. Photoluminescence (1) Cooperative upconversidisee also Fig. (b)]: Two

Figure 2 shows the PL spectrum obtained by coupling dons in the first excited staté'l(;5,) interact to populate the
mW of 1.48 um pump light into a 1.5um-wide Er- 4, state, and from there tH,,, state is populated due to
implanted ALO; waveguide(high-concentration sample: 1.4 rapid nonradiative decay. The rate of cooperative upconver-
at. %9. The luminescence peak around 1/&® is character- sion depends quadratically on the concentration of ions in the
istic for emission of Et" in its first excited statd,and has 4|5, state. Therefore, the 980 nm intensity versus that at
been seen before in Er—implantedz@lg.27 The peak at 1.48 1.53 um should give a slope of two in Fig. @olid line).
um is due to scattering of pump laser light. In addition,
several other luminescence peaks can be distinguished, each
one characteristic of an intraf4ransition in EF*, as indi-
cated in the figure. The occurrence of these emission peaks is
indicative of upconversion. In particular, viewing the sample
through an optical microscope shows bright green emission
by the waveguidé®3!

The different upconversion mechanisms introduced in
Sec. | each depend in a characteristic way on the pump
power in the waveguide. In order to determine which of
these mechanisms is responsible for the observed upconver-
sion luminescence, the luminescence intensity of the differ-
ent peaks was measured as a function of pump power. Note I
that the luminescence intensity of a peak in the PL spectrum I ——Cuc
is directly related to the concentration ofErions in the ———ESA, PIQ
excited state corresponding to that emission. In the following 107° : : P—

. -1 —_
such measurements are shown for two cases: high and low Er 10 1,53 m Int. (a.u) 10
concentration. B3 u . (a.u.

107

10721

980 nm Int. (a.u.)

. . FIG. 3. Luminescence intensity at 980 nm vs that at Ju&8for the high-
B. High Er concentration concentration samplél.4 at. % Ey, on logarithmic scalegsolid dotg. The

. . . . calculated behavior of three possible upconversion mechanisms is shown:
Figure 3 ShOWS_the_ intensity of the 98(_) nm _lum'nes'cooperative upconversiai€UC), excited state absorptidfESA), and pair-
cence, as observed in Fig. 2, versus the uB8Bintensity, on  induced quenchingPIQ).
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FIG. 4. Luminescence intensity at 545 nm vs that at 980 nm for the high|g. 5. Population fractions of Ef in the 4l 4, state (1.53 um) and
concentration sampl€l.4 at. % EJ, on logarithmic scalessolid dot3. A

- ' ' 411> State (980 nm vs pump intensity for the low-concentration sample
linear fit through the data is shown.

(0.12 at. % Ey on logarithmic scalegsolid dots. The solid lines are fits to
the data including effects of cooperative upconversion and excited state
absorption. The dashed line shows the effect on the 980 nm luminescence of

(2) Excited state absorptiofsee also Fig. (t)]: One  cooperative upconversion only.
Er ion in the®l 5, State absorbs a 1.48m pump photon,
thus populating thély, state. This process depends on the
concentration of ions in th&l ,5, state and the pump inten-
sity. Therefore, the 980 nm emission will be proportional to
the product of the 1.53um emission times and the pump ]
intensity. The dashed line in Fig. 3 shows this behaviorC: LOW Er concentration

where the vertical scaling was adjusted in order to overlay  The upconversion behavior of the high Er concentration
the low pump power data. sample is completely dominated by cooperative upconver-
(3) Pair-induced quenching: The same scheme appliesion. In order to reduce this, and in order to study other
as for cooperative upconversiphig. 1(b)]. Because the in- possible upconversion mechanisms, a sample was fabricated
teraction occurs instantaneously as soon as both ions in\gith a much lower(0.12 at.% Er concentration. This
pair are excited, the rate of this process depends on the coBample exhibits a luminescence spectrum similar to that in
centration of excited pairs in which one ion is already ex-Fig. 2, but now the intensities of the higher-order emission
cited, and the pump intensity, which excites the second iorpeaks are strongly reduced. In particular, the bright green
This results in the same dependence as expected for ESAJuminescence emitted by the high-concentration sample is
Clearly, the data in Fig. 3 are quite close to the expectegiow barely visible to the eye.
behavior for cooperative upconversion, and deviate strongly  Figure 5 shows the 1.58m and 980 nm luminescence
from what is expected for ESA and pair-induced quenchingintensities observed in the low-concentration sample as a
It is therefore concluded that for this high-concentrationfunction of pump intensity, on logarithmic scales. The lumi-
sample cooperative upconversion is the main mechanismescence intensity at each wavelength is proportional to the
leading to the luminescence at 800 and 980 nm. fraction of excited Ef' ions in the corresponding energy
Figure 4 shows the 545 nm emission also seen in Fig. Zevel, and the measured data have been converted to these
versus that at 980 nm on logarithmic scales. Data were olfractions as is discussed hereafter. The luminescence around
tained by varying the pump power between 0.5 and 5 mW1 .53 um, originating from the first excited state, initially
Again, a straight line is found and a linear fit yields a slopeshows a linear dependence on pump intensity, i.e., a slope of
of 2.04(5). Here it is concluded that cooperative upconver-1 in Fig. 5. As higher intensities are reached, the lumines-
sion of two ions in the'l 11, state populates théH ;,, State.  cence deviates from the linear behavior and eventually satu-
This explains the visible luminescence peaks in Fig. 2: Theates. This is expected because the population 3f Bns in
green emission peak at 520 nm arises from luminescence digge ground state is depleted, and les&'Bs left to be ex-
to a transition from théH ,,, state to the ground state, while cited. Above the pump intensity where the 1,&® emission
the emission at 545 and 660 nm is caused by nonradiativéetarts to deviate from a straight line, luminescence around
decay from theH ), state to the'S, and the’Fg, states, 980 nm (1,,,,) appears. Its intensity increases much more
followed by radiative decay to the ground state. In addition.strongly with pump power than the 1.%8n emission in this
a luminescence peak at 850 nm is observed, due to radiativenge.
decay from the'S;, to the*l 13, state. The behavior shown in Fig. 5 can be modeled by solving

The occurrence of this second-order upconversion prorate equations which govern the populations in each level,
cess also explains why the slope of the 980 nm intensity

population of the level which emits the 980 nm light, result-
ing in a slope smaller than 2 for the data in Fig. 3.

; (i i< ali . dN N
versus the 1.53m |nten5|ty(E|g. Jis sllghtly less than 2: 1_ N;Ryo+ NoRyy+ N2 +CoN2, )
The second-order cooperative upconversion depletes the dt T2
J. Appl. Phys., Vol. 79, No. 3, 1 February 1996 van den Hoven et al. 1261

Downloaded-11-Apr-2005-to-131.155.100.9.=Redistribution-subject-to-~AlP-license-or-copyright,~see-http://jap.aip.org/jap/copyright.jsp



) ) 3 ) cited state is 70%. Note that the maximum achievable degree
gt~ T N1Ri2=NaRy = P + Ea 2C2aN5—N3Ry4, of inversion at this pump wavelength is limited to 78% due
(2 to stimulated emission of the pump.
Solving Egs.(3) and(4) in steady state gives an expres-

% _ % N & 3 sion for N3 (980 nm) vs N, (1.53 um),
o Ng= 73(CoiN3 + NoRza). (®)
dN; Using the dependence &, on pump intensity as deter-

4
dt T_4+CZ4N§+ N2Ras, @ mined aboveN; can now also be determined, the unknown
parameter in Eq(6) being R,,, which contains the cross
whereN; _, are the Ef* concentrations in the first four en- section for ESA. This parameter determines the slope of the
ergy levels(see Fig. 1 The total Er concentration is denoted curve for the 980 nm data in Fig. 5 at high pump intensities.
No. FurthermoreRy; is the pump rateR,, is the rate of From the fit of this curve, it is found that
stimulated emission of the pump, and 5 are the lumines-  ¢,,=(0.9+0.3x10 %! cn. The absolute normalization of
cence lifetimes of levels 2 and 3, ahds time. It is assumed the data is determined by the radiative decay rate of the
that all population in level 3 decays nonradiatively to level 2.transition and the collection efficiency. Because the collec-
This is a realistic assumption which is confirmed later ontion efficiency is known from the fit to the 1.58m data,
Cooperative upconversion has been included by introducingitting the 980 nm data yields the radiative decay rate of the
the quadratic terms with coefficier@,, for upconversion 980 nm luminescence: 300 This rate is much lower than
from level 2 to 4; excited state absorption is includedthe total decay rate of the 980 nm luminescef@8x10*
through the ratd,,. The ratesR;; are equal td oj;/hv, with  s71) confirming our assumption that nonradiative decay to
| the pump intensityg;; the cross section, arfir the pump  the first excited state dominates the decay of‘ihg, state.
photon energy. Herary, is the pump absorption cross sec- Just as for the 1.5@m data, the 980 nm PL intensities were
tion, o, is the cross section for stimulated emission at theconverted to populations, so that the left-hand axis in Fig. 5
pump wavelength, andr,, is the cross section for ESA. also gives the fraction of Bf ions in level 3. Note that if the
When solving the rate equations the population of level 4 cago nm emission would be a result of cooperative upconver-
be neglected as it rapidly decays to level 3 nonradiativelysion only (R,,=0), N; should depend quadratically dw,
Also neglected is the population of the higher-lying levels,[see Eq(6)]. Such behavior is indicated in the figure by the
e.g., the weak green luminescence, as it is small for thiglashed line, and clearly does not fit the data. Therefore, for
low-concentration sample. Note that amplified spontaneouhis low-concentration sample, both ESA as well as coopera-
emission may also be neglected for this short sample lengtfive upconversion determine the total upconversion behavior.
(<9 mm). Further note that although pair-inducing quenching
Under steady-state conditions all time derivatives arecould give rise to similar effects as just ascribed to ESA, it is
zero, and solving Eq$2)—(4) leads to an expression for the ryled out on the basis of the measurements shown in Fig. 3:

dependence dfl, (1.53 um emission on pump intensity, Because the high Er concentration sample shows no evi-
dence for pair-induced quenching, it is unlikely that this ef-
_ h2_
= b+ yb"—4ac (5) fect would occur in the sample with a ten times lower Er
2a concentration.
with
a=C,(1+ 73Ry, D. Time evolution

An independent method of determining the upconversion
mechanism is by measuring the luminescence decay upon
switching off the pump ligh3~2° Figure 6 shows the 1.53
pm luminescence decay after pumping to steady state for
The lifetime 7, was measured to be 7.8 ms, amg ando,;  several different pump intensities in the low-concentration
at the pump wavelength of 1.476m are 2.%10 2* and  sample. At low intensities the decay is a single exponential;
0.77x10 % cn?, respectively? The lifetime 73 was deter- the lifetime of the population of th# ;5, state is 7.8 ms. At
mined to be 30us (see Sec. lll D. Equation(5) was fitted higher intensities the data show an initial nonexponential de-
through the measured 1.58n luminescence data in Fig. 5 cay. Such behavior may be explained in terms of cooperative
(solid ling), with C,,, the collection efficiency, and the abso- upconversion, which continues to deplete the first excited
lute pump intensity as a free parameters. The best fit is olstate even after the pump is switched off. In this case, the
tained forC,,=(4+1)x10 ! cm¥s. As Eq.(5) gives the  depletion rate depends on the population, resulting in nonex-
absolute population of Ef ions in the first excited state, the ponential decay. As both ESA and pair-induced quenching
fit through the data can be used to convert the measured Rlepend on the presence of a pump beam, these mechanisms
intensity to a population scale. This has been done in Fig. 5o not affect the decay rate.
where the left-hand scale shows the fraction of'Bons in The decay curves may be described by solving @.
the excited state. As can be seen, for the highest pump intemvith the pump rates set to zero, and neglecting the influence
sity used in the measurement, the population in the first exef level 3 (which is justified considering that> 73),

b= 1/7'2+ R12+ R21+ 7'3R12R24,

C=— NORIZ'

1262 J. Appl. Phys., Vol. 79, No. 3, 1 February 1996 van den Hoven et al.
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mechanisms which populate thk,,,, state: ESA and coop-
erative upconversion. At the moment that the pump is
switched off ESA stops, and the Er population that was ex-
cited through ESA will decay with the lifetime of tH#,,,,
state. Cooperative upconversion, however, continues to
populate this state even after the pump has been switched off
due to the long lifetime of the first excited state. Therefore, a
long tail can be observed in the 980 nm decay. The ratio
between the intensities of the fast and slow decay compo-
nents of the 980 nm light reflects the contributions of each
upconversion mechanism to the population ofthg,, state:
~60% by ESA and~40% by cooperative upconversion.
Quantative analysis of the decay curve is obtained by solving
Time (ms) Egs.(2) and(3) numerically. The result is shown in Fig. 7 as
the solid line. From this fit, the lifetime of the third excited
FIG. 6. Luminescence decay curves measured at/Ans8ots after pump- state is deduced; =30 us. Comparing this number to typi-

ing to steady state and switching off the pump source for four different 1.48 - L
pum pump intensities. The curves are offset with respect to each other fopal radiative decay rates for Er (several mgindicates that

clarity. The data are for the low-concentration sampld2 at. % Ex. Fitsto  the decay of thefl 11, energy level is dominated by mul-

10°

T T
Pump Intensity
(W/cm?)

PL Intensity (a.u.)

the data are shown as solid lines. tiphonon emission rather than radiative decay.
N, N,(0) @) E. Understanding the coefficients
2L)= , - . .
[1+N2(0)Cosra]exp(t/ 73) —N2(0)Coyry The coefficients for cooperative upconversion and ex-

whereN,(0) is the EF" population in level 2 at the moment cited state absorption depend strongly on the exact locations
the pump was switched off. The photoluminescence deca9f the EF* energy levels. For instance, in the case of coop-

traces in Fig. 6 were fitted using E€}), yielding values for eray\./e upconversion, the combined energies of two excited
7, and N,(0)C,,. From the latter, the upconversion coeffi- EF'" ions must equal the energy of the higher-lying acceptor

cient was extracted by evaluatiig,(0) from Fig. 5 for each level in order to obtain resonant excitation of this level. For

pump intensity in Fig. 6. This analysis was performed forESA, the energy of an excited Erion added to the pump

four decay traces taken at different pump intensities, an@hoton energy must equal this higher-lying energy level.
consistently resulted i€,,= (4=1)x 10 '8 cm¥s. This re- The relative probabilities of these processes may be cal-

sult is in perfect agreement with the value for the upconverculated by performing the convolution of two energy distri-

sion coefficient found in the previous subsection. butions. The energy distribution of £rin the first excited
Figure 7 shows the luminescence decay of the 980 nr§tate can be represented by the emission cross section as a

emission after pumping at an intensity o&%0* w/cn?.  function of wave numbergy (k). Thus, the probability of

Here the time scale is much shorter than in Figu6 instead ~ €Xciting an energy level at wave numbethrough coopera-

of ms). Initially the decay proceeds very rapidly, then the tive upconversionpcyc(K) is related to the convolution of

decay rate decreases, and after a80still 30% of the origi-  two first excited state emission spectra,

nal population is present. This is due to the two different
@cuc(k):f o(K')oay(k—k")dk’. ()
T For ESA the probability of excitation to some energy level at
] wave numbek is related to
0.8
5 @ESA(k):J' 021(K") Olasef K—K")dK’, 9
o]
:;0‘6 i with oj,er the emission spectrum of the pump laser.
@ T Figure 8 shows bothpc (k) and ¢esa(k), calculated
g 0.4 using Eqs(8) and(9) from the known Er emission and laser
B i spectra. Also shown is the emission spectrum of the
oo ] H9— 15, (acceptor state to ground statéransition.
[ Clearly, the maximum obc,(k) does not coincide with the
ool e energy of the*lg, level, indicating that cooperative upcon-
o 100 200 300 version from the first excited state is not quite resonant with

Time (us) the *l4,, energy level. Nevertheless, in the experiments de-
_ _ scribed above, cooperative upconversion is observed, leading
FIG. 7. Luminescence decay of the 980 nm luminescetas after  , tne ngication that excitation of this level is a phonon-
switching off the pump source for a pump intensity of B0* W/cn?. The . . o
data are for the low-concentration sam(el2 at. % E). The solid line is a assisted process, €., th? surplus of energy fO!’ excitation of
fit to the data. the %I, energy level is dissipated by the emission of a pho-
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FIG. 9. Difference between the concentration Er in the first excited state and

) . . . that in the ground statéN,— N, vs the concentration of Er in an /&,
FIG. 8. The c+onvo!ut|pn of two |dent|.cal Er emission spectrapcuc(K), waveguide. The right-hand axis shows the corresponding net optical gain at
and of the E" emission spectrum with the pump spectrumea(k), VS 1 53,,m for an ALO, waveguide with 40% of the signal confined to the core
wave numbek. These curves give a measure for the probability of coop- ot the guide. The calculations are performed for three different pump powers
erative upconversio(CUC) and excited state absorptidBSA). Also shown jqicated in the figure, and may be used to determine the optimum Er con-
is the measured emission spectrum of thg,—*1 5, transition. centration for a given 7pump power.

non. gesa(K) is even less resonant with thiy, energy level. 1076 cm®/s® Also, Er-implanted phosphorous silicate glass
Therefore, if ESA is to occur, the energy gap-e£000 cm* (P glas3, a material considered to be a candidate for optical
betweengesa(k) and the?lg, energy level must also be amplifiers, shows a higt,, of 910~ cm¥/s3°
bridged by phonon emission.

In Al,O4 such phonon-assisted processes are possible be- ) ) »
cause the highest phonon energy is 870 £rf0.1 eV) for F. Optl_mum Er concentration for an optical amplifier
transverse optical phonoA&Therefore, roughly one phonon ©Perating at 1.53 pm
is necessary for these processes, so that probability for up- In the previous subsections it became clear how coop-
conversion and ESA may still be appreciable, but considererative upconversion and ESA influence the population of
ably lower than for resonant excitation. Indeed, the ESAthe different energy levels of Ef. The coefficients deter-
cross section determined in Sec. Ill C is nearly a factor of 10nined in Sec. IIl C may now be used to calculate the opti-
smaller than the maximum absorption cross section for excimum Er concentration for an Er-doped optical amplifier op-
tation of the first excited state. The ESA cross section ofrating at 1.53 um. The optical gain is given by
0.9x10 2! cn? found here is comparable to that measured ino,;N,— o1,N; times the fraction of signal light which
erbium-doped fiber amplifier®.5x 102 cn?).3” propagates in the core of the waveguide. At 1.G8

The main conclusion from Fig. 8 is that the phonon o,~07,, SO that the important parameter becomis- N, .
spectrum of the host material plays an important role in deNote thatN, andN, are concentrations, not relative popula-
termining the strength of cooperative upconversion and extions.
cited state absorption. Lowering the phonon energy by addi- Figure 9 shows calculations dd,— N, versus the Er
tion of heavy elements might help to lower the upconversiorconcentration in an AD; waveguide for three different
coefficients, thereby reducing their effect on the performanc@ump powers, based on all the parameters and rate equations
of amplifiers and lasers. On the other hand, a lower phonomtroduced above. The right-hand axis shows the correspond-
energy would also result in a longer lifetime for tAB,,  ing net optical gain at 1.53m (excluding waveguide los
energy level, causing a buildup of population in this level, The Er concentration is assumed to be constant within the
reducing the optical amplification around 1.aB. There are core of the guide, and 40% of the signal is confined in the
only a few measurements of cooperative upconversion coef:ore. It is apparent that for each pump power there is an
ficients (C,,) in other materials. Comparing the coefficient optimum Er concentration, which increases with increasing
of 4x107!® cm¥s measured here for Er in £D; to those  pump power. For small values of the pump powers the maxi-
materials, shows thak,, for Er in Al,O; is one of the low- mum achievable optical gain is small. Also, above a certain
est. For instance, for Er-doped yttrium aluminum garnetconcentration threshold the optical gain begins to decrease
(YAG), which has a similar crystal structure as.,®4, because there is not enough pump power to excite all the
C,,=5.4x10" 1" cm¥s'® much higher than for AD;. For  Er*. The higher the pump power, the higher this concentra-
soda-lime glassC,,=3x10 * cm’s, nearly the same as tion threshold, and the higher the optical gain. Figure 9
for Al,O;.%° Recent measurements on two other silica-baseghows that high values of optical gain at 1.58 (0.5-3
glasses showC,,=1-10<10 *® cm¥s3® In contrast, Er- dB/cm) can be achieved even for low pump powé2s-10
doped fused silica codoped with Ge, Al, and P, a glass typimW). This is because of the relatively high cross sections for
cally used for fiber amplifiers, shows a much higliay of  Er™ in Al,O;,% and lifetime?’ combined with the high in-
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