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The intensity of the photoluminescence of erbium in silicon is analyzed by a model which takes
into account the formation of free excitons, the binding of excitons to erbium ions, the
excitation of inner-shell # electrons of erbium ions and their subsequent decay by light emission.
Predictions of this model for the dependence of luminescence intensity on laser excitation
power are compared with experimental observations. The results for float-zone and Czochralski-
grown silicon, in which erbium is introduced by implantation with or without oxygen co-
implantation, are remarkably similar. To obtain agreement between model analysis and
experimental data it is necessary to include in the model terms describing energy

dissipation by an Auger process of both the erbium-bound excitons and the erbium ions in
excited state with free electrons in the conduction band. A good quantitative agreement is
achieved. ©1999 American Institute of PhysidsS1063-782809)00306-3

1. INTRODUCTION cited state, with concentrationy,. The steady state is de-
scribed by the balance equatiofi3—(4), which we will dis-

The luminescence of rare-earth-doped semiconductors S ss

presently under intense study. In the more fundamentally ori- The chain of processes leading to photoluminescence

ented research, the complex physical processes active in en- . .
. . as as the first step the generation of free electrons and holes,
ergy transfer from excitation in the entrance channel to ligh

emission in the output channel are investigated. Stimulateffr equal concentrations, with ra@ by the incident light.

by the prospects of practical application of this light source, e? carriers can (?ombme n a.second—order_process W't.h rate
erbium in silicon, which emits at a wavelength of 1 & v,N< into free excitons. Trapping of the excitons at erbium

sites is proportional to the concentrations of the free excitons

IS a.promlnent system. In a c.urrently. a(?cepted mpdellener_ggnd the available free erbium sites. The latter concentration
fed into the system leads to light emission by erbium ions in

. N o ... IS given as the total concentration of erbiurg, multiplied
a multistep process. Radiation incident on the silicon, with . : .
: bg/ the fraction of free sitep(ng,—ny,)/Ng]. The energy is
photon energy larger than its bandgap, creates free GIeCtro?ransferred to erbium fcore electrons with a transfer time

nd holes. Fr rrier mbine into excitons which can . . . . . ; -
and holes. Free carriers combine into excitons ch ca b?* but again only to the erbium ions still available in their

trapped at the erbium ions. The energy of erbium-bound ex- round state, i.e., to the fractidifng,—n&)/ng,]. At high

citons is transferred to erbium ions and results in excitatiorgxCitation ower level these fractions between square brack-
of 4f core electrons from thél 5, ground state into the X d

4 . e . . ets tend to zero and lead to saturation of the luminescence
I 13> excited state. The characteristic luminescence is pro-

duced upon decay of excited erbium ions. In the presen?Utpm' This manifestation of saturation is related to exhaus-

: . . . . t|f)n of available erbium centers. Finally, luminescence is
report this chain of processes is analyzed in a mathematica

model with the aim of giving a quantitative description. p£OQUced by the decay with time constagtof erbium ions
ng, in the excited state. The photon emission rate equal to

ng /74 is the quantity measured in the experiment.
Reverse processes, as indicated in Fig. 1 by arrows that

2. PHOTOLUMINESCENCE MODEL point to the left, are thermally activated. They include the
dissociation of excitons into free electrons and holeg
requiring energy gain ot,, the release of excitons from

The physical model mentioned above, which we exam-erbium trapping sitesfn,,, and a back transfer process in
ine in this paper, is illustrated in Fig. 1. In a recent paper bywhich an erbium-bound exciton is recreated from an excited
Bresler and co-workers the model without the Auger pro-erbium ion. Although these reverse processes hamper the
cesses has been put on a mathematical BaSiset of rate  energy transfer toward light emission, they do not remove
equations was formulated for free electrons with concentraenergy from the chain. The coefficients of forward and re-
tion n, free excitons with concentration,, erbium-bound verse processes are related by considerations of detailed bal-
excitons with concentration,,,, and erbium ions in the ex- ancing.

2a. Energy transfer without Auger processes
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Energy is permanently lost by processes which remove  p,=1+cng7y, (5b)
energy irreversibly from the chain. Such processes, as indi-
cated in Fig. 1 by vertical arrows downwards, are recombi-  02=yx7xC7q[1+ (7% /74)]/y, (50
nation of electrons and holes via other centers, with the rat
yn?, and recombination of free excitons directly or via alter-
native centersn,/r,. The Auger processes represented in  Cy,= y,7C7q/ Y. (5d)

Fig. 1 remove energy irreversibly from the luminescence . . .
g 9y y In general form, the equation predicts saturationfat

path. . - : - L
The balance equations based on these processes are the levelng/ng~ C%/bz for h'gh exc_:ltfnon power Ieved_s.
For low power a linear relationshipg/ng=(c,/bg)G is
G+fne=yn®+ y,n?, (1) predicted. In comparing experimental data with these model

equations one must be aware that neither generation power

nor output luminescence is known very well in absolute

numbers. For example, the volume in the sample where ex-

citation takes place is not well defined. For this reason it is

useful to eliminate these uncertain factors by resorting to

3) relative units. As regards luminescence intensity, the obvious
unit for normalization is the saturation valwg/b,. A di-

and mensionless normalized intensity is therefore introduced as

Mol (Ne— NE)/Ng ]/ 7 =NE ) mg+ Nk f /7% (4) IE(r)’E‘,/nEr)/(czlbz). For the _excitation power the gnit is_
obtained as the value at which the extrapolated linear in-

The generation terms are given on the left-hand sides ofrease at low power crosses the saturation level. This occurs

these equations; loss terms appear in each case on the right-G,=b,/b,. The normalized poweP=G/G, is again a

hand side. An exact solution for the equations, in the form OHimensiomess quantity_ In terms of normalized units @1

a quadratic equation far%,, is given by Bresleet al’ The s modified to

result takes a more simplified form by the restriction to low 5

temperatures, e.g., liquid-helium temperature, when all re- 1“—a(1+P)l+aP=0, 6

verse processes, which require thermal activation, are sUpghere

pressed. Under these conditions, whieaf,,=f,;=0, we

yxn2+ CypNupNyx= gl (Ng— Nyp)/Ngf]
+fn,+n, /7y, (2
cnyngd (Ng—Nyp)/Ng ]+ n.}IérfllT*

=Nyl (Ng— nEr)/nEr]/T* + CfypnypNy,

Obtain aEbobzla()CZ. (63,)
ao(nt/ng)?—(bo+b,G)(nE/ng) +¢,G=0, (5) It turns out that the dependence of intendityn generation
where powerP is governed by one parameteythrough which the
specific aspects of the luminescence process as a whole are
ag=1+cngn[1+(7/79)], (5a) represented. However, from E) it is easily concluded
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FIG. 2. Normalized luminescence outduplotted as a function of normalized laser power inpug) for a model without Auger processes, for a model
including strong Auger decay processes. Experimental data for three samples biztgigEr, Cz-Si:Er, andCz-Si:Er,O are given for unit poweP=1.

that for low powerl =P, and for high powet =1, irrespec-
tive of the value of the parametes In normalized form the

Palm et al? Erbium-bound excitons can dissipate their en-
ergy in an Auger process with the involvement of free elec-
parametersa,, by, b,, andc, or in basic, more physical trons. Similarly, erbium ions in the excited state can decay in
form vy, vy, ¢, 74, ™, and 4 have no effect on the power an Auger process also with conduction band electrons. These
dependence in the low and high power regions. Only at inprocesses are also shown in Fig. 1. In the balance equations
termediate power, i.e., &~ 1, the results will depend on.  they are implemented by including on the loss side the Auger
Only in the transition region from linear increase to satura+atesca,nn,, andcgNng,. The extended balance equations
tion the observed luminescence provides insight into the lufor bound excitons and excited erbium ions become
minescence process. The most typical value to study the lu-

minescence mechanism is therefore at poRerl. At this  CMxNed (Ner—Nkp)/Med + N f1 /7%

level the luminescence intensity is given by

=Nypl (Ng— nEr)/nEr]/T* + CfxpNyxpNx+ CaxNyp 8)
l=a—(a?—a)'? (7)
and
From the equalitya=bgb,/agc, and the parameters as
given by Egs.(58—(5d) one concludes that2a=<o. For N[ (Ng—NEY/Ng )/ 7 =ng/7q+ngf1 /7% +Cpgnng,.  (9)

such values ofx solutions from Eq.7) always exist. For
a=1 we obtainl(P=1)=1 and for a=> we havel (P

=1)=0.5. The range of possible luminescence intensities at a th ical val lude that the | £
unit powerP=1 is restricted between 0.5 and 1, consistent™!'NY the numerical vajues, we conclude that the 10ss ot free

with Eq. (6). The limiting curves for an extended power eIectrops and h0|e52's domlnateq by thelr recomplnatlcgn via
range are drawn in Fig. 2a traps with the rateyn®. The loss via exciton formatiom,n
Experimental data are also shown in Fig. 2a. They resullLs_t_comptzratlvely m;mh Igwer, '('jeal{x< y.bUnder SECZ (':Otn_tvv
from measurements at liquid-helium temperature on threéjI lons the energy transter model can be cascaded Into two
samples with different specifications. The sanfpteSi:Er is parts. In stream | the balance of electrons is considered sepa-
float-zoned silicon implanted with erbium. Sample Iabeledratetz_Iy b)_/ E_q.(l). ;—h.e |$]§S of e_zle(;trons trXtOlljgh fXC'ton ftor-
Cz-Si:Er is Czochralski silicon which is similarly implanted. mation IS -ighored in this mainstream. ow temperature

In order to solve the new set of equatidds, (2), (8), and(9)
is helpful to introduce appropriate simplifications. Consid-

The third sample, labele€z-Si:Er,O was codoped with this leads to

oxygen by implantation. In all cases the luminescence inten- g— yn?, (10)
sity was measured as a function of excitation power. Experi-

mental data are plotted for normalized power1 at the n=(G/y)2 (11)

observed valuek~0.22. Obviously, this is outside the range

of the results as can be described by the model. The electron concentration obtained from this solution is

used to describe the Auger processes. Typical numbers are
G=10?cm 3s7!, y=10Ycm’s !, andn=10"%cm 3
In energy stream Il the balance of free excitons, bound
One has to conclude that the presented model canna&xcitons, and excited erbium ions is considered separately.
give a quantitative description of the luminescence processSolution of the equations leads to a cubic equation in
In order to improve the model energy losses through Augenf/ng,, which, accepting an approximation, can be factor-
processes may be considered, as has been explored beforeibgd to yield a quadratic equation

2b. Energy transfer with Auger processes
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FIG. 3. Photoluminescence intensity, in normalized uhitss a function of
— 3/2
b3= Y CTaCarTa( 7 Tg) ¥, (129 applied laser excitation power, both in uni&sof laser power and in nor-
d malized unitsP for the sampleCz-Si:Er,O. Experimental data points and
an theoretical curve according to E(L4) with the parametep=2.25.
Co=yyTxCTqly. (12h

At a low power level the model equations reflect the linear _ 12
increasent,/ng,=(c,/by)G, just as before. At high power, 1=P/(1+BPTHP), (14)
however, the consistent solutiotf,/ng,= (c,/bs)/GY? pre-  where

dicts decreasing luminescence intensity with increasing exci- _ 112

tation source. Such behavior is to be expected since in our £=Db1/(bob2)™, (143
case two independent saturation mechanisms are active. TRé
first one drives the concentration of erbium-bound excitons, B=(CagiTg+Cacr )/
Nyp, toward the concentration of available erbium ions but is ' X

limited to stay below or become equal to this concentration. X[CagrTaCax™ + ¥xmxCTg/(1+Cngm) 1% (14b)
The second saturation mechanism is the combined action ?jnder the assumed condition of strong Auger effect it re-
the two Auger processes. At high power, and hence higlauces to

concentrations of free electrons, the Auger mechanism,

which removes excited erbium ions nonradiatively, is very 8= (Cagra+ Cax™ )/ (CagrTgCax™) "2 (149
effective. This results in a reduction of,, which becomes

proportional to It or 1/GY2. Such a decrease has not been

observed in our experiments; it has also not been reported in 8= (CagrTa/Cax7 ) 2+ (Cax7* ICagTa) 2. (149

the literature. |nSpeCti0n of the equations shows that ONRAg usual, the power dependence of the luminescence has
should expect the decrease to set in at excitation valuggear increase at low power with= P and saturates at high
wherecag, (7™ /74)(G/y) Y>> 1. Considering the numerical power atl =1. Features of the luminescence process are re-
values(Cag~10 *cm’-s7t, 7 ~10°s), this corresponds vealed at intermediate power, e.g., Rt=1, wherel=1/
to high values ofs near and above 20cm™3.s™, which are (21 g). In general, the parametgrwill be positive follow-
not reached in actual experiments. This can be attributed thg Eq. (14b); for the case of strong Auger effe@=2, as
the small value of £*/74) sincer* is in the range of micro-  follows from Eqs.(140 and(14d. Figure 2b illustrates the
seconds ane is on the order of several milliseconds. Intro- cyrves obtained from Eq14) for =0 andB=2. Compared
ducing the approximation*/74~0, Egs.(12) reduce in o the previous case, without the Auger effect, the transition
many respects to Eq$6). In particular, the tembsG¥2in  region between linear behavior and saturation is broader, be-
Eq.(12) is lost and the equation predicts saturatiooAh,.  cause of the appearance of tR&? term as a result of the
For low and for high power levels the solution of Eq. Auger effect.
(12 is Considering again the experiment, the measured data for
* _ 112 the luminescence power dependence for sar@@esi:Er,O
NedNer=CoG/ (b D, G+ b,6). (13 are plotted in Fig. 3. The solid curve is the best fit using Eq.
This result is also valid for intermediate power if the Auger (14) with the paramete=2.25. Similar fits were also made
processes are strong. Following solutid8), one has satu- for the sample§ z-Si:Er andC z- Si:Er; the parameter values
ration atc,/b,, linear increase at low power witlt{/bg) G, are then=2.63 and 2.73, respectivelyThe data points for
and G;=bgy/b,. Casting Eqg.(13) in terms of normalized the three samples f&?=1 andl =1/(2+ B) are also plotted
units, as before, the result will read in Fig. 2b. The results for the three samples are similar with
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B=2.5+0.25. With Eqg. (140 the result is converted to cent centers in the three materials has very little influence on
(CagrTalCax™ ) "1~ (4+1). This compares favorably with the effi_ciency of the photoluminescence process.
the data published in the literature, €.g.Cag This work was supported in part by the INTAS-RFBR
=10 2¢cm?.s7L, 74=103s, cp =10 %cm.s%, and (Grant 95-0531
=4x10 %s (Ref. 2. From our analysis we conclude that ‘M. S. Bresler, O. B. Gusev, B. P. Zakharchenya, and I. N. Yassievich,

. - . : Phys. Solid Stat&8, 813(1996.
CAF’Td/CAXT IS V.ery similar for thrge kinds of te.SI materlals' 2J. Palm, F. Gan, B. Zheng, J. Michel, and L. C. Kimerling, Phys. Rev. B
This can be attributed to an accidental combination of pa- 54, 17603(1996.

. . 3 i

rameters, but one is tempted to believe that all process pa-P- T- X- Thaoet al. (to be publishey

. . .
rameters, i.eCagr, 7, Cax, @nd7™, have similar values. In Published in English in the original Russian journal. Reproduced here with
this case the possible difference in structure of the luminesstylistic changes by the Translation Editor.



