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We discuss the likely origin of the exponential absorption tail, or Urbach edge, of fourfold
coordinated amorphou&@-)semiconductors. The present analysis is based on a compilation of a
considerable amount of experimental data originating from a great variety of samples, alloys, and
authors, and obtained with quite different spectroscopic techniques. An attempt is made to correlate
the measured Urbach edge with the structural and optical properties of the samples. The present
analysis indicates that the Urbach edge may not only reflect the shape of the joint density of states
of the valence and conduction band tails, but may also have important contributions from
short-range order potential fluctuations produced by charged defects or impuritie4998®
American Institute of Physic§S0021-8978)02921-]

I. INTRODUCTION product of initial (VB) and final (CB) state densities sepa-

_ . rated by that energy. This is the joint density of states de-
In 1953, Urbach reported that photographic emulsiong;eq as

have a fundamental absorption edge displaying an exponen-
tial dependence on photon energgince then, the effect has
been observed in a large collection of other dielectric mate-

rials. As this particular beha"'o'.‘ IS SO w_ldgly observed, ef'.where Ny andN¢ are the density of states of VB and CB,
forts have been made to establish its origin on a single uni-

. . 4 5 respectively. The initial and final states, however, have a
versal mechanism. In spite of past extensive experintental I, :
pian. o . NS wave nature, and transitions between them are possible only
and theoretic&? investigations, the microscopic origin of

to the extent that the corresponding wave functions overlap.

crystalline lattices the characteristic energy of the exponenl:-i-he malrix element for optical transitions between any two

tial absorption tail E;) originates from:(i) a temperature- such states is the dipole matrix elemét The imaginary

. . . art of the dielectric constant and, consequently, the absorp-
induced structural disorder, reflecting the thermal occupancﬁon coefficient depend on both the ioint density of states
of phonon state$® and(ii) the contribution of electric fields, P J y

R . " . ' JDOS and the transition matrix elemedRt
originating from charged impurities or due to strong ionic
bonds®32 All amorphous(a-)semiconductors display an ex- ex(hw)*xR%(hw)(JDOS and a(hw)xeyfiw)in,
ponential absorption edge, 3)

JDOSﬁw)zJ Ny(E)Nc(E+% w)dE, (2)

whereR?(% w) is the squared normalized dipole matrix ele-
ment averaged over all transitions separateddyandn is

) the index of refraction. Jacksaet al®* have reported mea-
where Ey and a, are constants associated to thermal and,;.ements ora-Si:H indicating thatR2(% )~ 10 A2 over

static disordef® In a-semiconductors the static disorder the photon energy range kK% w<3.0eV, and slightly
(bond-angle and bond-length variatiptsads to the appear- greater for 0.6 A w<1.5eV. '

ance of.localized electron states in the pseudogap near the Impurities in fourfold coordinateda-semiconductors
conduction-bandCB) and valence-ban@VB) extrema. The 5y influence the material’s properties in a number of ways.
density of these localized states falls off exponentially WItthdrogen atoms, for example, passivate dangling bonds and
energy into the pseudogap and determines the overall Opt@5qyce the widening of the pseudogap, a consequence of the
electronic properties. recession of the top of the valence baRdit small concen-

~ The energy region probed by photons around the absorgzaiions(typically below 1 at. 9%, Column Iil and Column V

tion edge corresponds to band-to-band and band-t¢t#diil  gjements provoke important changes in the electronic prop-
to-band electronic transitions in which the probability of a erties of fourfold coordinated-semiconductoréS=3® Larger
photon with energyiw being absorbed is proportional to the jo 5 rity concentrations correspond to the alloy regime, the
samples possessing very different electronic, structural and
dElectronic mail: zanatta@ultra3000.ifgsc.sc.usp.br optical properties. Potential fluctuations produced by impu-

a(hw)=ay exg (Eg—fw)/Ey], (1)
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rities having a very different electronegativity than the atoms Microstructure Parameter

of the host network, like N im-Si:H ora-Ge:H, may induce 0.0 0.2 0.4 0.6 0.8 1.0
; : : i 150 T d T T T d T T T d

an increased absorption via changes of the dipole moment of . ]

. . . . . B PVD-like a-Si:H (a) 4
localized tail electrons or holes. Strictly speaking, in the sub- sk o CvDMikeasiH ) |
gap regionR?(#w) should depend on the nature of defects | various a-Si:H alloys q" s a ]
and, in particular, on the distribution of charge around it, 100 £ ‘ -" i
which modifies the dipole moment of the bound electron. So —_ L. ) '. ]
the constancy ofR?(Aw) measured in the extended and % 75k ‘o J
band-tail states energy range of intrinsieSi:H is not ex- g L o o © :

: X - G o
pected to hold in the last case, for instance, when different g oF @ o] -
impurities are added or defects of a new kind credfed. 2 L

It is accepted today that the Urbach enefgy in a- 2 - r - r T T T ]
semiconductors, normally measured by photothermal deflec- 8 s ™ PVDdikeaGeH (b)]
tion spectroscopyPDS), roughly represents the tailing off of g | © CVDHikea-GeH . ]
the valence-band density of statd30S), broader than the 100 - i
conduction-band tafl” Nevertheless, the above picture sug- A "' I"‘ °© 5 |

. . (o]
gests that the Urbach slope changes measured in singly sE o SO m 0o ]
doped samples may have contributions from both a broaden- L o!Q)oo n ]
ing of the JDOS due to an augmented topological disorder sof & '@ S s
and from changes of th&®?(#w) of transitions induced by o . . . .
charged impurities—there being still no definite conclusion. 0.0 0.2 0.4 0.6 0.8 1.0
Most reports on Urbach energy @semiconductors cor- Microstructure Parameter

relate E, variations to just a single structural, electrical, or , ,
71G. 1. Urbach slope as a function of the microstructure parameter, as

optical macroscopic parameter. To the present aUthoré(;etermined from infrared absorption dasee Refs. 40—-44, 49-h2The

knowledge, a compilation of experimental data ir“/Olvmgfigure indicates a correlation betweEp andM. PVD- and CVD-like meth-

different disorder-induced parameters, and their relationshipds stand for physical and chemical vapor deposition techniques, respec-
to Ey, has not yet been published. This is the main objectiveively. The two dashed lines associated to P¥ESi:H anda-Ge:H in(a)

of this contribution. We present and discuss such Comp”ae_ind(b) correspond to two different deposition systems. The data of various
L . L . a-Si:H alloys have been taken from the literatisee Ref. 41and corre-
tion of data referrmg to intrinsic and dopaeISuH, a-Ge:H, spond to differenta-Si:H, a-SiGe:H, anda-SiC:H samples deposited by
and their alloys’ Based on data extracted from the literaturethe glow discharge technique.

and from our own results we discuss in this artidig:The

influence of the void microstructure @, ; (ii) the structural
disorder probed by Raman scattering and its correlation witlyote that largeM's may correspond to either a less homo-

Ey:; (iii) the dependence &, on alloying and composition;  genequs hydrogen distribution or to a void rich structure, or
as well ag(iv) the role of deep defects and impurities By~ o 30

variations. Finally, the conclusions suggested by the avail-

. ) Figures 1a) and Xb) show the dependence Ef, on M
able experimental evidence are presented.

for a-Si:H anda-Ge:H alloys, respectively. It is found that
E always increases with increasiiy. Figure 1a) displays
two sets of data corresponding @eSi:H samples deposited

ll. ANALYSIS AND DISCUSSION OF EXPERIMENTAL by the rf sputteringphysical vapor deposition: PVD-lik&

DATA and by the rf glow dischargéchemical vapor deposition:
CVD-like)*~** of SiH, techniques. It is apparent from the

A. Analysis of structural data figure that different deposition methods induce different mi-
crostructures. The Urbach energy and the corresponiding

1. Hydrogenation, microstructure and Urbach edge of PVD-like a-Si:H samples are always larger than those of

CVD-like a-Si:H, an indication that energetic processes de-
teriorate the compactness afSi:H films. On the contrary,
the density ofa-Ge:H films increases with some particle
bombardment during growti.Up to the moment, hydroge-
nateda-Ge films of improved quality have been prepared
either by sputterin®f or by cathodi¢’*®glow discharge. The
data of Fig. 1b) show that both PVD-Iik&°° and cathodic
CVD-like®*°? a-Ge:H samples display a dependenceEgf

on M similar to that ofa-Si:H.

In hydrogenateda-semiconductors, the peak energy of
the infrared (IR) stretching vibration mode of the Si—H
(Ge—H bond indicate two different hydrogen bonding con-
figurations. One corresponds to hydrogen bonded t@GS8)
in voids having the size of a vacandypulk-like Si—H
(Ge—H modd. The other, with a slightly higher vibration
frequency, corresponds to either polyhydride groups,SiH
(GeH,), or to Si—-H(Ge—H bonds inside large size voids

_- ._ f— 38 1 -
[surface-like Si-HGe-H modd.*™ The microstructure pa Summarizing, the existing experimental data indicate

rameterM is given by the ratio of the integrated areasf . .
: : o that the broadness of the absorption tail always correlates
the absorption band of the surface-like IR vibration and the . S ) .
hole Si—H(Ge—H stretching absorption band: with the void microstructure, the effect being more important
w - B ng Pt ' in PVD-like samples. The increasé&t, may originate from

M = Aguriacd (ApuikT Asurface - (4)  electric field discontinuities at the edges of the voids which
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T (cm'l) without a concomitant’ o broadenindFig. 2(b)]. A similar
e ituati f Si—C alloyFig. 2a), CVD
60 70 80 90 100 110 120 situation occurs or some Si-C a oM ig. 2a),
T T T T U sample$ CVD a-SiC:H alloys are deposited from the rf
150 _(a) (Cg"r‘i’ch) PVD i decomposition of carbon hydrides and contain a considerable
’ Y Ly density of CH, fragments, which are not present in PVD
- samples. The electronic disorder induced by carbon in the
100 1 i a-Si:H network is always important but, for similar carbon
~ B oSiNHalloys contents, the structural disordéas measured by'rg) in
Q2 O aSiGeH alloys | PVD sam_ples appears to be Iarger than in CvD _samples.
8 s Y A 4SiC:H alloys Consider now the incorporation of Ge in theSi:H net-
2 . . . ¥ a-Si:l samples work: a-SiGe:H samples display a somewhat opposite be-
Z:’ 250 ——— — T havior. Figure 2a) shows thata-SiGe:H samples with rela-
2 -(b) ’—iI—‘ tively high Ge concentratioRsdisplay a reasonable degree
g 200 - . of structural disorder, as evidenced by an important broad-
A ening of 'to (more than 20 cmb), but without a concomi-
150 |- A&.:A A 1 tant large increase of the Urbach enefgpen circles in Fig.
o 2(a)]. This experimental finding suggests that Ge may pro-
100 | ﬁn O N,-doped a-Ge:H ] voke ina-Si:H more structural than electronic disordEgg,;
o ® NH,-doped a-Ge:H 1 being more sensitive to the latter than to the former. This
S0 & aGeNalloys - may stem from the fact that Si and Ge atoms have similar
" L 1 1 1 1 . . . . .
40 5'0 0 70 30 % valence §tru§ture aqd ghemlcql properties, their main differ-
0 ence being just their size. This would not be the case for
I, (cm ) tetrahedrally bonded carbon which, in spite of an electron

FIG. 2. Urbach slope as a function of the full width at half maximum valence structure similar to Si, possess not only a very dif-
(FWHM) height of thee TO vibration mode, as probed through Raman scat-fereht Size, _bUt also an eleCt_ronegatIVIty different from that
tering ("'to). The amount of foreign impurities in the samples increasesOf Si. Th_e d'fferences should induce both, a structural and an
with increasingE, andI'1, (see Refs. 40 and 56—58t may be seen from  electronic disorder. Carbon atoms, on the other hand, can
thg figure that small impurity concentrations and/or the presence of_polyhyform complexes with hydrogen giving rise &p, sz, and
dride groups do not induce measurable changebf. Notwithstanding g3 gyeletal configurations. The different configuration of
the absence of any detectable structural modification at small impurity con- . . . .
centrationsE; variations are always measured. Note that, depending on th&arbon induce a different relaxation of the overconstrained
method used to deposit the sampl@VD-like methods (rich of CH, a-Si network. As a consequence, it is expected that the pres-
groups or PVD-like method€(giving a low CH, concentratiof] a-SiC:H  ence of CH radicals may help to reduce the structural dis-
ij‘:ﬁyzozzg‘g Gae_gif;f;iztfofeﬁznfpi“;esfﬁ S‘;:q;;g -us’i\%dr‘]’ii’rige?”;nd order (network relaxation Figure Za) indicates that this is
SN § gy the case for CVD produced samples. The electronic disorder,
ammonia as doping source gases, respectvely. however, determined by charge transfer in Si—C bonds is

present in all cases and an increagg¢ should be always

can cause sizable local potential variations in, at least, seyneasured, in agreement with experimental results.
eral atomic layers surrounding the edges. The voids may also Despite the above discussion, it should be notedithat
induce some additional local disorder at the discontinuityin asemiconductors is much larger than in crystalline lat-

. ; : O ; ~1 ~1
edge resulting from possible reconstruction of their mternaF'CeS(a'FTo”“Q cm -, c-I'ro~4cm ). As a consequence,
surfaces. Raman scattering does not detect structural changes induced

by a small addition of localized states in thematrix, al-
though these few additional states may cause a sizable elec-
tronic disordeP? In other words, Raman scattering cannot be
The full width at half maximum(FWHM) height of the  a very sensitive probe to quantify small structural changes of
Raman transverse optical-like vibration modér§) of a-  the a-network. In this sense, the data relatifigy with dis-
semiconductors depends on the structural disottler. order ina-semiconductors have to be considered with some
Changes ofl 1o correspond to modifications of the short- caution. The methods providing structural information about
range order (SRO, particularly of the bond-angle a-alloys, e.g., IR spectroscopy, Raman scattering, small
distribution®* Structural disorder in these materials can alsoangle x-ray scatteringSAXS), small angle neutron scatter-
be correlated with shifts of the Raman peak frequency whiching (SANS), extended x-ray absorption fine structure
as those of ¢, result from the anharmonic decay of optical (EXAFS), etc., are much less sensiti{@ possess a smaller
phonons due to ionicity, to different atomic masses, or to thelynamical detection rangethan optical absorptiorE
interaction of phonons with free carriets. changes induced by doping or alloying easily measured by
Figure 2 shows experimental data & and'tg of  (PDS remain unnoticed in Raman spedtrin spite of the
different group IVa-semiconductor alloy samplé&%6-°8A above, the available experimental data presented in Sec. Il A
clear correspondence betweEp andI'rg can only be de- suggest that, in some cases, the structural and the electronic
tected in the high impurity concentration, or alloying range.disorder may influence differentl, changes. In the next
In N-dopeda-Ge:H, importantE; changes are measured section we discuss the optical data.

2. Raman scattering and Urbach edge
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FIG. 3. Urbach slope as a function of the optical dg&p,, for various )
different (a) a-Si (see Refs. 40 and 61-pand(b) a-Ge (see Refs. 67-72  FIG. 4. Urbach slope as a function of the TauB%¥? parametefsee Refs.

based compounds. A large concentration of impurities leads to an increadi3, 65, 72, 74, and 75The figure indicates that the presence of impurities
of both, E; and Eqqye- always causes an increaselj . There is no general correlation between

Ey and BY2, except in the alloy regime, in which the increased Urbach
energy stems from structural disorder provoked by a large density of atoms
having a different coordination. Note that no clear correlation is found for
SiGe alloys. The changes &2 in N-containing alloys derive from a
change in the character of the electronic orbitals at the VB top, as measured
by photoemission techniques.

B. Analysis of optical data

1. Optical gap and Urbach edge

Using the random-phase approximati@emplete relax-
ation of thek selection rulg¢ the constancy of the momen-
tum matrix operator with energy, and assuming parabolic__.. — . o
valence and conduction bands, Taial defined an opti- optical gap widening mechanism & GeN alloys is similar

cal gap E1o) that has been widely used by ex erimental-to that ofa-SiN alloys, in which the VB maximum, domi-
cal gap Eraud M Viaely Dy exp nated by Si p states ina-Si, recedes withiN], the highest
ists when reporting on the optical properties of fourfold co-

ordinateda-semiconductors: occupied states changing over N at large content§ The
' data in Fig. 3 show again the possible different contributions
(ath0)?=BYfiw—E1,.9, (5)  of structural and electronic disorder g, .

where B2 includes information on the convolution of the

valence and conduction band states, and on the momentuEw Tauc's B 12

matrix element for optical transitions, which reflects the re-~"

laxedk selection rule and the disorder-induced spatial corre-  In a recent publication Zanatta and Chamboulefton

lation of optical transitions between the VB and CB statesstudied the relationship between the characteristic energy of

Formally, BY2 depends on the product of the oscillator the exponential absorption ed§g and the Tauc’8Y? pa-

strength for optical transition, the deformation potential andramete{Eq. (5)] of a-SiN anda-GeN based alloytsee Fig.

the mean deviation of the atomic coordinates. 4) 5385727475\ correspondence was experimentally found
Figure 3a) showsE as a function ofEt,,. for some  betweerBY2 andE at small impurity concentrations in the

a-Si based alloy§%1-%"While E, increases with the intro- network (less than a few at.% These small impurity con-

duction of foreign species in the host matrix both in thecentrations may, however, provoke a considerable broaden-

doping and in the alloy regimés 1, changes are only de- ing of the Urbach edge.

tectable in the latter case. The same phenomenon is observed In the alloy regimeE, andB*? are clearly correlated, a

in hydrogenated and H-freee Ge based alloys, shown in Fig. correlation originating from the dominant bonding character

3(b).%8-"2In the specific case of nitrogen, an impurity having and the electronic states at the top of the VB as the nitrogen

coordination number and electronegativity different from theconcentratiodN] is increased. Electron photoemission spec-

host element, doping{ N]=<1 at. %) gives rise to a large tra, much more sensitive than optical techniques though not

increase ok, , without affectingE+,,.. In the alloy regime, susceptible to selection rules, indicate that this is the

however, an increase of bokhy, andEr,,.is measured. The case>’® BY? is primarily associated with the symmetry of

parameter and Urbach edge
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Deep Defect Density (cm'3) possible_to establish a relationship betwee_n these two param-
eters. Figure &) shows thatNp values higher than-5

LS U N U O X 101" cm™3 originate a considerable increase Bf, in
A various (Stutzmann) 1 a-Si:H films. The situation holds fon- and p-type doped
125 ... ntype (Pierz et al) Qg (a)- a-Ge:H samples as welFig. 5(b)]. Note, however, that the
[ --- p-type (Pierzeral) 1 dependence oE; on Ny for N-dopeda-Ge:H is different
100 - A 1 from the dependence measured in samples doped with con-
< A ventional impurities(P, B, Ag. Although the difference
% Br lﬁf & PRCE might be fortuitous, it gives support to the considerations
é I AA@ & _ _____ ] done in the previous paragraphs concerning the different
8 *r et AR A B T contributions toE,. Nitrogen atoms are more electronega-
ao T B RN il ::' tive than any other of the impurities employed and, conse-
< 25t Gew I(b)_ quently, may induce considerable changesR8{%w) in-
8 A P-andB-doped W volving weak neighboring Ge—Ge bonds. The available
5 100 M N-doped \\ . experimental information suggests that a thresiidvalue
R p-type doped m \x ] exists for every impurity above which a significant increase
75k il \\A ] of E is detected. In addition, in a recent publication Cham-
I \\ A ] bouleyron and Cometfihave shown that for dopest Ge:H,
= A\pa & distinct dopantgB, Al, Ga, In, N, P, and Aslead to the
sor m@‘ 1 sameE, dependence on the ratio of the density of impurities
T Y T to the matrix atoms Nj,,/Ngg. This information and the
10 10" 10" 10" 10" data presented in Fig.(®» suggest again the existence of
. 3 different contributions of structural and electronic disorder to
Deep Defect Density (cm ") Ey.

In summary, the analysis of the optical data in Sec. Il B
FIG. 5. Urbach slope as a function of the density of dangling bonds forshows that in intrinsic Column N&-semiconductors, a small
| differenta-Si (see Refs. 77, 79and a-Ge (see Refs. 68, 71 ; ; i ; ;
Ezzzzacompounds. N(ote the very d’if?erent deper(lden&,(ﬂn ND’ for’P810 ?mount of fore!gn |mpur|t|es{_d0p|ng reglmga leads t_O an
and B-dopeca-Ge:H as compared to N-doped samples. increased density of electronic defects, which also increases
the Urbach edge. In this same regime, on the other hand, no
variation of the optical parameters associated to structural
the bonding orbital at the top of the VExtended stat¢s  disorder likeEr,, or BY2 is observed. These latter param-
whereasE, involves the distribution of localized tail states. eters only correlate witk, in the alloy regime. Considering
While in the case o&-SiGe alloys, ndBY? variation is  the structuraSec. Il A) and optical(Sec. Il B parameters
verified despite a significanE, increase, in the case of altogether, it can be said that the Urbach edge is determined
a-SiC anda-GeC alloys, bothBY? and E, variations are by both the structural and the electronic disorder. The elec-
observed. This is again an indication of different structuraltronic disorder seems to be the main actor when a small
and electronic disorder contributions &, variations, as amount of foreign impurities is introduced in the host net-
previously discussed. Moreover, a connection betwgn work, its contribution toE,; being masked when the struc-
and short-range potential fluctuations produced by nitrogetural disorder is large. In thalloy regime static disorder

is thus suggested by Fig. 4. normally dominates. The latter is the most common reported
case, inducing many authors to assoclgevariations with
3. Deep defects and Urbach edge structural disorder onl§*~8
The weak-bondg-dangling-bond (DB) conversion
model’ establishes a relationship between weak bofuas |“_ CONCLUSIONS

tail state$ and broken bonds. The increase of the structura
disorder ina-semiconductors leads to an increase of the den- This article presents and discusses for the first time a
sity of strained bonds. Above a certain threshold, a fractiorconsiderable amount of experimental data on the relationship
of these strained bonds “break” giving rise to DBs. In ad- between the exponential absorption t@{} of Group IV a-
dition to the DB density due to the weak-bond breakingsemiconductors and several disorder-dependsttictural
mechanisnd! the role of impurities in the process of DB and optical macroscopic parameters. The available informa-
creation must also be considered, once that the chemicéibn suggests that the increased absorption measured in
doping of a-semiconductors is always accompanied by arsemiconductors may not only originate from changes of the
increased density of DB Depending on the position of the joint density of states, but also from electronic disorder
Fermi level, the DBs can also be viewed as charged centefshort-range order potential fluctuatiornaduced by differ-
inducing potential fluctuations. ent chemical species, which may considerably contribute to
Figure 5 shows the relationship betwden and the DB the broadening of the absorption tails. Contributions from
density (Np) for a-Si:H'""®anda-Ge:H® "*%samples. In  changes of the dipole matrix element for optical transitions
spite of the dispersion of the dafeost probably a conse- deriving from impurities and alloy atoms of very different
quence of the method used for the determinatioNgf, itis  electronegativity appear to play a role.
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