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ABSTRACT 

The structural aspects of amorphous silicon and the role oi hydrogen in 
this structure are reviewed with emphasis on ion implantation studies. In 
amorphous silicon produced by Si ion implantation of crystalline silicon, the 
material reconstructs into a metastable amorphous structure which has optical 
and electrical properties qualitatively similar to the corresponding proper
ties in high-purity evaporated amorphous silicon. Hydrogen studies further 
indicate that these structures will accomodate < 5 at,% hydrogen and this 
hydrogen is bonded predominantly in a manohydride (SiHi) si t e< Larger hydro
gen concentrations than this can be achieved under certain conditions, but 
the excess hydrogen may be attributed to defects and voids in tY i material. 
Similarly, glow discharge or sputter deposited amorphous silicon has more 
desirable electrical and optical properties when the material is prepared 
with low hydrogen concentration and monohydride bonding- Results of struc
tural studies and hydrogen incorporation in amorphous silicon are discussed 
relative to the different models proposed for amorphous silicon. 
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I. DTTROD0CTION 

During the past few years, there has been increasing interest in the study 

of amorphous semiconductors,* This interest is perhaps most evident in the case 

of amorphous silicon (a-Si). Motivations for the study of a-Si and hydrogen-

ated a-Si (a-Si:H) range from interest in the properties of a single element 

amorphous semiconductor, vhich can in principle, revea basic information con

cerning the ideal amorphous state, to interest in device fabrication, in the 

crystalline state Si is perhaps the most thoroughly understood semiconductor, 

and it was hoped that information available from studies of crystalline Si 

could be applied to help understand the amorphous state. Furthermore, since 

a-Si is a metastable phase of Si, investigations of a-Si aLiu offer the pos

sibility of observing new phenomena associated with metastat^iity which do not 

exist in crystalline Si. 

Many of the earlier studies of a-Si were motivated by a desire to 

understand the properties of an ideal amorphous structure; however, the 
2 

observation by Spear and Le Comber that incorporation of hydrogen into a-Si 

allowed the electrical properties to be controlled by dopants opened totally 

new areas of investigation. High purity a-Si displays intrinsic conductivity 

which is largely uneffected by dopants. Several studies have shown that, 

with the inclusion of hydrogen and more recently flourine,* the room tem

perature conductivity can be varied orders of magnitude with conventional n-

or p-type dopants. 

,The control over the electrical properties afforded by hydrogenation has 

stimulated a large amount of research in device applications of a-Si:H. 

Device structures from a-Si:H which have been demonstrated to date include 

HOS devices, vidicon arrays, and photovoltaics. Indeed, the possibility 

of producing large area, low cost solar cells has been largely responsible 



for the recent growth In the research and development effort in a-Si:H and 

related amorphous materials. 

II, PREPARATION METHODS 

High purity a-Si can he prepared by a variety of techniques. Initial 
9 studies of a-Si were performed on films evaporated under high vacuum conditions. 

The techniques of sputter deposition and ion implantation have also been 

used to prepare films of high purity a-Si. Although films prepared by these 

different techniques have qualitatively similar properties, variations in 

material properties are observed not only for films prepared by different 

techniques but also for films prepared by a given technique under different 
12 deposition conditions. These variation? have been attributed to variations 

in the a-Si structure that result from variations in substrate temperature and 

deposition rate as well as from variations in impurity content. For most 
-3 cases, the high purity a-Si films have room temperature conductivities ^ 10 

-4 -1 to 10 (fi cm) with the conductivity dominated by electronic states in the 

energy gap that are generally attributed to dangling Si bonds. These gap 

states effectively pin the Fermi level and thus prevent control of the elec

trical properties by the use of conventional dopants. 

Optical measurements reveal that pure a-Si does not have a well-defined 

optical band gap but shows a broad absorption edge which extends into the 
13 ir. This absorption is attributed to defect and dangling-bond states noted 

above; additional information concerning the nature of the states in the 

energy gap has been obtained from electron paramagnetic resonance (EPR) 
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The addition of hydrogen to a-Si to form a-Si:H markedly alters the 

optical absorption, defect structure, and conductivity. The role of hydrogen 

has been variously assumed to range from the passivation of Si dangling bonds 

to the formation of a fundamentally different structure for a-Si:H than for 

a-Si. Some of the effects of hydrogen on the commonly-studied properties of 

a-Si are summarized in Table I. 

Initially, a~Si:H was prepared by deposition from a silane (SiTl̂ ) plasma 

(glow discharge or plasma deposition). More recently, a-Si:H films prepared 

by sputtering in the presence of hydrogen and by ion implantation, or uhv 

evaporation of a-Si with subsequent exposure ~o an atomic hydrogen plasma, 

have been shown to have hydrogen-related effects similar to those for plasma 

deposited a-Si:H. Examples of the range in conductivity obtained for pure 

a-Si and for a-Si«H prepared by different techniques are illustrated in Fig, 

1. A similar comparison for the optical absorption is shown in Fig. 2. An 

will be discussed below, wide variations in material properties such as hydro

gen concentration and film microstructure can be obtained for different prepa

ration conditions. 

Although the best electrical performance and photovoltaic devices have 

been achieved to date with glow discharge deposited a-Si:H, the intrinsic 

complexity of the glow discharge process and the interrelations among the 

various deposition parameters have hampered studies of the basic material 

properties of films prepared by this technique. As a result, studies of films 

formed by other techniques are providing significant information on the basic 

structural properties of a-Si and a-Si:H. Particularly important structural 

information has been obtained from studies of films evaporated under uhv or 

formed by ion implantation. Similarly, ion implantation studies of sputter 

deposited films have yielded important new information concerning the bonding 

configurations for hydrogen in a-Si:H. Ion implantation affords the capability 
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for separate control of two important parameters in a-Si:H - namely disorder 

and hydrogen content - which cannot be independently controlled in plasma or 

sputter deposited materials. 

Information on the structural properties of a-Si and the role of hydrogen 

in this structure will be discussed in the following Sections with emphasis on 

ion-implantation studies of a-Si:H. 

III. STRUCTURAL PROPERTIES AND BONDING OF HYDROGEN 

The amorphous phase of Si is a metastable state which can apparently be 
12 prepared with a range of structural configurations. The addition of hydro-

20 
gen stabalizes disorder In Si and may further increase the structural con
figurations available. The structural properties of a-Si and the related 

21 
material a-Ge have been studied by a variety of techniques. Galeener pos
tulated that a-Ge contained voids and such voids were subsequently observed 

22 23 

directly In TEM measurements. It has been shown by Messier and coworkers 

that a-Si can contain similar voids with the void size decreasing with in

creasing deposition temperature If other deposition parameters are constant. 
24 These authors also observed interconnected void networks in sputter-deposited 

a-Ge with void sizes rangin" up to 'v 50 A. 

Recently, from measurements of epitaxial regrowth rates of a-Si evaporated 
25 

onto room temperature substrates under uhv conditions, Bean and Poate infer
red the existence of an interconnected void network in evaporated a-Si. They 
found that the epitaxial growth rate for evaporated a-Si was significantly 

lower than tha;: for ion-Implantation produced a-Sl and that the growth rate 
27 

was further reduced by exposure to air. Further evidence for an intercon
nected void network in these films was obtained from SIMS measurements of 
ataospheric gates \ -»ich had percolated In to depths of ̂  1000 A after exposure 
to air. 



TEM measurements of the micro structure of a-SI:H prepared either by glow 

discharge or sputter deposition reveal wide variations in microstructure 

for variations in deposition conditions. Knights and coworkers observed 

columnar structure in plasma deposited a-Si:H and concluded that film growth 

for this case proceeded via nucleation and island growth. For many combina

tions of deposition parameters, columnar growth was observed and attributed 

to growth conditions for which the *» 100 A wide islands did not coalesce into 

a homogeneous film. By changing the deposition conditions, however, they were 

able to prepare a-Si:H films without resolvable voids (resolution ^ 10 A) at a 

substrate temperature of 230°C. 

Models for the morphology of deposited films generally attribute columnar 
29 structure to nucleation at isolated sites which can occur independent of 

the deposition technique. Columnar structure similar to that observed for 

plasma-deposited a-Si:H is as observed for sputter-deposited a-Si:H by Messier 
23 and coworkers. An example of the differences in film morphology observed 

93 by Messier and coworkers" for different sputtering conditions is given in Fig. 

3. For the case of a-Ge, these workers further find that the relatively large 

(̂  1 ym) columns are comprised of smaller (y 100 A) columns. Furthermore, 

field ion microscopy studies (FIM) of this material reveal that there may also 

be ̂  100 A diameter regions which actually contain less dense material rather 
30 than being true voids. These wide variations in film morphology can easily 

account for the variations observed in film densities vhich range from ̂  5 to 
31 30% lower than the density of crystalline Si. Microstructure resolvable 

from SEM or TEM measurements has not been reported for implantation-produced 

a-Si. This absence of observable voids or the columnar structure frequently 

observed in deposited a-Si films may account for the higher density frequently 

observed for implantation produced (y 52 less than the density of crystalline 



Si) than in deposited a-Si. Similarly, the higher structural homogeneity of 
27 

implanted a-Si compared to evaporated films may account for Foti and coworkers 

suggestion that the structure of high purity a-Si films evaporated at room tem

perature differed from the structure of implantation-produced a-Si. From the 

decrease in void size with increasing deposition temperature for a-Si;H and 
23 30 32 a-Ge> * * it is probable that deposition at higher temperature or different 

deposicion rates could yield evaporated films without an interconnected void 

network, similar to implantation produced films. 

The hydrogen content of a-Si:H can be varied from 0 to ̂  50 at.% depending 
33 on the preparation conditions. An illustration of the variation in hydrogen 

concentration with variations in deposition conditions is given in Fig. 4. The 

data in Fig. 4 show the hydrogen depth distribution, measured ny nuclear reac

tion analysis techniques, for a-Si:H films deposited at a substrate temperature 
34 T * 50 C by -ragnetron sputtering with various partial pressures of hydrogen. 

All deposition parameters except the Ar/H ratio were held constant. As can be 

seen from these data, the hydrogen concentration can be varied over wide ranges 

by variations in Ar/H. Similar changes in the hydrogen content can be obtained 

at a given Ar/H ratio by changing other deposition parameters such as substrate 

temperature, deposition rate, target-substrate separation, etc. These varia

tions in hydrogen concentration are associated with variations in morphology 

and film stability. Low density films with significant columnar structure are 
35 unstable and susceptible to oxygen contamination after exposure to air. 

Oxygen concentrations of several atomic percent can be absorbed and Si-0 vibra

tions are readily observable in the ir absorption spectrum. These films also 

tend to contain large hydrogen concentrations (> 20 at.%). 

Not orly does the hydrogen concentration change with deposition conditions 

but the hydro&en bonding configurations also change. Although there is presently 

some controversy concerning specific assignment o of some Si-H vibrational modes 



observed in the ir, there is no doubt that a-Si:H can contain bot-h monohydride 

SiH and dihydride Sifl- bonding configurations. The common assignment 

have shown that a vibrational mode at 2085 cm may be present in a-Si:H in 

which no evidence for dihydride centers was found in the spectral region con

taining the "bending" and "wagging" modes (600 to 1000 cm" ), ' indicating 

tion feature at 2150 cm in high hydrogen content films which has also been 

assigned to Sifi"3 or (SiH,) units. 

As noted above, the more porous films tend to have high hydrogen concen

trations. In addition, these films also display large ir absorptions at 

2095 cm" which is commonly attributed to SiH,. The high concentrations of 

SiH 2 and (SiR*2) units have been attributed to low density material in the 

interstitial regions separating the columns. Because of the evidence for 

vibrational frequencies ii) the lr, it may be that these modes also represent 

SiH. centers in the high density columnar regions and lower density intersti

tial regions. As might be expected, these high hydrogen content films dis

play elecrical and photovoltaic properties which are inferior to those of 

the lower hydrogen content films. 

IV. ION IMPLANTATION STUDIES OF a-Si 

Because the disorder and hydrogen content can be varied independently, 

ion implantation has proven to be a valuable technique for the study of a-Si. 

Comparison of the properties of a-Si produced by ion implantation with those 



of a-Si formed by conventional techniques have shown wide-ranging similarities 

for materials prepared by the various techniques. In particular, the vibra-
41 42 

tional phonon spectra, defect configurations measured by EPR, optical ab-
43 44 

sorption, and conductivity are similar for high purity a-Si produced by ion 

implantation or uhv evaporation. After the discovery of the role of hydrogen 

on the properties of a-Si, extension of ion implantation techniques to produce 
a-Sl:H further revealed that the same qualitative changes in the conductivity 
observed with the inclusion of hydrogen during sputter deposition could be 

45 effected by ion implantation of hydrogen. In addition, infrared studies 

of the Si-H bonding configurations of implanted hydrogen revealed that the 
-1 46 

prominent Si-H vibrational mode at 1985 cm was prafrentially populated 

in implantation-produced a-Si:H. 

To illustrate the control afforded by ion implantation, a typical depth 

profile of hydrogen implanted into high purity a-Si formed by Si-ion implan

tation is shown in Fig. 5, The hydrogen depth distribution was measured by 

resonant nuclear reaction analysis and the thickness of the amorphous layer 

produced by implantation of 1x10 250 keV Si/cm was measured by 3 MeV He 
46 

channeling. The monoenergetic hydrogen implant at 20 keV fields an essen
tially Caussian depth distribution centered at a depth of 2600 A with a full 
width at half maximum of % 900 I and a peak hydrogen concentration of ̂  15 

17 2 at.X for an implani: of 1x10 H/cm . Uniform hydrogen concentrations can be 

achieved either by using multiple implant energies or various sample tilt 

angles during implantation. 

The implanted hydrogen was found to be chemically bonded to Si for all 

implantation fluences examined. Infrared absorption spectra for the spectral 

region containing the Si-H stretching vibrations are compared for implantation 

produced and sputter deposited a-Si:H in Fig. 6. As noted in Section III, two 



vibrational nodes are typically observed in sputter- or glow discharge-deposited 

a-Si:H, with the mode at ^ 1985 cm - assigned to an SiH.. vibration and the 

over this latter assignment. As also noted in Section III, porous films which 

exhibit columnar structure generally contain a strong 2090 cm absorption. 

For a-Si:H films which display the best photoconductivity properties, the 

hydrogen Is bonded predominantly in the SiH. site with absorption near 1985 

of 1. 
The hydrogen bonding configuration illustrated in Fig. 6 for implantation 

produced a-Si:H holds over a wide range of hydrogen concentrations as shown by 

the ir absorption data In Fig. 7. Although the absorption cross section 
48 changes with hydrogen concentration, which was also recently noted for 

sputter-deposited a~Si:H, the monohydrlde absorption at 'V' 1985 cm predomi

nates the spectra. Absorption at ^ 2090 cm , attributed to SiH, in these 

films, does not become observable until the local hydrogen concentration 

exceeds ^ 15 at.%; this ̂  2090 cm absorption increases with increasing 

hydrogen concentration and becomes appreciable for > 25 at.% hydrogen, which 

is taken to be an indication that SiH- is the lowest energy site and SiH-

formation is not observed until the available SiH.. sites are occupied. 

The maximum local hydrogen content which can be obtained by ion implantation 

Into crystalline Si is 33 at.% (H/Si ratio of 0.5). 4 9 

Although both glow discharge and sputter-deposited a-Si:H which contains 

only. SiH. bonding with absorption at i* 1985 era has been demonstrated to 

have superior photoconductivity and electrical properties, it is not known 

If the same conclusion holds for implantation-produced a-Si:H. It is of 

interest to note, however, that marked changes in the Si-H absorption spectra 

can be produced by ion implantation into sputter-deposited a-Si.'H. For 



material deposited with low (y 3%) hydrogen content, the energy deposited into 
4 

atomic processes by He implantation effectively removes the Si-H bonding con
figurations responsible for the 2090 cm absorption, as shown by the ir 
•spectra in Fig. 8, with a corresponding increase in the SiH, configurations 
responsible for the 1985 cm absorption. A similar implantation-i»...dced 
increase in the 1985 cm absorption is observed for films with high (̂  30 
at.%) hydrogen content films without removal of the 2090 cm absorption. 
These studies on the high hydrogen content film were interpreted as indica
ting that the oscillator strengths of the Si-H modes are strongly dependent 
on the defect structure in the vicinity of the vibrating Si-H complex. 

For the ion implantation studies summarized above, the hydrogen content 

and depth distribution was controlled by the implantation parameters. An 

alternative approach which provides important insight into the nature of 

a-Si is to introduce atomic hydrogen into implantation-produced a-Sl under 

thermodynamic equilibrium conditions. This technique allows a direct 

determination of the number of bonding sites available in high purity a-Si 

prepared in the absence of hydrogen and of the interrelation betweea hydrogen 

and disorder in silicon. As noted earlier, the disorder level, ranging from 

crystalline to amorphous can be controlled by ion implantation. 

Tn- >'epth distribution of ion-implantation-induced disorder is 

il :i.:.r:-<.id in Fig. 9 for 200 keV Si implantation into crystalline Si at 
14 2 15 2 fluences ranging from 3x10 Si/cm tc 5x10 Si/cm . The data in Fig. 9 

were'taken with 3 MeV He channeling and show that the amorphous level is 

approached at the damage peak (maxima in the energy depofited into atomic 
15 2 processes) near 0.2 ym at a fluence of 1x10 Si/cm . As the fluence is 

increased, the width of the amorphous layer increases until a layer of a-Si 

* 0.4 ym thick is formed at a fluence of 5x10 Si/cm » 
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Hydrogen was then introduced into the implanted Si by exposure to an 

atomic hydrogen plasma at various temperatures and the resulting hydrogen 

depth distribution measured with resonant nuclear reaction analysis. The 

hydrogen depth distribution obtained after 17 hour exposures at 300 and 375°C 

are shown in Fig. 10. As can be seen frcra these data, hydrogen diffuses into 

Si under exposure to the plasma and is trapped at the implantation-induced 

disorder. 

Diffusion-limited ii^drogenation is apparent for the a-Si layer at 300°C 

exposure, hut saturation levels were reached for T >̂  350°C for 17 hour expo

sures. Two important features are evident from the data in Fig. 10. Fint, 

hydrogen is retained in Si only when disorder is present. Within the sensi

tivity of the measurements (£ 100 ppm), no hydrogen was observed in the 

underlying, undamaged crystal. Secondly, defected crystalline Si can absorb 

more hydrogen than totally disordered (amorphous) Si. It should also be 

noted that the effective diffusion coefficient is larger in crystalline Si 

than in implantation produced a-Si. For example, after a 1? hour exposure 
14 2 at 300 C the hydrogen content of Si implanted with 5x10 Si/cm is 

approaching saturation whereas the hydrogen concentration in the a-Si is 

clearly diffusion limited. This lower hydrogen migration rate in a-Si is 

interpreted to be due to the diffusion of hydrogen in the presence of traps. 

These results can be compared with the differences in epitaxial regrowth 

rates for implantation-produced a-Si and a-Si produced by uhv evaporation 

onto, room temperature substrates. From the rapid indiffusion of contami-
27 nants in evaporated a-Si, Bean and coworkers inferred that evaporated a-Si 

deposited at low temperatures contained an interconnected void network that 

was not present in implantation produced a-Si. It would be of significant 
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interest to repeat the epitaxial growth rate i&easurements on a-Si evaporated 

onto higher temperature substrates. 

Further insight into hydrogen incorporation in a-Si is obtained from ir 

measurements shown In Fig. 11 for a 350°C plasma exposure. The Si-H vibration 
—1 15 2 

spectra are dominated by the 1985 cm SiH- mode for Si fluences _> 10 Si/cm . 
(This absorption near 2100 cm" , present for all Si fluence levels, is associa-

52 53 

ted with surface hydrogen and defects within the crystalline matrix. ) The 

hydrogen bonding configuration is thus identical to that observed for implan

tation at comparable hydrogen concentrations and in contrast to the configura

tion frequently observed in sputter or glow discharge-deposited a-Si:H where 

both the 1985 cm and 2090 cm" vibrations are observed. Thus, the predomi

nance of Si-H bonded in the SiH. mode at 1985 era- when the hydrogen is 

implanted into a-Si is net an artifact of the hydrogen implantation; rather, 

it reflects the available bonding configurations in high-purity implantation-

produced a-Si. 

From the ir data of Fig. 11, it c&... be seen that the hydrogen content in 

V 
The opposite behavior is observed for the peak hydrogen content in the dis

ordered region, however, as seen from the data in Fig. 10. In Fig. 12, the 

hydrogen content at the disorder maximum, measured by nuclear reaction analy

sis, is compared with the SiH, intensity measured by ir absorption. First 

consider the hydrogen content; the hydrogen concentration increases with in

creasing Si fluence (disorder) in crystalline Si until a-Si begins to fcrm. 

As the Si implantation fluence is further Increased above this level, the 

hydrogen content decreases as th* material apparently reconstructs into the 

amorphous structure. These data alone demonstrate that a random network 

model in which the a-Si structure is considered to be an extension of highly 
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defected crystalline structure without reconstruction is incorrect. This 

conclusion is further supported by the ir data, also shown in Fig. 12. The 

fraction of hydrogen bonded in the 1985 cm" site of a-Si increases with 

increasing Si implantation fluence and attains its maximum value in the 

totally amorphous material. In fact, it is not until the material becomes 

amorphous, as measured by ion channeling, that appreciable hydrogen is bonded 

in this site. 

Whereas conventionally prepared a-Si:H can have hydrogen concentrations 

of up to 50 at.%, the maximum hydrogen concentration observed for implantation 

produced a-Si in which the hydrogen is incorporated by exposure to an atomic 

hydrogen plasma is ̂  3 at.%. This concentration is quite comparable to the 

3.5 at.% hydrogen concentration observed by Kaplan et al. for the hydrogen 

content of high purity a-Si prepared by evaporation and subsequently exposed 

to a hydrogen plasma. The observations suggest that the higher hydrogen 

concentrations commonly present in conventionally prepared a-Si:H are an 

artifact of the deposition conditions, and these latter materials do not 

represent "ideal" a-Si for which dangling or unsaturated Si bonds are pas-

sivated with hydrogen. Indeed, more desirable photovoltaic properties have 

been achieved to date in a-Si:H with ^ 5-10% hydrogen rather than in materials 

with high (> 20%) hydrogen content. 

In the studies reviewed above, the uses of ion implantation to study 

the bonding configuration of hydrogen in ground state and the concentration 

of available bonding sites for hydrogen in high purity a-Si were illustrated. 

Ion implantation can also be used to study the interrelation between hydrogen 

and disorder in Si. Although the bonding configuration for hydrogen in 

implantation-produced a-Sl, is independent of the order of the Si and hydro-
20 gen implantation, the presence of hydrogen stabilizes disorder in 3i. An 



example of hydrogen stabilization of disorder is illustrated by the data in 

Figs. 13 and 14. The hydrogen depth distribution produced by implantation of 

6x10 H/cm at 20 keV and the disorder introduced by this implant, as mea

sured by 3 MeV He channeling, are shewn in Fig. 13. Random yield disorder 
24 (+) is shown for comparison. This hydrogen implant deposits 1.5x10 

eV/cm in the damage peak near 0.2 urn depth, which is less than the 2 to 

3x10 eV/cm required to convert Si from crystalline to amorphous for room 
54 temperature Si implantation. We now wish to consider the effect of this 

hydrogen on the structure as additional disorder is introduced by Si implan

tation. 

Figure 14 contains the channeling spectra for two samples implanted with 

6xl0 1 6 H/cm2 at 20 keV and 2xl0 U Si/cm2 at 200 keV. For this Si energy, the 

damage maximum from the Si overlaps the hydrogen distribution. The only dif

ference between the two samples for which the channeling spectra are shown is 

the order in which the hydrogen and Si were implanted; however, the disorder 

level is a factor of ̂  4 higher for the case in which hydrogen was implanted 

before the Si, compared to the case in which the Si was implanted first. In 

fact, the channeling yield reached the amorphous yield after implantation of 
14 2 

2x10 200 keV Si/cm in the sample containing hydrogen whereas the disorder 

for Si followed by hydrogen is comparable to that for hydrogen alone (Fig. 

13). These data indicate that hydrogen stabilizes disorder in Si and assist 

the transition from crystalline to amorphous. With hydrogen present, a-Si 
23 3 is produced with only 5.6x10 eV/cm deposited into atomic processes, or 

about 1/4 the energy required in the absence of hydrogen. This disorder 

stabilization presumably results from hydrogen bonding to defects to inhibit 
20 defect annealing. 



Three ir spectra are shown in Fig. 15: one for 6x10 H/cm alone, one 

for 6xl0 1 6 H/cm2 followed by 2xl0 1 4 Si/cm2 and one for 2X101 Si/cm? followed 

by 6x10 H/cm • As can be seen from the data, the hydrogen only implant and 

the Si implant followed by hydrogen yield essentially identical spectra and 

both are characteristic of hydrogen bonded in association with defects in 

crystalline Si. The 6x10 B/cm followed by 2x10 Si/cm implant, however, 

yields a spectrum characteristic of hydrogen in a-Si:H with the hydrogen 

bonded predominantly in the SiH. site with absorption at 1985 cm . The 

gen were implanted into fully amorphous Si. 

The results of the ion implantation studies of the interrelation between 

hydrogen and disorder lend further support to the conclusions noted above. 

Hydrogen stabilizes disorder in crystalline Si, If there is a similar hydro

gen stabilization of disorder in a-Si:H, materials containing large hydrogen 

concentrations could be expected to contain more defects than the law hydro

gen content material. If this speculation is correct, much of this hydrogen 

does not merely passivate dangling Si bonds; rather it is apparently trapped 

during deposition. Once trapped, the hydrogen inhibits defect annealing and 

prevents the Si from reconstructing into the lowest energy a-Si structure. 

V. STRUCTURAL MODELS 
12 55-59 A wide variety of models * have been suggested to describe the 

structure of pure a-Si. These models range from mlcrocrystallite models, 

through cluster models to random network models and random networks containing 

voids. The random network model with voids ("Swiss Cheese" model) was con

structed to allow for an ideal amorphous state in which the a-Si has short 

range order with all bonds saturated but no long range order, while also 
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allowing for the voids observed in as-deposited films. Such a strunun is 

•etastable in that it corresponds to a local •inimum in the free energy with 

respect to atomic rearrangements. Considering the vide variations in ma

terials and materials properties which can be obtained for various prepara

tion conditions, it is probable that materials which embody major characteris

tic of either model can be prepared. 

With the addition of hydrogen to a-Sl to form a-Si:H, two distinct 

conceptual fra~.aeworks for interpreting the structural properties emerged. 

One concept is that S1H units are present during deposition and govern the 

structure whereas the other concept is that an a-Si structure forms and hy

drogen passivates the unsaturated Si bonds. The conceptual framework in 

which Sill units are present during deposition leads to a flexible bond 

model. These flexible bonds reduce strain in film, analogous to the case 

for SiO bonds in vitreous SiO ?, and allow the formation of a continuous net

work. This type of model would be expected to be most applicable to high 

hydrogen content (> 25% H) a-Si:H were it not for the existence of inhoroo-

geneous columnar structure for this material. 

The conceptual models based on hydrogen passivation of an intrinsic 

amorphous structure are extensions of the a-Si structural models noted above. 

These models include a continuous random network model in which hydrogen 

is assumed to passivate dangling Si-bonds or to "heal" weak Si-Si bonds, f-»r 

example, by breaking these bonds and saturating the broken bonds with hydro

gen. Similarly, the "Swiss Cheese" model in which the a-Si structure was 

assumed to be comprised of a random network containing voids was extended to 

the microvoid model. In this model the hydrogen is assumed to be bonded 

on reconstructed surfaces in the voids and at dangling bond sites in the ran

dom network. 
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The microvoid model, or a model containing rai<.rovoids, is attractive for 

explaining many diverse experimental observations. For example, voids are 

commonly observed on a microscopic scale in a-Sl:H, as discussed above. Mea

surements of microscopic properties also give evidence for void structures in 

crystalline SI which have EPR and hydrogen bonding configurations similar to 

those observed in a-Si:H. Brower showed from EPR studies of defects in 

crystalline Si that only the end atoms of a vacancy chain contribute unpaired 

electron spins, which could account for the difference in the number of para

magnetic spins in a-Si compared to the amount of hydrogen required to passivate 

those spins. Recently, Stein found that hydrogen implanted Into crystalline 

Si at low temperature was bonded in a site analogous to the SiH. site, with 

absorption at 1985 cm" , in crystalline Si. This result was interpreted to 

reflect hydrogen bonded to silicon In "microvoids" produced by the implantation 

which could not anneal because of the low temperature. 

A viable model for the structure of a-Si:H must be able to explain 

quantitatively several general experimental observations for a-Si and a-Si:H, 

Some of the more striking of these observations include 1) the lower density 

of a-Si or a-Si:H compared to crystalline Si; 2) the large changes in elec

trical conductivity upon iiydro&euaLion; 3) saturation of the dangling bonds 

requires over an order of magnitude more hydrogen than the observed number of 

paramagnetic spins and 4) hi^ i purity a-Si prepared by evaporation or ion 

implantation and hydrogenated by subsequent exposure to an atomic hydrogen 

plasma takes on only 3 to h at.% hydrogen. 

While the random-network and microvoid models discussed above may be 

able to explain these observations qualitatively, unfortunately they have no 

predictive capabilities. Phillips has recently proposed a self-limited 

cluster model that does have predictive capability which we now discuss 
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brlefly. In this model he postulated that a-Si is comprised of cluster* of 

five-, six-, and seven-membered rings of Si and that the cluster size was 

limited by surface strain. The grovth r?*-* of a Truster decreases as the 

size, and attendant surface strain, increases; hence the cluster size b&cotnes 

self-Uniting. In this picture, the a-Si is composed of clusters with some 

size distribution and voids between the clusters. The void network arises 

because the cluster growth rates for different bonding directions (e.g., <111>-

like versus <100>-like) are assumed to have anisotropy similar to the growth 

rates for these same bonding directions in crystalline Si, The result is an 

a-Si structure with connected clusters of a-Si and an interconnected void 

network. By further assuming that the Si bonds on the Internal void surfaces 

reconstruct in a manner similar to the reconstruction observed on analogous 

crystalline Si surfaces, the model yields a paramagnetic center/hydrogen-

bonding aite ratio of ̂  1:100 for reasonable parameters. 

This self-limited cluster model is consistent with many of the structural 

fea ures observed in high purity a-Si produced by ion implantation or evapo

ration. For example, both evaporated and implantation-produced a-Si hydro-

genated by exposure to an atomic hydrogen plasma absorb ^ 3 to 4 at.% hydro

gen. Furthermore, the hydrogen is bondet. predominantly as SiH. with ir 

absorption at 1985 cm for both cases. Although there was no evidence for 

the void network being interconnected in i-upian tat ion-produced a-Si, evidence 

for an Interconnected void network has been observed in high purity evaporated 

a-Si. More work is required to determine if the large change in electrical 

properties on hydrogenation, which are assumed to be controlled by bridges 

connecting the clusters, can be adequately accounted for by thia model. 
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If this twdel Is correct, it has important implications concerning "ideal" 

a-Si:H. In particular, the desired hydrogen concentration would be < 5 at.% 

with the hydrogen bonded in monohydride sites. The role of hydrogen is passi

vation of Si dangling bonds, as initially suggested, and hydrogen in excess of 

the *** 5 at.% could be expected to degrade the electrical properties of a-Si:H. 

Similarly, significant concentrations of hydrogen bonded in polyhydride sites 

would represent defects incorporated as an artifact of the deposition condi

tions. Many of these speculations are in agreement with the experimental re

sults reviewed earlier, but much more research is required to completely under

stand the structure of a-Si:H and the interrelation between the structure and 

the electrical and optical properties. 
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Figure 1. Electrical conductivity for a-Si and a-Si:H films prepared by 

various techniques. II - ion implanted; Sp - sputtered; IT + 1% T. -

ion implanted with 1% H implanted and Sp-700°K - Sputtered with H, 

annealed 700DK; GD - Glow Discharge. (After Muller and Kalbitzer, 

Ref. 45.) 

Figure 2. TEM photographs illustrating the different structural morphology 

for sputtered a-Si obtained for different Ar pressures. (After 

Messier, et al. Ref. 23.) 

Figure 3. Optical absorption for a-Si and a-Si:H prepared by different tech

niques. A.-Sputtering, T = 25°C; B.-Ion Bombardment; C.-Sputtering, 

T « 200°C; D.-Evaporation, T - 20">C; E.-Sputtering, with 0.16 u H, 

T - 200°C; F.-CVD from SiH,, T - 650°C; G,-Glow discharge of SiH., 
3 ' 4 S 4 

T - 195°C; H.-Sputtering, 0.44 U H, T g •= 200°C; I.-Crystalline Si. 

(After Freeman and Paul, Ref. 13). 

Figure 4. Nuclear reaction analysis measurements of the hydrogen concentrations 

in magnetron sputtered a-Si:H for various Ar/H ratios. 

Figure 5. Backscattering yield growing the depth of the bombardment-produced 

amorphous Si layer on <111> Si and inplanted-hydrogen concentration 

profile within the amorphous layer determined by H( F,ay) 0 nuclear 

reaction analysis. (After Stein and Peercy, Ref. 46.) 

Figure 6. Comparison of the vibrational spectra for ion implantation-produced 

and sputter-deposited a-Si:H. 

Figure 7. Infrared absorption of chemically bound hydrogen implanted into Si 

after amorphization with 10 250-keV Si ions/cm . Results are 

shown for several different hydrogen atom fluences and compared to 

thoje for a sputter-deposited a-Si film with ^ 3 at.% hydrogen par-

tioned bet 

Ref. 46.) 



Figure 8. Infrared absorption spectra for SiH stretch modes in sputter-

deposited amorphous Si before and after He ion bombardment. 

(After Stein and Peercy, Ref. 20.) 

Figure 9. Channeling spectra in Si -implanted crystalline Si showing the 

disorder produced by various Si fluences. (After Peercy, Stein, 

and Ginley, Ref. 51.) 

Figure 10. Hydrogen depth distributions f*>r different disorder levels, mea

sured by nuclear reaction analysis, obtained after 17-h H expo

sures at 300 (a) and 375°C (b). (After Peercy, Stein, and Ginley, 

Ref. il,) 

Figure 11. Infrared absorption spectra for the spectral regions containing 

the Si-H stretching vibrations after a 17-h H exposure at 350°C 

Data are shown for Si fluences of 0.3, 0,5, 1, 3, ami 5x10 
+ 2 Si /cm . (After Peercy, Stein, and Ginley, Ref. 51.) 

Figure 12. Comparison of the hydrogen concentration at the disorder maxima 

for various Si implantation fluences with the SiH. ir absorption 

after a 17 hr H plasma exposure at 400BC. 

Figure 13. The hydrogen depth distribution for 6x10 20 keV H/cm measui-d 

by nuclear reaction analysis, and backscattered He spectra from 

Si after this hydrogen implantation. Also included is the back-
15 scattering spectra from (100) Si after antorphization by 5x10 

Figure 14. He backscattering spectra for Si illustrating hydrogen enhancement 
14 , 2 

of disorder produced by 1Y> 0 200 keV Si/cm . (After Stein and 
Peercy, Ref. 10.) 



Figure 15. Infrared absorption spectra for SiH nodes in Si illustrating 
14 2 

hydrogen enhancement of amorphizatlon by 2x10 200 keV Si/cm . 
(After Stein and Peercy, Ref. 20.) 



Table I. Comparison of electrical and optical 

properties of a-Si and a-Si:H 
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