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PhotoluminescencéL) 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 excitati@®RAE) mechanism of erbium luminescence. Probabilities of the
DRAE and the competing radiative defect recombination process®s é—D ™) are calculated. It is shown
that the probability of the DRAE process is larger by an order of magnitude. In this model the temperature
guenching of the erbium luminescence observed above 200 K results from the competition of the DRAE and
multiphonon nonradiative recombination at the defel3€163-182607)08036-3

[. INTRODUCTION found that efficient photoluminescence can be obtained in
Er-doped amorphous hydrogenated silicarSi:H(Er), pre-
Photoluminescence and electroluminescence of rare earfiared by magnetron-assisted silane decompositidssing
(RE) elements that are embedded in a solid-state matrix arthis technique we prepared an electroluminescent device
of great interest because of possible optoelectroniaith pronounced emission at room temperattirin this pa-
applications. RE ions exhibit luminescence arising from per we report on a more detailed investigation of the influ-
transitions in the inner # shell at photon energies that are ence of the amorphous matrix on the excitation and quench-
almost independent of the host matrix. Of particular interesing mechanism of the Er-induced emission.
is Er, which in its 3+ state emits at a wavelength of about
1.54 um, very close to the minimum absorption of optical
fibers. This emission arises from transitions from the excited
4 132 to the ground-statél5,. It is well known thatf-f Il EXPERIMENTAL PROCEDURE

transitions are dipole forbidden but become patrtially allowed N . .
when RE ions are incorporated in a solid matrix due to an The samples of-Si:H(Er) used in this study were pre-

admixture of other orbital momentum states to fhaave pared by magnetron-assisted silane decomposition technique,

functions. The properties of Er-doped semiconductors havi¥/Neré gas mixtures of Ar, Sk and H are used as sputter-
been quite extensively studied both theoreticallyand N9 9ases. This method has been described in detalil
experimentally:3-8 Silicon, being the base material of semi- elsewheré: .The silicon targgts were partially covereq by
conductor electronics, has attracted particular interest led bymall metallic platelets of erbium and the Er concentration in
the hope to realize optoelectronic applications of this indirecthe films was varied by variation of the Er coverage. The
semiconductor. Recently, LED's using Er-doped crystallinefilms were deposited at a substrate temperature of 300 °C on
Si have been prepared that operate at 300'The main  crystalline silicon and fused silica substrates that had been
observations may be summarized as followsE¥mission  roughened in order to avoid interference fringes. The film
from crystalline silicon reveals pronounced temperaturghickness amounted toAm. The hydrogen content as deter-
quenching*'! Oxygen doping enhances the emissionmined by IR spectroscopy from the absorption band at 630
intensity>’ It turned out that the temperature quenching is acm* was in the range 6-12 at. %, the major part being
strongly limiting factor for device applications. It has beenincorporated in monohydride configuration. The oxygen con-
argued that this effect may arise from both an enhancemenmént was not varied deliberately. However, according to
of nonradiative deexcitation of erbium ions and a decrease addecondary-ion-mass-spectroscopy measurements our samples
excitation ratg%-1? contained oxygen in a concentration of?4@m3due to
Photoluminescence of Er-doped amorphous siliconcontamination. Both constant photocurrent measurements
a-Si(Er), was first reported in Refs. 13 and 14. Recently weand photothermal deflection spectroscopy were employed to
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FIG. 1. Photoluminescence spectraaeBi:H(Er) at 77 K (647
nm, 100 mW/ cr). Inset: EF* luminescence at 300 K647 nm,  arise from crystal-field splitting of the ground stéf, s, of
350 mW/ cnf). the Er ions. The emission intensity, strongly depends on
the concentration of the incorporated (Eig. 2). The results
study the absorption edge. Optical transmission spectroscopy Fig. 2 suggest that there is an optimum arountf 16m™3,
was used to obtain the absolute scale for the absorption cofihe decrease at higher concentrations could arise from clus-
stant. From the subgap absorption we inferred defect densier formation or, if oxygen played a similar role &aSi:H as
ties in the range %10—10® cm™3, applying the proce- in crystalline silicon, from an unsufficient concentration of
dure as described in Ref. 18. The concentration and thexygen in the films. In fact, the oxygen concentration in our
spatial distribution of the incorporated Er was controlled byspecimens is in the order of ¥0cm™3. However, as will be
Rutherford backscattering. We achieved Er concentrations afhown below, according to our model the limiting factor
up to 16* cm 2 homogeneously distributed in films of 1 could as well be the defect density. This model predicts that
um thickness. The photoluminescen @) was excited by a the concentration of optically active Er ions should not ex-
Krypton lasen(647 and 633 ni an Argon lasef488 nim), or ~ ceed the concentration of defects.
a tunable Ti-sapphire las€700—1000 nm The emission The above result once again demonstrates that the energy
was dispersed in a 0.85 m double monochromator and deposition of the Er-induced photoluminescence is only
tected by a cooled Ge detector. The spectra were correctesightly influenced by matrix effects. However, the matrix
for the system response. The kinetics were studied bynay have a pronounced influence on the excitation mecha-
frequency-resolved spectroscoffyRS. For this we modu- nism of the radiative centers. We arrive at this conclusion by
lated the exciting light at frequencies in the range 1-20 kHzomparing the dependence of PL intensity of the Er-induced
and recorded the in-phase signal by lock-in technique. Wemission on the photon energy of the exciting light with the
used a fast Ge detect@orth Coast JO 870Fand checked absorption edge of this amorphous film. For this experiment

that the response time of the system was less thas.2 it is important to use low excitation power to ensure that the
photoluminescence is not saturated. Figure 3 displays the
Il EXPERIMENTAL RESULTS dependence o on the pumping power,,. Following a

power law with an exponent of 0.85 the behavior deviates

The PL spectra measured at 77 K exhibit emission of botlsomewhat from the linear dependence expected at the low
Er** centers and the amorphous Si matifig. 1). The latter  values ofl . This interesting result will be discussed below
is seen as a broad band at 0.9-1.3 eV. It is widely accepteid Sec. IV. For the following the important point is that at the
that this band arises from radiative tunneling between localexcitation power used we are far from the saturation regime.
ized band-tail states. Due to the high defect density in ouin previous work® we pumped with an argon laser which led
samples of about & cm™ the intensity of this intrinsic  to saturation due to the much higher valued gf Figure 4
emission is low and shifted somewhat to lower energy. How-demonstrates that at constant excitation powggmnicely fol-
ever, there is no indication of defect-related emission, whicHows the energy dependence of the absorption edge of the
in a-Si:H of low quality can be observed at 0.8—0.9 eV. Inamorphous matrix. In the region of the Urbach edge
our previous study this emission band formed a broad (hv>1.5 e\) carriers are excited between the band tails or
background of the Ef photoluminescence, which might be from the band tails into extended states above the mobility
due to the fact that those measurements had been performedges. It is interesting to notice that the parallel dependence
at much higher excitation intensities. of 1. and the absorption coefficierat appears to be valid

The spectrum in Fig. 1 is dominated by strong Er-induceceven at lower photon energibg<<1.5 eV, where, according
emission at 0.8 eV. At 300 K the emission from t€Si:H  to the shape of the absorption-edge absorption from deep
matrix is suppressed by temperature quenching and the relefect states prevails and therefore only one mobile carrier
maining signal is entirely due to & ions. This emission is per absorbed photon is generated. This behavior shows con-
shown in the inset on an extended scale. The shape of thigncingly that the E¥* centers are not excited by a direct
band resembles the £rband observed at low temperature resonant absorption process. Thus the initial step in the ex-
in crystalline silicon doped with Er and it consists of two ~ citation mechanism is the absorption in the matrix, which
narrow lines at 0.806 and 0.798 eV that are considered tteads to the creation of mobile charge carriers.
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FIG. 5. Temperature dependence of the photoluminescence in-
tensityl p, of the 1.54um emission(curvea) and of the intensity of
the intrinsic luminescence band at 1.3 édrveb) in a-Si:H(Er).
Excitation: 647 nm, 100 mW/ cfn The dashed line represents the
temperature dependence of reciprocal probability of multiphonon
capture of an electron by tHz° center,w,;; [Eqg.(10); see Sec. IV.
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X two possibilities we investigated the decay rate of the lumi-

FIG. 3. Emission intensityp, as a function of the excitation Nescence of the erbium ions. We used FRS to study the ki-
powerl o, at 77 and 300 K647 nm). The scale for the intensity is Netics at 77 and 300 K of tha-Si:H(Er) sample. This
relative and different for the two temperatures. method has quite frequently been used to determine lifetime

spectra and has been shown to be equivalent to time-resolved

The temperature dependence of the intensity of th experiments? Figure 6 shows the in-phase signal as a func-

'he - temp P . . Y %ion of the modulation frequency. These measurements have
_erblt_Jm-lnduced photolumlnescenhg n a-Sl.H(Er) shown been performed at pumping powers of 10 mW at 77 K and of
in Fig. 5 (curve a) suggests two @fferent regimes. At low 100 mW at 300 K. It was checked that the pumping power
tzeorgpsr;u#liPLh%?gﬁi?ﬁ;gg%;'g?g% |Ongeﬁgr?\e/§ :Egl:;[]had no influence on the frequency dependence of the signal.

ep Ngly g he lifetime can be defined by the decrease of the signal to
slope of this curve suggests an actl\(atlon energy of abounahc its initial value at the frequendiy,, by 7= 1/27rf 1/,. We
250 meV. Curveb shows for comparison the temperaturefind 20 us at 77 K and 8us at 300 K, respectively. This
ué e o ! D
R S mall value of the lifetime may be the reason why we did not
matrix (F'.g' 5, curveb). The two bands.behave quite differ- gbserve saturation as a functionlgf in Fig. 3 when using
ently, Wh'Ch. suggests that_thg quenching mec;hamsms of tht‘fﬁe Krypton laser for excitation. Between 77 and 300 K the
%vgagjrne?ﬁelrsltsdlﬁg/eembgelr? lngr’f%frtr?qgt dtou;;)tICTowat Jrr:]esiﬁlifetime decreases by a factor of 2.5. The PL intensity, on the

ower such that the hotquFr)ninescence intgnsit (?oespn ther hand, decreases in the same temperature range by a
P : P . ) Y Fctor of about 15Fig. 5). This suggests that the temperature
saturatesee '.:'g' 3 In the saturation regime the temperature uenching arises predominantly from a decrease of the exci-
dependencg IS !““Ch less pro_nou_nced, as has t_)een reporte allon rate and that the enhancement of the nonradiative de-
Ref. 15. This different behavior in the wo regimes will be o iation of erbium ions is less important. Stéhal° ar-
discussed in more detail in Sec. I\./' . . rived at the opposite conclusion in the caseae®i:H(Er),
The pronounced decreasel@f with increasing tempera-

ture in Fig. 5 can be explained by an enhancement of the

nonradiative deexcitation rate of erbium ions or by a de- 3 [
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FIG. 4. Photoluminescence intensity, and absorption con- FIG. 6. Real part of photoluminescence intensity as a function
stant,a, of a-Si:H(Er) as a function of photon energy of the excit- of the frequency of the exciting light at 77 and 300 K. Excitation:
ing light. 10 mW (77 K), 100 mW (300 K).
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where the doping had been achieved by ion implantation.
They found lifetimes of the same magnitude &iSi:H(Er)

and a quite similar temperature dependence. However, by
extrapolating their lifetime data into the high-temperature
range, it is concluded that the decrease of the lifetime fol-
lows that of the PL intensity. A reason for this different
behavior could be the different preparation of the samples.

IV. DISCUSSION: THE EXCITATION MECHANISM

The energy position of deejpelectron multiple states ly-
ing below the valence states of the semicondu@gr~10
eV) is practically independent of the host matrix due to
screening of thé electrons by the externak85p°® electrons. o
The energy transfer from electrons of the conduction band to
the f-multiple states is produced by Coulomb interaction. In
principle, there are three possible processes of electronic ex-
citation of thef states: impact excitation by mobile carriers,
Auger excitation in the recombination process of band
electron-hole pairs, and an Auger process in which the elec-
tron (or hole is captured in a localized state in the forbidden
gap.

The impact excitation Wherellnltla.ll.and fma! electrqn FIG. 7. Configuration coordinate diagram for electron capture
states belong to the same band is e_ff|C|e_nt only if there is %y DO states D%+ e— D). (1) Radiative transitior{0.8—0.9 eV.
large number of mob_|le electrons with high energy. In_ the(2) Defect-related Auger excitation of Eiions. Both electron cap-
case of photoexcitation the fzast energy relaxation with e ang excitation transitiofl ;o *l 132 in the f shell are shown.
characteristic lifetimerg~10"'? s renders this process un- The energy transfer is produced by Coulomb interacti8hMul-
likely. Even in the case of electroluminescence impact ion+jphonon nonradiative capture of the electron by Bifedefect. The

ization is effective only at high electric fields and in materi- ashed curve represents the adiabatic potential in the intermediate
als with large mean free path of mobile carriers. In an(irtual) state of the DRAE transitiof®).

amorphous matrix where the mean free path is small, this
process is not efficient. surements have shown that the introduction of erbium into

Auger excitation by transferring the energy released bythe amorphous matrix is accompanied by a very high con-
carrier recombination to theshell seems far more probable. centration of defects. It is therefore reasonable that defects
In amorphous silicon we can distinguish two possible chanexist in close vicinity to the optically active erbium ions.
nels. The first one is related with transitions between thaVhen the electron-hole pairs are generated by light absorp-
band tails of conduction and valence bands. The correspondion, they recombine predominantly by nonradiative pro-
ing radiative transitions lead to a broad band of intrinsiccesses via dangling bonds. Capture of holeDbycenters,
luminescence centered around 1.1-1.3 eV. We can also efransforming them intd?, is followed by capture of elec-
pect a nonradiative transition between the tails of the controns from the conduction-band tail. We propose that an ef-
duction and valence band with the energy transferred byective, nearly resonant excitation dfelectrons occurs by
Coulomb interaction to arfi-electron from the ground-state the electron capture iD° states due to an Auger process.
1 15/ to the second-excited-stafé,;,. Because the energy This process would be close to resonant because the energy
of this transition in thef shell is 1.26 eV this process can be of between 0.8 and 0.9 eV of tliz°+ e—D " is close to the
considered as a resonance band-to-band Auger excitation. tifansition energy*l;5,— *l 13, in the f-shell transition(0.8
this process played an important role in amorphous siliconeV). We introduced this process as an explanation of our
one should observe similar thermal quenching for th& Er results on electroluminescence anSi:H(Er) as DRAEX®#!
and the intrinsic luminescence as both bands are produced By configuration diagram displaying the variou®°
electron-hole pairs thermalized in the band tails. However, as-e—D ™ transitions is presented in Fig. 7: radiative capture
shown in Fig. 5, temperature quenching of erbium lumines{1), the DRAE nonradiative transitiof2), and a multiphonon
cence starts only &f=200 K, where the intrinsic lumines- nonradiative transitiofi3). The diagram represents adiabatic
cence is already absent. potentials corresponding to initiali,( D°+e) and final

The second Auger process is associated with the captug, D~) states of the system of an electron and the defect
of an electron from the conduction-band tail by a neutralD, taking into account the electron-phonon interactiocal
defect statdD? transforming it intoD ~. These defect centers vibrations of the defegt Thef states of the Ef ion are also
are attributed to dangling bonds, which can exist in differ-shown. The dashed line indicates the adiabatic potential for
ently charged statesD(", D° andD ™). The temperature the intermediatevirtual) state of the DRAE process when
dependence of the conductivity revealed that ax8i:H(Er) the electron captured by the defect excites the erbium ion. As
samples are slightly type with the Fermi level located 0.3 stated above, the DRAE process is nearly resonant and its
eV above midgap. We assume that in equilibrium practicallyprobability should depend only slightly on temperature. It
all defects are in th® ™ state. The subgap-absorption mea-should be noted that precise resonance is not necessary since
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the excess energy of the order of the Franck-Condon shift Since the quantum yield of the intrinsic luminescence in
can be easily transmitted to local vibrations of the defect a-Si:H(Er) is very low in our sample$~2%), the recombi-
;’he probability for the DRAE process can be expressedation via defects is equal to the total generation dteand

as is practically independent of the temperature if we ignore the
5 weak temperature dependence of the absorption coefficient.

167 e4df,f 2R, However, the distribution of the recombination between dif-

Wa(Ro) = ﬁm I(kTexp ——=]. (U ferent channels will be temperature dependent and will in

fact determine the temperature dependence of the erbium lu-
In this expression the multiphonon factqkT) is given by  minescence. From the discussion above we conclude that
while at low temperatures the DRAE channel dominates, the
H(KT) = (hwy/4mSKT) 2exp( — 4c/KT). @ yole of muItiphonF())n transitions increases considerably at suf-
d;, denotes dipole moments of transitions in thehell of ficiently high temperatures. The temperature quenching of
the erbium ionk ! is the localization radius of the electron the erbium luminescence is then controlled by the competi-
on a defect,a is the localization radius of a state in the tion of the DRAE and multiphonon processes.

conduction-band taik, is the local phonon frequencRy is We have calculated the temperature dependence of the
the distance between the electron in the band tail andthe thermally activated multiphonon tunnel process using the pa-
center, anct..is the high_frequency dielectric constant. rameters given above. The calculations were performed in
The activation barrier for the DRAE process (see the frame of the Huang-Rhys model of two displaced
Fig. 7) parabolag?
ac=(e— A1y~ Shw)?/4Shw,, . (3) Winp=Winexp( — ), (10)

The Huang-Rhys factd® is determined by the difference of \ynhere
optical absorption and luminescence energi@sanck-

Condon shift / 2
PR L o —J1+—52+gcosr<f”i,
S=(eop—€1)/2hw,. (4) 2 3 2 hwp(ll)
The probability for the defect-related radiative transition
(light emission is given by hw, Shw,
1282w3exp — 2R, /a) KT & o o)
Wgr(Rp)~ 3 52 - ) . T
9e.c’h(ak) In this model the energy of thermal excitation is
The ratio of the two rates is e1=(Eopt £1)12. (12)
Wa(Ry) 7 €%k 3 ) : .
~— (&N)3(dgr )21 (KT), (6) Figure 5 compares the temperature dependence of the recip-
Wr(Ro) 24 e.hw rocal capture probabilityvr;; with the temperature depen-
where the wavelength of erbium emission is dence of the intensity of erbium luminescence. The absolute
value of the probability was adjusted to the experimental
hc curve at low temperatures, where the luminescence intensity
)‘:ﬁ' () is nearly temperature independent. From the similarity of

both curves we conjecture that temperature quenching of the
The valuese o, =1.05eV,&=0.85 eV, andhw,~50 meV  grhium luminescence at higher temperatures is controlled by
lead to a Huang-Rhys fact@~2 ands,-~6 meV. Inserting  the onset of multiphonon processes.

these numbers in Eq6) shows that the DRAE process is | this model of the erbium ion excitation it is also under-

more effective than the radiative electron capture: stood why the temperature dependence of the erbium emis-
Wa(Ry) sion and of the intrinsic emission afSi:H are different. At
A0 o7 (8) low excitation flux the intrinsic luminescence &Si:H is
Wgr(Ro) assumed to result from recombination via a tunneling pro-

cess of geminate electron-hole pairs, which thermalize into
the band tails close to the site where they were generated.
This process is limited by diffusion of the faster carriers,
usually electrons, which escape the characteristic interaction
volume for such tunneling. The corresponding time is deter-
sb:(s_smp)2/4sm,p, (9) mined by r,~R?/D,,, whereR is the interaction radius for

o ) ) o radiative tunneling an®,, the diffusion coefficient. In amor-
which in our case is:p~1.8 eV. For such high activation pnhoys silicon

energy multiphonon transitions should take place via ther-

mally activated tunneling. Therefore, their probability is D,,= D oeXp — E,/KT), (13
strongly temperature dependent and, as will be shown, it is

this dependence that controls the thermal quenching of emwhereE, is the characteristic activation energy of electron
bium luminescence. localized in the conduction-band tail to the mobility edge in

The competing nonradiative multiphonon transitid@ has
an activation energy thresholg, determined by the energy
between the bottom of thB°+ e potential and its crossing
point with theD ™ potential (Fig. 7):
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the range of 0.13-0.15 eV. The generation rate of photons As discussed before, the main contribution to the tem-
that contribute to the intrinsic photoluminescence is perature dependence bf; comes from the factow,/(wg
+WmptW,) due to the redistribution of recombination be-
| :C“pTD (14) tween multiphonon and DRAE channels, other factors are
e o less temperature dependent. In the saturation regime under
strong excitation we obtain

wherer, is the radiative lifetime of the band-to-band transi-
tion. It is therefore the temperature dependence of the diffu- No
sion controlled byry, which determines the quenching of lp=—"" (18
the intrinsic luminescence. R

In order to discuss the dependence of the erbium luminesand the luminescence of the erbium ions depends weakly on
cence on the pump intensity we assume that in equilibriumiemperature as pointed out earffer.
the majority of dangling bonds are in ti®~ state since the For the emission due to radiative transitions into the de-
samples ar@ type. In this case illumination create® cen-  fects(transitions 1 in Fig. Ywe derive
ters due to capture of holes and the®@ centers capture

electrons by radiative, DRAE, and multiphonon processes. D — WR al (19
Here we want to return to the experimentally found sublinear PL N* P
dependence of the emission intensity on the excitation inten- WRF Winpt Wa| 1 Ny

sity | o (Fig. 3). Slight deviations from the linear dependence o . )

may be observed when, besides the dominant linear recon‘?é)t low excitation whereN* <N, the defect luminescence
bination term, additional nonlinear recombination terms ofl pL increase with the pumping power is much weaker than at
higher order exist. In the case @fSi:H such processes could high I, because the DRAE process dominates below room
be band-to-band recombination or band-to-band Auger prolemperature Wa>Wwg,Wy,). This means that the defect lu-
cesses. Since their contribution is expected to be rather smdllinescence should be weak for low pump rates but should
we will neglect them for the following. Assuming that prac- increase after the erbium ions are saturated. Although the
tically all electron-hole pairs recombine via defects we arrivedependence of the defect luminescence on the pump inten-
at Coup|ed equations for the Concentraﬂonsm defects Slty was not studied in this work within the linear regime our

(N9) and erbium ions in the excitetl 5, state (*): earlier result%1L confirm this conclusion.

For the discussion of the frequency-resolved measure-
dN o . o N* ments we change in Eq&l5) dN2/dt to i wNS anddN*/dt
o o p_WRND_meND_WAND< 1- N_o) , to i wN* . However, since capture of electrons B§ centers

(159 occurs significantly faster than the relaxation of excited er-
bium ions, we can negle¢wNJ in Eq. (158 and obtain for
dN* 0 N*)\ N* the erbium luminescence in the linear regime:
WZWAND(I—N—)—T, (15b)
0 W
wherea is the absorption coefficienk, the pump intensity, Wrt Winpt+ WA“' g
7 the lifetime of erbium ions in the excited state, awg, lpL= Trior P (20)

W, , andwp,, the probabilities for radiative, DRAE, and mul- _ _ _ _ _
tiphonon processes, respectively, averaged BydEqs. (1), The real part yields the in-phase luminescence intensity as
(6), and(10)]. The terms in brackets account for the satura-

tion of erbium ions: the DRAE process is blocked if an er- Wa al
bium ion is already excited. CWRFWpptwa PoT
Steady-state conditions lead to an approximate expression Re(lp) = 1T 0?2 . (22)
for the luminescence intensity from the erbium ions with a_ o
radiative lifetimerg: This result clearly demonstrates that the total lifetime of the
erbium ion in the excited state is not directly connected to
Wy the probability of the DRAE transition and can be weakly
N* malp,\lo 1 temperature 'dependent at temperatures where the lumines-
lpp=—= —, (16 cence intensity changes strongly.
R Wa al +& R The intensity of the erbium luminescence follows the
WRtWrptWa P 7 spectral dependence of the absorption coefficient as shown in

which gives the exact results in the limiting cases of wealf'g' 4. However, a pIOtP_L Versusa in Fig. 8 reveals addi-
and strong excitation. In the linear regime under weak excitional feat_ur(_es. Two regions of Ilngar dependencéqpfa) :
tation Eq.(16) reduces to can be distinguished: in .the region of defect absorption
where only one electron is generated per absorped photon
and in the region of band-to-band absorption where electrons
(17) and holes are excited. The data point to a higher efficiency of
erbium luminescence in the region of defect absorption.
These equations are valid for excitation with photon energies The discussion so far was based on the assumption that alll
below and above the band gap, though the absorption coefhe generated carriers lead to generatiomD8fstates which
ficients will be different. acquire their charge again by recombinatieae Eq(153].

WA T

lpp=—7——— al,—.
PL WR+me+WA pTR



56 EXCITATION AND TEMPERATURE QUENCHING OF Er. .. 9551

103 with the experiment we expect, therefore, a reduction of the
B erbium luminescence in the interband absorption redag.
[= 8).
5
2 107 V. CONCLUSIONS
O
\E a-Si:H(Er) exhibits pronounced photoluminescence at
— o 1.54 um. The primary step of the excitation mechanism is

10" 162 163 104 the absorption in the amorphous matrix and thus the creation
of free carriers. We propose that the energy transfer from the
free carriers to the Er ions occurs by Auger excitation asso-
FIG. 8. Photoluminescence intensity as a function of absorptiortiated with the capture of band-tail electrons by neutral de-
coefficienta (same data as in Fig)4 fects O°). Our calculations show that the probability of this
DRAE process is larger than that of radiative defect recom-

However, this assumption is correct only in the case of abpmatlon by an order of magnitude. The DRAE excitation

; : _process is consistent with our experimental results. In par-
sorption of light by defects when only one type of free car icular the temperature quenching of the PL intensity above

rier, electrons, is generated. In the case of band-to-band aliy: 0 K can be explained by the competition between the
sorption both electrons and holes are generated and only p o P y np :
AE excitation process and nonradiative multiphonon re-

of the recombination flux is described: namely, the captur -

of holes by theD ~-states with subsequent capture of elec-Comblnatlon at the defects.
trons. There exist other paths for recombination, like band-
to-band recombination or nonradiative transitions involving
D™ states. We do not want to discuss these in detail, but itis This work was partially supported by several institutions:
obvious that in the case of interband absorption only part o¥olkswagen Stiftung1/71 646, INTAS (93-1816, the Rus-
the total generation ratel, leads to the formation ob? sian Foundation for Basic Resear(@b-02-04163a and 96-
centers. This loss can be accounted for by modifyiig in ~ 02-16931% and the Russian Ministry of Scien¢g-060/3.
Egs. (15—(21) by a factorn where =1 for direct absorp- Two of us(E.I.T. and I.N.Y) gratefully acknowledge finan-
tion and »<1 for band-to-band absorption. In agreementcial support from the German Science Foundation.
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