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I. INTRODUCTION

There has been considerable interest in amorphous silicon (a-Si) made

by plow discharge decomposition of silane since Spear and LeComber '

demonstrated that this material could be doped efficiently by phosphorus and

boron. This deposition method yiedls a-Si which has several remarkable

properties. This material has a large photoconductivity and large excess

carrier lifetimes , efficient photo- and luminescence.

It has been recognized that all these properties are due to the presence

of hydrogen which saturates the dangling bonds in this material. The auantity

of hydrogen present is as much as 30? and the material is really a silicon

hydrogen alloy (a-SitH) rather than pure silicon.

In the most commonly used method of preparation, silicon deposition occurs

by the decomposition of 100^ silane in a glow discharge. The vay hydrogen is

incorporated in the silicon network is found to be critically dependent on the

glow discharge conditions.

I have used dc glow discharge of silane (10^)-hydrogen (90S) mixture

to produce a-Si films. The electrical and optical properties of the bulk

material obtained from such mixture have been investigated. The paper presents

the results of these investigations t
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II. PREPARATION OF THE FILMS

The films were deposited on Corning ?O59 glass substrates with predeposited

nichrome or molybdenum electrodes placed on the cathode and held at a temperature

of 300 C. A dc capacitive system was used with en electrode separation of 5 cm.

The substrates were kept on the cathode. Typical parameters during discharge

were as follows : {l) pressure - 0,6 Torr , (2) plate voltage - 800 V (3) current

density - 0 1 mA/cm . To facilitate a general clean up of the reaction chamber

and the substrates , a hydrogen glow was maintained for about 30 min before silane

was introduced. Typical deposition rate was about 60 A/min.
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Ill, PROPERTIES OF THE FILM

The conductivity measurements were made ucinp substrates with predeposited

electrodes using an interdigitated configuration to reduce the resistance. Photo-

conductivity measurements were made using both a 0 5 nW Me-Pe laser and a white

light source with filters to restrict the wavelength range to between 0,6 and

1 1 ym and thereby ensure volume generation. For infra-red measurements a-Si'.H

was deposited on polished high resistivity (100 °.em) silicon substrates. The

spectra were run on a Perkin-Elmer double-beam spectrophotometer , All

measurements were made relative to an uneoated reference silicon substrate ,

Typical properties of the films are shown in Table \f where the best

results on material from 100$ silane are also shown. It is apparent that the

quality of the film obtained from the mixture compares favourably with the best

silane deposited ones . This has an interesting technological implication since

the dilute mixture of silane is much less hazardous than 100$ silane , More-

over, since in a typical plasma reactor for a-SI deposition most of the gas is

carried away unreacted the growth rate is not very sensitive for dilution ,

Use of a. dilute mixture of silane and an inexpensive gas is therefore excepted

to be more economic.

IV. LIGHT-INDUCED EFFECT

The light effect experiments were carried out on samples mounted in a chamber

evacuated to 10 Torr by a sorption pump. Prior to light exposure (150 mW/cm )

the samples were annealed at 150 C and slowly cooled.

A typical result of the light effect experiments is shown in Fig.l ,

The reduction in dark conductivity for an exposure of 2 hours is only a factor

of seven , This Is much smaller than the results reported in the literature

The experiments were carried out on a large number of samples and , in no case , a

reduction by more than a factor of 10 for similar exposures has been observed ,

As in the case of 1005? silane deposited films; the original conductivity can be

restored by annealing at 150°C

A number.'of mechanisms have been postulated to explain the light-induced

effect in a-Si films . These are ; (l) existence of band bending at the film-
ed o \ 2JZ)")

substrate interface (2) existence at band bending at film-air interface
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and (3) creation of traps in the bulk of the film due to photostructural changes^

In the first two cases it is assumed that positive changes at the surface or

interface give rise to surface or interface accumulation layers of higher

conductivity which dominates the conduction in the film. The electrons generated

on exposure to lis;ht neutralize these charges , thus removing the band bending

the conductivity in this case is the true bulk conductivity,

Wiile it is true that the presence of accumulation layers at the top or

bottom of the film can give rise to the light - induced effects there is

evidence that such layers are not always present. Field effect experiments

carried out in several laboratories show that the flat band voltage Is close

to zero^ indicating absence of any appreciable band bending at the film - sub-

strate interface, Photoemission experiments on films prepared by the Dundee
12)

group indicate that the surface charge at the top of the film is less than

10 cm . Moreover since it has been shown that the conductivity

activation energy for a planar structure is the same as that for a forward biased

Schottky diode , it can be inferred that a surface accumulation layer is not

always present. The fact that changes in dark conductivity can indeed take

place owing to bulk effects has, been convincingly demonstrated by experiments

on Schottky barrier diodes. It has been shown ' that the Series resistance

of these diodes increases on exposure to AMI illumination. Measurement

of frequency dependence of capacitance of such ideas indicates that new states

are generated in the gap on light exposure. Similar results have been

obtained from thermally stimulated current measurements of Schottky diodes .

If the new states that appear owing to light exposure are caused by

metastable photostructural changes the films prepared In our laboratory

from SiH^-H^ mixtures are obviously more stable. Although the gas mixture

contains such a large percentage of hydrogen it is interesting to note {see

Table I) that the films do not contain any more hydrogen that the conventional

ones deposited from 100? silane. The glow conditions are, however, quite

different when hydrogen is present and depend considerably on glow conditions ,

the presence of excess hydrogen in the gas stream may give rise to films which

are more stable. One should( howeverj point out that excess hydrogen in the

plasma is not essential and there could be other factors equally important since

it has been recently demonstrated that it is also possible to prepare films

from 100? silane which are stable against light exposure. This brings out the

importance of the glow conditions on the properties of the films and indicates

that the photoinduced effect can be eliminated by suitable preparation conditions,
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v. FIELD EFFECT MEASUREMENTS AT THE FIIM INTERFACES

Study of the bulk properties of a-Si;H is complicated by the fact that

this material is prepared in the form of a thin film and a space-charge layers

at the film-substrate and film-air (-vacuum) interfaces can control the transport

properties significantly 1 ' ) , i t has been shown that surface absorbates

can change the conductivity considerably and even in samples which are heat-

dried surface accumulation layers can be present causing band bending and this

effecting the measured transport properties. Evidence for the existence of a

large density of surface states has come from measurements on Schottky barriers ^ '

which indicate surface state densities of the order of 10 i3 em^eV"1. Surface

state density of this magnitude would cause significant band bending and regions

of space charge which can dominate the transport processes in thin films. There

is> however̂  evidence from photoemission experiments that the surface state

density in a-Si;H film having a thin layer of natural oxide is less than 1011 cm"2

A similar result has recently been reported on films which have not been

exposed to air before the photoemission measurements.

Field effect measurement is a very useful tool for measuring the inter-

face potential and the density of localized states in the mobility gap . So far

field effect measurements have been conducted only by applying the gate voltage

across the film - substrate interface , and typical values of density of state •

of around 10 cm" aV~ have been obtained . In a field effect experiment

most of the current flows in a narrow channnel less than 50 A thick near the

interface , and i t has been argued 'that the measured value reflects the

density in a thin layer adjacent to the substrate which need not to have the

true bulk property. The field effect measurements have been carried out by

applying the gate voltage at the top surface of the film in order to obtain

information about the localized state density near the top of the film and the

surface state density at the film-vacuum interface.

For the field effect measurements^ films were deposited on 150-175 mm

thick Corning 7059 glass substrates with predeposited NiCr contacts

2 mm apart. The gate electrode for the bottom field effect experiment (to

prcbe the substrate - film interface) was an evaporated Al contact at the back

of the substrate' silver point contacts have also been used The top field

plate was a Corning 7059 glass plate of identical thickness. One side of the

glass was metalized with evaporated Al or silver paint soldered to a gold

spring. The spring is attached to a stainless-steel rod which can move up and

down through a Wilson seal. The gate voltage at the top was applied through

the stainless-steel rod . The measurement jip; was connected to a diffusion
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pump module with a liquid-nitropen trap capable of pumping to 10 ' Torr- a l l the

measurements were carried out in vacuum. The sample was mounted on a heater

and the sample temperature could be varied between 300 and 500 K. All the

annealing cycles were carried out with top field plate separated from the sample .

Leakage current and charge t r pping effects in the field plates were measured

and were found to be negligible in the voltage range used.

Typical results for the field effect experiment are shown in Fig.2^ where

the sample conductance normalized to the conductance for no gate voltage applied

is plotted as a function of gate voltage. For gate voltage applied at the bottom

the field effect is found to be not very sensitive to annealing. A drastic

change in field effect is observed for the top surface in the annealing, Before

annealing# no change in conductance is detected. After annealing at 175 C for

30 mln with top field plate separated a detactable field effect is observed but

the magnitude is smaller than that at the bottom . After annealing at the same

temperature for h hours^ the field effect at the top increases and is close to

that at the bottom , Measurements were carried out on a number of samples and a

heat treatment at 175°C for two to four hours was found to be necessary for

obtaining a similar field effect at the bottom and the top.

From the field effect measurementsf the density of states at the Fermi

level for the properly heat-dried samples was calculated as in the range from

5 x 10 to 10 cm ev" . Since similar values are obtained at both the top

and the bottom interfaces it is suggested that the property of the film even
o

for the initial 50 A of growth represents the bulk value. The effect of

annealing on the field effect at the top indicated that the films have some

absorbate on the surface which pins the Fermi level. A suitable heat treatment

at 175°C can get rid of this absorbate. It should be mentioned that the estimate
IT -^ -1

of 10 cm eV for the density of states has been obtained by neglecting the

effect of surface states completely. The presence of surface states will reduce

the value of the surface potential and result in a smaller change in conductivity

for a given gate voltage If the observed modulation in conductivity is entirely

limited by surface states one can make a rough estimate of the_surface state

density of assuming that the gate voltage is screened by an effective

surface charge rather than by the localized states distributed over the space-
12 -2 -1

region. This gives an upper limit of about 10 cm eV for the density

of the surface states for the fully annealed film. This is in agreement with
20)

the estimates from photoemission measurements on the clean or natural-
12) ' 19)

oxide-covered surface but lower that the measured value at the metal-

semiconductor contact prepared by evaporation of the metal at a pressure of
10"5 Torr.
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Since the results of this work shov that one can get rid of the absorbate

at the surface only after prolonged heat treatment at such a vacuum, it vill be

of interest to study the interface states on Schottky diodes prepared by evaporation

of metal onto heat-dried samples. In the absence of metal-inducea surface states

the measured value should then agree with the other estimates.

VI. EFFECTS OF NITROGEN DOPING

Efficient doping of a-Si'.H by phosphorus and boron has teen achieved in

several laboratories. Since phosphine (PH ) and borine (B Ud) are hazardous
j 2 o

gases i t is of interest to investigate doping effects by other impurities.

sputtering of silicon in Ar-H mixture have "been demonstrated

The very efficient nitrogen doping effects in a-Si films made by dc

Since

nitrogen is found to behave as a classical donor in these films it Is of interest

to see if a similar behaviour can be observed in a-Si films prepared by glow

discharge decomposition of silane.

Nitrogen doping was achieved by premising UHP nitrogen (99 999$ purity}

with the hydrogen-silane mixture to different doping levels ranging from 10 to

5 x 10 vppm .

u
Fig.3 shows the IE absorption spectra of undaped and 10 vppm N-doped

a-Si samples. The absorption spectrum for the undoped sample shows a peak at

2000 cm" which is identified ' as due to the stretching mode of singly bounded

hydrogen. The lack of an absorption pealt at 930 cm"1 associated with doubly or

triply bonded hydrogen leads to "believe that al l the hydrogen is singly "bounded

The hydrogen content in the film is estimated to be ~ 30$ The absorption
-1 25)*

at 1000 cm in the undoped film is caused by Si-0 bonds and the amount of
oxygen in the films was estimated to be about 0 5 ate ercent. This peak
Is absent in the nitrogenated films as if the presence of nitrogen suppresses the

presence of oxygen. In the nitrogentated films the peak at 200 cm" remains

unaffected and a new peak at 330 cm appears which can be Identified as arising

from Si-N vibrations . The nitrogen concentration was estimated to "be about

5$ for the films doped to 10 vppm of nitrogen. For the samples doped with a

lower quantity of nitrogen, the other features in the IR spectrum remains the

same except for the fact that the absorption at 830 cm decreases, indicating

a lower amount of nitrogen incorporation. The nitrogen bonds are predominantly

to silicon ana not to hydrogen as Is evidenced by the lack of absorption at

3300 cm"1 ascribed to N-F bonds.

- T -

Nitrogen doping( however( does not affect the optical gap( the optical

gap of both the undoped and nitrogen doped samples is about 1.8 eV. This may

seem rather surprising since the SI-H bond is stronger than the Si-Si or

Si-H bond and one would have expected a larger gap for the nitrogenated films.

The large gap of 1,8 eV in undoped films is due to the large amount of hydrogen

and since the hydrogen content is about six times the nitrogen content even in

the most heavily nitrogenated film the magnitude of the gap is dictated by the

Si-H bond. The refractive index at \ = 1̂ 2 urn for the two films i s , howeve^

different. For the undoped film i t is h while the value for the doped film

is 3f 2 m The corresponding value for silicon nitride films ranges from 1^ 8

to 2 1, This indicates that nitrogen has been incorporated in the film ,

Fig. 1+ shows the dark conductivity as a function of reciprocal temperature.

For the undoped samples the conductivity is thermally activated with a single

activation energy down to 250 K and conduction is dominated by electrons in

extended states . Below 250 K hopping conduction is expected to dominate the

conductivity. For nitrogenated samples the conductivity is similar to that of

the undoped samples. This occurs despite the fact that a large quantity of

nitrogen is incorporated in the film. It is clear that nitrogen does not

exhibit classical donor behaviour in a-Si made by the glow discharge technique ,

It is worth noticing that hopping dominates transport at a higher temperature

in the nitrogenated films than in the undoped samples suggesting that nitrogen

may actually give rise to deep levels in the gap . Further evidence that this

may indeed be the case comes from a study of photoconductivity .

Fig.5 shows the photoconductivity of undoped and nitrogen doped a-Si

as a function of intensity. An intensity of unity of the graph corresponds to

60 mtf/cm of unfiltered white light between 0,6 and 1 1 urn. The photoconductivity

The intensity dependence of photoconductivity can
27)"be understood from a model due to Rose where we assume that the density of

E - E

obeys the relation a = AI

"be understood from a model

states increases exponentially as

where T characterizes the distribution; v is than given by v =

A constant \) implies that the density of states in the energy E—j - E^

is given by the same distribution > where EFI and E^ are respectively the

quasi-Fermi level at illumination intensity I and in the dark. It can be

seen from Fig.5 that at low photon intensities the photoconductivity of the
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doped and uhdoped films are comparable and v ^ 0,7 in both cases. While v

remains equal to 0,7 for the undoped films, even at higher intensities, it comes

dovn to 0,6 for the nitrogen-doped film. This suggests an increase in the

density of states In the doped films at an energy •>• 0,2 eV from the dark Fermi

level which may be explained if one assumes that nitrogen gives rise to deep

levels 0,U to 0,5 eV from E . These deep levels will .not change the dark

conductivity at room temperature, but can provide a hopping path at low temperature.

We now speculate briefly on the origin of the centre associated with

nitrogen incorporation. It is known from studies of radiation damage in

crystalline silicon that a silicon vacancy in conjuction with a group V impurity

like phosphorus produces an acceptor level 0,1* eV below E . In amorphous
29) c

silicon, there is some evidence that, in addition to a shallow level,

phosphorus doping produces a deep level as well. We believe that the nitrogen

level appearing in these films has a similar origin. Since the classical donor

behaviour is not seen, • it appears that, rather than being

substitutionally incorporated, most of the nitrogen atoms form complexes with

the vacancies present
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VII. CONCLUSIONS

It has been shown that a dilute mixture of silane (10$) In hydrogen

(90%) can be used to produce a-Si:H films with properties comparable to the

best reported results in films prepared from 100? silane. In addition, these

films are found to be quite stable against prolonged light exposure. This

has interesting technological Implication since the use of a mixture of silane

in an Inexpensive gaa like hydrogen is expected to be more economic. Moreover,

the dilute silane is much less hazardous than 100$ silane.

Measurements of Interface states density on the film-vacuum Interface

has been reported. Because of the presence of an absorbate at the top surface,

the field effect at the top is found to be much smaller than at the bottom.

After a heat treatment at 173 C for two to four hours , the field effects at the

top and the bottom are found to be similar, so it is suggested that the property
o

of the film even for the initial 50 A of growth represents the 'bulk value.

The effect of nitrogen on the properties of glow disharge-produced a-Si:H

films has been Investigated. It Is found that instead of behaving as a classical

donor, nitrogen Introduces deep levels In a-Si:H.

-10-

-9-



REFERENCES

l) W.E. Spear, P.G. LeComber, Sol. State Comm. 1J_ (1975) 1193.

2} M.H. Brodsky, M.A. Frisk and J.F. Ziegler, Appl. Phys. Lett. 30, Cl977) 56l.

3) C.C. T3ai and H'. Fritzsche,Sov. Energy Hater. 1_, (1979) 29.

1*) D.L. Staebler and C.R. tfronski, Appl. Phys. Lett, 31, (1977) 292.

5) W. Fuks, M. Milleville and J . Stuke, Phys. Status Sol. B 8£, (1978) 1*95.

6) M. Tanielian, H. Frltzsehe, C.C. Tsai and E. Symablisty, Appl. Phys. Lett. 33.,
(1973) 353.

7) S. Guha, K.L. Narasimhan and S.M. Pietruszko, J . Appl. Phys. 52_, (I98l) 659.

8) I . Solomon, T. Dietl and D. Kaplan, J . Phys. 39_, (1978) 12ltl.

9) N.B. Goodman^ H. Fritzsche and H. Ozaki, J . Mon-Cryst. Sol. 35-36, (1980) 599.

10) A. Madan, P.G. LeComber and W.E. Spear, J . Non-Cryst. Sol. 20_, {1976) 239.

11) S. Guha, K.L. Jfarasimhan, R.V. ttavkhanaevala and S.M. Pietruszko,
Appl. Phys. Lett. 31, (1980) 5T2.

12) R.H. Williams, R.E, Varma, W.E. Spear and P.G. LeComber, J . Phys. C 1£,
(1979) L209.

13) C.R. Wronski and D.E. Carlson, Proc. of the 7th Intern. Conf. on Amorphous
and Liquid Semiconductors, Edinburgh. 1977, edited by W.E. Spear (CICL,
University of Edinburgh, 1977) p.U52.

lU) D. Jousse, P. Viktorovitch, L. Vieux-Roehaz and A. Chenevas-Paule,

J. tfon-Cryat. Sol. 35-36, (1980) 767.

15) L. Vieux-Rochaz and A. Chenevas-Paule, J. Hon-Cryst. Sol. 35-36^(1980) 737.

16) D.I. Jones, R.A. Gibson, P.G. LeComber and W.E. Spear, Sol. Energy Mater.2.,

(19T9) 93.

17) D.G. Ast and M.H. Brodsky, J. Non-Cryst. Sol. 35-36 (1980) 6ll.

18) M. Tanielian, M. Chatani, H. Fritzsche, V. Smid and P.D: Persans, J . Non-

Cryst. Sol. 35-36 (1980) 575.

19) C.F. Wronaki and D.E. Carlson, Sol. State Comm. 23_, (197T) kSl.

20) B. Van Eoedern, L. Ley, M. Cardona and F.W. Smith, Phil. Mag. B U£, C1979) 599.

-11-

21) N.B. Goodmann and H. Fritzsche, Phil. Mag. B h2_, (198O) 11*9.

22) Z.S. Jan, R.H. Bube and J.C. Knights, J. Electro*. Bftct«r. 3_, (1979) ^7.

23} J. Baixeras, D. Mencaraglia and P. Andro, Phii. H«ff. B 3J_, (1978) ̂ Ql.

2I4) M.H. Brodsky, H. Cardorsa and J.J. Cuomo, Phy». l»*v 9 l6, (19T7) 3556.

25) C.C. T$ai, Phys. Rev. B 12, (1979) 201*!.

26) E.A. Taft, J. Electrochem. Soc. 116., (1971) 13Ul.

27) A. Rose, Concepts in Photoconductivity and Allied Problems, (Hew York

Interscience, 1969).

28) G.D. Watkins and J.W. Cortett, Phys. Rev. 131*, (196U) 1359.

29) D.E. Carlson and C.R. Wroniky, Aaorphoua Semiconductors, edited tiy

M.H. Brodsky (Springer-Verlag, Berlin 1979) p.311.

30) S.M. Pietruszko, K.L. Haraaimhan and 5. Guha, Phil. Mag. B (1961) 357:



TABLE I

Comparison of properties of a-Sl films prepared from 100? silane and

from 10yS silane-90$ hydrogen mixture

High temperature
activation energy

Room temperature
dark conductivity

Room temperature
phtoconductivity^ „ .
at Intensity 10 cm" sec"

Optical gap
•

Absorption constant at

(1) 2000 cm"1

(2) 2080 cm"1

Photolumlnes cence
intensity (arbitrary units)

Density of states at Fermi
level from field effect

Pure silane

0,6 T 0,8 eV

10 y -10 ' n cm

10"5 a'1 cm"1

1,6 - 1,8 eV

5 . 1 0 - 1 0 cm

n i l

1

5.1O16-1O1T cm"3 eV"1

S ilane-hydrogen
mixture

0,6 * 0,7 eV

10~9 -10 a'1 cm"1

io" 5 -IO"1* n"1 cm"1

1,8 eV

1-2.IO3 cm"1

n i l

1

5.1O16 cm"3 eV-1
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Flg.l Conductivity as a function of time before, during and after exposure

to light.

Fifl.2 Plot of normalized conductance as a function of gate voltage applied
(l) at the top, (a) before annealing, M after annealing at 175°C
for 30 min, and (c) after annealing at the same temperature for U hours.
Curve (2) represents the results for gate voltage applied at the 'bottom;
the curve does not change for the same annealing cycle,

yjg.3 Infra-red absorption of undoped and 10 .vppm N-doped a-Si films.

Flg.lt Dark conductivity as a function of temperature of undoped and 10 vppm
3-doped a-Sl films. All measurements were made after annealing at

200°C for 2 hours.
It

Fig.5 Intensity dependence of photoconductivity for undoped and 10 vppm
H-doped a-Si films. All measurements were made after annealing in
the dark at 200°C for 2 hours.
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