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The characteristic carrier—Er interaction distance in Er-doped a-Si/Sio,
superlattices formed by ion sputtering
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The characteristic interaction distance betweett Eons and carriers that excite them in Er-doped
a-Si/SiO, superlattices is investigated. Superlattice thin films consisting of 12 periods of
a-Si/Sio, :Er/SiO, /SiO, :Er layers were deposited by ion sputtering and subsequent annealing at
950 °C. The dependence of the’Erphotoluminescence intensity on the thickness of the Er-doped
SiO, layers is well-described by an exponentially decreasing Er-carrier interaction with a
characteristic interaction distance of &.8.1 nm. © 2003 American Institute of Physics.
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Er* luminesces at 1.54m due to the intra-# transi-  lacking. Such a description is necessary, not only for design-
tion from the first excited to the ground statél,g, ing the optimum material structure for device applications,
—%1159), coincident with the absorption minimum of silica- but also for understanding the physical mechanisms underly-
based optical fibers. As this transition is parity-forbidden,ing the EF* —carrier interaction that is not yet fully under-
and occurs only due to the parity-breaking effects of thestood. In this letter, we report on the *Er luminescence
crystal field, the luminescence lifetime tends to be very longoroperties of Er-doped-Si/SiO, SL films whose Er-doped
(>ms). This allows for easy population inversion, and hasSiO, layer thickness was controlled with subnanometer reso-
allowed development erbium-doped fiber amplifiers that enlution. We find that experimental data can be well-described
abled the realization of all optical telecommunicationby an Er—carrier interaction that decreases exponentially,
networks® with a characteristic carrier—Et interaction distance of

Yet, for the same reason, the optical absorption cross9.5+0.1 nm, indicating the likelihood of an exchange inter-
section of E¥* is very small, necessitating the use of expen-action between carriers and*Erions.
sive lasers for excitation. However, if £r is doped into Si, Er-dopeda-Si/SiO, superlattices were deposited on Si
then it can be excited via an Auger-type interaction withsubstrates using the two-target-alternation UHV-ion-beam
photogenerated excitons in SP Since only carrier genera- sputtering method. One sputtering target was a 6-in.-
tion is necessary, and since the absorption cross section of 8iameterp-type Si wafer, and the other was a similar Si
is several orders of magnitude greater than that 8f Fthis ~ wafer with an Er metal piecé99.9% purity centered on the
carrier-mediated excitation allows, in principle, the use ofwafer. The base pressure of the system is less than 1
low-cost, broadband light sources such as light-emitting di-< 10" 8 Torr, and a 570-eV At beam from an ion gun was
odes for efficient excitation of Bf . However, despite some used to sputter the targets. The Si layers were deposited by
early successes, the room-temperaturé Euminescence ef-  sputtering using the Ar beam only, and the SiQlayers
ficiencies from Er-doped bulk Si remain too low to be were deposited by sputtering in an oxygen pressure of 4.5
practical*® X 10" * Torr. The samples were deposited at room tempera-

However, it has been demonstrated that by using eitheture. The deposited films consisted of 12 periods of
Si nanoclusters embedded inside an Si@atriX~® or  a-Si/SiO,:Er/SiO,/SiO, Er layers. The thicknesses of the
Si/SiO, superlattice(SL) with nanometer-thick Si layets®  a-Sj layers were fixed at 1.2 nm. The thicknesses of the
as the host material, it is possible to obtain both the highsiO,:Er (Er-doped Si@) and SiQ (pure SiQ) layers was
excitation efficiency of Si and the high luminescence effi-varied such that the SiOEr layer thickness increased from
ciency of SiQ. In such cases, Ef luminescence is domi- 0 to 4.1 nm, while the Si@layer thickness decreased ac-
nated by Et" ions located outside, but close to, Si cordingly to keep the thickness of the total Sifayer fixed
CIUSterS‘l.l_lsThUS, Si clusters act as classical SenSitizerS, abat 9.5 nm. Such preparation is necessary to ensure that the
sorbing the pump photons and transferring the energy t@yerall film structure is the same for all films, and that the
Er*.1415 As both optical gaitf and electroluminescente  resulits will not be affected by optical artifacts caused by
are possible in such Si nanocluster sensitizet! Eit may  multiple reflections. Finally, a 5-nm-thick Si cap layer was
open the way for a compact, active, all-silicon integratedgeposited on the top. Two sets of samples, one with an Er
optical devices. concentration of 0.27 at. % and the other with 0.1 at. %, were

“However, a detailed description of the carrier—Er inter-nrepared. After deposition, all films were rapid thermal an-
action including the characteristic interaction distance is still,og1ed in a sequence of 20 min at 600°C, 5 min at 950 °C

and 5 min at 600 °C in a flowing Natmosphere to avoid
3Electronic mail: jhs@mail kaist.ac.kr cracking and spalling of the films.
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FIG. 1. Bright-field cross-section TEM image of the SL with Er-doped,SiO 0

95 100

layer thickness of 2.5 nm after annealing. The thin, dark bands&8e
layers and gray bands are Si@yers. On the right is a schematic drawing 80 85 90
showing the composition of the layers. Energy(keV)

FIG. 2. MEIS spectrum for the SIOEr/SIO,/SiO,:Er layers with thick-
The EP" photoluminescencéPL) spectra were taken at nesses of 2.2, 5, and 2.2 nm, respectively. The symbols are experimental

room temperature using a grating monochromator, a thermgdlata and the line is the result of simulation.

electrically cooled InGaAs detector, and the standard lock-in

technique. The 477-nm line of an Ar laser, which is not ab-hoth sets of samples, the ¥r PL intensity increases with

sorbed optically by E¥", was used as the excitation sourceincreasing Si@:Er layer thicknessl, but saturates quickly

to ensure that excitation of Ef occurs via carriers only. The after only about 1.5 nm, and remains constant thereafter.

excitation power was kept at 100 mW to remain in the weak  Figure 4 shows the dependence of thé Etumines-

pumping regime, as it was determined that'EPL intensity  cence lifetimes on the SIiQETr layer thickness from the films

increased linearly with the pump power up to 150 niét  with 0.27 at. % Er. We find that the £t luminescence life-

shown). Time-resolved EY" luminescence was measured us-time is independent of the SiCEr layer thicknessl, being

ing a digitizing oscilloscope. The structure and compositionabout 0.6 ms for all films. A similar quantitative analysis on

of the films were analyzed using transmission electron mithe films with 0.1 at. % Er was not possible due to the low

croscopy(TEM) and medium-energy ion scattering spectros-Ef3* PL intensity. However, they, too, did not display any

copy (MEIS). The MEIS analyses were done using a 100-strong dependence of the*Erluminescence lifetimes on the

keV H" beam aligned to th¢001] direction in the(011)  SjO,:Er layer thicknessgdata not shown

plane. H ions scattered into thgl11] direction were ana- Changes in the BF PL luminescence intensity can oc-

lyzed at a scattering angle of 125°. For MEIS analysiscur due to changes in the excitation rate, th& "Bumines-

a sample consisting of a single period of cence efficiency, and the number of availablé ‘Eions. In

SiO;:Er/SiG, /SIO, 1 Er layers with intended thicknesses of the present case, since the overall film structure is the same

2.2, 5, and 2.2 nm, respectively, was deposited and annealégr all films, the generation rate of carriers that can excite

under identical conditions. Er*" ions should be the same for all films. Furthermore, as
Figure 1 shows the bright-field cross-section TEM imageFig. 4 shows, the Ef luminescence efficiency is the same

of a deposited and annealed SL film with 0.27 at. % Er andor all films as well. Thus, the increase in the’EfPL inten-

the schematic depiction of its intended structure. The darkity with increasing Si@:Er layer thickness indicates that

and gray bands correspond to the Si and,S&yers, respec-

tively. We find that the Si and the SjQayer thicknesses are 400

1.2 and 9.5 nm, respectively, in good agreement with the ' ’ ' ' '

intended thicknesses. Note that the Si layers are amorphou ’3‘ . u

despite the high-temperature annealing that crystallized the & 300 - 4

cap layer. This is consistent with reports by other researcher: & W Exp. Data, Er: 0.27 at. %

that nanometer-thick Si layers are very difficut o & [ [/ - Fit with g(x) &< 1/x°

crystallize®1° 8 200} Fit with g{x)  exp(-x/x ), x= 0.5 nm |
The MEIS spectrum is shown in Fig. 2. The symbols are f 200

the experimental data, and the line is the result of the simu-a 150

lation. We find that thicknesses of SIEI/SIO, /SIO, layers % 100t 100 1

are 2.2, 5, and 2.2 nm, in an excellent agreement with the § sor o o)

intended thicknesses. The Er concentration was 0.27 at.%_ g °’6 3 4° 5

for both SiG:Er layers. Taken together, Figs. 1 and 2 con- W : T : : r

firm that we can depos#-Si/SiO,:Er/SiO, /SiO, :Er layers 0 1 2 3 4

with subnanometer control over the individual layers, while SiO,:Er layer thickness, d(nm)

keeping the overall film structure the same.

Figure 3 shows the dependence of thé 'Epeak PL  FIG. 3. The dependence of the*Erpeak PL intensities on the SjCEr
intensity from the sample with 0.27 at. % Er on the §iE)’ layer thickness in Er-doped-Si/SiO, SLs. The symbols are experimental
|ayer thickness. The inset shows that from the sample Witﬁata and the lines are the results of fits using different carriéf—Iterac-

’ . tion mechanisms. The inset shows the dependence of the fak PL
0.1 at. % Er. The symbols are the experimental data, and thgiensities on the SIQET layer thickness in Er-dopea+ Si/SiO, SLs con-

lines are the results of the fit discussed later. We find that fofaining 0.1 at % Er and the line is the result of fit.
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' ' ' ' ' dominant than the direct, resonant dipole—dipole interaction
Er:0.27 at. % 11.2 between them. We note that Kimurat al, using pre-
Pumping: 477nm, 250mW at RT oxidized porous Si, have come to a similar conclugion.
lo.9 However, the value ok, was much larger in his cag@—-3
versus 0.5 nm The reason for such differences is not yet
’ * . ﬁ § _________ R los clear at this moment. We note, however, that his film con-

L] L L] ) tained crystalline Si rather than amorphous Si. Such differ-
ences in the Si layers may significantly impact the carrier—
Er* interaction. Finally, we note that the characteristic

carrier—EP" interaction distance may also be dependent on
05 1.0 15 20 25 0.0 other parameters, such as the Er concentration and the tem-
perature. More detailed investigations are currently on the
FIG. 4. _The dep(_endence of the?ErIuminescence_Ii_fetimes on the SiCEr Wayin conclusion, we have investigated the carrie2Bin-
layer thickness in Er-doped-Si/SiO, SLs containing 0.27 at% Er. The . . o . . . .
dotted line represents the average lifetime. teraction ina-Si/SiG,:Er/a-Si superlattice films deposited
by ion-beam sputtering. We find that the experimental results
are well-described by exponentially decaying carrier—Er in-
teractions with a characteristic interaction distance of 0.5
+0.1 nm, indicating the likelihood of an exchange interac-
}ion between carriers and .
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the number of available Ef ions is increasing, that is, ex-
citation of EP* can occur over atomic distances and is not
limited to a-Si/SiO, :Er interfaces.
In such a case, we can write the excitation dynamics o
Er* as This work was supported in part by Advanced Photonics
dN* (x) N* (x) Project, the NRL project, and ASSRC at Yonsei University.
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