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Photoluminescence~PL! at 1.54mm of erbium-doped Si12yCy alloys grown by molecular beam
epitaxy~MBE! has been analyzed depending on sample temperature, excitation density, and growth
conditions. Erbium activation raises with increasing incorporation of substitutional carbon
compared to interstitial carbon. For@Er#54.531019cm23 and y50.1% maximum PL output at
1.54 mm was achieved for growth temperatures at 430 °C. Additional annealing could further
enhance PL intensity at 1.54mm. For increasing sample temperature a decrease of PL intensity with
two characteristic activation energies around 100 and 10–20 meV is observed, which results in
quenching of PL intensity at lower temperatures for Si:Er:C layers compared to Si:Er:O layers. PL
spectra show different fine structure for oxygen and carbon codoping by MBE or ion implantation,
higher efficiency, and lower PL background for MBE-grown samples in contrast to ion-implanted
layers. © 1999 American Institute of Physics.@S0003-6951~99!03043-0#

With silicon being the leading semiconductor material in
microelectronics, it is highly desirable to realize silicon-
based light emitters for integration of optical components on
the same chip. This endeavor has been hampered by the in-
direct band gap of Si. A possible and promising way to reach
this aim is to incorporate erbium in silicon. Erbium ions in
their Er31 state exhibit a spectrally sharp transition at the
1.54 mm wavelength. This wavelength coincides with the
range of minimal absorption in silicon-based fibers and,
therefore, has great commercial importance for optical com-
munication techniques. As is characteristic for rare-earth
metals in various host materials, erbium ions can be excited
within the 4f shell, resulting in a radiative transition at the
desired wavelength. To investigate these optical active lay-
ers, different incorporation techniques for erbium and
codopants were used, such as ion implantation1,2 and mo-
lecular beam epitaxy~MBE!.3,4 Additional codopants,
mainly, O, C, and F,1–6 play an important role for getting
efficient 1.54mm erbium luminescence up to room tempera-
ture: They allow for erbium incorporation in the silicon host
up to high concentrations without segregation and enhance
luminescence efficiency. So far, oxygen seemed to be the
best choice for activating erbium ions enhancing the lumi-
nescence output most.5 The scope of this work is to analyze
the erbium photoluminescence~PL! depending on the carbon
incorporation in Si12yCy :Er alloy layers deposited by MBE.

All samples were grown by solid-source MBE. Com-
pared to ion implantation, this technique has the advantage
of a high crystal quality, enabling detection of erbium PL in
the as-grown state without thermal annealing steps. An 80-
nm-thick Si buffer layer and a 200-nm-thick erbium-doped
Si12yCy layer are deposited on an intrinsic~100!Si substrate.
The erbium flux is controlled by the temperature of a Knud-
sen cell. Si is evaporated from an e-beam source at a constant
growth rate of 0.3 Å/s. Alloying with carbon was achieved

by sublimation from a current-heated graphite filament.
Two-dimensional growth with 231 reconstruction wasin
situ controlled by reflection high-energy electron diffraction
~RHEED!. Secondary ion mass spectroscopy~SIMS! was
used to measure the spatial concentration profiles. SIMS data
clearly demonstrate that erbium and carbon are incorporated
in the concentration range up to 1020cm23 without signifi-
cant segregation in the active layer. By x-ray diffraction
~XRD! spectroscopy in combination with SIMS, we could
distinguish between the amounts of carbon on substitutional
and interstitial lattice sites. Besides the silicon substrate
peak, a well-separated peak originating from the tensily
strained Si12yCy layer as well as pendello¨sung fringes could
be resolved. This indicates a high quality of the layers and
interfaces. The PL was excited by the 488 nm line of an
Ar1-ion laser with an excitation density of about 0.2 W/cm2.
A single-grating monochromator together with a liquid-
nitrogen-cooled germanium detector were used to disperse
and detect the PL signal in a lock-in technique.

The integrated PL intensity of the line at 1.54mm from
Si0.999C0.001:Er layers observed atT57 K depending on
growth temperature is shown in Fig. 1. The Er concentration
was@Er#54.531019cm23. It can be seen that codoping with
y50.1% carbon (@C#53.931019cm23) leads to a strong en-
hancement of the 1.54mm luminescence depending on
growth temperature. For comparison, a Si:Er sample grown
by MBE was implanted with the same amount of carbon.
After annealing at 900 °C for 30 min, it showed stronger
luminescence compared to samples without carbon codop-
ing, but lower efficiency than the MBE-grown Si12yCy

samples. One can distinguish between two growth tempera-
ture ranges with a clear maximum for PL output at 1.54mm
from the Er31 ions for a substrate temperature of about
430 °C: The PL intensity increases with growth temperature
up to 430 °C.In situ RHEED characterization showed amor-
phous crystal growth for low temperaturesT,390 °C. These
amorphous layers have a high density of defects and nonra-a!Corresponding author. Electronic mail: markmann@wsi.tu-muenchen.de

APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 17 25 OCTOBER 1999

25840003-6951/99/75(17)/2584/3/$15.00 © 1999 American Institute of Physics



diative recombination channels causing a short carrier life-
time. This results in less effective excitation of erbium ions
in PL measurements via theimpurity Auger effect.2 For
growth temperatures higher than 430 °C, the PL output de-
creases. From combined XRD and SIMS analysis, a reduced
substitutional incorporation of carbon is deduced at higher
growth temperature. The carbon tends to be incorporated on
interstitial lattice sites and may form SiC precipitates and
defects like dislocations.7 Therefore, excitation of erbium
ions shrinks obviously. Annealing at 900 °C for 30 min in-
creases PL efficiency most for all samples~Fig. 1!. We ob-
serve about the same PL efficiency at 1.54mm as from our
best oxygen codoped 240 nm Si:Er:O layer grown at
500 °C.8

PL intensity I (PL) at 1.54mm versus excitation power
PL was analyzed for a series of annealing temperatures be-
tween 700 and 1100 °C. For all annealing conditions a linear
increase in PL intensity followed by a saturation regime can
be observed. The power dependence at constant temperature
T57 K can be fitted well by a function suggested by Priolo
et al.5 for Si:Er:O layers:

I ~PL!5
A

11B/PL
n , A}

N* t

t trt rad
, B}1/teh ,

with N* being the number of excited Er31 ions, t and t rad

the total and radiative lifetime of the Er31 ions. t tr is the
transit time for filling the excited state of Er31 from the
donor level, andteh the lifetime of free carriers. The param-
etern depends on the recombination mechanism for free car-
riers and should be between 1~Shockley–Read–Hall recom-
bination! and 1/3~additional Auger recombination!.9 Results
of the fit are plotted in Fig. 2: For annealing temperatures up
to 900 °C, the saturation PL output at 1.54mm increases
compared to the as-grown state. XRD data indicate no
change in substitutional C content in this temperature range.
This is attributed to diffusion of carbon on substitutional
sites10 activating further erbium centers. Above 900 °C the
substitutional carbon content shrinks~see Fig. 2!. Despite the
lifetime of the free carrier increases, which should enhance
the excitation probability of Er31, PL intensity also de-

creases. This indicates that activating erbium centers by sub-
stitutional carbon incorporation is the crucial point for effi-
cient PL output from Si12yCy :Er layers. At constant erbium
concentration 4.531019cm23 and growth temperature of
430 °C, the PL intensity at 1.54mm is increased by raising
the total carbon content up to 3.931019cm23. This may be
attributed to an improved optical activation by an increased
number of carbon atoms surrounding erbium ions or a higher
strain caused by substitutional C. Above@C#53.931019cm3,
PL decreases strongly. This could be caused by C–C clus-
tering, SiC precipitates, and C-related defects, which en-
hance nonradiative band-to-band recombination.11

Figure 3 shows typical temperature dependences of the
PL output at 1.54mm from erbium ions. Oxygen and carbon
codoped Si:Er layers grown by MBE indicate a similar be-
havior: Increasing the temperature from 7 to 40 K does not
affect the PL intensityI. For higher temperatures, PL output
from carbon codoped samples decreases faster compared to
Si:Er:O layers. It vanishes at about 170 K while the latter can
be observed up to room temperature. For comparison, the
implanted Si:Er:C sample shows clear PL only below 90 K.
The temperature dependenceI (T) can be well approximated
by a double-exponential fit5 with two activation energies~E1

andE2!:

FIG. 1. Integrated PL intensity at 1.54mm recorded at 7 K as afunction of
growth temperature for Si:Er samples, codoped with O
(@O#53.531019 cm23) and C (@C#53.931019 cm23), and without any
codopant, prepared by MBE or ion implantation.

FIG. 2. PL saturation intensity at 1.54mm, substitutional C fraction, and
lifetime teh of free carriers vs annealing temperature for a sample with
@Er#54.531019 cm23 and @C#53.931019 cm23 grown atTgrowth5430 °C.

FIG. 3. Typical temperature dependence of the PL intensity at 1.54mm of
erbium-doped Si12yCy ~@Er#54.531019 cm23, y50.1,Tgrowth5430 °C! and
Si:Er:O layers~@Er#5@O#53.531019 cm23, Tgrowth5500 °C!. Inset: thermal
activation energyE1 andE2 depending on substitutional carbon content in
Si12yCy :Er layers grown atT5430 °C.
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I ~T!5
I 0

11A exp~2 E1/kT!1B exp~2 E2/kT!
.

The coupling coefficients are aboutA520 andB5200 000
for all samples. Oxygen codoped erbium ions showed the
typical activation energies E1'10– 20 meV and E2

'140 meV as already reported.5,8 Erbium in Si12yCy alloys
does not influence significantly the shallow level (E1

'10– 20 meV), whereas it causes a lower activation energy
E2 . This difference can be seen from the smaller slope of the
Si:Er:C data for temperatures above 60 K in Fig. 2.E2 de-
pends on the substitutional carbon content. Increasing the
substitutial carbon content fromy50.08% to y50.3%, a
decrease in activation energy fromE25108.5 to 92.8 meV is
observed. This change compares well to the band-gap reduc-
tion (DE52y 6.5 eV) of about 16 meV expected for
Si12yCy alloy layers on Si~100!.12 Tensile biaxial strain in
the Si12yCy layer causes mainly a decrease of the
conduction-band edge, which may imply a conduction-band-
related state causing the transition with thermal activation
energyE2 . Finally, it should be mentioned thatE2 in carbon
codoped samples has been reported to be 150 meV by Priolo
et al.5 for a significant lower carbon (c@C#5131018cm23)
and erbium concentration (c@Er#'631015cm23). The dis-
crepancy of the value extrapolated for lowy from our data is
not understood. It may indicate a different level of Er in
Si12yCy .

By high-resolution photoluminescence measurements
the influence of the local environment on the erbium ion can
be studied. Figure 4 shows the PL spectra recorded at 7 K
with a spectral resolution of 0.5 meV, normalized to their
peak values, of the MBE grown Si:Er:O, MBE-grown and
ion-implanted Si:Er:C films. The MBE-grown samples were
analyzed in their as-grown state, while the ion-implanted
sample was annealed at 900 °C for 30 min. All spectra indi-
cate typical luminescence from erbium. The main peak for
oxygen codoping of erbium is centered around 0.807 eV. In
contrast, activating erbium with carbon~both by MBE and
ion implantation! causes the main peak to occur around
0.805 eV. This is not affected by the background oxygen

concentration~MBE: @O#5131019cm23, ion implantation:
@O#5431018cm23!, indicating mainly activation of erbium
ions by carbon atoms. An obvious difference in fine structure
of the PL lines besides the main peak regarding line position
and relative intensity can be observed~Fig. 4!. This may be
caused by different optically active erbium centers for each
codopant. Also, incorporation of a codopant on different lat-
tice sites clearly alters the fine structure, as can be deduced
from comparing MBE and implanted Si:Er:C layers. This is
attributed to an increased substitutional content for MBE
samples in contrast to mainly interstitial carbon in implanted
Si:Er:C layers. This changes the local field around Er31 ions,
which results in different Stark splitting of the erbium levels.
The sample implanted with carbon reveals intensive back-
ground PL and lower PL intensity at 1.54mm than the MBE
samples. This could be attributed to implantation-related de-
fects and, therefore, reduced erbium excitation.

We have presented a study on the influence of codopant
carbon in MBE-grown Si12yCy :Er layers on erbium PL
emission at 1.54mm. At a carbon concentration of 3.9
31019cm23 and an erbium concentration of 4.5
31019cm23, maximum PL output can be achieved for the
growth temperature of about 430 °C. Annealing further in-
creases the PL intensity by a factor up to 3 due to a better
Er31 activation by substitutional carbon. These Si12yCy :Er
layers show about the same PL efficiency as the oxygen
codoped samples. The temperature dependence of the PL
intensity from the Si12yCy :Er layers can be described by a
double-exponential fit. The activation energyE2 decreases
for higher carbon content on substitutional lattice sites. The
PL fine structure for oxygen and carbon codoped samples is
different due to a different local environment of the erbium
ions. Compared to implanted samples, MBE-grown
Si12yCy :Er layers show higher PL efficiency, improvedT
quenching, as well as lower defect-induced background PL.

The samples were grown in a converted Riber MBE sys-
tem which was provided by H. Kurz of RWTH Aachen, Ger-
many. This project is supported financially by the Volk-
swagen Stiftung via Photonik. One of the authors~M.M.!
gratefully acknowledges financial support from the Studien-
stiftung des deutschen Volkes.
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