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Περίληψη 
Αντικείµενο της εργασίας αυτής είναι η µελέτη των µηχανικών ιδιοτήτων του 

Άµορφου Υδρογονωµένου Πυριτίου (a-Si:H) και των αλλαγών που προκαλούνται σ� 
αυτές µετά από έκθεση σε ισχυρό φως. Μελετήθηκε ο ρόλος της µικροδοµής του 
υλικού στις ελαστικές του ιδιότητες καθώς και στα φωτογενή φαινόµενα 
µεταστάθειας που παρουσιάζει. 
Τα δύο πρώτα κεφάλαια αναφέρονται στην εικόνα που έχουµε σήµερα για τη δοµή 
και ιδιότητες του υλικού καθώς και για τα φαινόµενα µεταστάθειας που παρουσιάζει, 
µε βάση την εκτεταµένη υπάρχουσα βιβλιογραφία. Η εικόνα αυτή αποτελεί σηµείο 
εκκίνησης για τα πειράµατα που κάναµε και την ερµηνεία τους που προτείνουµε. 
Συγκεκριµένα γίνεται µια σύντοµη περιγραφή των βασικών τεχνικών εναπόθεσης 
υλικού καλής ποιότητας. Στη συνέχεια συνοψίζουµε τα σηµαντικότερα στοιχεία της 
µικροδοµής του. Επίσης, γίνεται µια σύντοµη αναφορά στην ηλεκτρονική δοµή του 
υλικού, συγκεκριµένα στην πυκνότητα καταστάσεων, στη φωτοαγωγιµότητα και 
στους µηχανισµούς επανασύνδεσης των φωτο-φορέων. Στο δεύτερο κεφάλαιο 
αναφέρεται το φαινόµενο της δηµιουργίας µετασταθών ατελειών µε ισχυρό φωτισµό, 
γνωστό ως φαινόµενο Staebler-Wronski (SW) και γίνεται µια σύντοµη εισαγωγή στα 
διάφορα µοντέλα που έχουν προταθεί για την ερµηνεία του. Στη συνέχεια 
περιγράφονται τα σηµαντικότερα πειράµατα που αφορούν φωτο-δοµικές αλλαγές που 
δεν µπορούν να ερµηνευθούν µόνο µε τη δηµιουργία µετασταθών ατελειών και που 
αποτέλεσαν την αφετηρία της εργασίας αυτής. 
Οι µετρήσεις εσωτερικής τάσης και ο συσχετισµός τους µε τη µικροδοµή του υλικού 
αποτελούν το αντικείµενο του τρίτου κεφαλαίου. Αρχικά περιγράφονται οι βασικές 
πειραµατικές µέθοδοι που ακολουθήσαµε για τον υπολογισµό της µηχανικής τάσης 
και του µέτρου ελαστικότητας, καθώς και ο τρόπος ανάλυσής τους. Παρουσιάζονται 
µετρήσεις εσωτερικής τάσης υµενίων a-Si:H που έχουν εναποτεθεί σε µικροράβδους 
κρυσταλλικού πυριτίου µε διάφορες τεχνικές και συσχετίζουµε το µέγεθός της µε τις 
συνθήκες εναπόθεσης. Προχωρούµε σε µια συστηµατική µελέτη, για πρώτη φορά, 
της σχέσης της µηχανικής τάσης µε τη µικροδοµή του υλικού και καταλήγουµε στο 
συµπέρασµα ότι η αύξηση της µηχανικής τάσης συνοδεύεται από την αύξηση της 
οργάνωσης του άµορφου πλέγµατος. Στη συνέχεια παρουσιάζονται µετρήσεις του 
µέτρου ελαστικότητας υµενίων a-Si:H που έχουν παρασκευαστεί µε τη µέθοδο 
αραίωσης µε υδρογόνο η οποία δίνει το υλικό µε τις καλύτερες οπτοηλεκτρονικές 
ιδιότητες µέχρι σήµερα. Συµπεραίνουµε ότι τα καλύτερης ποιότητας υλικά 
εµφανίζουν, εκτός από µεγάλη εσωτερική τάση, µικρό µέτρο ελαστικότητας. 
Συγκρίνοντάς τα αποτελέσµατά µας µε τις προβλέψεις ενός θεωρητικού µοντέλου, 
προτείνουµε ότι τα υλικά αυτά είναι ανοµοιογενή και σκιαγραφούµε τις πιθανές 
µορφές ανοµοιογένειας.  
Τέλος στο τέταρτο κεφάλαιο περιγράφεται η πειραµατική τεχνική που αναπτύξαµε 
για τη µελέτη της φωτοδιαστολής στο a-Si:H. Η µεγάλη ευαισθησία της τεχνικής 
αυτής επέτρεψε διεξοδική µελέτη της φωτοδιαστολής σε υµένια µε πολύ διαφορετική 
µεταξύ τους µικροδοµή. Μετρούµε, για πρώτη φορά, την κινητική της φωτογενούς 
τάσης / διαστολής  ενδογενούς άµορφου πυριτίου για φωτισµό σε συνεχές φως. Το 
φαινόµενο εµφανίζεται και στην περίπτωση παλµικού φωτισµού και µε την ίδια 
χρονική εξέλιξη. Βρίσκουµε επίσης ότι η χρονική εξέλιξη της φωτοδιαστολής 
παραµένει η ίδια σε όλα τα ενδογενή δείγµατα ανεξάρτητα από την τεχνική 
παρασκευής και τις συνθήκες εναπόθεσης. Αποκλίσεις από τη γενική αυτή 
συµπεριφορά εµφανίζουν  δείγµατα µε πρόσµιξη αποδεκτών καθώς και κράµατα 
πυριτίου-γερµανίου. Φωτοδιαστολή δεν παρουσιάζεται στο µη υδρογονωµένο 



άµορφο πυρίτιο. Βρίσκουµε ότι το φαινόµενο είναι µερικώς αντιστρέψιµο και ο 
βαθµός αντιστρεψιµότητας εξαρτάται από τη µικροδοµή. Παρουσιάζονται 
προκαταρκτικά πειράµατα που δείχνουν ότι οι φωτογενείς δοµικές αλλαγές µεγάλης 
κλίµακας έχουν σαν αποτέλεσµα την αύξηση της εσωτερικής τριβής στο υλικό. 
Προτείνεται µια πιθανή ερµηνεία του µηχανισµού της φωτογενούς διαστολής 
βασισµένη στα αποτελέσµατά µας για τη µηχανική τάση καθώς και σε διάφορα 
συµπεράσµατα για τη δοµή του Άµορφου Πυριτίου. Τέλος συζητούµε την πιθανή 
συσχέτιση της φωτογενούς τάσης µε το φαινόµενο SW. 
Η ερµηνεία όλων των φαινοµένων που µελετήσαµε είναι µεν ποιοτική προς το παρόν 
αλλά αναδεικνύει το ρόλο της µικροδοµής και τα συµπεράσµατά της φαίνεται να 
έχουν γενική ισχύ στο a-Si:H ανεξάρτητα από την τεχνική και τις συνθήκες 
παρασκευής του υλικού. Πιστεύουµε ότι τα συµπεράσµατά µας ανοίγουν µια νέα οδό 
πιθανής ερµηνείας του φαινοµένου SW και των φωτογενών µετασταθών αλλαγών 
γενικότερα. 
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1.1 Amorphous materials: A brief overview 

Solid materials that lack the periodic symmetry and the regular spatial arrangement of 
atoms that are characteristics of crystals are called amorphous or vitreous or more 
generally non-crystalline. It is useful to distinguish between vitreous (glasses) and 
amorphous materials. As vitreous materials are cooled from their liquid phase, they do 
not crystallize below their melting temperature, although their viscosity increases as 
the atoms become frozen in place. Below a certain temperature, the so-called glass 
transition temperature, the viscosity is so high that the material is considered a solid. 
Glasses have very similar structures in the liquid and solid state. Amorphous 
materials, in contrast, can normally not be prepared by cooling their melt. Instead, 
rapid quenching prevents crystallization, although the resultant materials are far from 
equilibrium. Amorphous materials can be prepared only in the form of thin films. 
The absence of long-range order has been an obstacle as well as a challenge for 
researchers trying to understand and determine the physical properties of amorphous 
materials. In fact, between order and disorder there are innumerable configurational 
and topological arrangements of atoms for which there is no even a descriptive 
terminology. On the other hand, one finds close structural similarities between the 
crystalline and amorphous network within the nearest neighbor distance. This is 
because similar chemical forces and the same covalent bonds hold both kinds of 
materials together. Since the electronic properties are largely governed by the 
chemical nature of the constituent atoms and the type of bonding between atoms, 
materials that are metals, semiconductors, or insulators as crystals remain so in the 
non-crystalline state. 
Research into amorphous semiconductors is directed towards an understanding of 
how structural disorder leads to their unique properties. There are also new 
phenomena, depending on the local chemical bonds rather than the long-range 
transnational symmetry. The possibility of alternative bonding configurations of each 
atom leads to strong interactions between the electronic and makes the amorphous 
material less stable than the crystalline form. 
The best-studied amorphous semiconductor is amorphous Silicon. In its pure form is 
highly defective and thus of no technological interest. However it was found that 
hydrogen incorporation into the amorphous silicon network improves to a great extent 
the electronic and structural properties. The resultant material, hydrogenated 
amorphous Silicon (a-Si:H), is of great technological importance, especially in 
photovoltaics and other thin-film device applications.  

1.2 Hydrogenated amorphous Silicon (a-Si:H) 
Hydrogenated amorphous silicon is gaining increasing technological interest because 
of its following unique properties. 

a)  It has an optical gap of ≈1.8 eV (1.1 eV in crystalline Si) and its fundamental 
optical absorption edge is quite sharp, much more like that of a direct-gap 
semiconductor than the indirect-gap crystalline Si (c-Si). These properties are 
responsible for its attractiveness as a material for solar-energy conversion, 
since a layer only ≈1µm thick can effectively absorb most of the sunlight 

b) It provides the ability to produce, at low cost, high quality a-Si:H layers on 
large deposition areas with reasonable growth rates. It is therefore likely in the 
long term that a-Si:H thin-films will replace bulk crystalline materials in many 
applications, especially in large-area electronic devices.  



A critical step for the development of a-Si:H electronic technology was the 
observation that it can be effectively doped by incorporation of Boron and 
Phosphorous to give p-type and n-type material respectively [i]. Another contributing 
factor is that its optical and electrical properties could be tailored by alloying with 
other materials such as Germanium (a-SiGe:H) [ii] and Carbon (a-SiC:H) [iii]. 
Today, a-Si:H is used in solar cells, thin film transistors for active matrix flat panel 
displays, and light sensors in image scanners [iv]. Important potential applications in 
the future are: Visible light emitting diodes [v], color detectors [vi], and x-ray 
imaging. Hydrogenated amorphous silicon alloys have also attracted widespread 
applications. Among these, the hydrogenated amorphous Germanium alloy (a-Si1-

xGex:H) is  especially suitable for the use in terrestrial solar cells [vii] or 
photodetectors due to its lower optical gap. Recently, state-of-the art a-Si alloy triple-
junction modules on thin, flexible substrates are being seriously evaluated in space 
applications such as those from United Solar Systems Corp. on board the Mir space 
station [vii]. 
A major problem in all applications of a-Si:H and its alloys is the stability of this 
semiconductor as additional carrier recombination centers accumulate during the 
operation of all devices. 
A large body of experimental and theoretical work in the past twenty years has 
elucidated many aspects of the stability issue, most of which are presented in this 
introduction. However, the microscopic mechanism responsible for the degradation of 
the material is still elusive. The experimental findings presented in this study together 
with other recent investigations add a further complication to the problem: that of 
inhomogeneous structure of the best and most stable a-Si:H materials. On the other 
hand these findings open a new direction in the search of the microscopic origin of 
degradation in a-Si:H. 

1.3 Deposition of a-Si:H films 
Like all amorphous materials, a-Si:H is prepared through non-equilibrium processes. 
Therefore, one can attain a large variety of non-crystalline configurations, each of 
which is stabilized by energy barriers. As a result, many details of the structure of a-
Si:H are defined at the time of growth and therefore depend on the details of the 
deposition process. Thus it is anticipated that the electronic properties vary with the 
growth conditions and that a detailed understanding of the latter is essential for the 
optimization of the former.  
Amorphous Silicon films have been prepared using numerous deposition techniques 
such as: Plasma Enhanced Chemical Vapor Deposition (PECVD) or Glow Discharge 
CVD; Hot Wire CVD (HWCVD); Reactive Sputtering; Vacuum evaporation; 
Amorphization of a crystal by ion bombardment. However, unhydrogenated a-Si thin 
films, prepared by sputtering or by vacuum evaporation, have a very high defect 
density that prevents doping and reduces the mobility and lifetime of free carriers, 
three desirable characteristics of a useful semiconductor. It was the accidental 
discovery by W. E Spear and P. G. LeComber in the early 1970s [viii] that revealed 
that the PECVD a-Si films prepared from electrically induced dissociation (glow 
discharge) of silane (SiH4) gas possessed a low defect density. The reason was that 
hydrogen from SiH4 is incorporated into the material during the deposition process 
and reduces the density of localized states in the band gap. Since then, PECVD is the 
most common method of depositing a-Si:H films of high quality. In the last decade, 
the HWCVD [ix] method has also attracted much interest since it produces high 
quality a-Si:H films, similar to that of PECVD. In the following we describe the 



essential characteristics of these two growth techniques as well as a novel process for 
preparing better quality a-Si:H films.  

1.3.1 The PECVD method 
At present, the most widely used method of depositing device quality a-Si:H is the 
PECVD of silane, SiH4, or disilane, Si2H6 gases. In the standard technology the 
deposition gases are introduced in the space between two parallel electrodes and the 
dissociation occurs by applying a suitable electric field. Both a DC and a radio 
frequency (e.g. 13.56 MHz) electric field are used for this purpose. The plasma 
containing ions and other reactive species allow silicon to be deposited on the 
substrate at low temperatures, typically 150-350 °C. In this way, hydrogen can be 
incorporated in amorphous silicon structure during the growth process. Deposition 
usually takes place at a gas pressure of 10-2-1 Torr, which is the optimum pressure to 
sustain the plasma. Increasing the discharge frequency (Very High Frequency Glow 
Discharge, VHF�GD) to 70�130 MHz brings an advantage of higher deposition rate. 
Good optoelectronic properties of a-Si:H from silane gas are generally obtained at 
relatively low deposition rates (1- 5 Å/s). Much higher deposition rates are readily 
obtained by the use of disilane. Scott et al. [x] have shown that films prepared in this 
fashion are compositionally similar to those produced from silane gas except that the 
deposition rate exceeded 14 Å/s. Although high deposition rates have been obtained it 
is found that the optoelectronic properties of the resultant films degrade with that rate 
[xi]. The same authors noted [xi] that while almost all the hydrogen is bonded to Si in 
silane-type films, there appears to be large amounts of hydrogen not bonded to Si for 
the films prepared using Si2H6. Finally films grown from disilane have a higher 
hydrogen content than those grown from silane [xii]. It appears that the quality of the 
a-Si:H films obtained using  Si2H6 is not as good as that obtained from SiH4. 

1.3.2 The HWCVD method 
In this method silicon films are formed by thermal cracking of silane or other carrier 

gases on a heated tungsten filament placed close to the substrate. The filament 

temperature is around 2000 °C and the substrate temperature ranges from 200 °C to 

450 °C. Details about mechanisms influencing HW deposition of a-Si:H are discussed 

in [xiii]. 

The HW method has received much attention in recent years because:  

a) It produces high-quality a-Si:H samples at deposition rates which are 5 to 25 

times higher than those obtained by with PECVD [xiv].  

b) The best HW films are deposited at elevated substrate temperature, higher than 

350 °C and have very low hydrogen concentrations, CH, of less than 2 %. Such 

films are equal to or better than PECVD films. 

1.3.3 Hydrogen dilution of deposition gases: A 
novel approach with impressive results 

In the last decade, a breakthrough in improving the growth techniques appeared with 
the use of hydrogen dilution during film growth [xv].Hydrogen dilution can be 
implemented in both PECVD [xvii] and HWCVD [xvi]. In the hydrogen dilution 



process the a-Si:H films and alloys are prepared from the dissociation of a dilute 
mixture of silane (disilane) and hydrogen. Although the fist report on the effect of 
hydrogen dilution was published in 1981 by Guha et al. [xvii], it was not until the 
1990�s that improvement on solar cell performance using this approach was 
documented in the literature [xv].  
As the hydrogen to silane (disilane) ratio, the hydrogen dilution ratio, increases the 
film quality also increases. Beyond a threshold dilution ratio, the silicon films become 
rapidly microcrystalline. The best material is obtained just before the transition from 
the amorphous to the microcrystalline state [xviii,xvi] and thus can be viewed as an 
intermediate state between these two structures, often called edge material. The 
dilution process has also been applied to the deposition of hydrogenated Si-alloys. 
The best amorphous solar cell to-date has been prepared with very large dilution ratio 
(H2/Si2H6) by United Solar Systems Corp. [vii].  

1.3.4 Doping gases and other deposition 
parameters 

In order to produce doped material and/or alloys additional gases are inserted into the 
deposition chamber. Phosphine gas, PH3, and diborane gas, B2H6, are used for n-type 
and p-type doping respectively [i]. For a-Si:Ge:H preparation a mixture of SiH4 
(Si2H6) and GeH4 (Ge2H6) gases is used. 
Whichever the growth technique, the deposition process is complicated and there are 
many variables which must be controlled to produce a good material. For example, 
the gas pressure determines the mean free path for collisions of the gas molecules and 
influences whether the reactions occur mainly on the growing surface or in the gas 
[iv]. The temperature of the substrate controls the chemical reactions on the growing 
surface and the hydrogen content of the thin film. Discharge power controls the rate 
of dissociation of the gas and therefore the film growth rate. Other parameters are gas 
flow, gas dilution by hydrogen or inert gas, electrode self�bias, reactor design, 
chamber surface, outgasing, gas purity, etc. It is obvious, that proper choice of all 
technological parameters and the use of non-destructive and sensitive 
characterization techniques are essential in the material optimization.  

1.4 The Silicon bonding structure of a-Si:H 
The structure of the a-Si:H films has features with a range of length scales. In  short-
range the structure is defined by the orientation of bonds and the coordination of each 
atom to its nearest neighbors. The intermediate or medium range involves the 
topology of the network at the level of second, third or fourth nearest neighbors and is 
described by the size and distribution of rings of silicon atoms. The next length scale 
is the void structure with typical dimensions of 5-10 Å. Finally there is the growth 
morphology, which can have feature sizes higher than 100 Å. In device quality films 
hydrogen appears in the dispersed bonded form Si-H and in clusters of Si-H bonds. 
All other forms, like Si=H2, molecular hydrogen, micro-bubbles etc. occupy a 
negligible volume fraction of the material. 
These different structural characteristics are almost independent. For example, a 
determination of the coordination of silicon and hydrogen atoms gives little 
information about the existence or not and the properties of voids. 



1.4.1 The Silicon bonding in the short range 
scale 

Most of the information about the local order of silicon atoms comes from the radial 
distribution function (RDF) obtained from X-ray or neutron diffraction. The RDF of 
a-Si:H, shown in Fig 1.1(a) has sharp structure at small interatomic distances, and is 
featureless beyond about 10 Å [xix].  The Si-Si bond length, a, given by the first 
scattering peak, FSP, in the RDF is equal to that of c-Si, 2.35 Å and the intensity of 
the first peak confirms the expected dominant four-fold coordination of atoms. The 
width of the peak is related to bond length distortions, but thermal vibrations and 
limitations of the data also contribute to it. The bond length distribution is evidently 
small, ≈ 1% elongated from that of c-Si, but has not been measured accurately from 
the RDF.  
The second peak in the RDF corresponds to correlation with the second nearest 
neighbors, so that its area gives the number of these neighbors, which is the same as 
that of c-Si, i.e., 12. The position of the peak equals to 2asin(θ/2), where θ is the bond 
angle (see Fig 1.1(a)). The distance of 3.5 Å is the same as in c-Si, giving an average 
bond angle of 109o, and establishing the tetrahedral bonding of a-Si:H. The second 
scattering peak is broadened compared to that of c-Si, indicating that there is a bond 
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Fig 1.1: (a) Example of the RDF of a-Si:H obtained from X-ray scattering. (b) Two 

adjacent silicon tetrahedra and the atomic spacings corresponding to the RDF peaks.

(c) The dihedral angle between silicon tetrahedra.  

 



angle disorder of about ±10%.  
The third peak in the RDF is even broader. Its position depends on the dihedral angle, 
φ, (see Fig 1.1(b)). An almost random distribution of dihedral angles is deduced from 
the position and width of this peak.  
To summarize, the first two scattering peaks suggest that the basic building block of 
a-Si:H is the same as that of c-Si and is the Si4 tetrahedron, shown in Fig 1.1(b). The 
first major difference between c-Si and a-Si:H is the distribution of bond angles 
exhibited by the latter. The second major difference is the dihedral angle variation in 
a-Si:H, where the backbond tetrahedron associated with one Si atom of a bonded Si-Si 
pair is rotated with respect to tetrahedron associated with the other, as shown in Fig 
1.1(b). This rotation does not require much energy and therefore is expected to be 
rather common. 

1.4.2   Intermediate range order (MRO) 
1.4.2.1 Continous Random Network (CRN) 

Although the RDF reveals that the short range bonding of a-Si:H is tetrahedral and 

there is a long range randomness of the network, it cannot give much information 

about the interesting intermediate region which relates to structural topology. This 

information, buried in the features of RDF at intermediate distances can only be 

extracted by constructing structural models and comparing their calculated RDF with 

that of the experiment.  

The close resemblance between the amorphous form and the crystal lead many 

researchers to construct Continous Random Network (CRN) models. The random-

network concept was first introduced by Zachariasen [] to describe certain oxide 

glasses precisely for the reason that their diffraction patterns show close similarities to 

those of their crystalline counterparts at the local level. Zachariasen therefore 

suggested that the numbers and kinds of first neighbors were the same in both forms 

but that variations in the interbond angles among these neighbors led rapidly to a loss 

of the local order and ultimately to the absence of long-range order. The CRN has the 

property of easily incorporating atoms of different coordination. This is in marked 

contrast to the crystalline lattice in which impurities are generally constrained to have 

the coordination of the host because of the long range ordering of the lattice. This 

difference is most distinctly reflected in the doping and defect properties of a-Si:H 

discussed in a next section.  

Many models of amorphous silicon, with and without hydrogen, have been 
constructed by hand or by computer. For a review see Ref. [xx]. The comparison 
between various such models and experiment clearly demonstrates that the FSP has 
significant contributions from MRO, while the higher peaks have little sensitivity 
[xxi]. These studies make it clear that an experimental focus on the FSP of a-Si:H 
should lead to useful information on the MRO. A simple experimental quantitative 



measurement regards the correlation length, L, over which the atomic density 
fluctuations contribute to FSP. This can be determined from its full-width-at-half-
maximum intensity in radians, W, via the Scherrer equation [xxi] L=0.9λ/Wcosθ, 
where λ is the radiation wavelength and 2θ is the scattering angle. This equation is 
most often used to estimate the average crystallite size of microcrystalline Si. 
Although the models generally confirm that the diffraction results are fully consistent 
with the CRN structure, it is not possible to make a unique determination of the actual 
intermediate range topology. Such models could therefore only serve as a starting 
point for quantitative studies of real a-Si:H.  

1.4.2.2 Network coordination 

The common experience of those who have constructed a-Si models is that a large 

bond strain tends to accumulate in the attempt to satisfy each Silicon atom�s four 

bonds. This strain is the major source of disorder energy within the network. In 1979 

Philips [xxii] proposed a model to explain network coordination and disorder. He 

concluded that the amorphous silicon network is overcoordinated in the sense that 

there are too many bonding constraints compared to the number of degrees of 

freedom. More detailed calculations [xxiii] of the elastic properties of model networks 

have confirmed Philip�s model. These calculations established the relation of the 

network rigidity with the average coordination number. They concluded that the four-

fold coordinated amorphous silicon network is very rigid and mechanically hard. 

A covalent random network with a coordination of 4 has to find ways to lower its 
huge strain energy. The direct effect of such processes is to reduce the network 
coordination. Breaking bonds is the only way to achieve this in a-Si, but hydrogen in 
a-Si:H provides an alternative. Hydrogen atoms reduce network coordination while 
retaining the local four-fold bonding of Silicon. However, the hydrogen concentration 
in a typical a-Si:H film is only about 10%, meaning that the average network 
coordination of a-Si:H remains close to 4 and is thus a rigid structure.  

1.4.2.3 Structural inhomogeneity 

Nothing of the above reasoning requires that the reduction of the network 
coordination occurs uniformly throughout the material. The mechanisms by which the 
material relieves strain can lead to the formation of domains, the separation of phases, 
or other structural heterogeneities, which require additional medium-range topological 
characterizations. Indeed, the microscopic and/or mesoscopic structure of a-Si:H can 
very well be structurally inhomogeneous.  
The inhomogeneity of the structure is completely missed in the X-ray diffraction 
measurements, but can be observed mainly by Small Angle X-ray Scattering (SAXS), 
and Nuclear Magnetic Resonance (NMR) which gives information on the hydrogen 
distribution. 
SAXS measurements provide direct structural information on electron and 
composition fluctuations in any type of material on a size scale from below one 
nanometer up to about a hundred nanometers. This information is more appropriately 
characterized as medium- or extended- range disorder, associated with 
inhomogeneities in the films such as nanovoids and columnar-like growth features 



[xxiv]. Studies of device quality PE samples prepared with or without dilution and 
low CH HW samples demonstrated undetectable levels of inhomogeneities on the 
nanoscale; the void volume fraction in these materials is less than the present SAXS 
detection limit of 0.01 vol. %. On the other hand, high hydrogen diluted materials 
showed larger scale features (> 20 nm), probably associated with residual columnar-
like structures parallel to the direction of growth and/or surface roughness. It appears 
that the best quality material, to date, is inhomogeneous. 
A typical hydrogen NMR spectrum of a-Si:H consists of two components, a narrow 
line with a typical frequency width at half maximum (FWHM) of a few kHz attributed 
to dispersed randomly distributed monohydride Si-H, and a broad line with a typical 
FWHM of 22-35 kHz attributed to clusters of Si-H. NMR measurements provide a 
direct evidence that the spatial distribution of hydrogen in high quality films is 
inhomogeneous. The majority of incorporated hydrogen in undiluted PE films and 
low CH HW is clustered forming internal surfaces or pockets of hydrogen-rich 
material. Recent NMR measurements [xxv] indicated that the network of low CH HW 
films is also inhomogeneous in the sense that it contains large regions without 
appreciable amount of hydrogen. 
It is evident that the topology of a-Si:H network in the medium range scale is still an 
unresolved but important issue. Thus, there is a need for additional experimental 
techniques to reveal the intriguing structure of high quality material in the medium 
range scale.  

1.4.3 Network vibrations 
To the extent that the local bonding of a-Si:H is similar to that of c-Si, the phonon 
spectrum is also little different. Some broadening of the phonon density of states is 
expected because of the disorder in bond strength. The hydrogen bonding introduces 
additional phonon modes. There are also excess low-frequency modes, which are 
associated with disordered materials and are common to glasses.  
Phonon distributions in a thin amorphous film can be measured by Raman 
spectroscopy based on the inelastic scattering of light by simultaneous excitation of 
lattice vibrations. Excitation of optical phonons then yields information about phonon 
dispersion. By means of Raman spectroscopy it is possible to determine the degree of 
the amorphous network disorder because the vibrational modes are largely determined 
by bond length and bond angle force constants. Indeed, the amorphous spectrum is a 
broadened version of the crystalline density of phonon states. Besides this, the 
characteristic TO peak of c-Si at 520 cm-1 is replaced in the amorphous film by a band 
at 480 cm-1. This effect is used to measure the degree of disorder in a-Si:H. For 
example, this peak is at higher energy and has a narrower line width in a-Si:H 
compared to a-Si, indicating less disorder in the former.  
 

1.4.4 Coordination defects 
In a crystal, any departure from the perfect crystalline lattice is a defect. The simplest 
such defects are vacancies and interstitials. The CRN describing an amorphous solid 
may also contain defects, but the definition of a defect has to be modified because 
there is no perfect lattice. The only specific structural feature of a random network is 
the coordination of an atom to its nearest neighbors. Thus the elementary defect of an 
amorphous semiconductor is the coordination defect, when an atom has too many or 
too few bonds compared to the atoms of a CRN. By analogy, a native defect in a-Si:H 
is a departure from the ideal amorphous network which is a CRN in which all the 
silicon atoms are four-fold coordinated. When a silicon atom is three-fold coordinated 



we have a dangling bond (DB) defect [xxvi], and when it is five-fold coordinated a 
floating bond (FB) defect [xxvii]. Fig. 1.2 shows an example of a two dimensional a-
Si:H lattice with a DB and a FB. 

All the electrons in the ideal CRN are paired in bonding or non-bonding states. 

If, however, the local coordination of an atom is one greater or less than the ideal, 

then the neutral state of the atom has an unpaired electron. The addition of an electron 

results in paired electrons but a net charge. This type of defect therefore has the 

distinguishing characteristic of either a paramagnetic spin or an electric charge, which 

sets it apart from the electronic states of the ideal network.  

1.4.4.1 Dangling or floating bond? 

The majority of the a-Si:H literature considers dangling bonds as the only 
coordination defect present. After the introduction of the floating bond concept by 
Pantelides [xxvii] attempts have been made to identify this defect or to rule out its 
presence in the material. We summarize here the main arguments in favor or against 
the existence of floating bonds in a-Si:H. 
 (a) Magnetic resonance and defect wavefunction  
Electron Spin Resonance (ESR) is one of the few experiments that give structural 
information about defects. ESR is a phenomenon observed when paramagnetic 
substances containing unpaired electrons are subjected to high magnetic fields and 
microwave radiation. Unpaired electrons are paramagnetic and give a strong electron 
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Fig. 1.2: Two-dimensional representation of the two types of coordination defects in a-

Si:H 

 



spin resonance signal (ESR). Brodsky et al. found in 1969 that g-values1, line shapes, 
and line width of the spin resonance signals are similar to those of the electron states 
observed in the surface regions of the corresponding crystalline forms [xxviii]. 
However, in the amorphous films, the strength of the signal is proportional to film 
thickness, suggesting that the states are distributed throughout the bulk of the 
material. Since then it was found that all forms of undoped a-Si as well as a-Si:H have 
a paramagnetic defect with its resonance at a g-value of 2.0055.  
As pointed out in the previous section, both DBs and FBs are paramagnetic when 
neutral. The g-value spectrum of Brodsky et al. [xxviii] is consistent with the DB 
interpretation since the surface DB on c-Si averages to the observed g-value. There is, 
however, no equivalent estimate for the FB, which might also have roughly the same 
g-value. 
An analysis of hyperfine ESR data made by Biegelsen and Stutzman [xxix] showed 
that the wavefunction of the defect is close to that expected of the DB. However, the 
analysis has been challenged with the counter claim of Stathis and Pantelides [xxx] 
that the wavefunction is nearer to that expected for the FB. 
(b) Formation energy and topology 
 It is expected that the dominant defect should be that of the lowest formation 
energy, provided that it is not further constrained by the local topology. Pantelides 
[xxvii] argues that the energy of vacancy and interstitial in c-Si are about the same 
and that these defects are considered to be four DBs and four FBs respectively. This 
implies that the two kinds of defects have the same formation in a-Si:H also and there 
is no preference for one or other, based on energy. 
 In a previous section we stated that the a-Si:H network is overcoordinated. 
Thus DB creation reduces the network coordination and relieves strain. However the 
five-fold coordinated FB increases the mean network coordination and is difficult to 
imagine a mechanism of network strain relief. The topology arguments, therefore, 
appear to favor the DB. 
(c) The correlation energy 
According to Pauli�s exclusion principle, every electronic state can be occupied by up 
to two electrons, so that a defect with a single level can exist in three charge states. 
For instance, a DB defect is positive (D+) when unoccupied, neutral when singly (Do) 
and negative (D-) when doubly occupied.  The latter to states will not have the same 
energy because of the repulsive Coulomb energy Uc. Moreover, a change in charge 
state is usually accompanied by an adjustment of the neighboring bonds, which 
contributes a relaxation energy W. The two-electron level is then separated from the 
one-electron level by an effective correlation energy U = Uc � W.  
If  FBs can coexist in amorphous lattice it would form Valence-Alternation pairs with 
DBs. Such a pair should be viewed not as two separate defects, but as the different 
charge states of a single defect. The positive defect would be three-fold coordinated 
with no electrons in its broken orbital, and the negative defect would be the five-fold 
state, with two electrons to form the fifth bond. Valence-Alternation pairs have the 
property of a negative correlation energy because the energy gained by forming the 
fifth bond results in a large lattice relaxation energy and so a negative U. This 
approach suggests that if the FB can exist, it confers the negative correlation energy 
on the basic coordination defect. On the other hand the DB has very limited lattice 
                                                 
1 g-value: g is the gyromagnetic coupling orbital and spin angular momenta appearing 
in the fine structure in electron energy levels in a magnetic field. 
 



relaxation, and has a positive U. The experimental evidence shows that the defect has 
a positive U [xxxi], so that the DB seems to be favored.  
(d) Defect migration 
According to the FB model the FB can diffuse throughout the lattice through a bond 
switching mechanism depicted in Fig. 1.3. The diffusion mechanism in bond 
switching is one which the bond transfers from a nearest neighbor atom to a second 
neighbor. Therefore in order to have a high diffusion, with a low energy barrier, the 
bond switching must occur when the two distances are not too different. Since the 
average second neighbor distance is 1.5 times the bond length, local distortions of 

60% from the average are required for this mechanism. Thus a soft flexible lattice 
appears to promote this mechanism. Such defect migration should also relax the 
internal strain of the network.  
Measurements of defect diffusion have been reported. Jackson et al. [xxxii] detected 
no defect diffusion. On the other hand Tzanetakis [xxxiii] found evidence for light 
induced defect diffusion during annealing at 120 °C. 

1.5 Two Level Systems (TLS) in a-Si:H 
At low temperatures, amorphous and partly disordered solids show thermal, dielectric 
and acoustic properties that are different from those in their crystalline counterparts.  
A theoretical description of these universal anomalies was put forward by the 
tunneling, or Two-Level System (TLS) model [xxxiv,xxxv]. This model explains the 
so-called �glassy� anomalies by the existence, at very low frequencies, of rather 
mysterious excitations known as tunneling states (TS). These are modes whose 
structural origin is unclear even though their presence is well documented. They cause 
an excess specific heat below about 10 K and are also observed in acoustic 
experiments and in the spin relaxation of paramagnetic states. The tunneling model 
describes all dynamic properties, but it is restricted to low temperatures and it is 
purely phenomenological, giving no indication for the microscopic origin of the TS. 

 
Fig. 1.3: Illustration of the migration of a floating bond by a bond switching mechanism

 



The TLS model describes TS as atoms or atomic configurations, which can, quantum 
mechanically, tunnel in a double, asymmetric potential well. Fig. 1.4 illustrates a 
corresponding energy-configuration plot, where the abscissa may represent the 

position of one atom, but more generally is a configurational coordinate describing a 
combination of the coordinates of a number of atoms. A transition from one well to 
the other is presumed to correspond to a rearrangement of a group of atoms into a 
different configuration, having roughly the same energy. Such a transition leads to a 
splitting of the ground state, as in the ammonia molecule. The inevitable variations in 
local environment present in the amorphous solids give rise to a distribution of these 
splittings, which is almost constant in energy. In other words, the TLS are 
characterized by a broad distribution of local configurations with low energy barriers. 
Since the network phonons increase in density as E2, the TLS modes dominate at low 
energy. 

There have been numerous theoretical and experimental efforts to determine 

the existence of tunneling states in a-Si:H films. Most of them claim that tunneling 

states do exist in a-Si:H [xxxvi]. A direct manifestation of their existence is the 

temperature dependence of the heat capacity of a-Si:H, given by an expression of the 

form [xxxvii]: 

3
31 TcTcC p += α  

with α=1.34. The T3 term is the usual specific heat of the phonons, exhibited by 
crystals. The excess specific heat given in the first term is caused by excitations of the 
TLS, and both the magnitude and temperature dependence of the excess heat are 
about the same as in the silicon dioxide glass. More recent experimental studies of Liu 
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Fig. 1.4: The double-well potential, characteristic of a Two-Level System (TLS) 
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Fig. 1.5: The density of states of a-Si:H. Ec and Ev denote the conduction and valence 
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distribution in the gap is also shown. The vertical dashed lines indicate roughly the

mobility edges. Ec-Ev is the mobility gap. 

 

et al. [xxxvi] confirmed the existence of tunneling states in a-Si:H, asserting that their 
number significantly decreases in HW films with very low-hydrogen content. Finally 
Tzanetakis et al. [xxxviii] found sub-nanosecond carrier lifetimes in a-Si:H under very 
high intensity, pulsed laser, illumination. Such ultrafast recombination is usually 
attributed to Auger processes during which the energy of the electron-hole 
recombination excites a third free carrier to high energy states within the respective 
band. As Auger processes involve 3 free carriers the recombination rate depends on 
the 3d power of the free carrier concentration but the experiment clearly showed 
bimolecular (2nd power) dependence. A possible explanation is that the energy of the 
recombination goes to a very fast, localized structural change possible only in the 
amorphous network.   
 
 

1.6 Electronic structure 
1.5.1 The electronic density of states (DOS) 

   The determination of the complete density of states (DOS) structure of a given 
material generally requires knowledge of the equilibrium position of the atoms 
(atomic structure), their normal modes of vibration (phonon structure) and the 
derivation of the electronic structure. Although this can be achieved to a limited 
extent in crystalline materials, where the periodicity aids in solving the problem by 



approximations, it is more difficult to achieve in amorphous semiconductors. One 
reason for this is that amorphous semiconductors are prepared under non-equilibrium 
conditions. Consequently, their DOS depends upon the details of the preparation 
conditions. 
 Several factors determine the DOS for a given material, the most important of which 
are the chemical bonding, the interatomic distance and the coordination number. The 
valence and conduction bands of states in amorphous semiconductors do not have 
sharp energetic boundaries as they do in crystalline semiconductors. Instead, the 
variations in bond angles and bond lengths and the presence of weaker bonds2 
produce electronic states that tail from both bands into the gap. The tail states arising 
from such fluctuations are localized in space with a typical localization radius of a 
few bond lengths. The width of the tail depends on the degree of disorder. 
The density of states of a-Si:H is shown in Fig. 1.5. The energy that separates the 
localized tail states from the extended band states is called the mobility edge because 
at very low temperatures an electron should still be mobile in an extended state while 
it is immobile in a localized state. There is a mobility edge Ev separating band and 
tails tates at the top of the valence band and a mobility edge Ec separating these two 
kinds of states at the bottom of the conduction band. In a-Si the band tails can be 
described accurately with exponential functions. The slopes of the tails are different, 
reflecting the fact that the p-like states of the top of the valence band are influenced 
by disorder in Si-Si bond angles, more than the spherically symmetric s-like states of 
the bottom of the conduction band. The slopes of the exponential tails in high quality 
a-Si:H are about 25 meV for the conduction band tail and 45 meV for the valence band 
tail (see Fig. 1.5). 
In Fig. 1.5, the coordination defects are represented with the distribution near midgap. 
It is worth noting the exact energy distribution for the three charge states of defects is 
still an unresolved issue in a-Si:H. 

1.5.2 Optical absorption 
R/ ¡ _ 

In crystalline semiconductors the optical transitions are dominated by the long-range 
symmetry of crystal lattice. On the contrary, in disordered amorphous semiconductors 
there are no momentum-conservation selection rules governing optical transitions. All 
energy-conserving transitions from occupied to empty states in Fig. 1.5 are allowed. 
This explains why materials exhibit stronger absorption when they are amorphous 
than when they are crystalline.  
A typical absorption spectrum is shown in. The high absorption region I (α≥ 104cm-1) 
reflects the joint density of extended band states. Assuming parabolic densities of 
states Tauc [xxxix] obtained the relation 

)()( 2/1
gEhBh −= ννα ,   (1.1) 

                                                 
2 Actually, the spatial fluctuations of bond length, bond angle and dihedral angle 

create weak bonds whose bonding energy is weaker than that of normal bonds. These 

bonds are also called strained bonds. 
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Fig. 1.6: Absorpion spectrum of a-Si:H: interband absorption region I, Urbach-edge 

region II, and defect absorption region III. The defect absorption band below 1.4 eV is

used to measure the increase of N with light exposure. 

which defines the optical Tauc gap Eg. Toward lower photon energies hv and below α 
≈ 5 x 103 cm-1 the absorption is exponential over one to three decades and is described 
by 

)/exp( uo Ehναα = .              (1.2) 

This Urbach-edge region II arises from transitions between band tails and the opposite 
bands. Eu is the exponential slope of the density of states of the valence �or the 
conduction- band tail, whichever is larger. In a-Si:H it is the former tail, which as we 
have already said  has a value of 45 meV in device quality a-Si:H. Since this slope 
reflects the width of the valence band tail, it follows that Eu varies with the structural 
disorder. In other words Eu is a measure of disorder. Indeed, Bustarret et al. [xl] 
reported that Eu increases with bond angle disorder. The defect density is another 
measure of the disorder [xli] and also increases with the band tail slope [xli].  
 Finally, absorption region III is due to transitions to or from coordination 
defects in the gap. Their concentration ND can be obtained by integrating over the 
defect absorption, 

�= )( νhadAN .                    (1.3) 



The coefficient A is obtained by determining N by other methods. The value of A 
depends on the method used for determining a in region III. 

1.5.3 Photoconductivity 
The conductivity of any semiconductor can generally be written as: 

)( pn pne µµσ +=                                (1.4) 

where n,p denote the free electron and hole densities and µn,µp is the electron and hole 
mobility. e is the absolute value of the electron charge. In the case of a-Si:H the 
extended state hole mobility is about one order of magnitude smaller than the electron 
mobility. Thus, in undoped a-Si:H electrons dominate the current transport. In the 
dark, at room temperature, the conductivity of undoped a-Si:H is as low as 10-10 Ω-

1cm-1 . The Fermi level in the dark is located near the middle of the gap in intrinsic 
material. 

Illumination with band-gap light, hv≥Eg, creates a nonequilibrium condition in 
which excess electrons and holes populate extended and localized states. Radiative as 
well as non-radiative recombination of excess e-h pairs tend to restore equilibrium. 
The excess carriers give rise to a photoconductivity that can exceed the dark 
conductivity by a factor of more than 106. The photoconductivity is given by:  

)( pne pnph ∆+∆= µµσ            (1.5) 

where ∆n and ∆p are the photocarriers generated. In order to study the characteristics 
of a semiconducting material it is convenient to express the number of free carriers as: 
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Fig. 1.7: Schematic representation of excitation, thermalization, and recombination of 

charge carriers in a-Si:H. 



pn GpGn ττ == ,                  (1.6) 

where G is the volume generation rate of e-h pairs and τn,p are the lifetimes of the free 
electrons and holes respectively. Substituting Eq. (1.6) to (1.5) the photoconductivity 
is written: 

)( ppnnph eG τµτµσ +=       (1.7) 

The conduction mechanism in a-Si:H is strongly dependent on the tail states. Electron 
transport proceeds according to multiple trapping mechanism in which a carrier gets 
trapped in shallow tail states and thermally re-emited during transport. An alternative 
conduction mechanism, dominant at low temperatures is hopping (tunneling) through 
localized states. A schematic representation of excitation, transport, thermalization 
and recombination of carriers in a-Si:H is shown in Fig. 1.7. 

1.5.4 Photocarrier recombination 
Under steady state conditions, the photocarrier generation rate G is equal to the 
recombination rate R. The two dominant recombination paths in a-Si:H, denoted in 
Fig. 1.7 as Rbim and Rmon are: 
1) Band-to-tail recombination 
In a-Si:H the density of carriers trapped in band tails are higher than the densities of 
free carriers in the respective bands. We thus have n>nt and p>pt, where n,p are the 
free electron and hole densities and nt, pt the densities of trapped electrons in the 
conduction band tail and trapped holes in the valence band tail. Neglecting tunneling 
between localized states, the dominant terms in the recombination rate of free carriers 
and carriers trapped in the band tails will be npt and pnt. Under reasonable 
illumination intensities nt∝ n and pt∝ p. The recombination rate is then proportional to 
R∝ np∝ n2. This means that G∝ n2 and consequently n∝ G1/2 and σph∝ G1/2. This 
recombination path involves simultaneously two carriers and is thus called 
bimolecular recombination.  
2) Recombination at defects 
This type of recombination involves the trapping of a carrier at a defect state and the 
subsequent trapping of a carrier of opposite sign in the same state, resulting in the loss 
of both carriers. Lets assume a defect density N in which both electrons and holes can 
be captured. In this case, G=R∝  nN i.e. n∝ G/N and thus σph∝ G/N. As G=n/τ we have 
τ∝ 1/N. This is the simplest dependence of photoconductivity and of photocarrier 
lifetime on defect density. From the above relations it is evident that when the defect 
density increases the photoconductivity will drop in proportion, if one assumes 
dominant recombination at defects. The recombination at defects is a two-step 
process, each step involving a single carrier, and is thus called monomolecular 
recombination. 
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2.1 Metastability 
In previous chapter we have stressed the fact that amorphous materials can exist in 
many different structural configurations. The energy differences among these are 
often small but higher energy barriers separate them due to the presence of strong and 
directional covalent bonds. If enough energy is provided, the structure can overcome 
these barriers and change into another configuration with similar network energy. 
This unique property of amorphous materials is called metastability. 
The essential characteristics of metastability can be described by a so-called 
configuration coordinate (CC) diagram. In a CC diagram, the ordinate is the Gibbs 
free energy of the solid. Although the abscissa is called a configuration coordinate q, 
it is not an ordinary Cartesian coordinate. Rather, it is a symbolic representation in 
one dimension of the entire set of real coordinates that specify the positions of the 
interacting atoms. Hence a value of q symbolizes a complete configuration of atoms, 
and any change in q implies a possibly complicated set of changes in atomic 
positions, i.e. another configuration.   
Fig. 2.8 shows a typical CC diagram of an amorphous solid. Point C gives the 
minimum energy level corresponding to a crystalline state. On the other hand, A1, A2, 
and so on are quasi-minima or local minima corresponding to metastable states. 
Various points of local minima correspond to different metastable states, which 
originate from different conditions during the formation process. These local 
minimum states are separated from the state C by some barriers. External 
perturbations such as thermal, optical, electrical, mechanical agitations etc., tend to 
bring the system to the lowest energy crystalline state C. For example thermal 
annealing of an amorphous solid at a certain temperature leads to crystallization. 
All metastable phenomena in amorphous semiconductors are reversible in that the 
original properties can be restored by annealing the material at a characteristic 
equilibration temperature that usually lies between 150 and 300 °C.  
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Fig. 2.8: Schematic illustration of the free energy of an amorphous solid versus a

schematic configuration coordinate q . 



2.2 The Staebler-Wronski effect (SWE) in a-Si:H 
In 1977 Staebler and Wronski [xlii] discovered that prolonged exposure to band-gap 
light decreases both the dark conductivity and the photoconductivity in doped and 
undoped a-Si:H (see Fig 4.9)This light-induced degradation is called the Staebler-
Wronski Effect (SWE). Even though these photoconductivity changes anneal away by 
annealing between 150-200 °C, the SWE seriously limits the use of a-Si:H in solar 
photovoltaic applications. Indeed exposure of a typical a-Si:H solar cell to 0.1 W/cm2 
(one sun) degrades its performance by roughly 20 %. In the following we will try to 
present the essential characteristics of the SWE. For more details please refer to [xliii] 
which is an excellent review for the subject.  

2.2.2 Manifestations of the SWE in a-Si:H 
The SWE has been observed in measurements of many properties of a-Si:H, 
summarized in the following. 

a) ESR experiments demonstrated that the density of coordination defects 
increases significantly with exposure to light, often by more than an order of 
magnitude. Light induced defects (LIDs) act as recombination centers, 
decrease the photocarrier lifetime and, due to their location near midgap, shift  

 
the Fermi level toward mid gap, thereby decrease the dark conductivity. LIDs are 
created during the recombination of irradiation-produced electron-hole pairs 
[xliv].  
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Fig 4.9: Decrease of the photoconductivity (solid curve) and of the dark conductivity

(dashed curve) of a-Si:H with time of exposure to 200 mW/cm2 white light. After 

Staebler and Wronski [xlii]. 



b) Extended light exposure increases the absorption of a-Si:H between hν = 1eV 
and 1.3 eV - the range of optical transitions between the defects and the 
extended states at Ev and Ec in Fig. 1.3.The increase of this defect absorption 
as a result of prolonged light exposure is shown in Fig. 1.4.  

c) The electron lifetime, τn ,decreases with increasing the number of LIDs N. The 
functional form is complicated because of other recombination channels and 
the fact that the capture cross-section for electrons depends on the charge state 
Do or D+, and that D- cannot capture electrons. Whatever the form of the 
relation between µn and N, one expects this function to be single-valued if all 
defects have the same properties. On the contrary, Fig. 2.10 illustrates that 
there is no unique relation between the number of defects and the mobility-
lifetime product µnτn [xlv]; the first defects created and the first to anneal 
change the photoconductivity much more than the majority of light-induced 

defects. 
d) The effectiveness of LIDs as recombination centers depends on the light 

exposure conditions. The same number of LIDs created by short light pulses, 
or created at low temperatures, decrease the photoconductivity at a given 
temperature more than those created by CW light at 300 K.  

From the above we reach the conclusion that photodegradation of the physical 
properties of a-Si:H is not defined by the concentration of LIDs alone. Metastable 
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Fig. 2.10: Mobility-lifetime product of electrons as a function of the change in defect

absorption α at hν = 1eV during light exposure (dashed curve) and thermal annealing

(solid curve). After reference [xliii]. 



defects either come with different properties and energies or light causes some 
additional changes.  

2.2.3 Defect creation and annealing 
Except for exposure to light, metastable defects can be created in a wide variety of 
ways: a) doping with common dopants (phosphorous for donors or boron for 
acceptors), b) rapid quenching from elevated temperatures (~220 °C), c) keV electron 
bombardment, d) the passage of forward currents in device structures and e) 
formation of space-charge regions (charge accumulation). Furthermore, when a-Si:H 
is deposited onto substrates at temperatures below the optimum ≈250 °C, an 
abnormally high density of defects arises. In most of these cases subsequent annealing 
at ≈200 °C can reduce these excess densities.  
The SWE occurs with nearly constant efficiency for photon energies as small as hν = 
1.2 eV [xlvi]. Normally one uses 1.9 eV bandgap light, which exposes a 1µm-thick 
film uniformly. The dependence of LID concentration with exposure time, t, and the 
generation rate, G, of carries is [xlvi]: 

3/23/1)( GttN ∝                                                          (2.8) 

At short degradation times N shows an initial slower rise with some variations in the 
values of the time exponents. The sublinear time dependence results because the 
increasing number of defects provides an alternative path for e-h recombination. 
 Alternatively the SWE time-kinetics can be fitted to a stretched exponential 
[xlvii] of the form: 
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where Nsat is the saturation value of LIDs, No the initial defect density in the film and 
τ is a characteristic time constant. It is well known that stretched exponentials occur 
as a result of distribution of values of physical parameters (e.g. time) in kinetics. β is 
the stretch parameter (β<1) related to the breadth of this distribution. Eq. (2.9) 
denotes that the defect generation is a dispersive process. The dispersive character is a 
feature of disordered systems in general, since they naturally have a distribution of 
time constants in their rate processes.  
The concentration of LIDs saturates near 1017 cm-3 in undoped a-Si:H and  reaches 

values greater than 1018 cm-3 in doped a-Si:H. Two mechanisms can explain saturation 

qualitatively. First of all, the exhaustion of a limited pool of potential defects. 

However, LIDs can reach 1018 cm-3 with short-pulse laser irradiation in intrinsic a-

Si:H, indicating that this mechanism is not valid. Secondly, a steady state balance 

between light-induced generation and thermal and light induced annealing [xlviii]. 

These competing anneal processes cause Nsat to increase slightly with increasing G 

and decreasing T. 

The LID creation is relatively inefficient as more than 1024 cm-3 recombination events 
are needed to reach Nsat=1017 cm-3 in undoped a-Si:H. The degradation rate is about 



three times higher in n-type a-Si:H and ten times larger in p-type a-Si:H, doped with 
100 ppm P and B dopants respectively. 
SWE is also observed down to the lowest temperatures [xlix]. The degradation rate 
first drops (but not the saturation value) with decreasing temperature from 300K. 
However at 20 K and 4.2 K the rate is essentially the same as at 300 K. Not only the 
magnitude but also the kinetics of SWE are the same at 300 K and at low 
temperatures.  
Light induced recovery of the SWE has not been observed at low temperatures but 
thermal annealing begins already at 78K for low T degradation. The annealing rate of 
LIDs can be described by a rate equation of the form: 

R

N
dt
dN

τ
−=                               (2.10) 

where τR = 10-10exp(EA/kT) is the characteristic relaxation time, required from the 
structure to overcome bonding constraints and anneal LIDs. It is associated with an 
energy barrier, EA, which arises from the bonding energies. The experiment shows a 
wide distribution of anneal barriers (0-1.25 eV) with a peak at EA≈1.1eV [l], 
suggesting a wide stability spectrum of defects. 

2.2.4 Structural environment of coordination 
defects  

The SWE is an intrinsic effect and not caused by common impurities such as C, N, and 
O. The definite proof was provided by Kamei et al. [li], who succeeded to reduce the 
impurity levels to 2x1015 cm-3 oxygen, 7-10x1015 cm-3 carbon and 5x1017 cm-3 nitrogen 
while observing 5x1017 cm-3 SWE defects. Moreover, ESR studies by Yamasaki et 
al.[lii] established that there is no spatial correlation of LIDs with C and O 
impurities. 
According to ESR studies, the structure and the near-neighbor environment of native 
defects and those created by rapid quenching from elevated temperatures are the 
same. Furthermore, both native and LIDs are separated from one another by at least 
10 nm. 
The local environment of hydrogen or deuterium around defects was studied by 
Electron-Spin-Echo Envelope Modulation (ESEEM) of pulsed ESR [liii]. No 
hydrogen or deuterium was found closer than 0.4 nm to defects; the hydrogen density 
around defects appears actually to be less than average in the films. Stutzmann [liv] 
pointed out, however, that these ESEEM measurements might have missed intimate H 
defect pairs with distances ranging from 0.05 to 0.2 nm.  

2.3 Models for the SWE defect creation 
___ _Å 
_€_ 

In order to explain the SWE of a-Si:H, several types of microscopic models have been 
proposed. They rely on quite different mechanisms for defect generation. All of these 
models were based on particular experimental results, but none of them has explained 
all aspects of metastable behavior in a-Si:H. Thus, despite the intensive study of SWE 
in a-Si:H, the detailed mechanism of the defect creation is still an open question. 
The most important models for the SWE can be divided into three main categories 
(see Fig. 2.11): 
Bond breaking models: A simple way to create coordination defects in an a-Si:H 
network is breaking of strained (weak) Si-Si bonds. Many models involving Si-Si 
bond breaking have been proposed. In these models, the energy released by a 



recombination event, which takes place in the neighborhood of a weak bond, causes 
the breaking of this bond in two dangling bonds. In order for the two DBs to be 
stabilized in the network and to avoid restoring to the original Si-Si bonding, bond 
switching mechanisms have been suggested and are presented in Fig. 2.11(a)-(c) 
[xlvi,lv,lvi].  
The weak bond-breaking (WBB) model [xlvi] addresses the microscopic aspects of 
SWE. This model assumes that the DBs are created by the bimolecular recombination 
of electrons and holes at weak bonds. An exciton formed by a hole trapped in a 
valence tail bonding state and an electron in the corresponding conduction tail 
antibonding state breaks such a weak bond. The associated e-h recombination energy 
enables a hydrogen atom bonded to one of the Si to slip into the broken bond 
preventing the bond to reform (see Fig. 2.11(a)).  
 



In order to account for the SWE kinetics given by Eq. (2.8) Stutzmann, Jackson and 
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Fig. 2.11: Various models for SWE in a-Si:H. (a)-(c): Bond breaking models

[xlvi,lv,lvi], (d) The hydrogen collision model [lvii], (e) The charged defect model

[lviii], and (f) The floating bond model [lx].  

 



Tsai made the additional assumption that the lifetime of photocarriers generated by 
the soaking light is determined by recombination through defect states i.e. 
monomolecular recombination. According to section 1.5.3, the electron and hole 
concentrations in this case will be proportional to: 

N
Gpn ∝∝ ,                                (2.11) 

where G generation rate and N the light-induced defect density. The rate of defect 
creation is 

npk
dt
dN

sw= ,                              (2.12) 

where t is the illumination time and kSW a constant which determines the efficiency of 
defect creation via bimolecular recombination. Substituting the photocarrier densities 
from Eq. (2.11) in Eq. (2.12) we get for the rate of defect creation 

2

2

N
G

dt
dN ∝ ,                                   (2.13) 

which can be solved to give 
tGNtN 233 )0()( ∝− .                 (2.14) 

For sufficiently long illumination times, in which N(t)3>>N(0)3, the last equation is 
simplified to 

3/13/2)( tGtN ∝                             (2.15) 

which is the same as Eq. (2.8) found by the experiment [xlvi] on the kinetics of SWE.  
 It is worth noting that the rate of defect creation decreases with time. This is 
due to the fact that the increase in defect density causes a decrease in photocarrier 
lifetime, and consequently a decrease in photocarrier densities, which in turn causes a 
decrease in the rate of defect creation (see Eq.2.12). The WBB model was the first 
model to account for the observed time evolution of LIDs. 
The WBB model was the first model to account for the observed time evolution of 
LIDs. Although it is consistent with the majority of experiments studying the SWE it 
fails to explain the lack of spatial correlation between the LIDs and hydrogen and the 
absence of DB pairs, observed through ESEEM experiments [lii]; as can be seen in 
Fig. 2.11 (a), the model predicts that at LIDs are close each other and in close 
proximity to hydrogen atoms, in contrast to the observed distances of the ESEEM 
experiment. 
This failure of WBB model lead many researchers to develop alternative bond-
breaking models, which can satisfy the ESEEM experiments. One of these models is 
presented in Fig. 2.11(b)[lv]. This model is based on hydrogen motion governed by 
the reaction: 
SiHDB + SiSi → SiSi + SiHDB                (2.16) 

According to this reaction, the mobile state of H can be viewed as a SiHDB complex, 
which can move throughout the lattice by a series of insertion hops. Thus, a bond that 



breaks can be prevented from restoration by recombination with a mobile SiHDB, 
originating from a distant site. As shown in Fig. 2.11(b), the net result is the creation 
of two DBs, which can be 10 nm apart satisfying one of the ESEEM observations. On 
the other hand the problem of the close proximity of H-atom with the DB remains. 
Furthermore this model cannot explain the existence of SWE at very low temperatures 
whereby hydrogen motion is impossible. 
 Finally in the model of Fig. 2.11(c) the two DBs are spatially separated 
through high mobility of FBs, after bond breaking of weak Si-Si bonds.  
Hydrogen diffusion models: In this class of models, light induced electron-hole pairs 
break Si-H bonds and allow H to become incorporated in a mobile form within the a-
Si network. The most recent one is the hydrogen collision model (HCM) [lvii] 
developed in 1998 by H. Branz. 
The HCM starts from the excitation of H atoms from Si:H bonds to a mobile state:  

SiHDBDBSiSiSiH he + →−+
+− − )(           (2.17) 

This excitation, which leaves behind a DB, is driven by photocarrier recombination. 
The mobile state of H is again the SiHDB complex, shown in Fig. 2.11(d). This 
complex travels through the material, through the insertion mechanism describe by 
reaction (2.16), while photocarrier recombination enhances this diffusion. When this 
complex meets a DB, the two DBs recombine; the H atom is immobilized in the Si-H 
bond. This series of processes does not result in net creation of new DBs. However 
when two mobile SiHDB complexes meet, the DBs annihilate forming a metastable 
SiHHSi state, but now two DBs are left behind in the bonds from which H was 
excited. This process is depicted in Fig. 2.11(d). 
 The main ansatz of the HCM is that the creation rate Rm of mobile H density 
Nm, from a H density in the sample NH is: 

GNkR HHm = ,                                                       (2.18) 

where G is the generation rate and kH is a proportionality constant. The rate of defect 
creation and loss of mobile H concentration is 

22 mcmDBHH
m NkNNkGNk

dt
dN

−−= .               (2.19) 

The first term represents mobile H creation, the second the less of mobile H when the 
SiHDB meets a DB, and the third the loss of mobile H by collision of two SiHDB 
complexes. N stands for the number of LIDs. At the low H excitation limit, the 
density of dangling bonds is higher than the density of mobile H, thus the dominant 
process for loss of mobile H is that through isolated DBs and not the collision of two 
complexes. In the relation [lvii], 2kcNm<<kDBN is valid. Then Eq. (2.19) becomes: 

Nk
GNkN

DB

HH
m = .                                               (2.20) 

As mentioned above, excess DBs are created when two mobile H collide, so that the 
rate of defect creation is proportional to 

2
mN

dt
dN ∝                                                        (2.21) 



Inserting (2.20) into (2.21) and solving the resulting equation we have again 
N(t)∝ G2/3t1/3.  
 In HCM the SiHDB species are very mobile and able to diffuse over 10 nm distances, 
the average separation of metastable DBs. This high mobility is the largest conceptual 
difficulty of this model [xliii]. First of all one cannot easily justify, in the framework 
of this model, the existence of SWE at very low temperatures, whereby the mobility 
of metastable species is low. However, with the help of light enhanced diffusion of 
SiHDB and favorable formation energies for SiHHSi, it is possible to obtain isolated 
DBs for defects created at 4.2 K [xliii]. On the other hand, there is no experimental 
proof for the existence of such light enhanced hydrogen motion at low temperatures. 
Evidence for long-range H diffusion under 15 W/cm2 illumination has recently been 
discovered, which is in favor of HCM. 
Unresolved models: This category comprises the models that have not been 
experimentally confirmed so far. The model depicted in Fig. 2.11(e) considers 
charged defects as precursors for dangling bonds [lviii]. However the existence or not 
of charged defects in a-Si:H is not clear. However some investigators have found very 
small concentration of such defects [lix].  
Finally the models of Fig. 2.11(c) and Fig. 2.11(f) involving floating bonds are valid 
provided that the FBs is the dominant defect of a-Si:H. The latter model is the direct 
creation of a DB-FB pair upon illumination. For details see [lx]. 
From the above discussion of the various models for the SWE we conclude that there 

is a need for new experimental evidence to obtain the perfect understanding of the 

microscopic origin of the SWE in a-Si:H.                                                                                                  

2.4 Evidence for photo-induced structural changes 
In 1995 Fritzsche suggested that the defect creation is not the sole manifestation of 
the SWE and the phenomenon is accompanied by long-range structural changes of the 
underlying amorphous network [lxi]. The reasoning behind this proposal was two-
fold: 

a) The light induced changes of certain physical properties [lxi] appear to be 
too large to be explained by the measured concentrations of LIDs.  

b) There is no unique or single-valued functional relation between the number 
of LIDs and changes in a given physical property such as photoconductivity. 

This proposal has been supported by numerous experiments: 
 
1) (1997) Hata et al. [lxii] measured as a function of 

illumination time both the LIDs and the polarized electroabsorption (EA) 
coefficient. This coefficient is caused by disorder mixing of localized and 
extended states. An important result of their study was the finding that the EA 
coefficient precedes the rise of LIDs by about two decades of time. This suggest 
that considerable disorder and strain are built up before the SWE defects appear 
and hence they are not a consequence or byproduct of defect creation. 

2) (1998) A direct observation, with a sensitive beam-bending 
method, of reversible photo-induced volume expansion in a-Si:H [lxiii]. They 
[lxiii] reported that the rise of volume change with time of light exposure 
coincides with that of the light-induced defects.  

3) (1998) Utilizing a beam-bending method again Shimizu et al. 
[lxiv] directly observed a photo-induced volume contraction.  



4) (1998) A significant structural change in a-Si:H after light 
soaking observed using electron microscopy [lxv]. No structural changes were 
observed in hydrogen-free a-Si. 

5) (1998) Light-induced degradation of undoped a-Si:H is 
correlated with low frequency dielectric response [lxvi]. The real part of dielectric 
constant decreases with illumination time, following a stretched exponential law 
similar to that found in SWE. This indicates some rearrangement of the whole Si 
network caused by light soaking. 

6) (1999) An experiment measuring the internal friction of an a-
Si:H film at low temperatures has provided important new results [lxvii]. Firstly, 
light exposure increases internal friction to a value 6x10-6 for both HW and PE 
samples. Secondly, the internal friction value is not associated with coordination 
defects because, when all hydrogen atoms are driven out by heating and N≈1019 
cm-3 the internal friction value is only 2x10-6.  

7) (2000) The X-ray photoemission spectra, used to study the 
structural changes of device-quality a-Si:H between the annealed and the light-
soaked state [lxviii], shows a simultaneous shift of about 0.1 eV of the Si2s and 
Si2p peak to lower binding energy. These changes were too large to be caused by 
a rearrangement of the amorphous lattice restricted to the immediate surroundings 
of the defects responsible for the SWE. After a 7h anneal at 110 °C the shifts are 
reversed with an anneal energy EA = 0.6 eV which is significantly lower than 1.1 
eV for SWE defects produced at 300K. 

Part of this study is devoted to the measurement of the photo-induce volume 

change of a-Si:H films, utilizing a very sensitive microcantilever beam bending 

method. In Chapter 4 we will present our results and compare them with the 

contradictory findings of the experiments (2) and (3) above. 
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3.1 Stress-strain relations    
3.1.1 Uniaxial loading 

Before proceeding with a discussion on some of the stress related issues in a-

Si:H, this sections reviews the fundamentals physics of material deformation. 

Let us consider a body (Fig. 3.12) to which a force is uniformly applied on the cross 
section A. The force has a tendency to �stretch� the internal bonds. The bond-breaking 
is opposed by internal reactions forces in the body and the specimen is said to be 
under a uniform external stress, σ.   
The best way of visualizing these stresses is by the method of analysis used in 
mechanics of materials: the specimen is �sectioned� and the missing part is replaced 
by the forces it was exerting. The reaction force is also uniformly distributed over the 
normal section. The normal stress, σ, is defined as the force per unit area, F/A. This is 
the internal resisting stress opposing the externally applied load, thereby preventing 
the sample from fracturing. As the applied force increases, so does the length of the 
specimen. For an increase of δF, the length L increases by δL. The normalized (per 
unit length) increase in length is equal to ε ≡εx=δL/L, where ε is the longitudinal 
strain.  
The selection of proper measures of strain is dictated basically by the stress-strain 
relationship (i.e., the constitutive equation of the material). For example, if we pull a 
string, it elongates. The experimental results can be presented as a curve of the tensile 
stress plotted against the strain. An empirical formula relating σ to ε can then be 
determined. For most engineering materials subjected to infinitesimal strain ε by 
applying uniaxial stress, a linear relation, Hooke�s law, 

εσ E=                             (3.22) 

applies, where E is a constant called the modulus of elasticity or the Young�s modulus. 
The linear elastic limit is reached when the stress applied is large enough to cause 
deviations from relation (3.22).  
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Fig. 3.12: Uniaxial stress and 3D strain in a solid. 

 
 



When an axial load is applied on an elastic body its length changes. At the same time 
the lateral dimensions of the specimen should also change. That is, the body 
experiences lateral strains as well. For example, the specimen of Fig. 3.12 contracts in 
both y and z directions when an axial load is applied in x-direction. Experimentally, 
one can show that for linear elastic materials, the ratio of lateral normal strains to the 
axial strain is a constant: 

x

z

x

y

ε
ε

ε
ε

ν −=−=                         (3.23) 

where εx,εy,εz are the strains in x,y,z directions respectively. The constant ν is called 
the Poisson�s ratio and is a material property. For most semiconductors, it has a value 

of approximately 0.2-0.3. 
Another frequent form of deformation is the shear strain. To illustrate shear, consider 
a circular cylindrical body, as shown in Fig 3.13(a). When the body is twisted, the 
elements in the body are distorted in the manner shown in Fig 3.13(b). In this case the 
angle α may be taken as a measure of the strain. 
Corresponding to Eq. (3.22), the relationship giving the shear stress,τ, for an elastic 
material subjected to an infinitesimal shear strain, α, is 

ατ tanG=                                           (3.24) 

where G is another constant called the modulus of rigidity or shear modulus. 
3.1.2Biaxial loading 

 Let us consider now the case 
whereby the body of Fig. 3.12 is 
subjected to arbitrary, uniformly 
applied, stretching forces in three 
dimensions. In order to describe the 
elastic behavior of the material in 
this case we consider a cubic 
element of the body, with 
infinitesimal dimensions, subjected 
to the applied forces (Fig. 3.14). As 
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Fig. 3.14:An infinitesimal cubic element

located within a continuous body with the

stress components shown. 

Fig 3.13: Shear stress. (a) twisting, and (b) simple shear. 



shown in Fig. 3.14, the resulting stresses consist of nine components, i.e. three normal 
and six shear. In the definition above, σii are the normal stress components acting on 
the faces perpendicular to the i-direction and τij are the shear stress components 
oriented in the j-direction on the face normal to the i-direction. At mechanical 
equilibrium, it can be shown that τij=τji, so that only six independent components can 
describe the state of stress. The corresponding normal and shear strain components εii, 
γij=γji are connected in the elastic case, to the stress ones by the generalized Hooke�s 
law: 
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where the coefficients ck,l are the elastic constants of the material. In an isotropic solid 
the above relations are reduced to the, so-called, constitutive equations, which are: 
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σσνσε +−=                                        (3.26a) 
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σσνσε +−=                                         (3.5b) 
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σσνσε +−=                                         (3.5c) 

for the extensional components, and 

xyxy Gγτ = ,       yzyz Gγτ = ,         zxzx Gγτ =                 (3.27) 

for the shear components. The two moduli E, G are specific functions of the elastic 
constants ck,l. 

A special, but very important, case is when a load is applied simultaneously 
along the two of the three dimensions of a body. This is the bi-axial stress case and is 
very close to the situation of a thin film under internal stress. Film stress is built up 
because the substrate prevents the film from retrieving its dimensions by exerting 
forces along both directions within the film plane. If the load is aplied on the xy plane 
then the bi-axial case requires σxx,σyy,εxx,εyy ≠ 0, σzz = τyz = τzx = τxy = 0. Assuming that 
the internal stress is the same throughout this plane i.e. σxx=σyy=S, Eqs. 3.26 are 
written: 

S
Eyyxx
νεε −== 1

,      S
Ezz
νε 2−=                (3.28) 

where the signs denote the two different directions of strains. The above formulae are 
the stress-strain relations for the bi-axial case and the quantity E� = E / (1-v) is the bi-



axial Young�s modulus. Comparing Eqs. 3.28 with Eqs. 3.22 and 3.23 for the uniaxial 
case we see that for the same absolute stress, the strain in the direction of loading is 
lower in the bi-axial case, while the strain in the stress-free direction is doubled.  

3.2 Mechanical properties of thin films 
The mechanical properties of thin films play an important role in the majority of 
technological applications because the stability of thin film systems depends primarily 
on them. For instance, an internal stress in the film and insufficient adhesion to the 
substrate may lead to cracks in the film or to its peeling off the substrate. The 
mechanical properties are largely determined by the film structure and that, in turn, is 
determined by the method of deposition. Part of this study is devoted to the 
determination of intrinsic stress and Young�s modulus of a-Si:H thin films grown 
under very different conditions. 

3.3.1 Origins of film stress 
Stress in thin films on substrates is produced by processes which would cause the 
dimensions of the film to change if it were not attached to the substrate.  The intrinsic 
stress, S, in a thin film consists of four major components: 

extstrrth SSSSS +++= int .                                 (3.29) 

Sext accounts for any stress induced from an externally applied mechanical load. In 
this study we always have Sext=0. Sth is the, so-called, thermal stress and results from 
the different thermal expansion coefficients of film and substrate. In such a case, 
heating or cooling will produce additional stress, which will tend to deform the film-
substrate combination. If the film is deposited at a substrate temperature Ts, when 
heated or cooled to a different temperature T the bi-axial stress in the film becomes: 
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Ef,νf,αf are the Young�s modulus, the Poisson�s ratio and the thermal expansion 
coefficient of the film, and αs, is this coefficient of the substrate. When Sth is positive 
the stress is said to be tensile and when it is negative it is compressive. 

The intrinsic stress, Sintr, arises because of incomplete structural-ordering 
processes occurring during film growth. This stress is present in the absence of 
thermal effects. Finally Sstr corresponds to intrinsic stress induced by structural 
changes taking place inside the film after growth. Such changes can be caused by 
external non-mechanical agitations such as light, electrical current or chemical 
reaction. In any case, the sum So=Sth + Sintr stands for the initial or deposition-induced 
stress. 

3.4 The microcantilever bending-beam and oscillation 
method 
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Fig. 3.15:  Scale drawing of the mechanical system used for the determination of initial

stress and Young�s modulus of an a-Si:H film. (a) A composite microcantilever with a 

tip at its free end. The thin (gray) layer is the film. (b) The trapezoidal Cross-section of 

the cantilever beam. 

The mechanical system used in this study is a uniform composite cantilever 

beam with trapezoidal cross section. At the free end of the beam there is a tip of 

known dimensions. The beam is fixed at its one end. A scale drawing of such a beam 

is presented in Fig. 3.15. The thin (gray) layer is the a-Si:H film.  
 

Two are the main quantities we intend to determine utilizing this system: a) 
The intrinsic stress of the deposited film and b) Its Young�s modulus. In the next two 

paragraphs we will describe the experimental methods we used for the determination 
of these properties and the theoretical procedure we followed in order to derive the 
necessary formulae. 
 

3.4.1 The bending-beam method for the 
calculation of the stress of a film 

The presence of bi-axial stress in a thin film on a substrate will cause the substrate to 
bend elastically. The most frequently used method for determining the internal stress 
of a film is the measurement of the substrate bending. For most of the experiments a 
long thin beam is used as a substrate, which is clamped at one side (cantilever beam). 
A schematic drawing of this case is given in Fig. 3.16. The cantilever beam substrate 
is clamped at the left-hand end; the other end is free to move when the deposited film 
is under stress. The intrinsic stress of the film can be determined by measuring, either 
the radius of curvature R of the substrate or the deflection δ of the free end of the 
beam.  



In order to determine the film stress, 
S from the measured quantities one 
uses the elastic theory of beams and 
a number of assumptions. The first 
attempt was made in 1909 by Stoney 
[lxix] under the assumption that the 
adhesion of the film to the substrate 
is strong, that no plastic deformation 
or creep occurs on the interface and 
that the curvature is determined 
purely by the mechanical properties 
of the substrate, i.e. the film 
thickness is negligible compared to 
that of the substrate. The film stress 
then is given by: 
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where Es,is the Young�s modulus of 
the substrate ts is the substrate 
thickness and tf is the film thickness. 
Brenner and Senderoff [lxx] pointed 
out that Eq. (3.31) neglects some 
important features, which are: 

(a) This analysis assumes Es=Ef
 

, which is not always true. 
(b) Eq. (3.31) is valid only in the 

case that the thickness of the 
film is negligible compared to that of the substrate. 

(c) It ignores the stress change in the films as the substrate curvature changes 
during condensation. This change induces stress relief, which in turn depends 
on the total amount of curvature.  

Taking the above into account, Brenner and Senderoff [lxx] derived the following 
corrected formula: 
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where ε = Ef / Es and χ = tf / ts.  
 Despite the important corrections, Eq. (3.32) implies a serious simplification. 
It [lxx] treats the cantilever substrate bending in the uniaxial loading case, ignoring 
the effect of stress along both directions on the film plane. 
 Based on the basic method followed by these authors [lxx] Spanakis [lxxi] 
derived the formula in the bi-axial stress case: 
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Fig. 3.16: A schematic illustration of the

cantilever beam technique for the

measurement of the intrinsic stress of thin

films; the cantilever beam substrate is

clamped on its left-hand side, the right-

hand side is free to move. 



where ε� = Ef� / Es�. We remind that 
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Eq. (3.33) gives the correct relationship between stress and curvature for a composite 
cantilever beam with orthogonal cross section. It is worth noting that the incorrect 
relations given by Eqs. (3.31), (3.32) give lower stress than the correct formula (3.33) 
for a given radius of curvature. 
In the case of a cantilever beam with trapezoidal cross section, which is the system we 
are interested in this study and show in Fig. 3.15, the above formula is written as 
[lxxi]: 
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where rw = wl / ws is the width ratio of the two opposite cantilever faces (see Fig. 
3.15). All the above formulae relate the internal stress, S, with the radius of curvature, 
R. One can relate S with the deflection of the free end of the cantilever,δ, through the 
formula giving the relation between R and δ: 

δ =
L
R

2

2
                             (3.35) 

 Hereafter we use Eq. (3.34) for the derivation of stresses of the thin film layer 
of the cantilever depicted in Fig. 3.15. 

3.4.2 The cantilever oscillation method for the 
derivation of the Young�s modulus of a film 

Undamped cantilever beam 
Consider a homogenous composite beam, i.e. a film on a substrate, of uniform cross 
section A and length L (see Fig. 3.15).  The equation of motion for flexural vibrations 
of this uniform, straight and undamped cantilever beam is a differential equation of 
fourth order: 

( ) 02

2

4

4

=++
t

yAA
x

yEI ffss ∂
∂ρρ

∂
∂

   (3.36) 

where ρf, Af and ρs, As are the mass densities and cross sections of the film and 
substrate respectively. The quantity EI is called the �bending stiffness� of the beam 
and depends, as we will see, on the beam shape and the elastic properties of the two 
layers. y(x) is the deflection from the rest position of the length element at x. 
Assuming that Eq. (3.36) has a harmonic solution, i.e. y(x,t)=Y(x)eiωt, and using the 
appropriate boundary conditions we can find the resonance frequencies of an infinite 
set of flexural vibration modes. In this study, i.e. are mostly interested on the principal 
vibration mode, fo, given by: 
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In the case of our interest i.e. the trapezoidal beam of Fig. 3.15, the factor EI can be 
calculated utilizing the beam bending theory and equals to [lxxi]: 
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where again rw = wl / wh, ε = Ef / Es and χ = tf / ts. Moreover it can be easily shown 
that: 
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  Here we wish to point out that the above formula was calculated in the 
uniaxial stress case since a vibrated cantilever is deformed only along the direction of 
its length. This is the reason that the above formula depends on ε rather than on ε�. 
The effect of the cantilever tip 
 The presence of the tip at the free end of the cantilever of Fig. 3.15 can 
certainly affect the value of its resonance frequency. Therefore Eq. 3.37 derived for a 
uniform cantilever beam is not valid in the case of our interest and we have to account 
for the effect of the tip mass. This can be done by replacing the uniform beam by an 
equivalent spring-mass system. For details see Ref. [lxxi]. The modified frequency, fr, 
is the given by the following relation: 
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where mtip is the tip mass and: 
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The combination of Eqs. (3.37) - (3.41) can give us the Young�s modulus of a film 
provided that the resonance frequency of the composite cantilever, fr, the exact 
dimensions of the film and the substrate and the values of Es, ρf, ρs, mtip are known. Ef 
is then given by the formula: 
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where the constants ci, i=1-5 are: 
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The factor rf = ( fr / f )2 with, f, defined by the relation f
t
L

Es s

s
= 01615 2.

ρ
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Forced oscillation with damping 
We finally consider the effect of damping in the resonance frequency of our 
composite cantilever system. The effect of damping is to convert a fraction of the 
vibration energy to heat so that the oscillation amplitude reduces with time. In a 
composite cantilever system oscillating in a surrounding medium, the origin of 
damping can be two-fold; a) The viscous resistance from the surrounding fluid and b) 
the internal friction of the materials comprise the composite beam. Therefore, the 
effect of damping becomes negligible when the oscillation is performed in vacuum 
and then the internal friction of the beam layers is the sole damping factor. 
In order to account for damping effects in a harmonically excited oscillating 
cantilever we again use the equivalent spring-mass system. The equation of motion 
can be written as: 
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where M*≡ m* + mtip, y  is its displacement, c(dy/dt) is the damping term and Fo is the 
harmonic exciting force. Assuming a solution of the form y(t) = yo(f)⋅sin( 2πft � φ(f) ) 
we can derive the following expressions for the amplitude, yo, and phase φ, of 
oscillation: 

222

21

)(

�
�

�
�
�

�
��
�

	



�

�
+

�
�

�

�

�
�

�

�

��
�

	



�

�
−

=

rr

oo
o

f
f

f
f

y
fy

ζ

   ,                2

1

2
)(tan

��
�

�
��
�

�
−

=

r

r

f
f

f
f

f
ζ

ϕ ,       (3.45) 

where yoo = Fo / k* and 2ζ = 2πfrc / k*. The resonance frequency in the case of 
damping, fd is that corresponding to the maximum amplitude, ymax≅  yoo / 2ζ, and 
equals to: 

221 ζ−= rd ff                       (3.46) 



In Fig. 3.17 we show an, 
experimentally determined (see 
section 3.6.2), typical resonance 
curve for a composite cantilever 
similar to that of Fig. 3.15. The set of 
two frequencies f1 and f2 
corresponding to ymax/√2, can be used 
to determine the Quality factor, Q, 
which is a measure of the degree of 
damping. f1 and f2 can be found by 
inserting yo= ymax/√2 in (3.45). The 
inverse of Q is the internal friction 
and is defined as: 
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Substituting (3.47) into (3.46) we 
find that:   
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Thus, the higher the Q the sharper the resonance and the weaker the damping effect.  
3.5 Elastic properties of a-Si:H 

3.5.1 Introduction 
In the first chapter we have pointed out that the electronic and structural properties of 
the a-Si:H network depend strongly on the deposition conditions and techniques. 
Thus, a detailed understanding of the growth mechanisms is essential for the 
optimization of the electronic performance. However, despite numerous efforts in the 
thirty-year history of a-Si:H, the link between film growth techniques and conditions 
and the performance of these films in devices remains elusive. Besides this, there is 
growing experimental evidence that the best a-Si:H materials in devices have some 
type of improved Si-network order [lxxii] on a length scale larger than the nearest 
neighbor distances. Unfortunately, there is no definite picture of the structure of such 
an improved network and of the role of hydrogen which is suspected to be important 
but remains unclear.  
It is very difficult to determine the structure of amorphous materials in  medium or 
larger scale. Techniques widely used for direct structural studies as are X-ray 
diffraction and Raman spectroscopy do not give much information about the 
interesting intermediate region, related to the structural topology of the network. An 
alternative is the measurement of physical properties directly related to the structure. 
The elastic properties of thin films are valuable, for the following reasons: 

a) They are very sensitive to the growth conditions and thus can be used to 
compare different deposition parameters and techniques.  

b) Since they directly reflect the internal structure of the as-grown network 
they can be used to probe the relationship between structure and other 
film properties.  
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Fig. 3.17: Resonance curve of a

microcantilever such as shown in Fig. 3.15. 

The frequencies f1 and f2 correspond to



In the following we present our measurements of the intrinsic stress of various a-Si:H 

films and investigate its relation with the most important deposition parameters and 

techniques. In addition to this we have studied the Young�s modulus of several a-Si 

films and alloys, which have very different structures, and discuss about factors 

determining the rigidity of the amorphous network. We are mostly interested in the 

study of the silicon bonding structure of the highest device-quality a-Si:H films, the 

growth conditions of which were attained by trial and error, in the hope of 

understanding the reasons behind their good electronic properties. 

3.5.2 Current knowledge 
Intrinsic stress is common in deposited films and is a consequence of a network, 

which does not relax significantly after growth [lxxiii]. Typical a-Si:H films have a 

compressive stress of hundreds of  MPa. In certain cases, the resulting stress is so 

high that it causes spontaneous peeling of films off their substrate. The different 

thermal contractions of the film and substrate during cooling contribute only a 

fraction of the stress, most of which is an intrinsic property of the as-grown a-Si:H 

film. 

The stress of a-Si:H films is highly dependent on the growth parameters and 

techniques. However, despite many experimental investigations of the intrinsic stress 

in a-Si:H,  there is no clear picture regarding its relation with other film properties. 

On the other hand, most studies focused on PE films and a direct comparison of the 

stresses induced by different deposition techniques is missing. Besides this, previous 

results are in some cases controversial even for films prepared under similar 

deposition conditions. It is worth noting here that the majority of the a-Si:H stress 

investigators utilized the cantilever beam bending method, described in section#. In 

the following paragraphs we try to summarize the most important studies, to date, on 

stress in a-Si:H.  

Several previous studies of a-Si:H deposited by PECVD have correlated compressive 

stress with hydrogen incorporation. Most of these agreed to a correlation of the 

intrinsic stress with the deposition temperature Tsub and/or the concentration of 

bonded hydrogen CH [lxxiv,lxxv,lxxvi]. However Paduschek et al. [lxxiv] reported an 

increase of stress with CH - decrease as the deposition temperature increases whereas 

Kakinuma et al. [lxxv] and Hishikawa [lxxvi] reported the opposite. Both studies 



indicated that the compressive stress is higher when the ratio of mono-hydride to 

poly-hydride silicon configurations increases. Furthermore, annealing studies 

[lxxiv,lxxv] have demonstrated that as the hydrogen concentration decreases with 

increasing annealing temperature, the initially compressive stress changes to a tensile 

stress. Finally, unhydrogenated amorphous films prepared by either sputtering or 

vacuum evaporation are under tensile stress. 

In 1992 Stevens and Johnson [lxxvii] reported that they found no simple correlation 

between compressive stress and hydrogen content in PE films. Instead, they 

demonstrated a correlation of the compressive intrinsic stress with optimum electronic 

properties. Unfortunately, they gave no explanation for this observation. Recently, 

Nonomura et al. [lxxviii] confirmed the lack of correlation between stress and CH in 

PE a-Si:H in agreement to  the results of Stevens and Johnson [lxxvii]. 

There are few reports on stress for films prepared under hydrogen dilution conditions 

and still fewer for layers deposited by the HW technique. Generally, the hydrogen 

dilution method leads to higher stresses than the conventional PE technique. Most 

investigators focused on the behavior of stress with hydrogen dilution ratio and their 

results agreed, at least qualitatively. They all found that dilution increases 

compressive stress up to the dilution ratio whereby the transition to microcrystalline 

material occurs [lxxvii,lxxviii,lxxix]. After that edge, the compressive stress decreases 

with further dilution. To our knowledge there are no previous stress measurements in 

HW samples prepared with hydrogen dilution. In the case of conventional HW 

samples, Han et al. [lxxx] reported that the compressive stress in these films increases 

with hydrogen content  as the deposition temperature is lowered. These results 

disagree with those of Molenbroek et al. [lxxxi] who measured two HW samples 

deposited at different temperatures and observed that the one deposited at lower 

temperature had lower stress.  

Among other elastic properties of a-Si:H, the Young�s modulus attracted researcher�s 

interest, since it is directly associated to the material�s stiffness and network rigidity. 

Of great importance are the theoretical work of Philips [lxxxii] and He and Thorpe 

[lxxxiii] who related, for the first time, the elastic modulus of a Continuous Random 

Network (CRN) with its mean coordination number. According to their model, which 

is summarized in section 3.9.4.1, the fourfold coordinated a-Si:H network is 



mechanically hard. It is, however, softer than the crystal due to the presence of 

hydrogen and dangling bonds, as both reduce the average network coordination.  

The latter theoretical prediction was confirmed by many experimental studies 

[lxxxiv,lxxxv,lxxxvi]. Despite this qualitative agreement the reported values for 

Young�s modulus were very different, even for films deposited by similar methods 

[lxxxvi]. Kuschnereit et al. [lxxxvii] have done recently a more systematic study, for 

PE films, utilizing Surface Acoustic Wave Spectroscopy (SAWS). They have 

observed that the Young�s modulus of a-Si:H films shows a maximum at CH ≈ 10 %, 

and proposed that a-Si:H with this concentration has the closest to CRN structure. 

Finally, to our knowledge there are no reported values for the Young�s modulus of 

HW and PE films prepared under hydrogen dilution conditions. 

3.6 Experimental procedures and calculation parameters 
In this section we present the 
experimental methods we have 
developed in order to determine the 
elastic properties of a-Si:H thin 
films. All samples measured 
consisted of the a-Si:H film 
deposited on crystalline silicon (c-
Si) micro-cantilevers (MCL) 
fabricated by micro-lithography 
and chemical etching techniques 
out of (111) single-crystalline Si 
wafers. These are beams of 
trapezoidal cross-section and are 
part of commercially available 
probes used for Scanning Probe 
Microscopy (SPM) [lxxxviii]. Fig. 

3.18 shows a Scanning Electron Microscopy (SEM) side-view micrograph of a bare c-
Si MCL before the a-Si:H film deposition. The free length and the thickness of such 
MCLs range from 140 to 150 µm and from 4 to 5 µm respectively.  The width ratio of 
the parallel faces of the trapezoid was wl / wh ≈ 0.47, where wl and wh are the narrow 
and wide face respectively. The tip mass for a bare MCL is estimated, from SEM 
micrographs and the density of c-Si, to be mtip ≈ 7.8x10-10 gr. 

3.6.1 Calculation of the internal stress of a-Si:H 
films deposited on a cantilever substrate. 

The deposition of an a-Si:H film on a MCL, such as shown in Fig. 3.18, results in the 
bending of the c-Si micro-beam, which is characteristic of the intrinsic stress that the 
material develops during the deposition process. This can be clearly seen in the SEM 
image of the corresponding composite c-Si/a-Si:H MCL shown in Fig. 3.19 . The 
films are always deposited on the narrower side of the cantilevers i.e. that with the tip. 
The corresponding curvature can directly be measured from the above SEM side view 

Fig. 3.18: SEM micrograph of a bare MCL.

Zero bending is observed



micrograph and from this the initial stress of the film can be determined. When the 
cantilever substrate is bent away from the film, which is the case of Fig. 3.19, the film 
tends to expand and its stress is compressive.  
In order to calculate the initial stress we measure the curvature, R-1, it induces on the 
corresponding MCL. This is done with the help of the SEM photograph3 of each c-
Si/a-Si:H MCL. It should be mentioned that bare MCLs are completely straight 
having curvatures, 1−

oR , lower than our detection limit of R-1
min = 0.5 cm-1, at the SEM 

magnification used. For more accurate determination of the curvature each SEM 
picture was digitized, so that each pixel of it was represented by a combination of 
three integers. These numbers correspond to the Red, Green and Blue (RGB) 
components of that pixel. We next calculated the exact dimension of each pixel, by 
dividing the image scale with the length, in pixels, of the scale-bar. This allowed us to 
convert the whole picture to a two-dimensional plot, where the coordinates of each 
pixel, are given in length units. Looking now at the side-view image of  Fig. 3.19 we 
see that the two visible edges of the MCL are sharply defined. This enabled us to 
choose from the array of pixels only those located on that MCL edges and put them in 
a 2-D plot. The result is presented in Fig. 3.20. Assuming that the curvature 
corresponds to a circular arc we can fit the pixels of the top and bottom MCL edges 

with a circle and find its radius R. 
The corresponding fits are shown 
in the same figure, the quality of 
which justifies our assumption of 
circular curvature. As expected, 
the radii R found from the two 
MCL edges are similar. The 
initial stress, So, is readily 
calculated from the measured 
curvature, R-1, of the composite 
cantilevers, through the formula 
(3.34) giving the stress for a 
composite cantilever beam with 
trapezoidal cross section. 

                                                 
3 In order to obtain absolute accuracy we have carefully calibrated the SEM 

micrographs scale with the help of special Calibration References. 

Fig. 3.19: SEM micrograph of a MCL coated

with an a-Si:H film. The bending due to the
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Fig. 3.20:  A digitized graph of a SEM micrograph of a MCL (see text for details). The 

two data sets correspond to points on the edges of MCL along its length. X=0

corresponds to the tip and the maximum X to the clamped end of the MCL. The solid 

lines are circular arc fits to the data points, used for the determination of the substrate 

curvature. Please note the different X and Y scales. 

The main advantages of our method compared to that already used for stress 
measurement in a-Si:H thin films are: 
a) It is a straightforward technique. One can compare films with different stress by 
simply looking at the SEM micrographs of the corresponding MCLs. 
b) MCLs are among the thinnest substrates used to date for a-Si:H. According to 
formula (3.34) the substrate curvature for a given So is inversely proportional to ts. 
This enables us to measure very small film stresses. 
c) The Young�s modulus of the MCL substrate, Es, can be separately calculated with 
great accuracy, through the measurement of its resonance frequency, as we will see in 
the next section. This feature of MCL substrates improves the accuracy of our 
measurements, as the measured stress is proportional to Es. 

3.6.2 Derivation of the Young�s modulus of a-
Si:H from the resonance frequency of c-Si/a-

Si:H composite microcantilevers 
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Fig. 3.21: A schematic representation of the detection system of the SPM working in the

�cantilever resonance� mode. The MCL is driven to oscillate and its resonant frequency

curve can be recorded. 

The MCLs used in stress measurements can also be driven to oscillate and the 
resonant frequency fr and the quality factor Q of this oscillation can be measured with 
the help of the detection system of a commercial SPM [lxxxviii] shown in Fig. 3.21. 
The MCL was mounted on the SPM�s holder under which a piezoelectric stack is 
adapted. Applying a sinusoidal electric signal to the piezo stack we excite the MCL to 
flexural vibration with automatic feed-back ensuring that the in-resonance oscillation 
amplitude does not exceed a predetermined value. The oscillation frequency is swept 
in the range of 200-500 kHz. As the cantilever bends up and down, the reflected laser 

beam is deflected in a regular pattern over a photodiode array, generating a sinusoidal 
difference signal. This signal is a measure of the deflection of the MCL�s free end and 
thus a measure of its oscillation amplitude. The signal, in Volts, RMS is plotted 
against the excitation frequency. The resulting �cantilever tune� curve, shown in Fig. 
3.17 for a typical MCL, shows a maximum at the MCL�s resonance frequency.  
The accuracy of oscillation amplitude and frequency measurements is 1 nm (rms) and 
0.1 kHz respectively. The quality factor, Q, of the resonance, with or without a-Si:H 
films, was always much higher than 100. Thus, according to the formula (3.48) the 
reduction of the natural resonance frequency due to air and/or intrinsic damping is 
less than 0.01 kHz. Finally the constant oscillation amplitude was 50 nm, 
corresponding to a film strain ∆L/L of the order of 10-4, which is clearly within the 
elastic limit. We therefore conclude that, this method provides a very accurate 
measurement of the resonance frequency.  



 C1 C2 C3 C4 C5 C6 C7 

L (µm) 138 138 136 136 138 134 132 

ts (µm) 4.4 4.2 4.0 4.4 4.0 4.2 4.2 

f r(kHz) 287.2 273.1 272.6 305.5 257.3 298.0 306.2 

Es (GPa) 156.5 155.9 162.4 167.2 153.2 165.4 164.6 

Table 3.I: Resonance frequency, fr, of seven bare c-Si MCLs used for the 

determination of the Young�s modulus, Es, of the substrate.  

The Young�s modulus, Ef, of each film studied can be readily calculated from the 
measured resonance frequency of the corresponding bimetallic MCL through the 
formula (3.42). The resonant frequency of the MCLs, fr, was measured to range from 
250 to 400 kHz. Again the exact dimensions of the microcantilever substrate are 
needed for this calculation.  

3.6.3 Other composite cantilever parameters 
In order to calculate the initial stress and Young�s modulus from the formulae (3.34) 
and (3.42) we need to know, except for the curvature and the resonance frequency and 
the exact geometrical dimensions of the bare and composite MCLs, the mass densities 
of the a-Si:H film, ρf, and c-Si substrate, ρs, as well as the Poisson�s ratio,νs, and the 
Young�s modulus, Es, of the single crystalline substrate.  
Both the initial stress and the Young�s modulus depend linearly on Es.  Therefore, in 
order to minimize the error of our measurements, we need to accurately determine this 
quantity. This was accomplished by careful measurement of the geometrical 
dimensions and resonance frequencies of seven different uncoated c-Si MCLs. These 
measurements, shown in Table 3.I, yielded Es = 161 ± 6 GPa, in excellent agreement 
with the accepted value of 165 GPa [lxxxix].    
Prior to the film deposition, we took (SEM) micrographs of the composite MCLs in 
order to measure their dimensions, as accurately as possible. This is crucial for 
minimizing the error on the quantities calculated. The measurement accuracy obtained 
from the SEM micrographs is 1 µm and 0.05 µm for the length and thickness 
respectively. The thickness of the bare c-Si MCLs, ts, was calculated by the difference 
between the total composite beam thickness, ttot, and the film thickness, tf. The tip 

mass of a coated MCL is increased to mtip ≈ 10-9gr. 
We have also used ρs = 2.33 g/cm3 and νs=0.2 [xc] for c-Si. The measured mass 
density of any a-Si:H film to date is reported to be within 2.2 and 2.3 g/cm3 [xci]. 
Since this range is very small we use in our calculation the mean value ρf = 2.25 ± 
0.05 g/cm3. In the case of a-Si films we have used the experimental value [xcii] ρa-Si = 
2.3 gr/cm3. Finally the density of a-Si:Ge:H films was calculated using the crystalline 
mass densities of Si and Ge by means of the following simple formula: 
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 PE1 PE2 PE3 PE4 HW1 HW2 HW3 EV1 EV2 

Tsub 
(°°°°C) 

230 230 230 230 225 300 360 100 230 

Eg(eV) 1.68 - - 1.68 1.70 1.66 1.64 1.3 - 

CH(%) 8 8 8 8 9±1 5.5±0.5 1.5±0.5 ≈ 0 ≈ 0 

tf (µm) 1.2 0.65 1.0 1.2 0.85 1.4 0.85 0.8 0.9 

Doping No 20 
ppm 
PH3 

100 
ppm 
B2H6 

No No No No No No 

Table 3.II: The most important characteristics of samples, prepared without dilution, 

by different deposition techniques. PE, HW and EV denote PECVD, HWCVD and 

evaporated samples respectively. 

where ABSi , ABGe are the atomic weights of Si and Ge respectively, dSi , dGe are the 
lattice constants of the respective crystals and Nuc is the number of atoms per unit cell. 
Nuc = 8 for both diamond-like structures. The other quantities were taken as follows: 
dSi = 5.43A , dGe = 5.66A , ABSi = 28.1gr , ABGe = 72.6gr , NA = 6.023x1023. The 
calculated densities are less than 5 % higher than the experimental reported values 
[xciii] for similar Ge contents. 

3.6.4 Sample Characteristics 
The most important characteristics of the films used in this study are presented in 
Table 3.II and Table 3.III. We have divided these samples into two main categories: 
Table II consists of the films prepared by different deposition techniques without 
hydrogen dilution of the silane gas during deposition. Among the samples of this 
category are: an undoped, a n-type and a p-type PE samples, marked PE1, PE2 and 
PE3 respectively and three HWCVD samples deposited at various temperatures, 
designated as HW1, HW2 and HW3. Two e-gun evaporated a-Si samples deposited at 
different temperatures, marked EV1 and EV2, are also included. Finally the PE4 is a 
sample, deposited at the same deposition run as PE1, subjected to a thermal annealing 
at 450 °C for ten hours. 

The second group, shown in Table 3.III, consists of samples prepared under 
hydrogen dilution conditions. Among them are two PE a-Si:H samples, marked PE-L 
and PE-H, prepared under low and high hydrogen dilution of disilane respectively, 
two PE a-Six:Ge1-x:H alloys, GE1 and GE2, with x=0.2 and 0.4 respectively, and a 
HW film, marked HW-L, prepared under low hydrogen dilution of silane. The PE-H 
and HW-L samples are the, so-called, edge PE and HW materials. The rest of the 
samples are amorphous. For the sake of comparison we list in the same table the 
corresponding PE and HW a-Si:H samples prepared under the same deposition 
conditions with the diluted ones, but without any dilution. These samples are marked 
as PE-N and HW-N respectively. All the a-Si:H films of this table are undoped. 



Further details regarding the deposition conditions can be found elsewhere 

[xciv,xcv,xcvi]. 
The PE a-Si:H films were prepared at United Solar Systems Corporation 

(USSC) Troy Michigan and the HW ones at the National Renewable Energy 
Laboratory (NREL), Golden Colorado. All the films were deposited on MCLs and 
Corning 7059 glass substrates simultaneously. The latter were used for optical 
absorption measurements from which we calculated the values for the optical (Tauc) 
gap, Eg of each sample presented also in Tables. The hydrogen content, CH, was 
calculated by the manufacturers using IR absorption measurements. 

3.7 The intrinsic stress of a-Si:H as a function of 
deposition conditions and techniques 

Table 3.IV summarizes our results of the initial stress of all the undiluted samples 
studied. What is interesting is that all the a-Si:H films reveal compressive stress 
irrespective of the deposition technique and conditions they produced. On the other 
hand the initial compressive stress of the PE1 sample turns to tensile upon thermal 

 PE-N PE-L PE-H HW-N HW-L GE1 GE2 

Ts (°°°°C) 300 300 300 225 250 300 300 

Eg (eV) - 1.72 1.81 1.70 1.72 1.56 1.29 

CH (%) 9±1 9±1 9±1 9±1 6.5±0.5 - - 

tf (µm) 0.80 0.85 0.80 0.85 1.1 1.3 1.3 

CGe 
(%) 

0 0 0 0 0 20 40 

Depo
sition 
Gases 

Si2H6 H2/Si2H6 H2/Si2H6 SiH4 H2/SiH4 H2/Si2H6 H2/Si2H6 

Diluti
on 

R ti

0 25 150 0 3 _ _ 

 PE1 PE2 PE4 HW1 HW2 HW3 EV1 EV2 

R-1 ±±±± 0.05 
(cm-1) 

2.0 0.05 - 1.0 4.1 4.1 -1.8 _ 

fr (kHz) 349.2 327.2 349.2 355.9 324.6 330.0 301.5 329.3 

So (MPa) 200±30 0 Tensile 130±25 305 ± 
45 

500 ± 
85 

-206± 
40 

> -206 

Ef (GPa) 110±10 100±10 110±10 _ _ _ 70 ± 5 90± 10 

Table 3.IV: The initial stress, So, calculated from the curvature, R-1, of the composite 
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Fig 3.22: The initial (solid circles), and intrinsic (open circles), compressive stress of 

the samples as a function of their hydrogen content, cH. The open triangles are results 

taken from Ref. 12 for HW samples similar to those used in this study. The solid lines

annealing at 450 °C (PE4 sample). Unhydrogenated a-Si samples also exhibit tensile 
stress, which is more pronounced at the lower deposition temperature. Finally the a-
SixGe1-x:H films show compressive or no stress  depending on their Ge content.  
Fig 3.22 shows the initial stress (solid symbols) in the undiluted HW and PE intrinsic 
a-Si:H films as a function of CH.  It is clear that the initial, compressive, stress in HW 
a-Si:H, decreases linearly with increasing hydrogen content. The solid line is a least-
square fit to these data. In the same Figure we plot the stress results for similar HW 
films, reported by Han et al. [lxxx]. It is evident that the variation of stress with CH 
that we have observed is opposite to that reported by Han et al [lxxx] for HW material 
in the same range of CH. On the other hand it agrees with the measurement of stress in 
two HW samples deposited at different substrate temperature, reported by 
Molenbroek et al. [lxxxi].  
In section 3.3.1 we have pointed out that So consists of two components, So = Sintr + 
Sth, where Sintr is the intrinsic, deposition-induced stress and Sth is the thermal stress 
given by Eq. (3.30). One could argue that the initial stress of the lower CH samples of 
Fig 3.22 is high because they were deposited at higher substrate temperatures, but this 
does not seem to be the case. We have estimated Sth for each sample from Eq. (3.30) 
using νf  = 0.2 [lxxxvii,xcvii], Troom = 300 K, as = 3x10-6 K-1 [xc], and af  = 4x10-6 K-1 

[xcvii,xcviii] and subtracted it from So. In Fig 3.22, the residual intrinsic stress Sintr of 
the films is also presented (open symbols). It is clear that Sth cannot account for the 
observed behavior of So. 
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Fig. 3.23: The initial stress of PE and HW samples as a function of the dilution ratio.

The solid line is a linear fit to the PE data. 

Table 3.V shows our results for the So of the diluted films studied. As seen in Fig. 
3.23, hydrogen dilution increases the initial stress in both HW and PE samples. In 
particular, the films lying at the edge of microcrystallinity, PE-H and HW-L, exhibit 
significantly higher initial stress, compared to the undiluted ones. The phenomenon is 
more pronounced in the PE-H sample whose stress reaches the impressive value of 1 
GPa!  The absolute magnitude and dilution dependence of our measurements are in 
excellent agreement with those found by other investigations [lxxviii,lxxix].  
On the other hand, our results clearly show that dilution in HW is not as effective in 
increasing the initial stress as it is in PECVD. This difference is interesting in view of 

 PE-N PE-L PE-H HW-N HW-L GE1 GE2 

R-1 ±±±± 0.05 
(cm-1) 

1.45 1.85 6.3 1.0 3.6 5.4 0.05 

fr (kHz) 358.2 400.5 375.6 355.9 343.4 383.0 384.9 

So (MPa) 175±35 310±55 955±155 130±30 380±60 570±75 5±5 

Ef (GPa) 70±5 120±10 85±5 125±10 115 ± 10 70 ± 5 50 ± 2 

Table 3.V:Initial stress, So, and Young�s modulus, Ef, of dilution a-Si:H films and 

Ge alloys. 

 



the lack of substantial improvement of film quality with hydrogen dilution in HW 
[xcvi] contrary to the case of PE [xcix].  

3.8 Young�s modulus of a-Si films with different 
structure 

In this section we present our results on Young�s modulus of various a-Si materials. 

Our aim is to investigate the silicon network and study the effect of various 

parameters on its rigidity. We examine the role of hydrogen dilution, the role of 

doping, the absence of hydrogen in unhydrogenated samples as well as the addition of 

Ge in a-Si matrix.    

In Table 3.V we present our results on the Young�s modulus of the films prepared 
under hydrogen dilution conditions. In the series of PE samples, Ef increases for low 
dilution but then decreases with further dilution. On the other hand, HW samples 
prepared with and without dilution have roughly the same Ef. It is interesting that a-
Si:Ge:H samples are very soft, as shown in the same table and Ef decreases with 
increasing Ge concentration. Finally, Table 3.IV shows that the rigidity of hydrogen-
free evaporated a-Si increases at higher deposition temperature. 

3.9 Elastic properties and film microstructure 
3.9.1 Correlation between stress and the degree of order. 
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Fig. 3.24: The initial stress of PE samples as a function of CH (open symbols), as taken 

from Ref 12. The solid symbols are taken from Ref. 31 and correspond to the Urbach

parameter, Eu, of different PE samples with similar CH. The solid line is an envelope 

indicating Eu values of typical PE a-Si:H samples. The dashed line is plotted as guide to

the eye

To our knowledge, there is no systematic study correlating the intrinsic stress with the 
structure of a-Si:H films. Our first attempt towards this direction comes through a 
combination of existing data in the literature for PECVD a-Si:H. In Fig. 3.24 we 
present a comparison of the results on stress in PE samples of Nonomura et al. 
[lxxviii] and those on the Urbach tail parameter Eu of Mahan et al. [c]. As mentioned 
in the introductory chapter, Eu directly reflects the microstructure of a-Si:H, since it is 
an index of the degree of network order. Indeed, as CH falls from ~20% to ~10% and, 
accordingly, the deposition temperature rises from 100 to 300 oC, So increases while 
Eu decreases. So shows a maximum at roughly the same hydrogen content, cH = 8-10 
%, where Eu shows a minimum. These conditions produce the best-known PECVD 
material for device applications. For higher deposition temperatures and lower 
hydrogen content, PECVD a-Si:H deteriorates; the intrinsic stress decreases and Eu 
increases. The solid line indicates Eu values for a variety of a-Si:H films prepared by 
sputtering and PECVD [c]. No doubt, this combination points to a correlation between 
intrinsic compressive stress, So, and structural order. 
In the case of HWCVD Mahan et al [c] observed that Eu remains constant or even 
slightly decreases as cH is reduced to below 1% by increasing the deposition 
temperature. However, the reported values for Eu are very close to what appears to be 
the lowest possible Eu of 45-50 meV observed [lxxiii]. Thus, Eu measurement is 
unable to show possible differences in order among HW films.  
A more sensitive measurement of the degree of order is that obtained by X-ray 
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Fig. 3.25: The width of the First Scattering Peak (FSP), taken from the x-ray diffraction 

data of Williamson [4], as a function of the initial stress, So, measured for the a-Si:H 

HW and dilution-PE films.  

 

diffraction. Williamson [lxxii] reported that the width of the first scattering peak 
(FSP) decreases systematically with increasing Tsub in HW material, indicating 
improvement in structural order. Our results of Fig 3.22 show that films with lower 
cH, deposited at higher Tsub, have higher stresses as well. This is consistent with the 
correlation between compressive stress and order. We conclude that the best HW 
material in device performance [ci] has the highest degree of structural order, and the 
highest compressive stress.  
If we accept the above correlation between stress and order, dilution, which is 
observed to always increase stress, should also increase order. This is true since the 

same X-ray diffraction study [lxxii] reveals an improvement of intermediate range 
order with increasing hydrogen dilution in the PE method. The Raman scattering and 
High Resolution Transmittance Electron Microscopy (HRTEM) results of Tsu et al. 
[xcix], also support this argument. It is unfortunate that, to the best of our knowledge, 
no experimental results are available on the degree of order in HW material deposited 
under hydrogen dilution conditions.  
In Fig. 3.25 we plot our data of the initial stress of HW and dilution PE films as a 
function of the width of the FSP, measured on similar samples by Williamson [lxxii]. 
Indeed, So shows a general trend to increase with the improvement in structural order, 
reflected in the reduction of the width of the FSP. Combining this Figure and Fig. 



3.24 for PE samples we conclude that the correlation between stress and order is a 
universal property of a-Si:H 

3.9.2 Additional experimental results and their 
interpretation 

Let us see now how other experimental results can be explained with the help of the 
correlation between stress and order. We first try to explain our interesting 
observation of the change of stress polarity in PE a-Si:H, caused by thermal 
annealing at 450 °C. One could argue that this change is due to the thermally 
enhanced hydrogen motion and its subsequent effusion from the amorphous lattice. 
Thus the observed stress relief may come from the contraction of the amorphous 
network at the origin of the effused H-atoms. This is not our case since infrared 
absorption measurements, we performed, both before and after annealing, showed that 
only 10 % of the total amount of the incorporated hydrogen has left the sample during 
the annealing process. We believe that the transition to tensile stress is a result of an 
increase of network disorder. Two possible factors can give rise to a more disordered 
lattice. 

a) Dangling bond creation. Indeed, Kumeda et al. [cii] reported that a 
significant density of dangling bonds, of the order of 1018 cm-3, is created 
upon annealing at 450 °C for 15 hours. 

b) Thermally driven coalescence of micro-voids and/or hydrogen clusters, 
which produces a more porous and thus disordered lattice. 

The high tensile stress of evaporated a-Si can also be attributed to the lack of order. 
The large density of dangling bonds as well as the extended porosity characterizing 
these films [ciii] are again responsible for disorder. 
Furthermore, the decrease in compressive stress with Ge content in a-Si:Ge:H alloys, 
shown in Table 3.V is an indication of a disordering in the network. This is consistent 
with the measurements of Cohen [civ], showing that both the Urbach energy and 
native defect density increases with Ge content. Tzoumanekas and Kelires [cv] have 
also theoretically predicted a reduction of the compressive stress with Ge content in a-
SiGe alloys.  
Finally, Table 3.IV shows that the compressive stress of an intrinsic film becomes 
zero when it is n-type doped with 20 ppm PH3. Indeed, it is known that the defect 
density in doped material, at a doping level of 10 ppm, is about 1017 cm-3, much higher 
than the typical value of 5x1016 cm-3 in similarly prepared undoped a-Si:H [lxxiii]. 

3.9.3 Other possible origins of stress 
Previous studies suggest that the magnitude of stress for films deposited under 
identical conditions is substrate dependent. For example, Hishikawa [lxxvi] showed 
that films deposited on c-Si substrates, as ours, exhibit less stress than those deposited 
on glass. Our measurements show that our 8 % PECVD samples have about two times 
lower stress than the corresponding PECVD samples of Ref. [lxxviii]. We speculate 
that, for the same reason, films deposited on quartz, as those of Ref.[lxxviii], might 
exhibit even higher stress. PECVD samples can have additional stress due to ion 
bombardment of the films [xcvii], during deposition, while HW material is formed 
in the absence of ions. It should be noted however that the substrate properties are 
important in the nucleation phase and the structure of films grown on different 
substrates in the same deposition run may be somehow different. 
Hydrogen bonded to Si atoms is believed to contribute to the relief of stress in the 
films [cvi,lxxiii]. The increase of substrate temperature always decreases bonded 



hydrogen and increases stress. In samples with similar degree of order, higher stress 
can be associated with lower concentration of Si-bonded hydrogen. The differences in 
the values of stress of HW samples of Fig. 2 may not be exclusively due to their 
different degree of order but also to the concentration of hydrogen bonded to silicon 
atoms, which varies significantly within the series. However this must be not the case 
in samples prepared by hydrogen dilution, which have similar hydrogen 
concentrations but exhibit very different stress.  
Molecular hydrogen in voids can also, in principle, contribute to film stress. These 

voids are known to be under high hydrostatic pressure, which can reach 200 MPa 

[cvii], associated with the lack of sufficient stress relief of the network surrounding a 

void. There are conflicting reports in the literature concerning the amount of 

molecular hydrogen in good quality PE samples. One can find values ranging from 

2.5% to 40% of the total hydrogen content (typically 8-10%) of the material 

[cvii,cviii,cix]. For HW material a value of 1% has been reported [cviii]. CH 

measurements by IR spectroscopy yield only the hydrogen bonded to silicon atoms 

and miss the molecular fraction. Whatever the exact concentration of molecular 

hydrogen, the volume fraction of H2 containing voids may not exceed 1% in both 

PECVD and HW material [cx]. Such small volume fraction of H2 cannot account for 

the large stress we observe.  

3.9.4 Structural inhomogeneity: An unexpected 
property of high quality a-Si:H material. 

3.9.4.1 The constraint counting model on the rigidity of a continuous random 

network (CRN) 

The elasticity of a random network can be related to its coordination by the constraint-
counting model of Philips [lxxxii]. This author considered a covalent random network 
of atoms connected to each other with nearest neighbor bond-stretching and bond-
bending forces. According to Hooke�s law, the rigidity of such a network is the degree 
it elastically deforms under mechanical loading. When the average coordination is 
low, there are many ways to deform a network with little energy cost, i.e., leaving 
bond lengths unchanged. Undercoordinated materials are therefore soft. On the other 
hand, when there are too many bonding constraints compared to the number of 
degrees of freedom, the network is overcoordinated and thus rigid. 
The constraints are attributed to bond stretching and bending forces, so that for a 
network of coordination r, their number, Nc(r) is [lxxxii]: 

22
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The factors of one half arise because each bond constrains two atoms. The first term is 
from bond stretching and the second term is from the bond bending forces, which 



involve three atoms. When Nc is set equal to the degrees of freedom for a three-
dimensional solid, an �ideal� coordination of 2.45 results. 
 More detailed calculations of the elastic properties of model networks have 
confirmed Philips� model. He and Thorpe [lxxxiii] determined, quantitatively, the 
coordination dependence of the elastic modulus in covalent glasses. They started with 
a diamond lattice that has rc=4 and Young�s modulus Ec and they randomly removed 
bonds to obtain networks with different coordination number r. At first only 
threefold- coordinated sites are created but with enough bonds removed, twofold-
coordinated sites are also created. They propose the following analytical expression 
for the dependence of the Young�s modulus on r for 2.4 < r < 3.2: 
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According to equation (3.51), when the coordination number is lower than a critical 
coordination ro = 2.4 CRN

fE becomes zero and the network is called floppy.  Therefore, 
this coordination represents the lowest network coordination for which locally rigid 
structures are fully connected and the entire network is rigid. The elastic modulus is 
therefore non-zero and continues to increase as the network becomes more 
interconnected. The four-fold amorphous silicon network is far from the critical 
coordination and is very rigid. 
Recent experimental studies on tetrahedrally hydrogenated amorphous carbon (ta-
C:H) showed that Eq. (3.51) can be a good approximation, even for coordination 
numbers higher than 3.2 [cxi]. We can therefore assume that Eq. (3.51) is valid in the 
case of a-Si:H too, since the constraint counting model does not depend on the kind of 
atoms forming the tetrahedral coordinated network.  
Let us now comment on the mean network coordination of a-Si:H. In this network 
every H-atom is bonded randomly to a Si-atom and the mean network coordination 
number for Si-Si bonds, r, is the difference between that of the random pure Si 
network (which is equal to 4) and the mean number of H-atoms per Si-atom 

H

H
SiSi C

Cr
−

−=− 100
4                              (3.52)                               

where CH is in %. The above is valid provided that the dangling bonds are negligible 
compared to Si-H bonds. This is always true for good a-Si:H material. Since Si-H 
bonds contribute no rigidity to the Si network, the Young�s modulus should decrease 
whenever rSi-Si decreases, since the latter means that the number of interconnections 
between Si atoms decreases. This happens when CH increases, as follows from Eq. 
(3.52).  

3.9.4.2 Young�s modulus of films prepared under hydrogen dilution conditions  



 PE-N PE-L PE-H HW-N HW-L GE1 GE2 

CH (%) 9± 1 9± 1 9± 1 8.5 ± 0.5 6.5± 0.5 - - 

rSi-Si 3.901 ± 
0.01 

3.901 ± 
0.01 

3.901 ± 
0.01 

3.905 ± 
0.05 

3.930 ± 

0.1  

- - 

CRN
fE (GPa) 136  136  136  137 140  - - 

Ef (GPa) 70±5 120±10 85±5 120±10 115 ± 10 70 ± 5 50 ± 2 

Table 3. VI: Theoretical values of Young�s modulus of an a-Si:H CRN, CRN
fE , 

calculated by the mean coordination number, rSi-Si,  (Eq. 3.31) and the formula (3.30) 

based on the constraint counting model. The measured Ef is also shown.

Let�s start form a CRN of silicon atoms with a mean coordination number equal to 4. 
Instead of removing Si-Si bonds we randomly replace them with pairs of Si-H bonds. 
The process is continued until we have spent all hydrogen atoms at our disposal. The 
Young�s modulus of the resulting network can be easily calculated through the 
combination of equations (3.51) and (3.52). The only parameter we need to know is 
the hydrogen concentration incorporated; CH. CRN

fE is then calculated by simply 
inserting rSi-Si into (3.51). In Table 3. VI we present the Young�s modulus of the films 
of Table 3.V calculated following this procedure. The value of Ec is set equal to 150 
GPa, which is the average Silicon modulus over all crystallographic directions [cxii].   
We cannot safely say that equation (3.52) is also valid in the case of a-Si:Ge:H alloys. 
The situation there is more complicated because of the existence of three kinds of 
bonds Si-Si, Si-Ge and Ge-Ge. Thus, in the framework of the above model, the 
Young�s modulus of the CRN should depend on which type of bond is removed and 
then replaced by hydrogen pairs. The Ef values we have measured in a-Si1-xGex:H 
alloys, i.e. 70 GPa for x=0.2 and 50 GPa for x=0.4,  are substantially lower than the 
Young�s moduli of both a-Si:H and that reported by  Marques et al. [cxiii] for a-
Ge:H, i.e. E/(1-ν)=110 GPa.  
Comparing the measured Ef with CRN

fE we conclude that the network rigidity of a-Si:H 
materials and alloys is lower than that of an ideal CRN having the same hydrogen 
content.  The degree of this softening appears to vary from sample to sample and 
depends on the deposition parameters and techniques. Besides this, hydrogen appears 
to play no role on the network rigidity, since the PE samples have similar CH but 
substantially different moduli. In particular, the PE-N and PE-H films are very soft, 
while the PE material closer to CRN is that prepared with low dilution. On the other 
hand both HW-N and HW-L materials have Young�s moduli close to a CRN. In the 
following we attempt to explain possible reasons for the above deviation by 
summarizing a number of factors affecting the rigidity of the network. 
A plausible origin of the observed softening is a reduction of the mean force 
constant of the bond-bending and/or bond-stretching forces compared to that of 
c-Si. Such a reduction should also cause a large reduction in the center frequency of 
the TO Raman peak [lxxvi]. Tsu et al. have reported a Raman shift to higher 
frequencies with increasing hydrogen dilution [xcix]. This result seems to explain the 



reduction of Ef when one goes from PE-L to PE-N material, but not that from PE-L to 
PE-H.   
The second and most plausible explanation is that the real a-Si:H material diverges 
from the CRN and becomes inhomogeneous. Film inhomogeneity can have different 
origins, each of which may have a different impact on the network rigidity. 
The presence of dihydrides and/or chains of dihydrides, could be a serious cause of Ef 
reduction. This is expected, since interlocking chains of SiH2 groups replace the rigid 
silicon network. A direct result is the substantial reduction of the mean network 
coordination and, thus, of rigidity. Infrared measurements showed that the PE-N 
sample contain an appreciable amount of dihydrides contrary to the case of PE-L and 
PE-H which show predominantly mono-hydride bonding [cxiv]. This is consistent 
with our result of low Ef in the undiluted PE film.  
A porous network with a large density of voids deviates from CRN and becomes soft. 
Vacuum evaporated films of the type of EV1 Table 3.IV are indeed porous and this is 
the main reason for its low Young�s modulus. The rest of the samples measured 
belong to materials known to have negligible fraction of voids [cxv].  
The measurement of Ef in a-Si films involves stress in the film plane, thus the 
inhomogeneous microstructure responsible for the softening could well be 
anisotropic. This is indeed the case for material with columns parallel to the growth 
axis. Films with such a columnar structure exhibit low Ef because the low-density 
material and/or microvoids between high-density columns [xciii] weaken the network 
connectivity. Small Angle X-ray Scattering (SAXS) data show that a-Si:Ge:H films, 
similar to GE1 and GE2 we studied, are very anisotropic [xciii,cxv]; they have an 
oriented microstructure indicative of columnar-like growth which becomes more 
pronounced as the Ge concentration increases [xciii]. This should, therefore, be the 
reason for its very low Ef we have measured. Furthermore the columnar material is 
known to contain dihydrides and/or chains of dihydrides. However, this is excluded 
for the PE-H sample which, as we have already said, shows mono-hydride bonding 
[cxiv]. On the other hand, we cannot exclude the possibility of the existence of a 
columnar structure in PE-N material. 
What is the intriguing inhomogeneity leading to the softening of the high quality PE-
H material? Williamson [cxv] has observed a weak anisotropy in the (SAXS) from 
high-dilution films prepared under very similar conditions as PE-H and has attributed 
this anisotropy to elongated features parallel to the growth axis. He emphasized that 
the SAXS signal in this case is much weaker than that from low-quality films with 
full-blown columnar structure. Finally, it is interesting to note that high-dilution 
PECVD a-Si:H shows a low temperature H effusion peak [xcv],suggesting that the 
preferentially oriented features may have higher than average H concentration and 
may facilitate out-diffusion of hydrogen. On the contrary to PECVD, we found that 
dilution causes no softening in HWCVD. The two techniques may be different in the 
establishment of a preferential orientation and this may, as well, be the reason of the 
differences concerning the initial stress discussed above.  

3.10 Sensitivity of films with different mechanical 
properties to SW defect formation 

Let us examine the links between the SWE and the initial mechanical properties in the 
samples measured. The saturated value of light-induced defect density, sat

DN  which 
can be considered a measure of sensitivity to the SW effect, decreases as the H-
content of HW a-Si:H falls from 10 % to 1-2 % [cxvi],[cxvii]. This behavior could 
correlate with the increase of intrinsic stress, shown in Fig 3.22. It is also known that 



sat
DN  increases with dilution ratio in PECVD, which is consistent with the So increase 

of Fig. 3.23.  Furthermore the most stable HW material [ci] as well as diluted-PE 
material are inhomogenous, in the context described in section 3.9.4.2, and thus soft. 
On the other hand the best PE samples, i.e. those with CH = 8-10 %, have the highest 
intrinsic stress (Fig. 3.24) but also the highest Young�s modulus [lxxxvii]. Our results 
suggest that the secret behind the improvement with dilution on PECVD may be that 
it imposes an inhomogenous structure. The same can be true with dilution in HW, 
although the improvement there is less pronounced. 
In all cases, immunity to the SWE correlates with higher intrinsic stress and 
inhomogeneity. Indeed, it has been suggested that a more ordered (more crystalline 
like) network can tolerate recombination events without defect creation, more easily 
than one that is less ordered and thus may be susceptible to SWE degradation [cxviii]. 
In the next paragraphs we try to summarize the important conclusions found in the 
literature concerning the microstructure of the highest quality materials. 
TEM studies [xcix] show that high-diluted films contain ordered regions, being 
responsible for the narrowing of the FSP. They are also characterized by increased 
hydrogen inhomogeneity; hydrogen has been observed to concentrate within 
elongated features [cxv] or in regions adjacent to microcrystallites [cxiv]. These 
features are not unique to PE-H like material. As we have already mentioned HW 
material with low CH is highly ordered and close to PE-H in performance. NMR 
measurements [cxix] revealed a large hydrogen spatial inhomogeneity within this 
material. Hydrogen clustering is so pronounced and CH is so low that large regions 
must be left without appreciable hydrogen concentration. It is reasonable to assert that 
such hydrogen deficient regions, as probed by XRD, show improved order since XRD 
is a volume measurement. Finally, our measurements suggest that such an ordered 
amorphous network should be highly stressed and soft. 
Combining our results with those in the literature, we propose the following essential 
features of the microstructure of an optimum a-Si:H material:  

a) Its amorphous network is under high compressive stress and much 

softer than the CRN of the same hydrogen content. The higher the 

compressive stress, the more ordered is the network.  

b) It contains ordered regions approaching c-Si. These regions may be 

hydrogen deficient [cxix,cxiv].   

c) The spatial distribution of hydrogen is inhomogeneous. Monohydride 
clusters [cxix], elongated structures [lxxii] and/or microcrystallite 
boundaries [cxiv] can accommodate the majority of incorporated hydrogen. 

d) It is void-free [cxv] and contains no polysilanes [cxiv].   
3.11 Conclusions 

• The correlation between stress and order appears to be a universal property of a-
Si:H independently of the deposition technique used. High quality materials 
reveal high compressive stress. On the other hand, tensile stress is found only in 
highly disordered and defective amorphous silicon materials.  

• Hydrogen dilution in HWCVD is not as effective in increasing compressive 
stress and thus in improving lattice order as it is in PECVD.  



• Our results on stress and Young�s modulus suggest that the materials with the 
best solar cell performance to date i.e HW with low CH and high-diluted PE are 
a) highly stressed and b) inhomogeneous.  

• The compressive stress and thus the structural order of a-Si:Ge:H films decreases 
with Ge content. Films with high Ge content are very soft because they have 
columnar structure.  

• Thermal annealing at temperatures up to 300 °C has no effect on the 
macroscopic stress.  Annealing at 450 °C leads to a change in stress polarity i.e. 
the stress changes from compressive to tensile.  
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4.1 Our motivation 

As mentioned in chapter 2, Fritzsche suggested that exposure of a-Si:H to 

intense light may affect the entire amorphous network, with the SWE being the most 

visible among other structural changes [cxx]. In 1998 when this thesis work was 

initiated, an increasing number of investigations on metastability in a-Si:H appeared 

to support this suggestion [cxx]. However, a systematic study of the correlation of 

these changes with SWE and coordination defect creation was missing. Besides this, 

the effect of such large-scale variations on the amorphous network was a mystery. 

Indeed, there was no experimental or theoretical evidence on how these changes 

affect the network on the short and intermediate scale. 

To find a definite answer to this problem, one needs to measure physical 

properties, which are only structure dependent. Mechanical properties are, no doubt 

suitable quantities for this purpose, since they are directly related to the material 

structure and may show a detectable change when the whole amorphous network 

undergoes some rearrangement.  For instance, a direct manifestation of such global 

changes could be a dilatation or contraction of the amorphous lattice. Such weak 

volume variations are equivalent to small changes in the intrinsic stress of the 

material. Thus, there was a need to develop extremely sensitive experimental methods 

to trace such stress changes, caused by exposure of a-Si:H to intense light.  

Indeed, in the early stages of our study two studies have been reported on 

photo-induced volume change of a-Si:H network [cxxi] [cxxii]. However, although 

both groups utilized the same experimental method, their results were contradictory. 

One claimed that exposure light produces volume expansion [cxxi], whereas the other 

contraction [cxxii] of the amorphous lattice. Thus the question of the existence or not 

of the photo-induced stress phenomenon in a-Si:H remained open. 

The study of light induced changes of the mechanical properties of a-Si 

materials attracted our interest for the following reasons:  

a) It is among the most impressive phenomena in the physics of amorphous 

semiconductors providing an interesting insight on the interaction of light with 

matter.  

b) There was a need to resolve the controversy between previous experiments. 



c) It was necessary to investigate these structure changes in materials deposited by 

different deposition techniques. This should certainly help us understand the 

various �versions� of the amorphous network. 

d) Finding a possible relationship of these changes with the SWE was, no doubt, a 

great challenge. These two phenomena, one manifested in the macroscopic 

structural properties of a-Si:H and the other in the electronic and transport 

properties of this material, may well be linked. We therefore hoped that such a 

study would provide valuable insight in the search of the microscopic 

mechanism behind the SWE. 

4.2 The experimental method and setup 
4.2.1 A sensitive method to measure small 

changes of the mechanical properties of thin 
films 

The most common technique to monitor small variations of stress in thin films 

takes advantage of the bending of a composite cantilever beam [cxxiii]. The principle 

of this technique is straightforward. A change in the stress of a film deposited on one 

side will cause the film-cantilever structure to bend to minimize its stored energy. If, 

for instance, the compressive stress in a film deposited on the bottom surface of the 

cantilever increases, the film tends to expand and the cantilever bends up and vice-

versa. Hereafter we are interested in the changes of stress caused by uniform 

irradiation of the film layer, in our case the a-Si:H, with intense monochromatic light. 

Any such change, can be readily calculated through the measurement of the 

deflection, δ, of the cantilever�s free end from its initial position. 

To improve the sensitivity and stability of the measurement we have again used c-
Si/a-Si:H composite MCLs, identical to those used for initial stress measurements. 
These MCL�s are ideally suitable for our experiment because they fulfill three basic 
requirements. 
First of all, as can be seen from Eqs. (3.13) and (3.14) for a given stress change, dS, 
the deflection, δ, of the cantilever is proportional to δ ∝  (L/t)2dS, where L is the length 
of the cantilever and t its total thickness. Hence the sensitivity of the measurement 
increases with the ratio of cantilever length to thickness. Secondly, the resonance 
frequency should be as high as possible to prevent external vibrations from interfering 
with measurement. The effect of external vibrations, such as from the laboratory 
building, is to cause unwanted movements of the cantilever. The immunity of a 
cantilever to external vibrations depends on its resonance frequency fo which, 
according to Eqs. (3.16) and (3.17), is proportional to t/L2. Indeed, external vibrations 
of frequency fext are attenuated by a factor (fo/fext)2, which is proportional to t2/L4. We 



conclude that high sensitivity and at the same time low noise can be achieved by 
using cantilevers with high length to thickness ratio as are the MCLs used in our 
experiments. 
The third advantage of the use of the c-Si MCLs is the excellent heat dissipation they 
provide. As demonstrated in the following, the composite cantilevers are exposed to 
CW laser light of very high intensity, reaching 20 W/cm2, approximately 200 suns. 
Previous photo-degradation experiments in a-Si:H could not reach such a high 
intensity without substantial heating of  the film which occurs because of the poor 
thermal conductivity of the substrates used. However, in our case, thanks to the good 
thermal conductivity as well as to the geometry of the c-Si MCLs, the temperature at 
their free end did never exceed 5 oC compared to the clamped end, the latter assumed 
to be always at room T. This was calculated through the following formula for a 
simple orthogonal bimetallic cantilever [cxxiv]: 

ffss tt
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2

                           (4.53) 

where ∆T is the temperature difference between the two ends of the lever, I is the 
laser intensity, assumed to be uniformly distributed and fully converted to heat, L is 
the length of the MCL, λ, t are the thermal conductivity and thickness, respectively, of 
either the a-Si:H film (f) or c-Si MCL substrate (s). For the calculation we used λ f = 
1.5 W/mK [cxxv] and λs = 124 W/mK [cxxvi]. 



4.2.2 Experimental setup 
Fig. 4.26 shows the experimental setup used to detect photo-induced changes of stress 
in a-Si:H. Composite MCLs were mounted onto the head of a Scanning Probe 
Microscope [cxxvii]. The a-Si:H film was uniformly illuminated, at ambient 
temperature, with a  35mW laser diode (LD) emitting at 658 nm. The beam was 

focused onto the MCL with a 10X-microscope objective, reaching an intensity of 20 
W/cm2. The LD could be operated either in CW or in pulsed light mode. Additional 
stress induced by light soaking is measured by the deflection of the MCL�s free end 
from its position at the beginning of illumination. The static deflection of the MCL 
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Fig. 4.26: The experimental setup used to study the photoinduced change of stress in

thin films: a-Si:H films were deposited onto c-Si microcantilevers (MCLs). The detection 

system of the SPM allows high accuracy measurement of the deflection, δ, of the

composite beam. The latter is due to the increase of stress in the film after exposure to

high intensity bandgap light. 



beam was measured with the help of the detection system of the SPM based on an 
optical lever technique (Fig. 4.26). A probe laser beam is focused onto the back of the 
MCL and the movement of the reflected laser spot on a position-sensitive photodiode 
array measures the bending of the beam. If the change in stress of the film is 
compressive, the composite MCL bends up and the photodiode output signal, UD, in 
volts, is positive. The deflection, δ, of the MCL�s free end is then determined from 
UD, with the help of the calibration curve obtained in the, so-called, force calibration 
mode of the SPM [cxxvii]. This method is capable of measuring deflections with an 
accuracy of 0.5 nm. However, we have observed small fluctuations of the deflection 
signal when the MCL remains several hours in the dark at room temperature. These 
can be mainly attributed to a) electronic noise and b) a bending due to hydration or 
dehydration of the MCL at different ambient air humidities [cxxviii]. As a result of 
these effects the accuracy in deflection detection is limited to 2 nm. 
According to Fig. 4.26, the SPM provide us the ability to drive the MCL to oscillate 
and the resonant frequency and the quality factor, Q, of this oscillation can be 
measured. This function allowed us to detect possible changes in MCL�s oscillation 
parameters after prolonged illumination of it�s a-Si:H film. 

4.2.3 Advantages and limitations of the method 
To sum up, the most important advantages of our experimental method are: 

a) It is very sensitive and accurate. It can be used to measure deflections as small 
as 2 nm. 

b) The use of c-Si MCL as a substrate enable us use very high illumination 
intensities without substantial heating of the irradiated film. High light 
intensities are needful, since the phenomenon we study is associated with very 
small deflections, which become higher with increasing soaking-light power.  

c) We have used bandgap (hv ≥ Eg) light for soaking, in order to ensure that it is 
uniformly absorbed throughout the film thickness. In Previous experiments 
[cxxi,cxxii] the light was absorbed only within a thin surface layer of the film 
raising questions whether the observed phenomenon is bulk or surface effect.  

d) Our CW monochromatic light intensities are among the highest ever used for 
soaking experiments in a-Si:H.  

On the other hand there are some limitations imposed by the use of the commercial 
SPM head which are the following: 

a)  Our measurement setup does not allow us to do experiments under vacuum 
conditions. This would be valuable to accurately measure possible changes of the 
quality factor Q of a-Si:H films produced by illumination. This measurement is 
difficult to do in air since the air damping is appreciable. In section 0 we present 
alternative ways to probe changes in internal friction caused by soaking light.  

b)We cannot perform our measurements at temperatures different than the 
ambient. 

4.2.4 Measurement procedure 
All experiments were done according to the following procedure. After 

mounting the cantilever on the SPM�s head and making the proper alignments of the 

probe and soaking beam, we waited for a few ours in the dark for complete thermal 

equilibration. It was crucial to record the deflection signal during this equilibration 

period, since its value is used as the reference subtracted from any deflection signal 



induced by soaking light. In other words this deflection value corresponds to zero 

photo-induced stress. Then the a-Si:H film deposited on MCL was soaked at 

logarithmic time intervals. Before measuring the deflection after each soaking time 

interval, we allowed sufficient time in the dark for thermal equilibration. The latter 

was always less than 5 min. We have verified that there was no measurable change in 

the photo-induced deflection signal during periods of several hours in the dark, at 

room temperature.   

 

 

                            

Photo-induced change in stress of a-Si:H 
Fig. 4.27 shows our first observation of the deflection, δ, of a composite c-Si/a-Si:H 
MCL, produced by CW light exposure at room temperature. δ is positive and 
increases with illumination time. Therefore, light soaking produces additional 
compressive stress in the a-Si:H film associated with an expansion of the amorphous 
network. It is worth noting that, we have experimentally confirmed that a bare c-Si 
cantilever shows no photo-induced deflection. 



  The corresponding additional stress, ∆S, caused by light exposure, can be 
readily calculated through the Stoney�s formula, modified for the case of a composite 
beam with trapezoidal cross-section, which is given by the combination of formulae 
(3.13) and (3.14) and we repeat here for practical purposes 

 ηδ
f

ss

tL
tES 2

2'

3
=∆   ,                                                (4.54) 

where η is a factor that depends on the geometrical dimensions of the MCL and the 
elastic constants of the film and substrate. The calculation parameters are identical to 
those used to find the initial stress values in chapter 3.   

4.3.1 Kinetics of light induced stress 
The study of the kinetics of any photo-induced phenomenon requires the 
determination of its dependence on illumination time, t, as well as on generation rate, 
G. The latter is the rate of creation of electron-hole pairs caused by the absorbed light. 
Because of the absorption process, the incident light intensity does not remain 
constant throughout the sample thickness but decreases exponentially with the 
distance traveled into the film according to Beer�s law. The same is true for G, which 
is given by the formula, 
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t
t

RG αη −−Φ−= ,                   (4.55) 

0.0 5.0x10
4

1.0x10
5

1.5x10
5

2.0x10
5

2.5x10
50

20

40

60

80

100

120

140

160
Ph

ot
o-

in
du

ce
d 

de
fle

ct
io

n 
δ 

(n
m

)

Soaking time (s)

 
Fig. 4.27: Microcantilever beam deflection, δ, for a PECVD a-Si:H sample exposed at 

658 nm-light intensity of 17 W/cm2, as a function of exposure time, t.  
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Fig. 4.28: Light-induced stress, ∆S and relative volume expansion ∆V/V of a PECVD 
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where Φ is the number of incident photons per unit area and time, and R, α are the 
reflectivity and the absorption coefficient of the sample at the wavelength of the 
incident light. η denotes the quantum efficiency i.e. the number of electron-hole pairs 
created by each absorbed photon.  
Any G in the following was calculated by the relation (4.55) assuming η=1, R=0.35 
and the measured absorption coefficients for each sample, shown at Tables 3.II and 
3.III. The illumination wavelength was always 658 nm. 
 Fig. 4.28, presents, on a log-log diagram, the excess stress, produced by intense 
illumination with CW light, against exposure time, t for the intrinsic sample PE1. The 
two data sets correspond to two different generation rates, GH and GL,as indicated in 
the caption. For the high-G measurement the a-Si:H film was exposed at a light 
intensity of 17 W/cm2 equivalent to GH = 2 x 1023 cm-3s-1. GL was set 13 times lower 
than GH. The curves plotted are best fits to the data points to the function ∆S ∝  tr. We 
obtain r=0.42 ± 0.02 for the smaller generation rate and r=0.44 ± 0.02 for the other. 
This similarity in the characteristic slopes suggests that the time dependence of ∆S is 
independent of the generation rates used, at least in the range of intensities we studied. 
We observe a decrease of the slope at long exposure times for the GH, but no  
saturation of ∆S with high intensity light soaking for 3 x 105 s (72h). The magnitude 
of ∆S a specific soaking time, increases with G. Assuming a power law in the form of 
∆S∝  Gm, the exponent m deduced from the two G�s of the figure is 0.7. We therefore 
conclude that the ∆S(G,t) relation, at least at short exposure times,  is the: 



45.07.0 tGS ∝∆                                                                      ( 4.56) 

 The corresponding photo-dilatation ε ≡ ∆L/L is related to ∆S by: 
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Assuming isotropic strain, the relative volume expansion, ∆V/V, is 

L
L

V
V ∆==∆ 33ε                                                                         (4.58) 

The right axis of Fig. 4.28 shows ∆V/V of the a-Si:H film for the two light intensities 
studied. We hereafter choose to present our results as photo-induced stress instead of 
volume expansion as this stress may not be isotropic. As the Young�s modulus is 
measured for each film separately, the isotropy assumption is the only one necessary 
to calculate the relative volume expansion, the 3D strain, from ∆S. 

4.3.2 The effect of pulsed light illumination and 
of doping 

In order to probe the transient response of ∆S we have taken advantage of the fast 
modulation capability of a diode laser to produce square pulses of intense light. In 

10
2

10
3

10
4

10
50.1

1

10

(a)

 pulsed  
CW/GL  

 

 

tsoaking (s)

∆S
 (M

Pa
)

10 10
2

10
3

10
4

10
5

10
6

1

10

(b)

 pulsed     
 CW/GH

 

tphoto (s)

∆S
 (M

Pa
)

 
Fig. 4.29: ∆S(t) curves for illumination with square pulses at G=GH and 0.0775 duty 

cycle (solid circles). (a) Comparison with CW exposure at GL (open circles). The time 

plotted for the data of pulsed illumination is the total soaking time including the dark

intervals of the pulses. (b) Comparison with CW exposure at GH. The time plotted for 
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Fig. 4.30: (a) ∆S(t) curves for the n-type PECVD sample exposed at GH   and GL. The 

data for the corresponding intrinsic sample (Fig. 4.3) are plotted for comparison. (b)

∆S(t) curves  for an intrinsic, n-type, and p-type PECVD sample exposed at GH. The 

straight line segments indicate the range of the linear fit to the data. The 

corresponding slopes are given in the graph label.  

Fig. 4.29(a) we plot the photo-stress in sample PE1 produced by square pulses of light 
with instantaneous Gpulse = GH and duty cycle of 1/13 of the 5.16 ms period in order to 
obtain an average G, over one period, equal to CW G = GL. The light-induced stress 
is plotted versus the total soaking time including the dark intervals of the pulses. The 
open symbols in this figure represent the CW soaking of the same sample at G=GL. It 
is clear that the ratio ∆SPulsed(t)/∆SCW(t)is constant for any t and equals to ≈2.2. 
According to the kinetics of Eq.4.55 we have: 
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The pulsed light experiment confirms the G and t dependence found previously (Eq. 
4.55). 
In Fig. 4.29(b) the excess stress from pulsed light is plotted against the total �active� 
time i.e. the light soaking time multiplied by the duty cycle of the pulse. This allows 
for direct comparison with the CW illumination at equal G=GH. We observe the same 
∆S for pulsed and CW exposures, which means that the time scale of the delay of the 
photo-induced stress with respect to the light intensity appears to be much shorter 

than 1 ms. It may be the time scale of carrier recombination. 



 To investigate the universality of ∆S in a-Si:H we have attempted to see the influence 
of doping on it. The samples used for this purpose are the PE2 and PE3 of Table 3.II, 
and are the n-type and p-type �brothers� of the undoped PE1 film. In  Fig. 4.30(a) and 
(b), we plot the ∆S(t) curves for these three samples. Comparing these curves, it is 
clear that the effect of both n-type and p-type doping is to reduce ∆S for short 
exposure times.  Fig. 4.30 (b) shows that the time dependence of ∆S is the same in 
intrinsic and n-type doped materials in contrast to p-type, in which the slope of  ∆S(t) 
is substantially increased i.e. the expansion is accelerated.  

4.3.3 Non-hydrogenated a-Si 
Unhydrogenated amorphous silicon is a material with very high density of 

coordination defects. As a result, it shows no photoconductivity and more importantly 

it shows no SWE. As we have already seen in the previous sections, highly 

photoconductive a-Si:H samples show both SWE and ∆S. It is thus a matter of great 

importance to see whether ∆S continuous to exist in films where the SWE is absent.   

For this purpose we have used two evaporated a-Si samples deposited at 

different substrate temperatures, Ts, denoted as EV1 and EV2 in table 3.II. Both 

samples exhibit tensile initial stress, which is higher at the lower Ts. Surprisingly both 

films showed a gradual relaxation of its tensile stress in the dark after deposition, 

which is equivalent to a volume expansion of the material. Such an expansion is not 

associated with an increase in compressive stress, as light does in a-Si:H, but with a 

relaxation of the already present tensile stress.  

We have monitored this relaxation by recording the deflection signal of the 

corresponding MCLs.  Fig. 4.31 (a) shows the absolute change of the initial tensile 

stress, ∆Sind, with time, ttot, for both samples measured (solid symbols); ttot=0 is 

defined as the time the films were removed from the deposition chamber. The solid 

lines are polynomial least square fits to the data points. It is clear that the rate of 

tensile stress reduction is higher in the lower-Ts film and the phenomenon tends to 

saturate at very long times. This stress evolution with time in the dark is probably due 

to the contamination of the film by air molecules and/or film hydration [cxxix]. 

Indeed, both air and water molecules are adsorbed inside the internal surfaces of voids 

leading to the network expansion. Actually, it is well known [cxxix] that evaporated 

a-Si films are porous and when the deposition temperature is very low the material is 

like a sponge [cxxix]. This explains the weakening of the above phenomenon for the 

higher-Ts sample, which have less voids. 
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Fig. 4.31: Absolute decrease of the tensile stress, ∆Sind, of two evaporated non-

hydrogenated a-Si samples with time. The solid symbols correspond to data taken in the 

dark and the open are data taken with illumination of 17W/cm2. The solid lines are 

polynomial least square fits to the data points. The expanded plots show more clearly

the effect of light. The dashed lines in these plots are are the extrapolations of the fit 



After leaving the MCLs in the dark for some days, we proceeded to expose 

them to intense light, the same as that used for ∆S measurements in a-Si:H, while we 

continued monitoring the deflection signal. The total stress change, ∆Sind, is now the 

sum of the stress change, ∆Sdark, and the photo-induced stress, ∆S. The corresponding 

data points are also shown in Fig. 4.31 (open symbols). We observe that light seems 

to accelerate the dark relaxation of stress, especially at the early stages of exposure. 

However, this light-effect becomes weaker at long exposure times, and the stress-

relaxation rate seems to return back to that in the dark. This can be seen more clearly 

in the expanded plots of Fig. 4.31. The dashed lines in these plots are the 

extrapolations of the fit curves corresponding to the dark relaxation data, which can 

be used to estimate the net stress change produced by light. This is roughly 1.5Mpa 

for the lower-Ts sample and 0.5Mpa for the other. Such changes are at least five times 

lower than any value of ∆S we have observed in the a-Si:H films utilizing the same 

light intensity for the same soaking time.  

4.3.4 Light induced stress of a-Si:H films 
prepared with hydrogen dilution 

In chapter 1 we had stressed the fact that Plasma Enhanced CVD (PE) films prepared 

under hydrogen dilution conditions are more stable when compared with films grown 

using pure silane [cxxx]. Therefore, this technique has been used extensively in the 

production of a-Si:H solar cells with improved performance [cxxxi]. Furthermore, it 

has recently been reported that hydrogen dilution in Hot-Wire CVD (HW) enhances 

material quality as well [cxxxii]. The study described in this section was initiated as a 

probe of the link between the SW effect and photo-induced expansion, using a-Si:H 

films deposited under various conditions known to produce materials with different 

sensitivity to SW degradation and different overall performance in solar cells. 

The a-Si:H  films used are listed in Table 3.III. Among these are: an undiluted PE 

sample (PE-N), prepared by glow discharge of disilane gas (Si2H6), a sample prepared 

by low dilution of disilane with hydrogen (PE-L) and a film grown with high dilution 

(PE-H). The dilution ratio used in the latter is similar to that used in the growth of the 

i-layer of the recent solar cells with world record efficiency [cxxxiii]. For comparison, 

we have studied two HW samples: the first one was prepared with HW discharge of 

silane without any dilution (HW-N), whereas the second with low H dilution (HW-L). 



The dilution ratio necessary to produce edge material i.e. material lying at the edge 

between amorphous and microcrystalline structure, is quite different between PE (PE-

H with ratio=150) and HW (HW-L with ratio=3). 

Fig. 4.32 presents, on a log-log diagram, the excess stress, ∆S, produced by intense 
illumination, against exposure time, t. The soaking-light intensity was adjusted as to 
compensate for the small differences of absorption coefficient among different 
samples and yield the same generation rate, GH, in all cases. Fig. 4.32(a) shows the ∆S 
of PE films whereas Fig. 4.32(b) for HW plus PE samples. All samples show a 
significant increase of compressive stress upon light-soaking reaching values of the 
order of 10 MPa after a few days of exposure.  The photo-induced stress is 
systematically larger in diluted PE samples compared to the HW ones. The magnitude 
of ∆S varies appreciably between the PE samples prepared with and without dilution. 
It is striking that the sample grown with high H-dilution exhibits a ∆S which is at least 
two times higher than that of any other sample. The corresponding volume expansion 
calculated under the assumption of isotropic photo-dilatation is of the order of 10-3, 
the highest ever reported for an a-Si:H film. On the other hand, we observe no effect 
of dilution in HW on both the magnitude and time dependence of ∆S, which are 
almost identical in the two HW samples.  
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Fig. 4.32: Photo-induced stress, ∆S, as a function of exposure time for dilution a-Si:H 

samples prepared under different dilution ratios (see table 3.III). (a) PECVD, (b) 

HWCVD and PECVD. The solid lines are stretched exponential fits to the data points

discussed in section 4.5.4. The fit parameters are given in Table 4.II. The dashed line is
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Fig. 4.33: ∆S(t) curve for an a-Si0.8Ge0.2:H alloy exposed at G=GH. The

corresponding curves for dilution PECVD samples are also plotted for comparison.

The solid lines are stretched exponential fits to the data points. The fit parameters are

given in Table 4.II.

The rise of ∆S with soaking time has identical features and comparable magnitude in 
all the intrinsic a-Si:H samples studied regardless of the deposition technique used. 
All curves show the same initial log-slope, close to 0.5, and a tendency to saturate 

above 10 MPa. We discuss for this universality in a following section. 

4.3.5 Photo-induced stress of an a-Six-Ge1-x:H 
alloy. 

Fig. 4.33 shows the photo-induced stress of the a-Si0.8Ge0.2:H alloy. For comparison 
we plot the ∆S(t) curves of the PE samples. It is striking that the ∆S phenomenon is 
accelerated, compared to the PE case, and varies with exposure time as ∆S(t) ∝  t0.65 
instead of t0.5. At long exposure times we see a trend for ∆S saturation. Ge alloying 
leads to a network, which expands faster! The corresponding ∆S(t) curve lies between 
that of no-dilution and low-dilution PE samples. Table 4.II shows the SE fit 
parameters obtained by fitting the data points with equation (4.62).   
While ∆S(t) ∝  t0.5  for all kinds of a-Si:H samples measured Ge alloying changes 
significantly the time exponent. This is a very interesting effect, which should be 
taken into account in any attempt to specify the mechanism behind ∆S. 

4.3.6 Annealing behavior of photoinduced stress  
In general, photo-induced phenomena in amorphous semiconductors appear to be 
metastable and reversible. This means that the initial properties can be fully restored 
by annealing the material at a characteristic equilibration temperature between 150 
and 300 ºC. In some cases, however, thermal annealing restores partly the initial 
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Fig. 4.34: ∆S against soaking time, t, for sample PE-H in the as-deposited and after-
annealing states. The annealing procedure is shown in the graph label. The solid lines
represent stretched exponential fits to the experimental data. The fit parameters are
given in Table 4.II. All the exposures were done at G=GH. 
 

properties and the phenomenon is called partly reversible or irreversible. As a general 
precaution, annealing temperatures in amorphous semiconductor thin films are chosen 
below the growth temperature. Higher annealing temperatures can, both a priori and 
as a matter of fact, cause irreversible changes in the film. Such changes are said to 
have caused a permanent change in the material.  
The study of the annealing behavior of our light-induced phenomenon is a matter of 
great importance for the following reasons: a) First of all one wonders if the ∆S 
change is fully reversible. If not, then the a-Si:H structure changes permanently upon 
light soaking and b) One should not forget that the SWE is fully reversible upon 
annealing at 190 ºC for two hours. We can therefore directly compare the annealing 
temperatures and behavior of the two phenomena. This would be useful to understand 
the physics behind them. 
In-situ annealing of the MCL samples without temperature gradients along the beam 
requires vacuum and a heated stage for the entire c-Si SPM probe with excellent long 
term stability of the, high-sensitivity, beam bending detection setup. In order to 
circumvent this problem, we have adopted a time-consuming technique of ex-situ 
isothermal annealing in a furnace -which gives excellent temperature accuracy and 
homogeneity- followed by a new soaking run after each annealing. We then judge the 
degree of restoration of the initial state of the sample by comparing the data of 
subsequent soaking runs to the first one. We refer to this in the following as ∆∆∆∆S(t) 
recovery. The phenomenon is then said fully reversible when the whole ∆S(t) curve is 
reproducible after annealing. All soakings were done at room temperature with 
practically the same generation rate of GH = 2x1023 cm-3s-1. 
We found that the photo-induced stress is not an entirely metastable effect. In most 
samples, ∆S(t) does not recover completely after annealing to temperatures just short 
of the deposition temperature. Fig. 4.34 shows the results for ∆S(t) for the samples 
PE-H and PE-L obtained during the initial exposure, and during subsequent soaking 
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Fig. 4.35: ∆S against soaking time, t, for samples HW-N and HW-L in the as-deposited 

and after-annealing states. The annealing procedure is shown in the graph label. The

runs after isochronal annealing at 235 °C and 270 °C for the former and 190 °C for 
the latter. The magnitude of ∆S is lower at any time than the corresponding value of 
the initial run in the as-deposited state. It is interesting to note that the shape of ∆S(t) 
curve remain practically unchanged after annealing. There is only a scale-factor 
change of the effect. Its evolution with illumination time remains practically identical 

to that in the as-deposited state. The annealing behavior seems to be the same in the 
case of HW samples presented in Fig. 4.35. 
 
 On the other hand, the degree of ∆S(t) recovery seems to depend, in the same sample, 
on ∆Smax reached during the exposure preceding the annealing, as shown in Fig. 4.36. 
In this figure we plot the soaking and annealing curves for two identical samples, 
deposited in the same run. However, the magnitude of the photo-induced stress differs 
between them. We observe that the film subjected to longer photo-degradation shows 
less ∆S(t) recovery upon thermal annealing. 
In the wording introduced in the second paragraph of this section, we do not observe 
full recovery of ∆S(t). It is clear that the extent of this recovery and the temperature at 
which it occurs vary from one sample to another. On the other hand, the ∆S(t) 
behavior after annealing at temperatures between 190 °C and the film deposition 
temperature seems to be reversible in subsequent soaking runs. These results suggest 
that the as-deposited state of a sample differs from its light soaked state, which 
appears to be fully reversible.   
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Fig. 4.36: ∆S(t) curves for two samples PE1/1 (circles) and PE1/2 (squares) deposited

in the same run and exposed for different total illumination times (see text). The 

corresponding ∆S(t) curves after-annealing are also shown. 

∆S (t=2x104 s ) 
(MPa) 

As-
deposited   

1st soaking after 
annealing to 
190 ûC 

2nd soaking 
after annealing 

to 235  ûC 

3rd soaking 
after annealing 

to 270 ûC 

PE1(L) > 5.0 ~1.23 ~1.23 - 

PE1(H) ~6.5 < 0.2 < 0.2 - 

PE-N ~2.3 ~0.4 - - 

PE-H ~22.0 - ~12 ~12 

HW-N ~3.4 ~2.2 ~2.2 ~2.2 

HW-L ~3.0 ~0.5 - - 

 

Table 4.I: ∆S values at t=2x104 s for different samples in the as-deposited state and 

after annealing at different temperatures. PE1(L) is the PE1 sample exposed for 

lower  total exposure time (circles in Fig. 4.11). PE1(H) is that exposed for higher 

total time(squares in Fig 4 11)

Table 4.I shows the ∆S(t) values at a specific soaking time, after annealing at different 
temperatures, for all the samples studied. 

 



4.3.5 Discussion 
 In the previous chapter we have emphasized that, high dilution in PE:  
a) improves significantly the material stability against the SWE, 
b) increases substantially the intrinsic stress, 
and Fig. 4.32 shows that 
c) it leads to an impressive ∆S magnitude, the maximum among several a-Si:H 

materials. 
On the other hand, dilution in HWCVD has a minor influence on film�s quality, and 
the edge-HW material (HW-L) has lower stress than the corresponding edge-PE (PE-
H). Furthermore, on the contrary to the PE case, the magnitude of intrinsic stress does 
not seem to correlate with the ability of the network to expand, since the two HW 
samples have very different initial stress but similar kinetics and magnitude of ∆S. 
Here, we wish to point out that the light-induced structural changes do not relax the 
initial stress of a-Si:H films, which originates from the deposition process but instead 
increase the compressive stress. It is therefore likely that the two phenomena are not 
related, which justifies our assumption of ∆V/V as an isotropic strain. In the line of the 
above reasoning, we conclude that the effect of H-dilution is remarkably different 
between the PE and HW deposition techniques. 

The most important result of our study on the photo-induced stress is certainly 

the fact that the exposure time dependence, is identical in all a-Si:H samples 

regardless of the deposition technique and conditions used. The fact that the addition 

of a small fraction of Ge in the Silicon-Hydrogen network changes the value of the 

characteristic time exponent (Fig. 4.33) indicates that the observed time dependence is 

a unique property of a-Si:H. Another striking feature, shown in Table 4.II, is that the 

characteristic time, τ, obtained from the SE fits is low in materials with low saturated 

metastable defect density. The best films swell faster under intense light! Indeed, the 

lowest τ corresponds to PE-H, which is the best quality material, and the highest to the 

least stable PE-N. Finally, the lack of improvement of film quality with dilution in 

HW is reflected in the similar values of τ between the two HW samples. 

The excess stress is not related only to the hydrogen concentration in the samples, 
since all the films we studied have roughly the same hydrogen content, but differ 
greatly in the characteristic time, and magnitude of ∆S. Our results suggest that the 
crucial parameters determining film stability is not the hydrogen content but a) the 
silicon bonding structure and b) the way hydrogen is incorporated. This argument is 
further supported by the fact that the phenomenon disappears in dehydrogenated 
samples and when a very small fraction of the incorporated hydrogen effuses out of 
the network by thermal annealing. In both cases we observe no stress change. This 
suggests that the material structure determines the effect of lattice expansion. It is also 
important that no photoinduced expansion was observed in microcrystalline Silicon 
[cxxi]. In a following section, we discuss the role of the silicon network structure on 
a-Si:H metastability and SWE.    

Other photo-induced changes of mechanical properties 
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Fig. 4.37: (a) Relative change in the resonance frequency of the MCL, ∆fr/fr, as a 

function of exposure time, t, for different samples exposed to 17 W/cm2. (b) ∆fr/fr after 

the first and the second exposure-annealing cycle. The annealing temperatures are

shown in the inset.  The dashed lines denote the range of experimental error. 

Fig. 4.37(a) presents our results on the resonance frequency of the composite MCLs 
as a function of soaking time. We plot the relative frequency change ∆fr/fr as a 

function of soaking time for several samples studied. It is evident that films prepared 
by dilution and p-doped PE films exhibit a reduction of the resonance frequency after 
exposure to light. The phenomenon is more pronounced in the PE-H and PE3 films. 
For the rest of the samples, any change in fr upon light soaking lies within the 
experimental error which is 0.1 kHz. On the contrary to ∆S, this frequency reduction 
effect showed no sign of saturation at long exposure times. Although there is a 
general trend for decrease of fr, the experimental error prevent us from concluding that 
it is a universal phenomenon in a-Si:H. Fig. 4.37(b) shows the behavior of fr of the 
PE-H MCL after annealing at 235 °C and 270 °C. It is clear that either the 
phenomenon was reduced below the experimental error or disappeared by annealing. 
This change that almost disappears after the first exposure-annealing cycle may be 
related to the fact that ∆S is lower after this cycle. The fr in the as-deposited state was 
not recovered upon annealing. We conclude that the change in resonance frequency is 
not reversible by annealing. 
Fig. 4.38 shows on a log-log diagram ∆fr/fr for PE-H, PE-L and PE3 samples as a 
function of exposure time: ∆Ef/Ef increases with time following a power law and at 
the end of exposure can reach ~10-3 in PE-H and PE2. ∆Ef/Ef falls as t~0.3 for all these 
three films. 



Let us now examine the possible origin of such a reduction in fr. One possibility is 
that it occurs due to the film expansion and the subsequent change in the film 
thickness and density, which affect the value of fr. We found that this is not the case. 
The maximum volume expansion of PE-H is ≈10-3. Since the film mass does not 
change, the film density changes inversely proportional to this volume increase. 
Inserting both the change of MCL thickness, due to expansion, and the new density to 
formula #, and do the calculation of fr keeping all other quantities involved constant, 
we saw that volume expansion results in a slight increase of fr instead of the observed 
decrease.   
A second possibility can be an increase of the beam mass, which could be due to a 
progressive loading by dust particles. Such a change would inevitably lead to a 
variation of the oscillation amplitude. For PE-L and PE2 samples the latter was 
measured always constant during the soaking experiment and for PE-H showed a 
subtle change. Furthermore, there were cases of MCLs where the oscillation 
amplitude increased or decreased with exposure time, without observing any change 
in fr. 
There are two possibilities left to justify the fr change:  
a. reduction of the Young�s modulus of the film and  
b.  increase in the damping factor Q by the increase of internal friction in the film.  
Ef reduction can be calculated for each data point through formulae (3.16) -(3.20), 
taking into account the film density reduction (due to volume expansion) and the 
associated film thickness change at each specific time. Doing this we find that at the 
end of exposure the relative reduction in Ef can reach ~1% in PE-H which is an 
impressive photo-induced change, larger than ∆S.  
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Fig. 4.38: log-log plot of the absolute relative change of fr,,∆fr/fr, as a function of the 

exposure time for the samples shown in the inset. The solid lines are linear fits to the 

data points. The corresponding slopes are given in the graph label. 



 
 
 

4.4.1 Internal friction 
According to formula (3.27), a change in 
fr can be directly related to a change in 
the damping factor Q of the resonance.  
Liu et al. [cxxxiv] have reported an 
increase upon illumination of Q-1 
measured at low temperature and that this 
change is irreversible. This behavior may 
be related to the effect we have observed. 
Another way to observe photo induced Q-
changes, is to monitor the variations with 
exposure time of the oscillation amplitude 
of the MCL. Although we observed a 
general trend for decrease in Q with 
soaking under constant excitation, we are 
not so confident in this measurement 
because we cannot exclude a contribution 
due to air damping. Placing the SPM 
head in a glove box filled with pure He 
gas, reduced the losses by a factor of two 
and produced more consistent results. The 
data of Fig. 4.39 were taken in He. With 
this experimental setup, increase of 
internal friction in the a-Si:H film was 
also clearly observed at long exposure 
times. This is consistent with the results 
of Liu et al. [cxxxiv]. The ideal, of 
course, would be to perform our 
measurements in vacuum, which was 

impossible with the present setup. 
We conclude that the photo-induced volume expansion effect in a-Si:H is 
accompanied either by an irreversible reduction of Young�s modulus or by an 
irreversible increase of internal friction. During a second soaking run after annealing 
Ef/ internal friction remain constant despite the fact that ∆S(t) is observed. It must be 
noted here that the present setup allows measurements of internal friction effects at 
the resonance frequency of the MCLs and at room temperature. Clearly further 
experiments are needed to clarify this photo-structural change. 

Light induced stress: A possible interpretation 
Exposure of a-Si:H to intense light increases the compressive intrinsic stress of the 
film on a substrate, i.e. produces a volume expansion of the amorphous network. 
Furthermore annealing at elevated temperatures restores the film back to the original 
volume. Light induced stress, is a universal structural change, manifesting itself in all 
kinds of a-Si:H materials. Besides this, the exposure time dependence before 
saturation is identical in all intrinsic a-Si:H film studied. This universality is a clear 
indication of a unique mechanism behind photo-induced stress or volume expansion. 
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What follows is an attempt to identify this mechanism, based on what is known on the 
structure of a-Si:H.  

4.5.1 Structural order of the Silicon network 
Two important facts, related to the structural properties of amorphous silicon are 
relevant to this interpretation. 
Fact (1): Pappos� theorem: Among all tetrahedral (polyhedra) inscribed in a sphere 
of a given radius, the maximum volume is occupied by the, so-called, regular 
tetrahedron (polyhedron). 
As pointed out in chapter 1, the basic building block of crystalline and amorphous Si 
is the Si4 tetrahedron. As shown in Fig. 1.1, each silicon atom is bonded on average to 
four neighbors on the vertices of the tetrahedron, with a bond length of 2.3 Å. The 
major difference between c-Si and a-Si:H other than the presence of H, is in the bond 
angles. In the case of c-Si, the Si-Si-Si angle is rigidly constrained at the sp3 
tetrahedral angle of 109.5°, and the elementary tetrahedron is regular. In a-Si, 
however a distribution of bond angles appears to the extent that the standard deviation 
of the bond angle is roughly 10° around the crystalline value. According to fact (1), 
any deviation of the tetrahedral bond angles from that of 109.5° yields a tetrahedron 
with a smaller volume. 
Fact (2): The density, ρ, of liquid silicon at the melting point is about 8% higher than 
that of the solid phase at the same temperature i.e.  

33 /33.2/52.2 cmgrcmgr Si
solid

Si
melt =>= ρρ .                 (4.60) 

Many elemental or compound crystals, like ice, have lower density than the liquid. 
This means that the transition, upon cooling, from the disordered liquid to the ordered 
crystal occurs with an increase in volume. 
The two facts mentioned above indicate that: Improvement of the Silicon network 
order leads to a volume increase (∆∆∆∆V>0) and increase of the compressive stress of 
the film on a substrate (∆∆∆∆S>0).  

In summarizing, we can say that ordering in a-Si:H leads to increasing 

compressive stress. The reverse is not necessarily true but ordering should be 

considered as a possible cause of volume expansion/compressive stress increase. Let 

us now examine the relevance of this link between stress and order to our 

measurements.  

(a) Improvement of the network order during growth should lead to higher 
compressive stress (∆V>0). This is indeed the case, as proven by our 
measurement of So in a large number of samples detailed in chapter 3.  

(b) We have observed that exposure of a-Si:H to intense light always increases the 
compressive stress or the volume (∆S, ∆V >0). In the line of the above 
arguments, we propose that illumination with intense light improves network 
order. This is completely unexpected and counterintuitive. It is nevertheless 
supported by two independent Raman studies in a-Si:H [cxxxv,cxxxvi] both 
indicating improvement of medium range order (MRO) by light-soaking! If 
exposure to light improves the network order then,  



(c) thermal annealing must cause network disordering as it restores ∆S, 
∆V and the light-induced ordering effect observed by Raman spectroscopy 
[cxxxvi]. This is an even more unexpected and counterintuitive conclusion. 

According to the above interpretation for ∆S, light soaking increases network order. 

Simultaneously, it degrades the electronic properties. The question that arises is how 

one can reconcile a more ordered structure with the damage to the electronic 

properties. We believe that the overall improvement of network order cannot appear 

in the electronic properties because of the pronounced decrease of carrier lifetime as 

the defect density increases with light soaking. 

4.5.2 The role of configuration entropy 
Exposure to light could lead to improvement of the degree of order and thermal 
annealing to the opposite, if the Gibbs free energy, G, of the solid: a) decreases with 
ordering at lower temperature (the light-exposure T) and b) decreases with disordering 
at a higher T (the annealing T).  
An example of the situation described above is the behavior of vacancies in a crystal. 
At T close to the melting temperature, Tm, the number of vacancies, Nv, increases with 
T because of the �-TS� term in G and because the configuration entropy Sconf. 
increases with Nv. If a large Nv are retained in the solid at T1<<Tm by quenching, 
thermal activation by annealing to a temperature T2 (T2>T1 and T2<<Tm) decreases Nv 
i.e. improves order. Vacancies appear at T close to Tm because their formation energy, 
Ef

v, is large, typically 2eV.  
A solid showing �thermodynamically driven� disordering at T as low as ~200 °C must 
have either or both of: 

a) low energy barriers between configurations. 
b) large configuration entropy i.e. a large number of configurations with little 

difference in energy. 
Both a) and b) point to a glass. A perfectly tetrahedrally coordinated solid, for 
example c-Si, is not expected to have any significant chance of probing many 
configurations at T~200 °C. On the other hand glasses with low coordination number 
are able to probe several configurations close to glass transition temperature, Tg, with 
little energy expense.  

4.5.3 Presence of a glass within a-Si:H 
What is really a glass near Tg ≅ 200 °C. It is a two level system (TLS) characterized by 
a broad distribution of local configurations with low energy barriers, so that the 
resulting density of two-level states (TS) is approximately constant in energy. As we 
have already mentioned in section 1.5, TS, indeed, exist in a-Si:H and are responsible 
for its low temperature anomalous properties such as the linear term in heat capacity. 
Therefore, ∆S (∆V) may come from a glass phase within a-Si:H occupying a fraction 
of the volume. The magnitude of ∆S and Ef in different samples may result from 
different volume fractions and spatial arrangement of this phase.  
The microscopic origin of the glassy phase with low energy excitations in a-Si:H, can 
be:  
a) Hydrogen rich regions 
The presence of hydrogen lowers the average coordination number, especially in 
hydrogen rich regions, constituting a Si-H glass and/or a hydrogen glass [cxxxvii]. In 



the line of the above reasoning, we expect that films with high volume fraction of 
hydrogen rich/low density regions show high ∆S. The role of hydrogen in this case 
can be both active, in the sense that it can be a mediator promoting ordering, and 
passive in the sense that it only provides a glassy network and the ordering takes place 
in the vicinity of these regions (see possible mechanisms in (b)). In the former case, 
for example, light-assisted local motions of hydrogen atoms [cxxxviii] may result to a 
silicon network rearrangement in the neighborhood in the direction of improved order.  
b) The Silicon network itself 
Tetrahedrally amorphous semiconductors such as a-Si and a-Ge have low energy 
excitations whose structural origin is similar to that of glasses [cxxxiv,cxxxix]; 
therefore, the existence of TS is not related to the large numbers of coordination 
defects. Perhaps particular groups of atoms, in favorable places can shift between 
different positions with low energy cost. An important implication of these findings is 
that the light induced expansion and ordering a-Si:H may also occur in hydrogen 
depleted regions.  
In a hydrogen free a-Si network the structural source of tunneling states can be the 

elementary Si4 tetrahedron. For example the whole tetrahedron can rotate to minimize 

the dihedral angle variation, driving the network closer to c-Si and thus improving 

order. Such rotations do not require much energy [cxl] and therefore are expected to 

be rather common. For instance, Buchenau et al. described the TS of SiO2 as rotations 

of SiO4 tetrahedra [cxli]. Alternatively the Si-Si-Si angles of the tetrahedron can 

change and an increase in its volume should improve ordering according to the fact 

(2) of section 4.5.1. Since TS are not necessarily linked to H, the light induced 

ordering may occur everywhere in the amorphous network even in regions with little 

or no hydrogen. 

It is possible that the centers whereby the lattice expands � the expansion centers - 
may be everywhere in the material. This is consistent with the large magnitude of 
∆V/V we found experimentally. Both a) and b), can be activated by the photocarrier 
recombination energy. When the recombination center density is very large (typically 
in excess of 1018 cm-3), practically all recombinations proceed through the channel of 
defects. It is generally accepted that recombinations through defects do not produce 
both SWE and structural changes. Materials with very high defect densities as a-Si 
and a-Si:H after partial effusion of hydrogen, have shown no volume expansion by 
illumination.  
The rise of ∆S with soaking time has identical features and comparable magnitude in 
all the intrinsic a-Si:H samples studied regardless of the deposition technique and 
conditions used. All curves show the same initial log-slope, close to 0.5, and a 
tendency to saturate above 10 MPa. Unfortunately the latter is impossible to confirm 
within reasonable experimentation time at the CW light intensity used which cannot 
be substantially increased without heating the film on the MCL. Given these 
constraints let us assume that there is indeed saturation of the photo-induced stress. 
The data of Fig. 4.32 indicate that one should expect different saturation values in 
different samples.  



4.5.4 Kinetics 
Let us now see how our interpretation of ∆S(∆V) can account for the essential features 
of the ∆S(t) curve. Crandall [cxlii] explained metastable defect creation and annealing 
in a-Si:H in terms of a two level system, such as that depicted in Fig. 1.4. A 
coordination defect appears in the higher energy state (state B) of a metastable defect 
center (MSDC). MSDC�s consist of more than a single atom and have constant 
concentration inside the material. They can transform reversibly from state A to state 
B. In equilibrium most of the centers are in state A. Light soaking supplies, by some 
mechanism (i.e. photocarrier recombination), the energy to surmount the barrier EA-B 
between states A and B. At low temperatures, it is the dominant mechanism for 
producing the transition. Nevertheless, at high temperature, thermal energy is more 

important, so that a thermally activated process with a relatively high activation 
energy can be observed. Thermal annealing gives the energy required by the system to 
transit to its thermodynamic equilibrium state through the barrier EB-A. Crandall 
[cxlii] pointed out that in an amorphous material disorder produces a variation in 
barrier heights and energy minima among different defect sites. He considered an 
exponential distribution of the activation barriers EA-B and EB-A for transitions between 
the two states of the MSDC. Furthermore he defined the characteristic time for the 
defects to relax to steady-state conditions as [cxlii]: 

)/exp(1 kTEact
−=ντ .                     (4.61) 

where ν is the, so-called, �attempt to reconfigure� frequency. It is of the order of the 
frequency of vibrations in the well and in a-Si:H has the value of ~1012 s-1 [cxliii]. 
The above time separates the states that reconfigure during the measurement from 
those  remaining in equilibrium. Eact is the thermal activation energy for this 
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Fig. 4.40: Double well configuration coordinate diagram. EA-B and EB-A are the energies 

required for the transition from the state A to the state B and the inverse. 



relaxation and is determined mainly by the maximum barrier height EmA [cxlii]. 
Writing down the rate equations for the transition from A to B and the inverse 
Crandall [cxlii] concluded that the MSD density, ND, follows a stretched exponential 
(SE) time dependence in the form: 
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where sat
DN is the steady state or saturation MSD density. The exponent β (0<β<1) is 

called the stretch parameter. SE behavior is often observed in a wide class of 
disordered systems [cxliv].  
 In complete analogy to the Crandall model we assume that a number of 
expansion centers exist within a-Si:H. These can be found in the lower energy state A 
or in the higher energy state B, which we assume to be the larger volume state. It must 
be noted here that the kinetics arguments presented in this paragraph are independent 
of the relative position in energy of state A and B. This position can change with 
temperature if the variable of the y-axis in Fig. 1.4 is changed to the Gibbs free 
enthalpy as was discussed in paragraph 4.5.2. Each transition from A to B is 
accompanied by an average volume change υ. The elastic, macroscopically observed 
stress is proportional to the macroscopic volume expansion ∆V that the material 
would show without the constraint of the substrate: 

υBNV =∆ ,   (4.63) 

where NB is the number of expansion centers in state B. The conclusion of Crandall, 
namely the SE kinetics is directly applicable to ∆V and ∆S. Therefore: 
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 Unfortunately our experimental setup did not permit us to observe the kinetics 
of ∆S by annealing, in situ, at elevated temperature but the creation kinetics both in 
the as-deposited and the annealed states are successfully fitted to SEs as shown by the 
solid lines of Fig. 4.32,Fig. 4.33, and Fig. 4.34. The fact that a large fraction of ∆S 
anneals out after a few hours at ~200 °C indicates that the order of magnitude of the 
barrier is 1.5 eV (Eq. 4.61).   
 The parameters of the fit for each sample are given in Table 4.II. It is clear that 
the stretch exponent β is close to 0.5 in all intrinsic a-Si:H samples. Metastable defect 
creation and relaxation in a-Si:H have also been fitted successfully to SE with β close 
to 0.45 [cxliv,cxlv]. The characteristic time τ seems to correlate with the quality of the 
corresponding material in device applications. We discuss this correlation in the 
following section. Table 4.II also shows the SE fit parameters for the curves of Fig. 
4.34. It is interesting to note that the time constant τ and the spread parameter β does 
not change with annealing. There is only a scale-factor change of the effect. Its 
evolution with illumination time remains practically identical to that of the as-
deposited state. 



Sample designation Ef (GPa) Sinit 
(MPa) 

∆Ssat (MPa) τ x 104 

(s) 

β CH (%) 

PE-1 110±10 200±30 15 7 0.47 8 

PE-3 105±10 - 19 20 0.61 8 

PE-N 70±5 200±30 - - - 9±1 

PE-L 120±10 310±55 23 22 0.51 9±1 

PE-H 
1st soaking in the 
as-deposited state 

85±5 955±155 39 3 0.48 9±1 

PE-H 
2nd soaking after 

annealing to 235 ûC 

  18 3 0.54 9±1 

PE-H 
3d soaking after 

annealing to 270 ûC 

  24 4 0.55 9±1 

HW-N 120±10 130±30 37 181 0.52 9±1 

HW-L 115±10 380±60 36 211 0.53 6.5±0.5 

GE1 70±5 570±75 20 26 0.64 - 

Table 4.II: Measurement results for the Young�s modulus and initial stress of the films 

and fit parameters to the time evolution of the photo-induced stress. 

Correlation with the SWE 
In the following we focus on the possible links between ∆S (∆V) and the SWE. We 
limit our discussion to intrinsic a-Si:H, since -to our knowledge- there are no 
systematic experimental results about the kinetics of the SWE in doped samples and 
Ge alloys. 

Light-induced stress is not a consequence of defect creation 

In the light of our findings, it is crucial to examine whether the light induced 
structural changes in a-Si:H can be the cause of metastable dangling bond defects, ND, 
or that they may merely be a consequence of the latter. Let us assume that the second 
hypothesis is valid. Dividing the larger measured value ∆V/V = 10-3, for the PE-H 
sample, by the saturation value ND = 2x1017 cm-3 of light induced defects [cxlvi] we 
find an unreasonably large value of 5 x 10-21 cm3 for the volume per defect. Such a 
hypothesis would imply that the formation of a coordination defect could change the 
volume of the network by an amount roughly equal to 250 times the average per-atom 



volume!4 We conclude that the light-induced volume expansion permeates the whole 
film and is not limited to defect sites.  
Further support to this conclusion comes from the fact that the increase of 
compressive stress is opposite to the stress relaxation that one would normally expect 
from dangling bond creation [cxlvii]. Finally, the kinetics exponent of 0.5 that we 
found in all cases for ∆S, is an upper limit to all power exponents of time dependence 
reported in the abundant literature concerning the SW effect under an impressive 
range of illumination intensities, both CW and pulsed [cxliii,cxlviii]. We believe, on 
the contrary, that the kinetics exponents indicate that the SW effect is a consequence 
of photoinduced stress/volume expansion of the amorphous network and not the other 
way around. This possibility is discussed in the following paragraph. 
Defect creation may be a secondary effect produced by the relaxation of photo-
induced stress.  
In chapter 1 we have pointed out that a four-fold coordinated covalent random 
network has to find ways to lower its huge strain energy. The most effective way to 
minimize this energy is by breaking weak Si-Si bonds. Photocarrier recombination 
produces structural rearrangement of the whole network and increases stress. 
Therefore, the lattice strain energy accumulated at the EC can be very high. The direct 
response of the lattice is to minimize the strain per bond by propagation of the strain 
energy within the rest of the network [cxlix]. The generation of a coordination defect 
is essentially plastic deformation, which is most effective in lowering strain energy. 
Let us see now if this suggestion is consistent with our experimental findings and our 
interpretation for ∆S.  
A big surprise of our experimental results is that the best quality material, i.e. PE-H, 
expands faster. A possible interpretation of this fact is sketched below. The barrier 
energy comes primarily from changes of bond length as the structure goes from one 
local equilibrium configuration to another through the unstable barrier configuration. 
Bond angle distortions are expected to contribute to a lower extent to this energy.  
The probability of coordination defect creation during the transition must be higher 
when the bond length changes are higher i.e. when the barrier energy is higher. The 
above argument implies that material with lower barriers for volume expansion: 
a) Expands faster and reaches saturation faster (lowτ values). 
b) Shows lower defect density at any time and lower saturated defect density.  
Both are clearly observed experimentally in PECVD as the dilution ratio increases 
[cxxx,cl]. HW samples deposited at relatively low temperatures, such as HW-N, are 
known to be inferior in quality compared to dilution PE samples and, indeed, expand 
slower. Dilution in HWCVD causes no significant improvement of film quality [cli] 
and this is reflected in the little difference in ∆S(t) with dilution.  
 Let us now examine the consistency of the above suggestion with the 
experimental findings of SWE experiments, described in chapter 2.  
Since the EC can be located anywhere in the lattice, the coordination defects, which 
are created in the vicinity of them, should also be dispersed throughout the network. A 
uniformly distributed density of 5 x 1017 cm-3 defects corresponds to an average 
distance between defects of the order of 100 Å in complete agreement with the 
findings of ESEEM experiments showing that both native and photo-induced 
coordination defects are approximately 100 Å apart [clii]. 

                                                 
4 Here we assume a diamond structure for the Si network. 



It is important to note that strain energy can be relieved not only by coordination 
defect creation but also by defect motion in analogy to dislocation slip in crystals. The 
two dangling bonds created by breaking a week bond can move away from each other 
in a strain field. Defect motion can be activated by light [cliii]. Alternatively, if 
floating bonds (FB) are present, a DB-FB defect pair can be created and migration of 
the FB can lead to the isolation of two defects [cliv].  
 The above considerations need further experimental verification. An 
alternative explanation of the fact that the best material expands faster is that the 
microstructure of high quality material is able to impede stress relaxation by defect 
creation resulting in both higher initial stress and lower density of defects. As we 
show in chapter 3, high quality materials show high initial stress. The above argument 
indicates that films with high initial stress should also have low native defect density. 
It is not clear however if this is true. The lower limit of 2-5x1015 cm-3 for the native 
defect density is observed in many device quality materials having significantly 
different initial stress.  
Finally it is possible that the SWE and ∆S occur in parallel, independently from one-
another, even if they have a common origin in one primary mechanism of light-
induced structural modification of the amorphous network. 

Annealing behavior  

The lack of full recovery of ∆S(t) curve upon annealing indicates that the 

annealed structural state is not exactly the same as the as-deposited state. According 

to our interpretation this means that the annealed state is, on the whole, more ordered 

than the as-deposited state. In the line of our interpretation for ∆S we propose that 

some metastable configurations are hard to anneal at usual temperatures. The 

cumulative effect of network expansion/ordering in neighboring regions can lead to 

the formation of deep, local, configuration energy minima that can be considered as 

�deep traps� of the structure inescapable by thermal annealing. For example a 

formation of a crystalline seed by a stepwise improvement of order is not expected to 

be a reversible phenomenon.  

Conclusions 
Our present understanding on the photo induced changes of the mechanical 

properties and their relation with SWE, based on the experimental study described 

above, is summarized in the following: 

• Exposure of a-Si:H to intense light, CW or pulsed, causes an increase of the 
compressive stress of the material indicating expansion of the amorphous network, 
accompanied by the SWE. The magnitude of the corresponding relative volume 
expansion is of the order of 10-3-10-4. 

•  Microcrystalline Silicon and non-hydrogenated amorphous silicon show no light 
induced expansion. 



• The dependence of photo-induced stress on exposure time and generation rate 
follows the relation, 5.07.0 tGS ∝∆ at least for short exposure times. At long 
exposure times ∆S shows a tendency to saturate. 

• ∆S shows universal exposure-time dependence for a large number of a-Si:H films 
prepared with very different growth techniques and conditions. This time 
dependence is intrinsic to a-Si:H and does not change by n-type doping. On the 
other hand, it changes by p-type doping and addition of Ge.  

• The most resistant to SWE materials, those with the best device performance, 
expand faster. 

• The light induced stress is not a fully reversible effect. It is always more 
pronounced in the as-deposited state of the material.  

• The stress change is not related only with the hydrogen concentration in the 
material. The Silicon network structure seems to play a major role. 

• Photo-expansion is not a consequence of defect creation. Light induced stress 
changes permeate the whole film and are not limited to defect sites.  
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