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Excitation and temperature quenching of Er-induced luminescence ina-Si:H„Er …
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Photoluminescence~PL! and light absorption of Er-doped amorphous hydrogenated silicon are studied in the
temperature range 77–300 K. In the linear pumping regime the intensity of the Er-induced luminescence
decreases by a factor of about 15 in this temperature range. Frequency resolved spectroscopy shows that in the
same temperature range the lifetime of the excited erbium ions in the amorphous matrix decreases by a factor
of 2.5 only. Excitation spectroscopy proves that the primary step of the excitation mechanism is the absorption
and free carrier generation in the amorphous matrix. The emission is excited effectively by subgap light in the
range of the Urbach edge and even in the range of defect absorption. Based on these experimental findings we
propose a defect-related Auger excitation~DRAE! mechanism of erbium luminescence. Probabilities of the
DRAE and the competing radiative defect recombination processes (D01e→D2) are calculated. It is shown
that the probability of the DRAE process is larger by an order of magnitude. In this model the temperature
quenching of the erbium luminescence observed above 200 K results from the competition of the DRAE and
multiphonon nonradiative recombination at the defects.@S0163-1829~97!08036-3#
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I. INTRODUCTION

Photoluminescence and electroluminescence of rare e
~RE! elements that are embedded in a solid-state matrix
of great interest because of possible optoelectro
applications.1 RE ions exhibit luminescence arising fro
transitions in the inner 4f shell at photon energies that a
almost independent of the host matrix. Of particular inter
is Er, which in its 31 state emits at a wavelength of abo
1.54 mm, very close to the minimum absorption of optic
fibers. This emission arises from transitions from the exci
4I 13/2 to the ground-state4I 15/2. It is well known that f - f
transitions are dipole forbidden but become partially allow
when RE ions are incorporated in a solid matrix due to
admixture of other orbital momentum states to thef -wave
functions. The properties of Er-doped semiconductors h
been quite extensively studied both theoretically1,2 and
experimentally.1,3–8Silicon, being the base material of sem
conductor electronics, has attracted particular interest led
the hope to realize optoelectronic applications of this indir
semiconductor. Recently, LED’s using Er-doped crystall
Si have been prepared that operate at 300 K.9,10 The main
observations may be summarized as follows: Er31 emission
from crystalline silicon reveals pronounced temperat
quenching.3,4,11 Oxygen doping enhances the emissi
intensity.3,7 It turned out that the temperature quenching i
strongly limiting factor for device applications. It has be
argued that this effect may arise from both an enhancem
of nonradiative deexcitation of erbium ions and a decreas
excitation rate.10–12

Photoluminescence of Er-doped amorphous silic
a-Si~Er!, was first reported in Refs. 13 and 14. Recently
560163-1829/97/56~15!/9545~7!/$10.00
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found that efficient photoluminescence can be obtained
Er-doped amorphous hydrogenated silicon,a-Si:H~Er!, pre-
pared by magnetron-assisted silane decomposition.15 Using
this technique we prepared an electroluminescent de
with pronounced emission at room temperature.16 In this pa-
per we report on a more detailed investigation of the infl
ence of the amorphous matrix on the excitation and quen
ing mechanism of the Er-induced emission.

II. EXPERIMENTAL PROCEDURE

The samples ofa-Si:H~Er! used in this study were pre
pared by magnetron-assisted silane decomposition techn
where gas mixtures of Ar, SiH4, and H2 are used as sputter
ing gases. This method has been described in de
elsewhere.17 The silicon targets were partially covered b
small metallic platelets of erbium and the Er concentration
the films was varied by variation of the Er coverage. T
films were deposited at a substrate temperature of 300 °C
crystalline silicon and fused silica substrates that had b
roughened in order to avoid interference fringes. The fi
thickness amounted to 1mm. The hydrogen content as dete
mined by IR spectroscopy from the absorption band at 6
cm21 was in the range 6–12 at. %, the major part be
incorporated in monohydride configuration. The oxygen co
tent was not varied deliberately. However, according
secondary-ion-mass-spectroscopy measurements our sam
contained oxygen in a concentration of 1020 cm23due to
contamination. Both constant photocurrent measurem
and photothermal deflection spectroscopy were employe
9545 © 1997 The American Physical Society
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9546 56W. FUHSet al.
study the absorption edge. Optical transmission spectrosc
was used to obtain the absolute scale for the absorption
stant. From the subgap absorption we inferred defect de
ties in the range 531017– 1018 cm23, applying the proce-
dure as described in Ref. 18. The concentration and
spatial distribution of the incorporated Er was controlled
Rutherford backscattering. We achieved Er concentration
up to 1021 cm23 homogeneously distributed in films of
mm thickness. The photoluminescence~PL! was excited by a
Krypton laser~647 and 633 nm!, an Argon laser~488 nm!, or
a tunable Ti-sapphire laser~700–1000 nm!. The emission
was dispersed in a 0.85 m double monochromator and
tected by a cooled Ge detector. The spectra were corre
for the system response. The kinetics were studied
frequency-resolved spectroscopy~FRS!. For this we modu-
lated the exciting light at frequencies in the range 1–20 k
and recorded the in-phase signal by lock-in technique.
used a fast Ge detector~North Coast JO 870F! and checked
that the response time of the system was less than 2ms.

III. EXPERIMENTAL RESULTS

The PL spectra measured at 77 K exhibit emission of b
Er31 centers and the amorphous Si matrix~Fig. 1!. The latter
is seen as a broad band at 0.9–1.3 eV. It is widely acce
that this band arises from radiative tunneling between lo
ized band-tail states. Due to the high defect density in
samples of about 1018 cm23 the intensity of this intrinsic
emission is low and shifted somewhat to lower energy. Ho
ever, there is no indication of defect-related emission, wh
in a-Si:H of low quality can be observed at 0.8–0.9 eV.
our previous study15 this emission band formed a broa
background of the Er31 photoluminescence, which might b
due to the fact that those measurements had been perfo
at much higher excitation intensities.

The spectrum in Fig. 1 is dominated by strong Er-induc
emission at 0.8 eV. At 300 K the emission from thea-Si:H
matrix is suppressed by temperature quenching and the
maining signal is entirely due to Er31 ions. This emission is
shown in the inset on an extended scale. The shape of
band resembles the Er31 band observed at low temperatu
in crystalline silicon doped with Er and O.3 It consists of two
narrow lines at 0.806 and 0.798 eV that are considered

FIG. 1. Photoluminescence spectra ofa-Si:H~Er! at 77 K ~647
nm, 100 mW/ cm2!. Inset: Er31 luminescence at 300 K~647 nm,
350 mW/ cm2!.
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arise from crystal-field splitting of the ground state~ 4I 15/2! of
the Er ions. The emission intensityI PL strongly depends on
the concentration of the incorporated Er~Fig. 2!. The results
in Fig. 2 suggest that there is an optimum around 1020 cm23.
The decrease at higher concentrations could arise from c
ter formation or, if oxygen played a similar role ina-Si:H as
in crystalline silicon, from an unsufficient concentration
oxygen in the films. In fact, the oxygen concentration in o
specimens is in the order of 1020 cm23. However, as will be
shown below, according to our model the limiting fact
could as well be the defect density. This model predicts t
the concentration of optically active Er ions should not e
ceed the concentration of defects.

The above result once again demonstrates that the en
position of the Er-induced photoluminescence is on
slightly influenced by matrix effects. However, the matr
may have a pronounced influence on the excitation mec
nism of the radiative centers. We arrive at this conclusion
comparing the dependence of PL intensity of the Er-indu
emission on the photon energy of the exciting light with t
absorption edge of this amorphous film. For this experim
it is important to use low excitation power to ensure that
photoluminescence is not saturated. Figure 3 displays
dependence ofI PL on the pumping powerI ex. Following a
power law with an exponent of 0.85 the behavior devia
somewhat from the linear dependence expected at the
values ofI ex. This interesting result will be discussed belo
in Sec. IV. For the following the important point is that at th
excitation power used we are far from the saturation regim
In previous work15 we pumped with an argon laser which le
to saturation due to the much higher values ofI ex. Figure 4
demonstrates that at constant excitation powerI PL nicely fol-
lows the energy dependence of the absorption edge of
amorphous matrix. In the region of the Urbach ed
(hn.1.5 eV! carriers are excited between the band tails
from the band tails into extended states above the mob
edges. It is interesting to notice that the parallel depende
of I PL and the absorption coefficienta appears to be valid
even at lower photon energieshn,1.5 eV, where, according
to the shape of the absorption-edge absorption from d
defect states prevails and therefore only one mobile car
per absorbed photon is generated. This behavior shows
vincingly that the Er31 centers are not excited by a dire
resonant absorption process. Thus the initial step in the
citation mechanism is the absorption in the matrix, whi
leads to the creation of mobile charge carriers.

FIG. 2. Dependence of emission intensityI PL on the concentra-
tion of incorporated Er ionsN. Excitation: 488 nm, 100 W/cm2, 300
K.
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The temperature dependence of the intensity of
erbium-induced photoluminescenceI PL in a-Si:H~Er! shown
in Fig. 5 ~curve a! suggests two different regimes. At low
temperatureI PL decreases only slightly. Only above abo
200 K is the photoluminescence strongly quenched and
slope of this curve suggests an activation energy of ab
250 meV. Curveb shows for comparison the temperatu
dependence of the intrinsic emission band of the amorph
matrix ~Fig. 5, curveb!. The two bands behave quite diffe
ently, which suggests that the quenching mechanisms of
two bands is different. It is important to notice that the
measurements have been performed using low pum
power such that the photoluminescence intensity does
saturate~see Fig. 3!. In the saturation regime the temperatu
dependence is much less pronounced, as has been repor
Ref. 15. This different behavior in the two regimes will b
discussed in more detail in Sec. IV.

The pronounced decrease ofI PL with increasing tempera
ture in Fig. 5 can be explained by an enhancement of
nonradiative deexcitation rate of erbium ions or by a d

FIG. 3. Emission intensityI PL as a function of the excitation
power I ex at 77 and 300 K~647 nm!. The scale for the intensity is
relative and different for the two temperatures.

FIG. 4. Photoluminescence intensityI PL and absorption con-
stant,a, of a-Si:H~Er! as a function of photon energy of the exc
ing light.
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crease of the excitation rate. To distinguish between th
two possibilities we investigated the decay rate of the lum
nescence of the erbium ions. We used FRS to study the
netics at 77 and 300 K of thea-Si:H~Er! sample. This
method has quite frequently been used to determine lifet
spectra and has been shown to be equivalent to time-reso
experiments.19 Figure 6 shows the in-phase signal as a fun
tion of the modulation frequency. These measurements h
been performed at pumping powers of 10 mW at 77 K and
100 mW at 300 K. It was checked that the pumping pow
had no influence on the frequency dependence of the sig
The lifetime can be defined by the decrease of the signa
half its initial value at the frequencyf 1/2 by t51/2p f 1/2. We
find 20 ms at 77 K and 8ms at 300 K, respectively. This
small value of the lifetime may be the reason why we did n
observe saturation as a function ofI ex in Fig. 3 when using
the Krypton laser for excitation. Between 77 and 300 K t
lifetime decreases by a factor of 2.5. The PL intensity, on
other hand, decreases in the same temperature range
factor of about 15~Fig. 5!. This suggests that the temperatu
quenching arises predominantly from a decrease of the e
tation rate and that the enhancement of the nonradiative
excitation of erbium ions is less important. Shinet al.20 ar-
rived at the opposite conclusion in the case ofa-Si:H~Er!,

FIG. 5. Temperature dependence of the photoluminescence
tensityI PL of the 1.54-mm emission~curvea! and of the intensity of
the intrinsic luminescence band at 1.3 eV~curveb! in a-Si:H~Er!.
Excitation: 647 nm, 100 mW/ cm2. The dashed line represents th
temperature dependence of reciprocal probability of multiphon
capture of an electron by theD0 center,wmp

21 @Eq. ~10!; see Sec. IV#.

FIG. 6. Real part of photoluminescence intensity as a funct
of the frequency of the exciting light at 77 and 300 K. Excitatio
10 mW ~77 K!, 100 mW~300 K!.
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9548 56W. FUHSet al.
where the doping had been achieved by ion implantat
They found lifetimes of the same magnitude fora-Si:H~Er!
and a quite similar temperature dependence. However
extrapolating their lifetime data into the high-temperatu
range, it is concluded that the decrease of the lifetime
lows that of the PL intensity. A reason for this differe
behavior could be the different preparation of the sample

IV. DISCUSSION: THE EXCITATION MECHANISM

The energy position of deepf -electron multiple states ly
ing below the valence states of the semiconductor~by ;10
eV! is practically independent of the host matrix due
screening of thef electrons by the external 5s25p6 electrons.
The energy transfer from electrons of the conduction ban
the f -multiple states is produced by Coulomb interaction.
principle, there are three possible processes of electronic
citation of thef states: impact excitation by mobile carrier
Auger excitation in the recombination process of ba
electron-hole pairs, and an Auger process in which the e
tron ~or hole! is captured in a localized state in the forbidd
gap.

The impact excitation where initial and final electro
states belong to the same band is efficient only if there
large number of mobile electrons with high energy. In t
case of photoexcitation the fast energy relaxation with
characteristic lifetimetE;10212 s renders this process un
likely. Even in the case of electroluminescence impact i
ization is effective only at high electric fields and in mate
als with large mean free path of mobile carriers. In
amorphous matrix where the mean free path is small,
process is not efficient.

Auger excitation by transferring the energy released
carrier recombination to thef shell seems far more probabl
In amorphous silicon we can distinguish two possible ch
nels. The first one is related with transitions between
band tails of conduction and valence bands. The corresp
ing radiative transitions lead to a broad band of intrin
luminescence centered around 1.1–1.3 eV. We can also
pect a nonradiative transition between the tails of the c
duction and valence band with the energy transferred
Coulomb interaction to anf -electron from the ground-stat
4I 15/2 to the second-excited-state4I 11/2. Because the energ
of this transition in thef shell is 1.26 eV this process can b
considered as a resonance band-to-band Auger excitatio
this process played an important role in amorphous silic
one should observe similar thermal quenching for the E31

and the intrinsic luminescence as both bands are produce
electron-hole pairs thermalized in the band tails. However
shown in Fig. 5, temperature quenching of erbium lumin
cence starts only atT>200 K, where the intrinsic lumines
cence is already absent.

The second Auger process is associated with the cap
of an electron from the conduction-band tail by a neut
defect stateD0 transforming it intoD2. These defect center
are attributed to dangling bonds, which can exist in diff
ently charged states (D1, D0, and D2!. The temperature
dependence of the conductivity revealed that oura-Si:H~Er!
samples are slightlyn type with the Fermi level located 0.
eV above midgap. We assume that in equilibrium practica
all defects are in theD2 state. The subgap-absorption me
n.
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surements have shown that the introduction of erbium i
the amorphous matrix is accompanied by a very high c
centration of defects. It is therefore reasonable that def
exist in close vicinity to the optically active erbium ion
When the electron-hole pairs are generated by light abs
tion, they recombine predominantly by nonradiative pr
cesses via dangling bonds. Capture of holes byD2 centers,
transforming them intoD0, is followed by capture of elec-
trons from the conduction-band tail. We propose that an
fective, nearly resonant excitation off electrons occurs by
the electron capture inD0 states due to an Auger proces
This process would be close to resonant because the en
of between 0.8 and 0.9 eV of theD01e→D2 is close to the
transition energy4I 15/2→ 4I 13/2 in the f -shell transition~0.8
eV!. We introduced this process as an explanation of
results on electroluminescence ina-Si:H~Er! as DRAE.15,21

A configuration diagram displaying the variousD0

1e→D2 transitions is presented in Fig. 7: radiative captu
~1!, the DRAE nonradiative transition~2!, and a multiphonon
nonradiative transition~3!. The diagram represents adiaba
potentials corresponding to initial (i , D01e) and final
( f , D2) states of the system of an electron and the de
D, taking into account the electron-phonon interaction~local
vibrations of the defect!. The f states of the Er31 ion are also
shown. The dashed line indicates the adiabatic potential
the intermediate~virtual! state of the DRAE process whe
the electron captured by the defect excites the erbium ion
stated above, the DRAE process is nearly resonant an
probability should depend only slightly on temperature.
should be noted that precise resonance is not necessary

FIG. 7. Configuration coordinate diagram for electron capt
by D0 states (D01e→D2). ~1! Radiative transition~0.8–0.9 eV!.
~2! Defect-related Auger excitation of Er31ions. Both electron cap-
ture and excitation transition4I 15/2→4I 13/2 in the f shell are shown.
The energy transfer is produced by Coulomb interaction.~3! Mul-
tiphonon nonradiative capture of the electron by theD0 defect. The
dashed curve represents the adiabatic potential in the interme
~virtual! state of the DRAE transition~2!.



h

se

n
e

e

f

on

is

y

e
is
it
e

in

the
ient.
if-

l in
lu-

that
the
uf-
of

eti-

the
pa-

in
ed

ecip-
-
lute
tal
sity
of
the
by

r-
mis-

ro-
nto
ted.

rs,
tion
er-

on
in

56 9549EXCITATION AND TEMPERATURE QUENCHING OF Er- . . .
the excess energy of the order of the Franck-Condon s
can be easily transmitted to local vibrations of the defectD.

The probability for the DRAE process can be expres
as22

wA~R0!5
16p

27

e4df 8 f
2

«`
2 ~ka!a4h2vp

I ~kT!expS 2
2R0

a D . ~1!

In this expression the multiphonon factorI (kT) is given by

I ~kT!5~hvp/4pSkT!1/2exp~2«ac/kT!. ~2!

df 8 denotes dipole moments of transitions in thef shell of
the erbium ion,k21 is the localization radius of the electro
on a defect,a is the localization radius of a state in th
conduction-band tail,vp is the local phonon frequency,R0 is
the distance between the electron in the band tail and thD
center, and«`is the high-frequency dielectric constant.

The activation barrier for the DRAE process is~see
Fig. 7!

«ac5~«2D f 8 f2Shvp!2/4Shvp . ~3!

The Huang-Rhys factorS is determined by the difference o
optical absorption and luminescence energies~Franck-
Condon shift!

S5~«opt2« l !/2hvp . ~4!

The probability for the defect-related radiative transiti
~light emission! is given by

wR~R0!'
128e2v3exp~22R0 /a!

9«`c3h~ak!5k2 . ~5!

The ratio of the two rates is

wA~R0!

wR~R0!
'

p

24

e2k

«`hv
~kl!3~df 8 fk!2I ~kT!, ~6!

where the wavelength of erbium emission is

l5
hc

Ef 8 f
. ~7!

The values«opt51.05eV, « l50.85 eV, andhvp'50 meV
lead to a Huang-Rhys factorS'2 and«ac'6 meV. Inserting
these numbers in Eq.~6! shows that the DRAE process
more effective than the radiative electron capture:

wA~R0!

wR~R0!
'27. ~8!

The competing nonradiative multiphonon transition~3! has
an activation energy threshold«b determined by the energ
between the bottom of theD01e potential and its crossing
point with theD2 potential~Fig. 7!:

«b5~«2Shvp!2/4Shvp , ~9!

which in our case is«b'1.8 eV. For such high activation
energy multiphonon transitions should take place via th
mally activated tunneling. Therefore, their probability
strongly temperature dependent and, as will be shown,
this dependence that controls the thermal quenching of
bium luminescence.
ift

d

r-

is
r-

Since the quantum yield of the intrinsic luminescence
a-Si:H~Er! is very low in our samples~;2%!, the recombi-
nation via defects is equal to the total generation rateaI p and
is practically independent of the temperature if we ignore
weak temperature dependence of the absorption coeffic
However, the distribution of the recombination between d
ferent channels will be temperature dependent and wil
fact determine the temperature dependence of the erbium
minescence. From the discussion above we conclude
while at low temperatures the DRAE channel dominates,
role of multiphonon transitions increases considerably at s
ficiently high temperatures. The temperature quenching
the erbium luminescence is then controlled by the comp
tion of the DRAE and multiphonon processes.

We have calculated the temperature dependence of
thermally activated multiphonon tunnel process using the
rameters given above. The calculations were performed
the frame of the Huang-Rhys model of two displac
parabolas:23

wmp5wmp
0 exp~2f!, ~10!

where

f5H 2
u

2
1 ln

11A11j2

j
2A11j21jcoshS u

2D J «T

hvp
,

~11!

u5
hvp

kT
, j5

Shvp

«Tsinh~u/2!
.

In this model the energy of thermal excitation is

«T5~«opt1« l !/2. ~12!

Figure 5 compares the temperature dependence of the r
rocal capture probabilitywmp

21 with the temperature depen
dence of the intensity of erbium luminescence. The abso
value of the probability was adjusted to the experimen
curve at low temperatures, where the luminescence inten
is nearly temperature independent. From the similarity
both curves we conjecture that temperature quenching of
erbium luminescence at higher temperatures is controlled
the onset of multiphonon processes.

In this model of the erbium ion excitation it is also unde
stood why the temperature dependence of the erbium e
sion and of the intrinsic emission ofa-Si:H are different. At
low excitation flux the intrinsic luminescence ina-Si:H is
assumed to result from recombination via a tunneling p
cess of geminate electron-hole pairs, which thermalize i
the band tails close to the site where they were genera
This process is limited by diffusion of the faster carrie
usually electrons, which escape the characteristic interac
volume for such tunneling. The corresponding time is det
mined bytD'R2/Dn, whereR is the interaction radius for
radiative tunneling andDn the diffusion coefficient. In amor-
phous silicon

Dn5Dn0exp~2Et /kT!, ~13!

whereEt is the characteristic activation energy of electr
localized in the conduction-band tail to the mobility edge



on

si-
iffu
f

e
ium

e
ea
te
ce
o
o

d
r

m
c-
iv

l-

ra
r

si
a

a
c

ie
o

m-

e-
are
nder

on

de-

e
at

om
-
uld
the
ten-
ur

re-

er-

as

the
to
ly
ines-

he
n in

ion
oton
ons
y of

t all

9550 56W. FUHSet al.
the range of 0.13–0.15 eV. The generation rate of phot
that contribute to the intrinsic photoluminescence is

I eh5
aI ptD

t r
, ~14!

wheret r is the radiative lifetime of the band-to-band tran
tion. It is therefore the temperature dependence of the d
sion controlled bytD , which determines the quenching o
the intrinsic luminescence.

In order to discuss the dependence of the erbium lumin
cence on the pump intensity we assume that in equilibr
the majority of dangling bonds are in theD2 state since the
samples aren type. In this case illumination createsD0 cen-
ters due to capture of holes and theseD0 centers capture
electrons by radiative, DRAE, and multiphonon process
Here we want to return to the experimentally found sublin
dependence of the emission intensity on the excitation in
sity I ex ~Fig. 3!. Slight deviations from the linear dependen
may be observed when, besides the dominant linear rec
bination term, additional nonlinear recombination terms
higher order exist. In the case ofa-Si:H such processes coul
be band-to-band recombination or band-to-band Auger p
cesses. Since their contribution is expected to be rather s
we will neglect them for the following. Assuming that pra
tically all electron-hole pairs recombine via defects we arr
at coupled equations for the concentrations ofD0 defects
(ND

0 ) and erbium ions in the excited4I 13/2 state (N* ):

dND
0

dt
5aI p2wRND

0 2wmpND
0 2wAND

0 S 12
N*

N0
D ,

~15a!

dN*

dt
5wAND

0 S 12
N*

N0
D2

N*

t
, ~15b!

wherea is the absorption coefficient,I p the pump intensity,
t the lifetime of erbium ions in the excited state, andwr ,
wA , andwmp the probabilities for radiative, DRAE, and mu
tiphonon processes, respectively, averaged overR0 @Eqs.~1!,
~6!, and~10!#. The terms in brackets account for the satu
tion of erbium ions: the DRAE process is blocked if an e
bium ion is already excited.

Steady-state conditions lead to an approximate expres
for the luminescence intensity from the erbium ions with
radiative lifetimetR :

I PL5
N*

tR
5

wA

wR1wmp1wA
aI pN0

wA

wR1wmp1wA
aI p1

N0

t

1

tR
, ~16!

which gives the exact results in the limiting cases of we
and strong excitation. In the linear regime under weak ex
tation Eq.~16! reduces to

I PL5
wA

wR1wmp1wA
aI p

t

tR
. ~17!

These equations are valid for excitation with photon energ
below and above the band gap, though the absorption c
ficients will be different.
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As discussed before, the main contribution to the te
perature dependence ofI PL comes from the factorwA /(wR
1wmp1wA) due to the redistribution of recombination b
tween multiphonon and DRAE channels, other factors
less temperature dependent. In the saturation regime u
strong excitation we obtain

I PL5
N0

tR
~18!

and the luminescence of the erbium ions depends weakly
temperature as pointed out earlier.15

For the emission due to radiative transitions into the
fects ~transitions 1 in Fig. 7! we derive

I PL
D 5

wR

wR1wmp1wAS 12
N*

N0
D aI p . ~19!

At low excitation whereN* !N0 the defect luminescenc
I PL

D increase with the pumping power is much weaker than
high I p because the DRAE process dominates below ro
temperature (wA@wR ,wmp). This means that the defect lu
minescence should be weak for low pump rates but sho
increase after the erbium ions are saturated. Although
dependence of the defect luminescence on the pump in
sity was not studied in this work within the linear regime o
earlier results21 confirm this conclusion.

For the discussion of the frequency-resolved measu
ments we change in Eqs.~15! dND

0 /dt to ivND
0 anddN* /dt

to ivN* . However, since capture of electrons byD0 centers
occurs significantly faster than the relaxation of excited
bium ions, we can neglectivND

0 in Eq. ~15a! and obtain for
the erbium luminescence in the linear regime:

I PL5

wA

wR1wmp1wA
aI p

11 ivt

t

tR
. ~20!

The real part yields the in-phase luminescence intensity

Re~ I PL!5

wA

wR1wmp1wA
aI p

11v2t2

t

tR
. ~21!

This result clearly demonstrates that the total lifetime of
erbium ion in the excited state is not directly connected
the probability of the DRAE transition and can be weak
temperature dependent at temperatures where the lum
cence intensity changes strongly.

The intensity of the erbium luminescence follows t
spectral dependence of the absorption coefficient as show
Fig. 4. However, a plotI PL versusa in Fig. 8 reveals addi-
tional features. Two regions of linear dependence ofI PL(a)
can be distinguished: in the region of defect absorpt
where only one electron is generated per absorped ph
and in the region of band-to-band absorption where electr
and holes are excited. The data point to a higher efficienc
erbium luminescence in the region of defect absorption.

The discussion so far was based on the assumption tha
the generated carriers lead to generation ofD0 states which
acquire their charge again by recombination@see Eq.~15a!#.
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However, this assumption is correct only in the case of
sorption of light by defects when only one type of free c
rier, electrons, is generated. In the case of band-to-band
sorption both electrons and holes are generated and only
of the recombination flux is described: namely, the capt
of holes by theD2-states with subsequent capture of ele
trons. There exist other paths for recombination, like ba
to-band recombination or nonradiative transitions involvi
D1 states. We do not want to discuss these in detail, but
obvious that in the case of interband absorption only par
the total generation rateaI p leads to the formation ofD0

centers. This loss can be accounted for by modifyingaI p in
Eqs. ~15!–~21! by a factorh whereh51 for direct absorp-
tion and h,1 for band-to-band absorption. In agreeme

FIG. 8. Photoluminescence intensity as a function of absorp
coefficienta ~same data as in Fig. 4!.
.
o

. J
C

ve

C

, J

M

V

p

b-

n

y

-
-
b-
art
e
-
-

is
f

t

with the experiment we expect, therefore, a reduction of
erbium luminescence in the interband absorption region~Fig.
8!.

V. CONCLUSIONS

a-Si:H~Er! exhibits pronounced photoluminescence
1.54 mm. The primary step of the excitation mechanism
the absorption in the amorphous matrix and thus the crea
of free carriers. We propose that the energy transfer from
free carriers to the Er ions occurs by Auger excitation as
ciated with the capture of band-tail electrons by neutral
fects (D0). Our calculations show that the probability of th
DRAE process is larger than that of radiative defect reco
bination by an order of magnitude. The DRAE excitatio
process is consistent with our experimental results. In p
ticular the temperature quenching of the PL intensity abo
200 K can be explained by the competition between
DRAE excitation process and nonradiative multiphonon
combination at the defects.
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