Excitation and deexcitation of Er 3% in crystalline silicon
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Temperature dependent measurements of the LB¥ photoluminescence of Er implanted

N codoped crystalline Si are made. Upon increasing the temperature from 12 to 150 K, the intens-
ity guenches by more than a factor thousand, while the lifetime quenches from 42ag0The
guenching processes are described by an impurity Auger energy transfer model that includes
bound exciton dissociation and a nonradiative energy backtransfer process. Electron and hole
trap levels are determined. Direct evidence for a backtransfer process follows from spectral response
measurements on an Er-implanted Si solar cell. 1897 American Institute of Physics.
[S0003-695(197)00313-9

With the increasing importance of combining optical andbeen made of the position of the relevant deep levels in the
electronic technology, the need for an effective light sourcebandgap. In this letter, we provide direct experimental evi-
in silicon grows. One way of realizing such a light source isdence for the backtransfer process in crystalline silicon, ob-
by optical doping, in which optically active elements aretained from room temperatur@RT) spectral response mea-
incorporated in the silicon matrix. Erbium is an interestingsurements on an erbium implanted silicon solar cell. From
optical dopant, as its intraf4ransition from the first excited measurements of the temperature dependence of the erbium
state (113 to the ground state’(;s,) causes luminescence photoluminescence intensity and lifetime in  nitrogen
at 1.54um, a standard wavelength in telecommunication. codoped crystalline silicon, we acquire information on the

Erbium luminescence in crystalline silicon has been exposition of the energy levels involved in excitation and de-
tensively studied in the past five yearS.in most cases, the excitation of the erbium. The obtained values for the level
erbium is excited by photogenerated carriers, using abov&ssitions show that independent optimization of excitation
band-gap laser illumination. The luminescence intensity is,,q deexcitation efficiencies might be possible.
found to decrease rapidly upon going to higher temperatures. single crystal Czochralski-grown silicon wafer

This luminescence quenching can be described using thﬁ)—type, B-doped][100], 1—10€) cm) was implanted with Si,

modef depicted in Fig.. 1. In Fhis model, electrons are N, and Er at room temperature, at a pressure belowf 10
trapped at a deep level in the silicon band gap, where the?ﬁbar. Silicon was implanted at 450 keV to a fluence of

form (l.:) bognd- excitons. The deep level can, for_example,3_5><lol5_ Nitrogen was coimplanted at 225 keV to a flu-
be an impurity induced levébr a level corresponding to a 5, . :
e . ence of 1x 10" cm 2, followed by an erbium implant at
hybridization between the Ef 5d state and silicon conduc- 4o
tion band state® Recombination of a bound exciton can ex 1.46 MeV to a fluence of 1610* cm . The sample was
annealed in vacuum f&® h at 490 °C and for 1 h at 600 °C,

) g . .
cite (E) the EF*4f-shell in an Auger process. The erbium to recrystallize the implanted layer. Rutherford backscatter-

ion can then decay radiatively, resulting in 1, lumines- | ; v sh d that the Er h G ian depth
cence. Due to the donor character of erbium, the hole captur' 9 spectromelry showed that Ihe £r has a Laussian dep
istribution at a depth of 490 nm, with a full width at half-

process is usually the rate limiting step in the exciton forma-""" .
tion. maximum(FWHM) of 310 nm and a peak concentration of

8 ~m~38 i i i
The observed Iuminescence intensity and Iifetime5X101 cm™°.° The nitrogen concentration profile as deter-

quenching are thought to be caused by the reverse of prdhin€d from secondary ion mass spectrometry peaks at a
cessesF and E. The dissociation of bound exciton®)  depth of 580 nm and show a FWHM of 200 nm and a peak

reduces theexcitation efficiency. The energy backtransfer concentration of & 10 cm™*.
from an excited erbium ion to a trapped carrier staBd ( Photoluminescencd’L) measurements were done using
decreases the excited state lifetime, and with itltireines-  the 515 nm line of an Ar ion laser as a pump beam. The
cenceefficiency. To account for the energy differences in-Pump beam was modulated by an acousto-optic modulator.
volved in the quenching mechanisrBsand D, both steps The sample was mounted in a closed cycle helium cryostat,
have to be phonon assisted. This is the origin of the temperalsing silver paint to ensure good thermal contact. The PL
ture dependence of the luminescence quenching. Quenchisignal was focused into a 48 cm monochromator, and col-
can also occur by Auger energy transfer to free carfiéfs, lected by a liquid nitrogen cooled Ge detector. The signal
these are present in sufficiently high concentrations. was determined using standard lock-in technigues. Lumines-
Although the model outlines above has been used to desence decay traces were obtained by averaging the detector
scribe the luminescence quenching of erbium in crystallinesignal on a digital oscilloscope. The system response time
silicon, no direct proof of the dissociation and backtransfewas 0.5us. Measurements were taken at temperatures rang-
processes has been supplied. Furthermore, few reports hawvey from 12 to 170 K.
The erbium doped silicon wafer shows a PL spectrum
aElectronic mail: kik@amolf.nl typical for erbium in silicorf, peaking at 1.53%m. Figure 2
Present address: Weizmann Institute of Science, Rehovot 76100, Israel. shows an Arrhenius plot of the integrated PL intensitgen
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circles. To achieve optimum signal to noise ratio, the data ing,g ». Temperature dependence of the 1,54 PL intensity(circles, left
Fig. 2 were taken at different pump powers in the range Ofxis and the 1¢ luminescence lifetimécrosses, right axjsof Er implanted
1-100 mW, and then normalized to pump power. All datacrystalline Si.
were taken in the regime where PL intensity depends linearly
on pump power, precluding effects of beam heating, erbiumo dominate the minority carrier lifetime, . Inserting this in
excited state saturation, and free carrier Auger quenching ghe model, we find the following low pump power behavior
the EP* excited state. A slight intensity quenching is ob- for the PL intensity:
served up to a temperature of 85 K, above which a much
stronger quenching sets in.

Luminescence decay measurements were performed at

1.535um, at temperatures ranging from 12 to 170 K. At low whereAE,, is the hole binding energy at a filled trapEg
temperatures, a nearly single exponential decay is observeghe depth of the electron trafy the carrier generation rate,
For higher temperatures the decay becomes strongly nonexpq - ' the minority carrier lifetime. The prefacto® and
ponential. The ¥ times 7, are included in Fig. Zcrosses D arg given byC=W, /Ry and E=Wg/R; with W, the

A strong decrease in lifetime is observed above 85 K, inditgle capture rate constamg the electron trapping rate con-
cating that a decrease Ilominescenceefficiency is an im-  gtant, andR; the rate constant for exciton recombination at
portant factor in the measured intensity quenching. Thne trap. In general; andD depend on temperature, as both
slight intensity decrease observed in going from 12 to 85 Ky, and W contain the carrier velocity and their respective

is not accompanied by a decrease in lifetime, indicating thag,yier capture cross sections. Depending on the type of trap,
this intensity quenching is caused by a changeoitation it follows that Wy, g T with —1.5<a<0.5.

effi.cien.cy, and not by a change i_n luminescence efficiency. Equation(2) shows that in the low pump limit, the lumi-
This might be due to the detrapping of holes weakly bounchegcence efficiency and the excitation efficiency are decou-
to a filled trap. _ pled. To obtain the Er excitation efficiency, given by the
The observed temperature dependence of the lifetimgecong term in Eq(2), the intensities were divided by the
can be described using the model in Fig. 1. Once excited, 8fheasured luminescence lifetimes. This was done using a
Er ion can decay through two pathways: either by emitting a&pjine fit through the lifetime dat@ashed lines, Fig.)2The
1.54 um photon, or by energy backiransfer into a deep levelegyting excitation efficiency is shown in the inset in Fig. 2
in the gap. The total decay raw, equal to l#g, is then  (squares The efficiency data were then fitted using the sec-

1 Gry
lpL —AEqL /KT —(AEL T AEQ)IKT (2
W1+ Ce 2=H® +De HTEEE

given by ond term in Eq(2), by varyingAE,,, AEg, and the prefac-
A tors C and D, as well as the absolute scaling. Assuming a
W= W+ Wgre™ 2Fer/kT, (1) temperature independen, and taking into account the al-

lowed range fora in the prefactorsC andD, we find AEg

in which W, represents the measured erbium decay rate at 125+3 meV andAE,=12+6 meV. The fitting result for
low temperatures, where phonon assisted deexcitatior=—1/2 is shown in the insetin Fig.@olid line). It is clear
does not occur. The exponential term accounts for the phahat the proposed model describes the excitation process
non assisted backtransfer process, whikg is a prefactor quite well.
and AEgr the energy difference involved in the back- The mismatch between the Eexcited stateql;3,) en-
transfer procesgsee Fig. 1L From the high-temperature ergy and the silicon band gap amounts+800 meV. The
slope of the lifetime curve, we findEgr=135+5 meV. fitted activation energies together bridge only 2722 meV.
Furthermore, fitting Eq.(1) to the lifetime data we find This suggests that in N codoped Si, erbium excitation occurs
Wgr=10F-10°s7 1. through a level different from that involved in the deexcita-

It should be noted that the trap level mentioned in thetion process. An explanation might lie in the nature of the
discussion of the model is not the only carrier recombinatiordifferent energy levels. Impurity related levels such as those
center present in the silicon. In reality, dislocations and poinintroduced by nitrogen, are spatially rather extended, and
defects introduced during the implantation process are likelgouple strongly to conduction band states. Such levels are
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—r————— T maximum external quantum efficienay,,, of ~10 6. This
Next IS giVen by 7e,= Ngr Taps 787 70, With Ng, the opti-
cally active Er fluencepo,,s the EF' intra-4f absorption
cross section at 1.53am, and gt and np the quantum
efficiencies for backtransfer and dissociation. Assuming all
implanted Er is optically active and taking as an estirtfate
Tap=6X10"2° cn?, we find 7g7- 7p~50%, showing that
the backtransfer process can be quite efficient. The obtained
estimate yields an upper limit fojgr- 7p, as internal reflec-
tions in the solar cell were neglected in this analysis. It
should be noted that the backtransfer efficiency might de-
pend on the specific anneal treatment.
, In conclusion, the 1.54m EF™" luminescence intensity
1600 in crystalline Si, codoped with 810'® N cm 3, quenches
by three orders of magnitude as the temperature is increased
from 12 to 150 K, while the luminescence lifetime decreases
FIG. 3. Sp_ectral response of an erpium imp_Ianteq PERL S(_)Iar cell, derivedrom 420 to 3us. Using an impurity Auger model to de-
from datq in Ref. 10. The dagheq line is a linear interpolation of the l_)ack-scribe the data, electron detrapping with an activation energy
ground signal. Schematically indicated are the processes of Er excitation ! . . . .
and energy backtransfer followed by exciton dissociatmn of 125+3 meV and hole detrapping with an activation en-
ergy of 12£6 meV are found to reduce the Er excitation rate
at high temperatures. In addition, a nonradiative erbium de-
effective electron-hole recombination centers, which makegycitation process, with an activation energy of £EmeV
them probat?leaxcitation chann_els for the erbiUFfB_ee Fig.  reduces the erbium luminescence efficiency at high tempera-
1). The predicted Er relateddslike levef however, islocal-  tyres. From these activation energies it is concluded that the
ized near the erbium, resulting in a weak coupling o coNyeye| causing erbium excitation is different from the level
duction band states, and a relatively strong coupling to theaysing erbium deexcitation. Direct experimental evidence is
first excited state of the erbium. Carrier recombination at thg,,nd for a nonradiative B deexcitation process, resulting
latter erbium related energy level could therefore be the maigy, e generation of free carriers.
deexcitationchannel. This implies that the erbium PL emis- F. W. Saris is acknowledged for stimulating discussions
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