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Temperature dependent measurements of the 1.54mm photoluminescence of Er implanted
N codoped crystalline Si are made. Upon increasing the temperature from 12 to 150 K, the intens-
ity quenches by more than a factor thousand, while the lifetime quenches from 420 to 3ms. The
quenching 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. ©1997 American Institute of Physics.
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With the increasing importance of combining optical a
electronic technology, the need for an effective light sou
in silicon grows. One way of realizing such a light source
by optical doping, in which optically active elements a
incorporated in the silicon matrix. Erbium is an interesti
optical dopant, as its intra-4f transition from the first excited
state (4I 13/2) to the ground state (

4I 15/2) causes luminescenc
at 1.54mm, a standard wavelength in telecommunication

Erbium luminescence in crystalline silicon has been
tensively studied in the past five years.1–5 In most cases, the
erbium is excited by photogenerated carriers, using abo
band-gap laser illumination. The luminescence intensity
found to decrease rapidly upon going to higher temperatu
This luminescence quenching can be described using
model3 depicted in Fig. 1. In this model, electrons a
trapped at a deep level in the silicon band gap, where t
form (F) bound excitons. The deep level can, for examp
be an impurity induced level3 or a level corresponding to
hybridization between the Er31 5d state and silicon conduc
tion band states.6 Recombination of a bound exciton can e
cite (E) the Er314 f -shell in an Auger process. The erbiu
ion can then decay radiatively, resulting in 1.54mm lumines-
cence. Due to the donor character of erbium, the hole cap
process is usually the rate limiting step in the exciton form
tion.

The observed luminescence intensity and lifetim
quenching are thought to be caused by the reverse of
cessesF and E. The dissociation of bound excitons (D)
reduces theexcitation efficiency. The energy backtransfe
from an excited erbium ion to a trapped carrier state (B)
decreases the excited state lifetime, and with it thelumines-
cenceefficiency. To account for the energy differences
volved in the quenching mechanismsB andD, both steps
have to be phonon assisted. This is the origin of the temp
ture dependence of the luminescence quenching. Quenc
can also occur by Auger energy transfer to free carriers7 if
these are present in sufficiently high concentrations.

Although the model outlines above has been used to
scribe the luminescence quenching of erbium in crystal
silicon, no direct proof of the dissociation and backtrans
processes has been supplied. Furthermore, few reports
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been made of the position of the relevant deep levels in
bandgap. In this letter, we provide direct experimental e
dence for the backtransfer process in crystalline silicon,
tained from room temperature~RT! spectral response mea
surements on an erbium implanted silicon solar cell. Fr
measurements of the temperature dependence of the er
photoluminescence intensity and lifetime in nitrog
codoped crystalline silicon, we acquire information on t
position of the energy levels involved in excitation and d
excitation of the erbium. The obtained values for the le
positions show that independent optimization of excitat
and deexcitation efficiencies might be possible.

A single crystal Czochralski-grown silicon wafe
(p-type, B-doped,@100#, 1–10V cm! was implanted with Si,
N, and Er at room temperature, at a pressure below 126

mbar. Silicon was implanted at 450 keV to a fluence
3.531015. Nitrogen was coimplanted at 225 keV to a flu
ence of 131015 cm22, followed by an erbium implant a
1.46 MeV to a fluence of 1.631014 cm22. The sample was
annealed in vacuum for 2 h at 490 °C and for 1 h at 600 °C
to recrystallize the implanted layer. Rutherford backscat
ing spectrometry showed that the Er has a Gaussian d
distribution at a depth of 490 nm, with a full width at hal
maximum~FWHM! of 310 nm and a peak concentration
531018 cm23.8 The nitrogen concentration profile as dete
mined from secondary ion mass spectrometry peaks a
depth of 580 nm and show a FWHM of 200 nm and a pe
concentration of 631019 cm23.

Photoluminescence~PL! measurements were done usin
the 515 nm line of an Ar ion laser as a pump beam. T
pump beam was modulated by an acousto-optic modula
The sample was mounted in a closed cycle helium cryos
using silver paint to ensure good thermal contact. The
signal was focused into a 48 cm monochromator, and c
lected by a liquid nitrogen cooled Ge detector. The sig
was determined using standard lock-in techniques. Lumin
cence decay traces were obtained by averaging the det
signal on a digital oscilloscope. The system response t
was 0.5ms. Measurements were taken at temperatures ra
ing from 12 to 170 K.

The erbium doped silicon wafer shows a PL spectr
typical for erbium in silicon,8 peaking at 1.535mm. Figure 2
shows an Arrhenius plot of the integrated PL intensity~openl.
1721721/3/$10.00 © 1997 American Institute of Physics
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circles!. To achieve optimum signal to noise ratio, the data
Fig. 2 were taken at different pump powers in the range
1–100 mW, and then normalized to pump power. All da
were taken in the regime where PL intensity depends line
on pump power, precluding effects of beam heating, erb
excited state saturation, and free carrier Auger quenchin
the Er31 excited state. A slight intensity quenching is o
served up to a temperature of 85 K, above which a m
stronger quenching sets in.

Luminescence decay measurements were performe
1.535mm, at temperatures ranging from 12 to 170 K. At lo
temperatures, a nearly single exponential decay is obser
For higher temperatures the decay becomes strongly no
ponential. The 1/e timestEr are included in Fig. 2~crosses!.
A strong decrease in lifetime is observed above 85 K, in
cating that a decrease inluminescenceefficiency is an im-
portant factor in the measured intensity quenching. T
slight intensity decrease observed in going from 12 to 85
is not accompanied by a decrease in lifetime, indicating t
this intensity quenching is caused by a change inexcitation
efficiency, and not by a change in luminescence efficien
This might be due to the detrapping of holes weakly bou
to a filled trap.

The observed temperature dependence of the lifet
can be described using the model in Fig. 1. Once excited
Er ion can decay through two pathways: either by emittin
1.54mm photon, or by energy backtransfer into a deep le
in the gap. The total decay rateW, equal to 1/tEr , is then
given by

W5W01WBTe
2DEBT /kT, ~1!

in which W0 represents the measured erbium decay rat
low temperatures, where phonon assisted deexcita
does not occur. The exponential term accounts for the p
non assisted backtransfer process, whereWBT is a prefactor
and DEBT the energy difference involved in the bac
transfer process~see Fig. 1!. From the high-temperatur
slope of the lifetime curve, we findDEBT513565 meV.
Furthermore, fitting Eq.~1! to the lifetime data we find
WBT5108–1010 s21.

It should be noted that the trap level mentioned in
discussion of the model is not the only carrier recombinat
center present in the silicon. In reality, dislocations and po
defects introduced during the implantation process are lik

FIG. 1. Model of excitation and deexcitation of Er31 in Si, including bound
exciton formation (F) and dissociation (D), Er31 excitation (E), and energy
backtransfer (B).
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to dominate the minority carrier lifetimetp . Inserting this in
the model, we find the following low pump power behavi
for the PL intensity:

IPL}
1

W

Gtp
11Ce2DEH /kT1De2~DEH1DEE!/kT , ~2!

whereDEH is the hole binding energy at a filled trap,DEE

the depth of the electron trap,G the carrier generation rate
and tp the minority carrier lifetime. The prefactorsC and
D are given byC5WH /RT and E5WE /RT with WH the
hole capture rate constant,WE the electron trapping rate con
stant, andRT the rate constant for exciton recombination
the trap. In general,C andD depend on temperature, as bo
WH andWE contain the carrier velocity and their respecti
carrier capture cross sections. Depending on the type of t
it follows thatWH,E}Ta with 21.5,a,0.5.

Equation~2! shows that in the low pump limit, the lumi
nescence efficiency and the excitation efficiency are dec
pled. To obtain the Er excitation efficiency, given by th
second term in Eq.~2!, the intensities were divided by th
measured luminescence lifetimes. This was done usin
spline fit through the lifetime data~dashed lines, Fig. 2!. The
resulting excitation efficiency is shown in the inset in Fig.
~squares!. The efficiency data were then fitted using the se
ond term in Eq.~2!, by varyingDEH , DEE , and the prefac-
tors C andD, as well as the absolute scaling. Assuming
temperature independenttp, and taking into account the al
lowed range fora in the prefactorsC andD, we findDEE

512563 meV andDEH51266 meV. The fitting result for
a521/2 is shown in the inset in Fig. 2~solid line!. It is clear
that the proposed model describes the excitation proc
quite well.

The mismatch between the Er31excited state (4I 13/2) en-
ergy and the silicon band gap amounts to;300 meV. The
fitted activation energies together bridge only 272610 meV.
This suggests that in N codoped Si, erbium excitation occ
through a level different from that involved in the deexcit
tion process. An explanation might lie in the nature of t
different energy levels. Impurity related levels such as th
introduced by nitrogen, are spatially rather extended,
couple strongly to conduction band states. Such levels

FIG. 2. Temperature dependence of the 1.54mm PL intensity~circles, left
axis! and the 1/e luminescence lifetime~crosses, right axis! of Er implanted
crystalline Si.
Kik et al.



ke

n
th
th
a
s-
in
b

s
r,

3
at
ll
it

th
b
h
3
h
,
e
t
g
i

us
g

all
e

ined

It
de-

ased
es
-
rgy
n-
te
de-

era-
the
el
e is
g

ns
of
ntal
-
o-

au,

am,
l.

.

d P.

oc.

-

R.
rgy

J.

ive
ck
n

effective electron-hole recombination centers, which ma
them probableexcitationchannels for the erbium~see Fig.
1!. The predicted Er related 5d-like level6 however, is local-
ized near the erbium, resulting in a weak coupling to co
duction band states, and a relatively strong coupling to
first excited state of the erbium. Carrier recombination at
latter erbium related energy level could therefore be the m
deexcitationchannel. This implies that the erbium PL emi
sion may be optimized by increasing the excitation rate us
different impurities and reducing the deexcitation rate
changing the local structure around the erbium.

In order to further investigate the backtransfer proce
spectral response measurements on a passivated emitte
locally diffused ~PERL! Si solar cell9 were analyzed. The
cell was implanted with 3.5 MeV Er ions to a fluence of
31013 cm22. After implantation, the cell was annealed
1060 °C for 1 h and at 1000 °C for 75 min. The solar ce
was made at the University of New South Wales, and
detailed electrical characteristics are reported in Ref. 10.

The RT solar cell spectral response was converted to
absolute external quantum efficiency, defined as the num
of collected electron-hole pairs per incoming photon. T
result, derived from data in Ref. 10, is shown in Fig.
Superimposed on a decreasing background signal, whic
attributed to absorption by implantation induced defects
pronounced RT erbium absorption spectrum is observ
peaking at a wavelength of 1.535mm. These data are direc
experimental evidence for a backtransfer process leadin
the generation of free carriers from an excited state
Er31.

The spectral response measurement in Fig. 3 can be
to estimate the erbium deexcitation efficiency. Assumin
linearly decreasing background~dashed line!, we find a

FIG. 3. Spectral response of an erbium implanted PERL solar cell, der
from data in Ref. 10. The dashed line is a linear interpolation of the ba
ground signal. Schematically indicated are the processes of Er excitatio~a!
and energy backtransfer followed by exciton dissociation~b!.
Appl. Phys. Lett., Vol. 70, No. 13, 31 March 1997
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maximum external quantum efficiencyhext of ;1026. This
hext is given byhext5NEr•sabs•hBT•hD , with NEr the opti-
cally active Er fluence,sabs the Er31 intra-4f absorption
cross section at 1.535mm, andhBT and hD the quantum
efficiencies for backtransfer and dissociation. Assuming
implanted Er is optically active and taking as an estimat11

sabs56310220 cm2, we find hBT•hD'50%, showing that
the backtransfer process can be quite efficient. The obta
estimate yields an upper limit forhBT•hD , as internal reflec-
tions in the solar cell were neglected in this analysis.
should be noted that the backtransfer efficiency might
pend on the specific anneal treatment.

In conclusion, the 1.54mm Er31 luminescence intensity
in crystalline Si, codoped with 631019 N cm23, quenches
by three orders of magnitude as the temperature is incre
from 12 to 150 K, while the luminescence lifetime decreas
from 420 to 3ms. Using an impurity Auger model to de
scribe the data, electron detrapping with an activation ene
of 12563 meV and hole detrapping with an activation e
ergy of 1266 meV are found to reduce the Er excitation ra
at high temperatures. In addition, a nonradiative erbium
excitation process, with an activation energy of 13565 meV
reduces the erbium luminescence efficiency at high temp
tures. From these activation energies it is concluded that
level causing erbium excitation is different from the lev
causing erbium deexcitation. Direct experimental evidenc
found for a nonradiative Er31deexcitation process, resultin
in the generation of free carriers.

F. W. Saris is acknowledged for stimulating discussio
and work on Er implanted Si solar cells. This work is part
the Research Program of the Foundation for Fundame
Research on Matter~FOM! and was made possible by finan
cial support from NWO, STW, the IOP Electro-optics Pr
gram, and the ESPRIT Program~SCOOP! of the European
Community.

1P. N. Favennec, H. l’Haridon, D. Moutonnet, M. Salvi, and M. Gaune
Jpn. J. Appl. Phys. 129, L524 ~1990!.

2J. Michel, J. L. Benton, R. F. Ferrante, D. C. Jacobsen, D. G. Eaglesh
E. A. Fitzgerald, Y.-H. Xie, J. M. Poate, and L. C. Kimerling, J. App
Phys.70, 2672~1991!.

3F. Priolo, G. Franzo`, S. Coffa, A. Polman, S. Libertino, R. Barklie, and D
Carey, J. Appl. Phys.78, 3874~1995!.

4A. Polman, G. N. van den Hoven, J. S. Custer, J. H. Shin, R. Serna, an
F. A. Alkemade, J. Appl. Phys.77, 1256~1995!.

5S. Coffa, G. Franzo`, F. Priolo, A. Polman, and R. Serna, Phys. Rev. B49,
16313~1994!.

6M. Needels, M. Schlu¨ter, and M. Lannoo, Phys. Rev. B47, 15533~1993!.
7S. Coffa, G. Franzo`, and F. Priolo, Appl. Phys. Lett.69, 2077~1996!.
8M. J. A. de Dood, P. G. Kik, J. H. Shin, and A. Polman, Mater. Res. S
Symp. Proc.422, 219 ~1996!.

9M. A. Green,Silicon Solar Cells~University of New South Wales, Syd
ney, 1995!, Chap. 6.

10M. J. Keevers, F. W. Saris, G. C. Zhang, J. Zhao, M. A. Green, and
Elliman, Proceedings of the 13th European Photovoltaic Solar Ene
Conference, Nice, October 1995~unpublished!, p. 1215.

11W. L. Barnes, R. I. Laming, E. J. Tarbox, and P. R. Morkel, IEEE
Quantum Electron.27, 1004~1991!.

d
-

1723Kik et al.


