PHYSICAL REVIEW B VOLUME 53, NUMBER 24 15 JUNE 1996-II

Recombination and photoluminescence mechanism in hydrogenated amorphous carbon
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The luminescence mechanism aaC:H is described as a modification of the band tail luminescence in
hydrogenated amorphous Si. The tail statea:H are formed from clusters @fp? sites and luminescence
occurs by recombination within each cluster. The paramagnetic defects are confirmed as the nonradiative
recombination centers. The weaker temperature dependence of the luminescence efficer@yHahan
a-SitH is attributed to its wider tails which inhibit carrier hopping. The luminescence efficiency is also
quenched by narrow optical gaps, because carriers can tunnel to defects more easilypfhrtble, narrow-
gapa-C:H. Defect quenching is less strong, however, because of the shorter Bohr radius of localized states in
a-C:H.[S0163-182106)07624-7

Hydrogenated amorphous carboa-C:H) can be pre- smaller than originally proposed, with a typical size of
pared with a wide range of band gapdhe narrow gap L,~3 A.22 Experimentally, the optical gap af-C(:H) can
a-C:H, also known as diamondlike carb@DLC), is used as vary widely depending on the deposition conditions. Figure
a hard, low-friction coating material. The wide gapped,1(a) compares the optical gap afC:H deposited by plasma-
“polymeric” a-C:H has a strong room-temperature photolu-enhanced chemical-vapor deposifioii’andta-C:H, a form
minescence and is being developed as an electroluminesce#ta-C:H with a high fraction ofsp> C—C bonding”® The
material®® It is also used as a dielectric in metal-insulator- OPtical gap of all types 0&-C(:H) is seen to vary in a simi-
metal switches in active matrix displa§s.There is, there- lar, regular fashion witls p> contentz which is almost linear,

fore, interest in unde_rstanding the recombination and lumi- E,~3-2.5 eV. (1)
nescence processesanC:H.

Photoluminescenc@L) has been studied ia-C:H (Refs. 1 N PV Pa—
611 and in associated-Si;_,C,:H alloys}2~®PL in Si- AN aCH Keber 4
rich a-Si;_,C:H is basically like that ira-Si:H itself 1 PL c - P.A\\ a-CH, Jarman o
arises from the radiative recombination of electrons and 2 06} N taCH .
holes trapped in the band tail states and is described in terms £ . AD,AD\D\ =e "
of a rigid-band, one-electron mod€l.PL is quenched by N% 041 ?.i\E.O
paramagnetic Si dangling bonds which act as nonradiative 0.2 "t o
recombination centers:*® There is a sudden change in the 0 L Ny
PL behavior of C-rich alloys. PL becomes much faster, al- o Yoshimi
most independent of temperatdfe®and is not quenched by ° v Wagner
relatively high concentrations of paramagnetic defects. In- §§ : VCV:;?;‘;:;V
deed, PL efficiency correlates poorly with the paramagnetic § Hol .
defect densitie&!?® The appropriate model of PL in €9 v
a-C:H is, therefore, unclear. Is the rigid, one-electron model Sy e
valid, or is it necessary to either invoke electron-lattice cou- -
pling as ina-Se (Ref. 19 or polyacetylené® or electron- Te———
electron interactions as in other organic polym&rs¥so, — W %o o
are the paramagnetic defects the nonradiative recombination ‘""g 107} A
centers? This paper aims to confirm that the rigid one- = @ b a0,
electron model accounts for PL aC:H and that the para- 2 ! « 0 Schutte o
magnetic defects are the nonradiative centers. B yge |5 Keber : .

Let us first recall thah-C:H contains bottsp® and sp? £ o Watanabe L
sites???% The ¢ bonds ofsp® andsp? sites give rise tar P07 34—

valence anar* conduction-band states, separated by a band Optical gap (eV)

gap of order 6 e¥? Thew and#* states of thesp? sites lie FIG. 1. (a) Variation of optical (Taud gap with sp? carbon
within t.he‘f_g* gap, and form the band edges and controliaction, as determined by electron-energy-loss spectroscopy o
the optical gap. The size of the gap depends on the configymciear magnetic resonance, for PEC\EC:H (Ref. 25-27, t
ration of thesp” sites. = bonding favors a pairing up and a-C:H (Ref. 29, andt a-C (Ref. 28. Equation(1) is shown as a
clustering ofsp? sites in asp® matrix. However, ion bom-  dashed line(b) Variation of the PL energy with optical gajRefs.
bardment during depositiéhcauses a rather large disorder 6-9 and 15 The solid line of slope 0.5 is a guide to the eye.
potential which opposes clustering. Thus, #g clusters  Spin density vs optical gap f@-C:H from different workergRefs.
consist of both olefinic chain and aromatic ring groups, mucts, 8, 26, and 3B
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diative transition. Such strong electron-lattice coupling, as in
— — c a-Se(Ref. 19 or polyacetylené® gives a Stokes shift so the
T PL energy is roughly half of the optical gap. A compilation
= of PL data fora-C:H in Fig. 1(b) shows that a Stokes shift
5 occurs, but the emission is generally well above half gap, so
v B we believe that this polaron model is not appropriate for
a-C:H.
We therefore consider the application of teSi:H rigid
T — band-tail model to the PL odi-C:H. In a-Si:H, photoexcita-
_ -y - — tion creates an electron-hole pair around the mobility edges.
Ey They lose energy by thermalization and fall into the tail
states. Thermalization allows the spatial separation of the
FIG. 2. Schematic band diagram afC:H showing the tail carriers. Luminescence occurs by tunneling recombination
states due texp2 clusters. Luminescence occurs by photoexcitationacross the gap. Carriers which instead reach a paramagnetic
and recombination in ap? cluster. Nonradiative recombination oc- defect by either hopping or tunneling will recombine nonra-
curs by the tunneling or hopping of a carrier to a defect. diatively and not contribute to PL.
In a-C:H, PL is fast, weakly temperature dependent, not
This regular behavior is important and emphasizes that thguenched by electric fields, and shows polarization memory,
sp° sites ofa-C(:H) do control electronic properties such as indicating that the PL center is highly localized. We there-
band gap, as originally proposéd° fore propose that photoexcitation creates an electron-hole
The large difference of local band gaps of thg®> and  pair in the same cluster. The electron and hole thermalize
sp? sites creates band-edge fluctuations, with sp@ sites and fall deeper into the tail states. The strong fluctuations
acting as tunnel barriers between thestates ok p? clusters.  limit their spatial separation, consistent with fast PL. PL oc-
The analysis of PL suggests that the Bohr radiusraftates ~ curs from radiative recombination, largely from carriers
is about 6 A, which is larger than the cluster size of 3 A. Thewithin the same cluster, and PL is quenched by tunneling or
fluctuations are strong but short range, so the clusters form Bopping to a nonradiative center. The basic model is there-
single interacting system, rather than a set of weakly interfore similar to that ofa-Si:H, the main difference being that
acting clusters with their own internal states. It is thereforephotoexcitation creates closely localized electron-hole pairs
more appropriate to treat the network just like a conventionabPecause of the symmetric fluctuations, and that the strength
amorphous semiconductor, with disorder-induced band tail®f the fluctuations keeps the pair close together until PL
mobility edges, and extended stai@8g. 2). The range of occurs. The idea of PL fromap? clusters has been proposed
different cluster sizes and local gaps causesrtdensity of ~ earlier''*>3'the present model differs in emphasizing that
stategDOS) to tail into the gap. Ther states in the tails are the small cluster size makes band-edgstates behave more
localized because of the low DOS, but further into the bandslike conventional tail states, rather than weakly interacting
at some higher DOS above a mobility edge, the states ar@usters with an internal electronic spectrum. We now try to
extended. It is not clear where the mobility edges lie inshow how aa-Si:H-type model can give a consistent ac-
a-C:H from experimental data, but the strength of the fluc-count of the main features of PL such as the temperature
tuations may place them well above the optical band edgeslependence and the competition between radiative and non-
Note that the fluctuations are symmetric, so that the valenceadiative processes.
and conduction tail states occur at teamesite3! These The degree of localization can be estimated from the PL
states are coupled by a large dipole matrix element, so localifetime for radiative tunneling
ized to localized optical transitions are allowed anC:H. 1 1 2R
This contrasts with the usual situation, where the tail states i —exr{ - _)
are localized in different regions, so localized to localized Tr  Tro

transitions are forbiddeff. . : . . .
Following electron hole excitation, the subsequent radiay\/hereR Is the carrier separation ai is the Bohr radius of

tive process could, in principle, follow a number of limiting the stateyo depends only on fundamental constants and the

; ; i it 108 <17
cases. Ifa-C:H behaves like a group-IV amorphous semicon-g\'foI(iTc‘r)",tgxS etlr?ig]igtn ﬁ:r:;irf;ﬁ'_t'i%%wfgrcloigl SS aced
ductor likea-Si:H, the one-electron disorder potential domi- r ' y SP

nates and a rigid tail state model is appropriate. carriers in the same cluster. In contrast, PL is slower in

_ =, 3 . .
On the other handa-C:H could behave like an organic a-SiH, 10°° s, due fo carrier separation.

. o : The thermally activated hopping apart of carriers during
light-emitting polymer such as polyphenylvinyletBPV). o :
There, the electron hole interaction dominates, leading t(ghermahzaﬂon causes the thermal quenching of PL. The ther-

strong excitonic features in the optical absorption and mo-maI quenching can be calculated from the thermalization

lecular behavior! However, the optical absorption spectra depth of the carriers in the band tatfsThis varies with time
of a-C:H shows no excitonic features, indicating that disor-t as
der dominates electron-hole interactions in this system. Eq=KkTIn(vot). 3

A high H content, luminescer&-C:H has a low network
coordination number, and low rigidity, so lattice relaxation islt is possible to define a demarkation eneigy for the ra-
easy. The electron-hole pair could become localized at diative lifetimet=r,, such that carriers abov&, will hop
single = bond and cause it to break in a radiative or nonra-away to defects to recombine nonradiatively, while carriers

2



16 304 J. ROBERTSON 53

1 S 1
. e * 9
P E— [ ]
3 0.1 -. . L ® R ;1’000 g . 01 ¢
o 2 - 2}
L . — S
[ g
L Y a% -2
0.01F 4100 3 10 |
. [N
. L4 [
po 2
L 1 I i % 10'3 L Schutte
® Siebert o s Xu
o Sussmann
Nges , o * Chernyshov A Silva
- * 10-4 F o
— 20 [ s 1 L ] n
x ° 1.5 2 2.5 3 3.5
e Optical gap (V)
10} *o e
*o FIG. 4. Relative PL efficiency vs optical gap for the cathodic
samples of SchutteRef. § Xu and Ristein(Refs. 9 and 3B and
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energy dependence. Values labeled Schutte are for her high defect
density “cathodic” samples, the efficiencies of the "anodic”

FIG. 3. (a) Variation of Urbach tail widthE, and quenching samples are similaiRef. 8

temperaturel . with C content fora-Si; ,C,:H alloys (Refs. 12

and 1416 TheT, from Ref. 15 is used for Ref. 14 for=1.(b)  3.C:H is fundamentally due to its 5-10 times greater tail
Variation of Ey/kT, . Note the sudden fall in this ratio for width thana-Si:H. The tail width is also the cause of the
x>0.5, due to the faster radiative recombination. Note also th(?Nide PL band, but this and the Stokes shift between excita-
consistency of the data from Refs. 14-16. tion and emission energy will not be covered here.

In the absence of hopping, the PL efficiency depends on
the defect concentration. The electron-hole pair will recom-
Bine nonradiatively if they are formed within the tunneling
capture radiuR. of a nonradiative recombination center.
The relative efficiency is given by the probability of having

below E4 will remain trapped and recombine radiativély.
We assume the band tail is described by an exponential de
sity of states of widtlE,. The efficiency is thus the fraction
of carriers trapped belo&,

Eq KTIn(vor,) no defects within the distandg, ,
nmexr{—— =exy{——r : 4
EO EO 47T 3
: - . : 7= 10€XP — 5 RcNg], (7
The experimental variation of the PL efficiency afSi:H 3
anda-C:H is

where Ny is the defect density. The capture radiuf; is
T defined as where the radiative and nonradiative tunneling
n= ﬂoeXP( ) (5) rates are equal,

T
R
Equation(4) has the same form if Rczjom(voﬂ), 8
KT =Eo/In(vo7). ®)  where 7, is the radiative lifetime and the nonradiative life-
Equation (6) describes well the thermal quenching in {ime for tunneling is given by
a-Si:H whereE, is the width of the conduction-band tail. 1 2R
Equation(6) also describes thermal quenching arSiC:H —= Voexl{ - R—) 9)
Tnr 0

alloys, if Eg is given by a constant fraction of the valence talil
width, with this taken from the Urbach optical absorptionwhere v, is the hopping attempt frequency ai} is the

tail. Figure 3a) shows that the variation of characteristic Bohr radius of the localized state.

temperatureT; and Urbach slopek,, for a-Si;_,C,:H Equations(7)—(9) describe well the defect quenching in
alloys®'214-15E and T, are seen to increase continuously a-Si:H and Si-richa-SiC:H, whereNy is identified as the
with C content and then increase sharplyxat0.5, consis- density of Si dangling bonds detected by electron spin
tent with the model. Figure (B) shows that the ratio resonancé®!’ The correlation appears to fail for C-rich
Eo/kT_ is relatively constant forx<<0.5, and then falls a-SiC:H or a-C:H (Refs. 8, 12—1#and it was concluded
sharply atx=0.5 to a value of 9. This fall is due to a sharp that paramagnetic defects were not the main nonradiative
increase in the radiative rate from 10 3to 10 8 s!*'®and  recombination center ia-C:H. The dominant experimental

is consistent with Eq(6). It is noted that there is a common trend appears to be an exponential increase in PL efficiency
variation of the ratide,/kT, for the C-rich alloys from vari-  with optical gap, with thesameexponential slope, as seen in
ous groups;~*®despite their different band gaps. We there-Fig. 4. The dependence on spin density is less clear cut, and
fore see that the existence of room temperature PL ifin one case absefitit is nevertheless clear that PL in
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a-C:H can coexist with a much higher defect density ofwhich the carriers tunnel, not for the defect center itself, so
~10?° cm™ 3 than ina-Si:H. A problem in finding an under- this depends little on whether the defect center is a single site
lying dependence of efficiency on spin density is that the gagdangling bong or a cluster. The excluded volume can be
and spin density tend to be correlatedairC:H, as seen in |arge because of the largg? fraction. Equation(10) now

Fig. 1(c).>#?*33A second question is that the nature of thegives a strong dependence on the optical gap because of the
paramagnetic centers has not been settled experimentally fependence of the gap ep? content in Fig. 1a). A further

a-C because of lack of information from electron spin reso-gependence on the gap may arise becasand thusR,
nance. The defects could be either single dangling bonds qfay also depend on the gap.

sp? clusters containing an odd number of sité&Vhatever Figure 4 shows that Eq10) can give the observed expo-

their nature, paramagnetic centers remain the best candidaig sia| dependence of PL efficiency on the band gap. Figure
for the nonradiative recombination center, because of theigf shows a fit of (10) to the slope of the data with

midgap state and their large concentrations, butati:H E,=3.5- 2.5 rather than(1) to allow for the wider gap,

model needs to be modified. -
. . . In =9 from Eqg.(9) and Fig. 3b), R. from Eg. (8), and
We therefore reconsider tunneling quenching &eC:H. i(tlf}lml-r?)O:S 7 A gn(d l)\ldzlozlgcﬁlzg’ faach tak?er(l ;S con-

The quenching occurs if a carrier tunnels out of the excite tant for simplicity. Note that the Bohr radif=5.7 A is
cluster via other clusters to a defect site where it recombine§ﬁuch less than tha.1t @f-Si:H, 11 A, but this is only '20% less
The cluster tail states in Fig. 2 are entirely analogous to th%vhen expressed as a fracti,on of ,the respective bond lengths,
tail states ofa-Si:H. They decay outside the cluster with a We conclude that it is possible to describe the PL of

e e o o e oy ot oy -C:H Eroadly witin e convenional model e of
sp° matrix, which is a fraction (& 2) of the total volume, so eta!l-to-tall recpmblnatlon, with defects acting as the no_nradl-
we must rr,10 dify Eq(7) to ’ ative regombmaﬁon centers. The Iopah_zedstates act like

a conventional tail states if their interior is treated as an ex-

4o Ng cluded volume. The PL ia-C:H is faster and less tempera-
n= noexy{ - ?Rg E) (100  ture dependent than &Si:H because the electron-hole pair
is much more localized and the PL coexists with much

This factor excludes the interior volume of all tail clusters higher defect densities because the capture volume is much
from the calculation of capture radius. Note that this correctsmaller, due to the smaller Bohr radius&®A compared to
mainly for the excluded volume of tail clusters, through11 A in a-Si:H.
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