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Erbium is incorporated in crystalline silicon during molecular beam epitaxy @08iat 600 °C,
either in vacuun(6x 10~ mba or in an Q, ambient(4x10 1° mbay. Strong Er segregation takes
place during growth in vacuum, and only 23% of the total deposited Er is incorporated in the
epitaxial layer. Films grown in an £ambient show no Er segregation, and an Er concentration of
1.5X 10" Er/cn? is incorporated in the crystal. The O content is10'° O/cn?. Photoluminescence
spectra taken at 10 K show the characteristic infrdeninescence of Ef at 1.54um for both
samples, grown with and without,ODifferences found in the spectral shape indicate a difference
in the local environmenfpresumably O coordinatigrof Er for the two cases. The O codoped film
shows a 7 times higher Er luminescence peak intensity than the film grown without O. This is due
to the higher incorporated Er concentration as well as an increased luminescence eftlifetmg
without O: 0.33 ms, with O: 1.81 misThe Er excitation efficiency is lower in the O codoped film
than in the O-undoped film, which is attributed to the lower minority carrier lifetime in the O-doped
material. Thermal annealing of the O codoped film at 1000 °C increases the excitation efficiency and
hence the Er Iuminescence intensity. 1®96 American Institute of Physics.
[S0021-897€06)04903-2

I. INTRODUCTION Er surface segregation during deposition ofil80) is ob-
served, which is avoided when introducing an oxygen back-

The optical doping of silicon with erbium has been aground pressure during growth. This is a result with further
very active field of research since its introduction by Ennenimplications, since it has been shown that the addition of
et all2 The erbium ion, when incorporated in Si in the triva- oxygen to Er-implanted Si enhances the Er luminescence in-
lent charge state, shows an intrh-#ransition at a wave- tensity, and reduces the quenching of the luminescence at
length of 1.54um, which is important in optical communi- elevated temperaturé$.As a result, room temperature
cation technology. This emission has been observed botphotoluminescenéd®**and electroluminescente"™ from
under optical and electrical excitatidR.The optical doping Er and O codoped Si has been observed.
of erbium is thus an attractive method to obtain efficient light  In this article we will focus on the effect of oxygen on
emission from Si, thus finding a solution around the problenthe Er-related luminescence at 10 K of the Er-doped MBE-
of the indirect band gap of this semiconductor. The aim is tagrown Si films compared to films grown without oxygen. A
study the possibility of fabricating light-emitting diodes, la- seven-fold enhancement of the peak luminescence intensity
sers, or optical amplifiers based on silicon. is found for an oxygen concentration of +4x10“

To obtain efficient luminescence in Si it is first necessaryatoms/cm. The Er active concentration, excitation effi-
to incorporate high concentrations of Er in the cryStedn  ciency, and luminescence efficiency are studied. All these
implantation has been extensively used for incorporation oparameters are strongly affected by the presence of oxygen.
Er in Si1*~8 Erbium implantation induces amorphization of

the Si crystal. During solid phase epitak$PB of the Er- || EXPERIMENT
doped amorphous Si, segregation and trapping take place and . o ) )

concentration well above the equilibrium solubility. Erbium @pparatus utilizing an electron beam evaporator for Si and a
coevaporation during Si molecular beam epitdd4BE) of-  Knudsen cell for coevaporation of Er. The Si flux was
fers in principle the opportunity to grow in a direct way thick 1.56x10" atoms/cmis, and the Er flux 3.£10%
Er-doped layers eliminating the recrystallization step. atoms/crfis. Float-zone $100) (p-type, 0.17-0.23) cm)

We addressed the kinetics of Er incorporation and itavafers were used as substrates. The native oxide on the Si
limiting factors during Si MBE in a previous pape6trong surface was removed by briefly heating the substrates to
1100 °C in ultrahigh vacuunibase pressure of 30 !

mbal). After this treatment the surface exhibited a clearl2
dPresent address: Instituto de Optica, CSIC, Serrano 121, 28006 Madri?eflection high—energy electron diffraction pattern. A 20-nm-
Spain; Electronic mail: rserna@pinarl.csic.es ;

bpresent address: Philips Research Laboratories, P.O. Box 80000, 5600 JRick Si buffer layer was first grown bef_ore opening the Er
Eindhoven, The Netherlands. Knudsen cell to ensure good initial epitaxy. Subsequently,
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FIG. 2. PL spectra taken at 10 K for Er-doped MBE Si films grown on
Si(100 at 600 °C, without oxygen, and at an oxygen background pressure of
FIG. 1. Er concentration depth profiles for Er-doped MBE Si films grown 4x10”'° mbar. The pump power at 514.5 nm was 30 mW; the resolution is
on Si(100) at 600 °C, without oxygen, and at an oxygen background pres-1.5 nm. The arrows indicate the peak wavelength for each spectrum.

sure of 41071 mbar.

codeposition of Er and Si was performed, resulting in ansured in channeling condition®ot shown are identical to

~100-nm-thick Er-doped film. The typical growth pressurethose for the random ones, indicating that in both cases Er is
during deposition was %10~ 'mbar and the substrate tem- not in lattice positions, nor in tetrahedral interstitial sites.
perature was kept at 600 °C. The oxygen pressure in thghe m'”'T“’T‘ ylleld.m the Si part of the ;pec(mvot shown
MBE chamber was controlled through a needle valve. IS Xmin<-3%, indicating good crystal qualityFrom the pro-

After growth, a part of each film was annealed in a rapidfIIeS 'z fFlgt.hl ]itl IS seen th‘?ha (t:lear Er sburfice pezk 'ﬁ ob-
thermal annealing furnace at 1000 °C under flowingfol served for the fim grown without oxygen background, show-

15 s. The Er concentration depth profiles, layer thickness "9 that strong surface segregation takes place during

and Si crystal quality were measured with Rutherford backgrowr:;]’. a_md only a maximum_concentration 0b< 20" i
scattering spectrometiRBS)/channeling using 2 MeV He. Er/cn? is incorporated in the crystal. In contrast, the profile
A scattering angle of 100 °C was used to give a depth resof-0 r the sgmple grown in the presence O.f °Xy991§95h°;” s no
lution of 10 nm. The O and Er content of the films after segregation, and a trapped Er concentration ok1G-/cnr

growth was determined with secondary ion mass spectromThe same behavior was found for samples grown at different

H —10 —9
etry (SIMS) in ultrahigh vacuum using 16 keV Cssputter- OXygen pressures in the range of 20 ~—2x10 ~ mbar. It

ing. Secondary ion intensities were converted to atomic den® important to note that in the film grown without oxygen

sities using known relative sensitivity factdfs. only 2.3 % of the deposited Eor i.s incorporated into the crystal,
PhotoluminescencéPL) spectroscopy was performed Wh”el'& the other films 100f/° |sh|nc]9|rporated. 10

using the 514.5 line of an Ar laser as a pump source. Tae 1/ b SIMS mezsurkementz or the ”r? growrg) at><3t0 tin th

penetration depth at this wavelength is 890 nm in crystallinﬁmagf)zaelr;leiglgrgluc?r? p_rl_isesff Seﬁwcgzceni?;cigrq flgr €

Si. The pump power at the sample was varied in the range g e films _rown without ox. enis e}>/<g ected to be belowf10

1-150 mW. The spot diameter on the sample was about i 9 Y9 P

mm. The pump beam was chopped with an acousto-optica ' S

modulator at 23 Hz. The luminescence signal was collected The absence of segregation in the presence of oxygen

using a 48 cm monochromator, a liquid-nitrogen-cooled Gevas discussed in a previous papérhas been suggested that

detector, and a lock-in amplifier. All PL measurements were”, My réact with Er at the Si surface forming complexes

performed using a variable temperature closed-cycle heIiurﬁ:h'Ch can be more easily incorporated than Er alone. Note

: : : - t O also reduces Er segregation at a moving crystal amor-
refrigerator cryostat, with the samples kept in vaculioi ® att . ) L
9 y b P u %Pous interface during Si SPE,indicating that the presence

mbap. PL decay signals were recorded and averaged usin ; . - .
digitir)zing oscillgscgpe system 9 98t 0 increases the effective solubility of Er in crystal’Sin

' the present article PL measurements will be used to show
Il RESULTS AND DISCUSSION further evidence of the existence of such complexes.

A. Er incorporation during Si MBE

. . . . Optical activation of Er in Si grown by MBE
Figure 1 shows the Er concentration depth profiles otB P g y

MBE films grown without oxygenbase pressure of better
than 6<10 ! mbap, and with an oxygen background pres-
sure of 4<10 1° mbar. The profiles are obtained from RBS Figure 2 shows the Er-related PL spectra at 10 K of the
spectra measured in random conditions. The Er spectra mefilms grown without O, or in an Qpressure of 410 °

1. PL spectra

J. Appl. Phys., Vol. 79, No. 5, 1 March 1996 Serna et al. 2659
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mbar. The spectral resolution is 1.5 nm. In both cases the

spectrum shows a clear peak around 184, characteristic S0k 10 K ° T e

of transitions between tH# 5, and*l ;5,, manifolds in EF*. A I T A NN

The O-doped films shaosva 7 times higher peak intensity and £ o8 _\ £ b T

a 4.4 times higher integrated luminescence intensity than the < \ g T
one grown without oxygen. The shape of the luminescence u‘S \ o3

spectra is quite different. For the O-doped film the peak is — o6 b - . il 1Y
shifted toward lower wavelength. The side peak at 1,547 5 Ol ey
observed in the O-doped sample is not seen in the pure 204

sample. As the luminescence spectrum is a sensitive probe of % —no oxygen

the local environment of the Er ion, these data show thatthe £ 0.2 So_” "Po= 4 x 1077 mbar
presence of O changes the local structure around tRé&, _ TNl

presumably by the formation of Er—O complexes. . 005 > it ‘;... ’“‘é’“' .

In order to further analyze the PL data it must be realized
that the excitation of Er in Si is through a photocarrier me-
diated p_rocess, "e"_Er IS e_XC|ted electrlcally, and not by dl'FIG. 3. Normalized time decay of the 1.24n luminescence taken at 10 K
rect optical absorption. This fact has been shown for Erfor Er-doped MBE Si films grown on §i00) at 600 °C, without oxygen,
doped Czochralski-SiCz-Sj),>!" as well as for heavily and atan oxygen background pressure 8fl@ *° mbar. The inset shows
oxygen doped gii-13 Taking this into account, the increase the data on a Iogarlt.hmlc scale. The pump power at 514.5 nm was 60 mW.
. . . . . The spectral resolution was set to 10 nm.
in luminescence intensity of the O-doped film can be due to
the following factors.

(1) The Er concentration incorporated in the crystal is tation have always shown lifetimes well below 1 ms even at
higher.Indeed, the data in Fig. 1 show that 4 times more Er, Y 1012 . )
emperatures as low as 77 *R!? Further differences with

is incorpor in the O- film h n fEF . . . .
s incorporated in the O-doped , due to the absence o lon-implanted samples can be seen in the inset of Fig. 3 in

segregation. . .

(2) The fraction of optically active Er ions is higher. Whlch the'lumlnescence decay traces at 10 K_are shown on a
Indeed, it has been suggested that O increases the densitylai‘]amhmIC scale: The decay trgce for the O-doped _sample
opticall' active Er iond>17 shows a nearly single exponential behavior characterized by

y : a time constant of 2 ms, whereas the O-undoped film shows

3) The luminescence efficiency (lifetime) is higfidre . .
Iumi(n()ascence efficiency is definedya(s the r;tio bgtween re clear double exponential decay characterized by a fast de-

diative and totalradiative plus nonradiatiyedecay rates of cay of 80us followed by a slower decay of 0.9 ms. Mea-

the excited Er ions. Madification of the Er local environmentSEgivn:jnésou%?éfzz(mgge:::ia'logggpla:gf:eei sgt': F;Ic(frsoaltmgz z q
may influence the efficiency of nonradiative energy transfe b y b

processes and thereby the luminescence effici¥ncy and O-doped samples. The high luminescence lifetimes
(4) The Er is more efficiently excite@or examp.le an found for the MBE O-doped samples indicate that nonradia-

. . SR . tive lumin n nchin r in O- i:Er
increase of the electrical carrier lifetime will lead to a more e escence quenching processes O-doped 3

efficient excitation of Er, and hence to a higher quantumfIImS are less efficient in MBE-grown films than in ion-

efficiency (defined as the fraction of photogeneratedImplanted films, at least at 77 K.
electron—hole pairs that recombine by transferring energy to

an Er ion. The coupling from the Si electronic system to the 3 £, active fraction and excitation efficiency

Er-intra 4 shell may also be affected by the presence of _ ) ) )
0.18-20 In order to determine the relative fraction of active Er

In the following sections measurements of luminescencdPns in the films, as well as the excitation efficiency, mea-
lifetime, as well as the pump power dependence of the lumiSurements of the dependence of the 154 luminescence
nescence will allow us to study and discuss iss(@s(3), Intensity on the excitation power were performed for both

and (4), while issue(1) was already discussed above. films. Figure 4 shows the luminescence peak intensity for
each film measured as function of the excitation power. As

the spectral resolution was set to 10 nm, an integrated inten-
. . i sity measurement is obtained over this wavelength range. For

Figure 3 shows normalized luminescence decay t_r?oces #Mw powers the luminescence intensity increases with power,
1.54 um for th_e samples grown in presence 0*10 while saturation is observed for the highest pump powers
mbar G and without Q, measured at 10 K. Thedtime | geq.

values are 1.81 and 0.33 ms for the films grown with and 14 jnterpret these data it can be assumed that the lumi-
V\{|t_hout oxygen, respectively. The decay t_races show Nno Sigrescence intensity is proportional g w,.g, with ng, the
nificant change when the temperature is increased up to 104, density of excited ions amd,4the radiative decay rate

K. This result is the first report for a lifetime over 1 ms in \yhich we assume to be the same for both samples. The rate
Er-doped St%” The increase in luminescence intensity for equation fome, can be written as
r

the O-doped sampléFig. 2) is partially due to this five fold

Time (ms)

2. Luminescence efficiency (lifetime)

enhancement of the luminescence efficiency. It must be dnEr:PQ(n n )_n_Er )
noted that Si:Er films codoped with oxygen by ion implan- dt o TEr T’
2660 J. Appl. Phys., Vol. 79, No. 5, 1 March 1996 Serna et al.
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FIG. 4. Peak value of the PL intensity as a function of pump power taken at "E 15 ——as grown (b) |
10 K for Er-doped MBE Si films grown on &i00) at 600 °C, without = r — -annealed
oxygen, and at an oxygen background pressurexdat *° mbar. The spec- |
tral resolution was set to 10 nm. The solid line is a fit of E2). to the o
experimental data. 1.0k
whereP is the excitation poweR is a factor which includes 05k
the quantum efficiency of the proceseghich is dependent on
the temperature and excitation wavelength, as well as on
geometrical factops n, is the areal density of optically ac- 0.0 L L

1.3 1.4 1.5
wavelength (um)

tive Er ions, andr is the luminescence lifetime.
In equilibriumdng/dt=0 so that

Ny FIG. 5. PL spectra taken at 10 K for Er-doped MBE Si films grown on
Ng=—75>. 2 Si(100 at 600 °C, as grown and after an annealing at 1000 °C 15 s, without
14 oxygen(a), and at an oxygen background pressure sf18° mbar (b).

PQr The pump power at 514.5 nm was 60 mW; the resolution is 6 nm.

Note that for high excitation powefP>1/Q7)ng~n,,

while for low excitation powerdP<1/Q7) the excited Er Fig. 1). We therefore conclude that the Er optically active
concentration is linear with poweng~PQn,. The best fit  fraction is not modified by the presence of oxygen.
to Eq.(2) is overlayed with the experimental data in Fig. 4. The 3-times lowerQ value obtained for the O-doped
The fit parameters, andQ together with the measuredel/  fjim reflects a lower excitation efficiency. This may be due to
lifetimes (7) from Fig. 3 are listed in Table I. Since the Iu- structural defects in the Si crystal related to the O incorpo-
minescence intensity is given in arbitrary units, the valuesation, which cause a reduction in the electrical carrier life-
for n, and Q are only relative values, and will be used to time. Since Er excitation in Si takes place via photogenerated
establish a comparison between the two films. In Table I thearriers, this results in a less efficient Er excitation.
values forn, and Q are normalized to the values for the  Altogether the increase in PL intensity for the O-doped
sample grown without & The data forn, show that the sample over the whole range of pump powers used is attrib-
O-doped film has a 3.7-fold higher density of active Er ionsyted to the combined effect of: a 3.7 times more active Er
than the film grown without oxygen. Note that the total fraction (a fourfold increase in incorporated)Er 5.4 times
amount of Er incorporated in the O-doped film is also 4hjgher luminescence efficiency, and a factor of 0.35 lower
times higher than that in the film grown without oxygeee  excitation efficiency. It must be noted that these results hold
at 10 K, and can be extended up to 100 K, but they cannot be
TABLE |. Lifetime (), relative number of optically/active Er ioita,), and eXtrapOIated, at_ tempgratures close to room .temperature
relative quantum efficiencyQ) for the films grown without oxygen, and at Where the situation is likely to be strongly modified, as has
oxygen background pressure ok40 '° mbar. The total trapped Er areal been shown in Er ion implanted filntS.
density is also indicated. The valuesmyf, andQ are obtained using Eq2)

to fit luminescence power dependence measurentEigs4), and are nor- ) )
malized to the values for the sample grown without oxygen. 4. Annealing behavior

In order to study a possible improvement of the lumines-
cence characteristics, after deposition a part of each film was
No oxygen %10 0.33 1 1 annealed at 1000 °C for 15 s. This procedure is shown to

Po, (mbay Er/cn? 7(ms) Ny Q

—10 4 K K . . j
4x10 10 1x10* 181 3.7 0.35 lead to optimum luminescence in Er-implanted SFigure 5
4x10 1x10 1.68 6.6 0.48 . .
shows the PL spectra for samples grown with and without
dAnnealed. oxygen before and after the anneal. A broad luminescence
J. Appl. Phys., Vol. 79, No. 5, 1 March 1996 Serna et al. 2661
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band between 1.3 and 14m is seen in the as-grown film shows a higher luminescence intensity than the O-undoped
without oxygen[Fig. 5a)], superimposed on the characteris- film due to the fact that a larger Er concentration is trapped
tic Er luminescence. The broad luminescence band increas@sthe crystal, and because the O-doped film shows a higher
further upon annealing, while the Er-related luminescence isEr luminescence efficiencffonger lifetime. The Er excita-
essentially, not modified by the annealing. The broad bantion efficiency is lower in the O-doped films than in the
has been observed in all the films grown without oxygenO-undoped film, presumably because the presence of O low-
including samples grown on @il1) substrates.lt may be ers the minority carrier lifetime. Thermal annealing of the
related to defects and strain in the Si crystal or to the forma©-doped film at 1000 °C increases the excitation efficiency
tion of erbium silicide precipitates at the surface of the film.and hence the luminescence intensity.

The absence of the defect band in the O-doped f{lRig.

5(b)]. may be related to the absence of Er-related defects anECKN OWLEDGMENTS

precipitates.
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