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ABSTRACT

Research has been conducted to develop a new means of producing large

grained polycrystlline thin films for photovoltaic applications. The process

is one of growth of controlled crystalline nuclei in an a-Si film. For this

process to be practicle, we must develop a-Si films with crystallization

behavior such that the rate of spontaneous crystallization (nucleation rate)

is essentially zero at temperatures where the growth rates are > 104 A/min.

Amorphous Si films, deposited on oxidized single crystal substrates by

RF sputtering, E-beam evaporation, and CVD, have been examined. The

spontaneous crystallization behavior and the rates of nucleation and growth

of crystals in the Si films have been evaluated using X-ray diffraction and

TEM. The results show that microstructural features and impurities in the RF

sputtered films result in very high nucleation rates and extremely low growth

rates. The CVD films have high nucleation rates associated with the high

deposition temperatures. The growth rates for Si crystallites into a-Si in

the CVD films are only a factor of 20 below desired levels.

For process demonstration one requires a deposition process that will

produce extremely high purity (- 1018/cm3) a-Si films at low deposition

temperatures. It remains to be seen if this can be done economically by

E-beam or conventional CVD processes.
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I. Introduction

Traditionally, single crystal silicon photovotaic cells have been

used to provide electricity from large solar arrays. However, the

cost of these devices has limited their use principly to applications

where alternative energy sources were impractical. DOE (Department of

Energy) estimates that the lowest possible cost for single crystal
1

solar cells is about $1.00/watt. This is 200 to 400% too high to be

cost competitive with other energy sources. However, this cost

might be dramatically reduced if thin amorphous or polycrystalline

silicon thin films on inexpensive substrates could be substituted for

single crystal silicon substrates in solar cells. This could result

in a 5000% reduction in the amount of ultra-high purity silicon

required for these cells, greatly reducing the cost.

The difficulty is that solar cells made with amorphous and

fine-grained polycrystalline silicon have lower photovoltaic

conversion efficiencies than single crystal devices. The highest

3t tt
efficiency achieved for an amorphous cell is 6.5% at AM1 and 9.5%

4
at AM1 for a fine-grained polycrystalline silicon device. The typical

4
efficiency of a single crystal silicon device is 15% at AMI.

* These numbers depend on whether peak or average power demand is
assumed, on the specific energy source, and on the location of the
user.

** assuming that the single crystal device is 0.4 mm thick, that

cutting and polishing losses are 59% (Ref. 2) and that the

vapor-deposited film is 30 Am thick.
? for a hydrogenated amorphous silicon device.
tt illumination equivalent to that of the sun after passing through 1

mile of atmosphere, or 930 W/m2 of radiant energy.

--- - will



These relative efficiencies arise from the low electron mobilities

through grain boundaries and in amorphous silicon due to electron

trapping by dangling bonds and other defects.

The costs associated with any large photovoltaic installation

dictate that a minimum conversion efficiency of 10-12% is required for
5

its economic viability. Rence the existing amorphous and

fine-grained polycrystalline silicon technologies are inadequate for

this application. An attractive alternative would be to create a

thin-film polycrystalline silioon device with grain sizes 10-100 times
4

the film thickness. This would minimize the interaction of grain

boundaries with electrns in a photovoltaic cell.
6

Ghosh calculated that a silicon photovoltaic cell using a 20 Am

thick film with- a 500 Am grain size could have a 10% efficiency.

However, the cost could be substantially lower than for a single

crystal device.
7

In a proposal developed at M.I.T., such a film would be created

by laser-irradiating small spots (< 10 urs diam.) on 1000 Am centers in

a 30 Am thick amorphous silicon film, to create crystalline nuclei

which subsequently would grow to impingement on anneal. To do this,

conditions must be created under which nucleation can be controlled.

In the proposed process, nucleation in amorphous silicon would be

controlled by annealing the laser-irradiated silicon film at a

SThese can be created by melting a thin surface layer of the
amorphous silicon film by nanosecond or longer laser pulses (Ref. 9).

** Recrystallization of silicon to achieve large grains is not
economic. The rate of grain boundary migration during
recrystallization is about 5.8 Am/day at 1396 0 C (Ref. 8).
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temperature below that for spontaneous crystallization of the

as-deposited silicon film.

Examination of annealed amorphous silicon films by X-ray

diffraction and by selective etching indicated very small

characteristic grain sizes in all crystallized films, independent of

laser processing. However, neither of these techniques could provide

detailed information about the crystallization kinetics in these

films.

Therefore, a transmission electron microscope (TEM) investigation

was initiated to determine the nature of the processes constraining

large-grain growth in these films. The films investigated were ones

believed to be promising as candidate materials for growing

large-grain polycrystalline silicon thin films by the above process.

Nucleation and growth rates during the crystallization of amorphous

silicon were measured using the TEM. The chemistry of these films

was also investigated.

II I I IIII II li l III i~ l iili~ll~h ,i,,ii' , l l lh,5,10 1 II I llli i l



II. Background

A simple criterion for selecting an appropriate film deposition

method and parameters for this selective nucleation and growth

process is to chose a film with the maximum crystallization

temperature. The rationale was that we wished to maximize growth

rates at the crystalline spots (created with a laser) without having

this growth terminated by spontaneous crystallization in the a-Si

film. Spontaneous crystallization of a-Si was suppressed by annealing

the laser-irradiated films below the crystallization temperature of

the as-deposited film. The maximum anneal temperature, and hence, the

maximum growth rate at the (laser-created) crystalline spots is

determined by the crystallization temperature of the as-deposited film

in this process.

X-ray diffraction studies of e-beam evaporated, rf-sputtered and

chemical vapor deposited (CYD) films were performed in conjunction
10 11

with Devaud and King. These results suggested that rf-sputtered

amorphous silicon films, deposited with the substrate at T =400C,

have the highest crystallization temperature, of the samples studied,

(Appendix 1).

Growth of polycrystalline spots created with the laser* in this

rf-sputtered film was measured by differential etching (Stirl etch)

samples before and after annealing at 709 oC for 10 hours. The

crystallization temperature was 724 OC, for a 16 hour anneal. The

sample, after anneal and etch is shown in Figure 1. The inferred

* An argon laser (X=532 zm) was used. The pulse length was 114 ms
at 2.0 W power and the calculated irradiated spot size was 57 Am.
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growth rate of this polycrystalline spot was 2.8x10 rm/sec at 709 oC.

As demonstrated later (see Section III-C-2, Figure 3), this is at

least several orders of magnitude lower than growth rates reported by

earlier researchers for amorphous silicon deposited by evaporation, or

created by ion-implantation.

X-ray line broadening also indicated that the grain sizes in all

isothermally annealed amorphous silicon films (1200 nm thick) were no

larger than 150 =s for there was no evidence of any spottiness in the

diffraction rings.

In the initial stages of the transmission electron microscopy

(TEM) investigation of these films, e-beam evaporated, rf-sputtered

and CVD deposited amorphous silicon films were considered for further

study.

The e-beam evaporated films had two drawbacks relative to project

interests. There were severe adhesion problems with these films on

the oxidized single crystal silicon substrates. Although this could

have been overcome, TEM examination of e-beam evaporated a-Si annealed

at 701 oC revealed very irregular crystallites with lenticular or

tree-like structures. Therefore, this film did not appear to be

promising relative to the requirements of large-grain polycrystalline

thin film development.

The CVD film, however, exhibited a well-defined and moderate (100-

300 nm) sized grains after annealing at 8120C. Hence this film, and

the (0S1-023) rf-sputtered film, (Ts=400 0 C), were chosen for detailed

TEM investigation.

• - - I Il I IIIIr r l [il
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III. Literature Review

A. Steady State Nucleation

The nucleation rate in the crystallization of amorphous silicon

(a-Si) depends on many factors. Among these will be the structure of

the film at 1-5 rm scale and the nature and distribution of impurities

and pores. The later is significant for dangling bonds are active in

catalysing both growth, and nucleation-particularly at pore surfaces.
20 3

Furthermore, amorphous silicon has relatively high densities(10 /cm )

12
of internal dangling bonds.

These various effects may be summarized using the expression:

I=N(kT/h)exp[-(G+ +4g )/kT] (1)

for the nucleation rate. Agi is the activation energy for mass
a

transport across the interface and AG is the Gibbs free energy of aC

critical nucleus.

The activation energy for nucleation may be determined by fitting
14

the nucleation rate to an Arrhenius type equation. Koster reported an

activation energy for nucleation of 469 kJ/mole (4.9eV) for evaporated

amorphous silicon (a-Si) deposited at a substrate temperature of

T =25 0 C. This is in very good agreement with that reported by Zellama
s

15
et al., 473 kJ/mole (4.9 eV), again for evaporated (Ts=25 C) a-Si.

Koster determined this energy using hot-stage TEM, and Zellama by

* derived by Turnbull and Fisher (1949) for liquid-solid
transformations (Ref. 13)

1111111 dIh, IIE1



making electrical conductivity measurements during the crystallization

process.

The substrate temperature Odring deposition seems to affect the

activation energy for. nucleatton. The activation energy for

15
nucleation reported for evaporated a-Si films by Zellama et al. is

altered from 473 kJ/mole to 870 kJ/mole as the substrate temperature

during deposition is changed from T =25OP to T =300 0 C. Zellama et al.
s S

attributed this effect to i change in the mode of nucleation, from

heterogeneous (surface) nucleation (Ts =25 OC) to bulk, presumably

homogeneous nucleation (Ts,300 OC). 4Hwever, AG , the energy of

forming a critical size cluster, is also expected to vary with the

substrate temperature, Ts, with changes in the density and other a-Si

film properties.

The nucleation rates for Zellama's evaporated (Ts=300*C) a-Si film

14
are significantly higher than those reported by Koster for evaporated

(T =25 °C) a-Si, as shown in Figure 2. Zellama did not report

nucleation rates for his evaporated films deposited at Ts=250 C.

B. Transiant nucleation

In some systems, the time required for the nucleation rate to

achieve steady state s a significant fraction of that required for

the transformation to reach completion. This is referred to as

transient nucleation. Kashchiev1 6 has calculated the time-dependent

nucleation rate to have the form:

I(t)-I tCl+2E (-l)m(-m22 t/r) (2)
m1l
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Nucleation rates vs temperature for
vapor-deposited amorphous silicon films.
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Figure 2: Nucleation rates versus temperature for vapor-deposited a-Si

-~---~- ~ II l nmmmil



where T is the induction or lag time and I is the steady statest

nucleation rate.
14 5

Koster has reported transient times ranging from 2.5x10 s at

550*C to 2.5x10 s at 650 0 C, for evaporated (T s =25 "C) a-Si. These

were determined by fitting data from hot-stage TEM experiments to

Equation (2).

C. Growth

The character of the growth process, for the crystallization of
17,18

anorphous silicon, has similarities to surface reconstruction in

crystalline silicon. Th4i results in anisotropies in growth kinetics

which would not be expeoted for growth of a cubic crystal in an

isotropic medium, as for metals. However, the actual growth rates

depend on the density, elastic properties, nature of impurities, and

other specifics of the amorphous silicon film.

1. Models

The amorphous/cystalline interface is propagated by breaking

bonds in a-Si, thereby allowing silicon atoms to be transferred across

the interface to regular lattice-site positions. For growth to occur

reliably, this transfer should be to positions where bonding can be

established with two atoms which are already in nearest-neighbor

19
positions in the crystalline lattice. This condition is easily met

in the <100> direction, as shown in Figure 3 by an.examination of the
t

bond angles and distances required for bonding to crystalline silicon

in various growth directions. However, in the <111> direction,

* silicon has a diamond cubic structure.
t silicon has tetrahedral coordination.
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alternate planes have atoms with only one bond accessible to atoms
19

crossing the interface, which inhibits the growth process. Drosd

speculates that growth along the <111> direction involves nucleation

of atomic ledges leading to irregular surfaces and twin formation.

Growth in the <111> direction can lead to the formation of a high

volume density of twins, reportedly 3 0-40% at temperatures between 450
20

and 575 0 C. The anisotropic character of the growth process results in

growth rates which vary by as much as two orders of magnitude for
20

different directions. Growth is fastest in the <100> direction, and

slowest in the <111> direction. If the crystallite boundary

structure and growth directions are variable, say, due to twin

formation during crystallization, anisotropic growth of crystallites
23

could result.

2. Rates and activation eneries. oure a-Si.

The kinetics of the regrowth of amorphous silicon created by

ion-implantation of single crystal silicon have been investigated by

20 19
Caepregi and Drosd, but by different methodologies. Whereas Drosd

measured growth rates in annealed thin films by TEM, Csepregi used

Rutherford (neutron) backscattering to monitor growth rates. As shown

in Figure 4, regrowth rates for nearly 'all orientations and

temperatures were higher in Drosd's study than in Csepregi's, by as

much as an order of magnitude at 700 0C. Furthermore, the activation

energies measured also differ significantly. Drosd reported an

activation energy of 280 kJ/mole (2.9 eV) for regrowth in the

<100>/(010), <110>/(110), <110>/(001), and <111>/(110) orientations

(550-650 OC). Growth in the <100>/(010) orientations is growth in the



Growth rate vs temperature for a-Si
created by ion-implantation and by
vapor deposition
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<100> directions where the plane of the silicon substrate from which
20

regrowth initiates is a (010) plane. Csepregi et al., however, cite a

somewhat lower activation energy, 232 kJ/mole (2.4 eV) for regrowth in

the <100>, <110> and <511> orientations (475-5750 C).

Two studies of growth during the crystallization of evaporated

amorphous silicon, deposited at T =25 C have been performed. Zellama
15

et al. investigated growth rates by measuring changes in electrical
14

conductivity during crystallization. Koster investigated growth using

hot-stage TEM, in which the a-Si foil is annealed in the microscope.

The activation energy for growth was reported to be 232 kJ/mole

(2.4 eV) by Zellama (560-600 0 C) and 280 kJ/mole (2.9 eV) by Koster

(550- 70T0 C). Direct comparision of growth rates is not possible

since Zellama did not report this rate for his evaporated a-Si films

deposited at T =250C. Zellama did report growth rates for evaporated

a-Si deposited at T =3000 C. However, the activation energy for growth

of the T =3000C film (473 kJ/mole) is much higher than for these other
S

(Ts=250 C) films.

3. Imouritv effects

Impurities in amorphous silicon can either increase or decrease

the growth rate during crystallization, as shown in Figure 5.

Impurities seem to affect both the activation energy and the driving

force (the pre-exponential) for growth, as can be shown using

Equation (3).
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4. Effect of a-Si density on j-= th

The density of amorphcus silicon can significantly affect the

growth rate. Slight decreases in the density of amorphous silicon

20
from the crystalline value tend to increase the growth rate. Large

decreases in the density (8%) from the crystalline value can reduce
24

the growth rate by an order of magnitude.

5. General exoression

In general, the rate of growth during transformation may be

described using the expression :

V = (kT/h) (A"/RT)exp-(AF ) G/RT] (3)
A G

where (AF )G  is the free energy of activation for
transformation boundary migration.

AF is the free energy difference
per mole for phases on the two
sides of the boundary

6 is the boundary thickness
13 -1

kT/hceI0 s ar 700 C

25
In Turnbull's development, the AF/RT pre-exponential term is

associated with the driving force for boundary migration bu= -AF

where N is Avagadros number. At higher driving forces, this relation

is expressed more precisely as

V,= (kT/h)expf-( F )G/RT] [I-exp(&F/RT)
g G

which has been applied to growth in the crystallization of a-Si by
15

Zellama et al.

* characteristic of evaporated a-Si films.
t used by Turnbull (Ref. 25) to describe the rate of grain growth in
the recrystallization of metals.



IV. Description of Work

A transmission electron microscope (TEM) study of the kinetics of

crystallization of amorphous silicon was conducted. The nucleation

and growth rates, and their time dependencies were determined.

Efforts were made to correlate them to the chemistry and

microstructure of the as-deposited films.

The two films principly investigated were deposited by

rf-sputtering and chemical vapor deposition (CVD), and were amorphous

as determined by electron diffraction. The deposition conditions are

specified in Table 1. The CVD film was deposited at Lincoln Labs

(M.I.T.) through the efforts of M. Geiss (Lincoln Lab) and Prof. H.

Smith (M.I.T.).

These samples were isothermally annealed for various lengths of

time (Table 2) and the resulting films examined by TEM.' The annealing

temperatures were approximately the crystallization temperatures

determined by X-ray diffraction (Appendix 1), for a 16 hour anneal.

In a more extensive project the activation energies for nucleation

and growth would have been determined. However, a considerable amount

of supplimentary data is required to properly interpret these

activation energies. Since neither the activation energies or this

other data was nessesary to immediate project concerns, measurement of

these energies was not actively pursued.



Table 1: Deposition parameters

Rf-sputtered (0S!-023): Polycrystalline Si target
-6

Ultimate Vacuum: 3x10 Torr

Argon Plasma Pressure: 8.5 mTorr

Accelerating Potential: 1210 7

Substrate Temperature: 4000C

Film Thickness: 1.2 gm

Deposition Rate: 13.3 rn/min

CVD (Chemical Vapor Deposition):

90cc/min 5% SiH in Argon

90cc/min N

Total Pressure: 760 Torr (1 atm)

Reactor Temperature: 610 0C

Film Thickness: 1 tm

Deposition Rate: 20rnm/min

Table 2: Annealing times and temperatures

Rr-sputtered (OS1-023): 7240C for 3.5, 5, 7, 9, and 15 hours

CVD : 5510C for 3, 5, 7, 16, and 23 hours

812 0 C for 16 hours



A. Experimental Apparatus and Procedure

The experimental procedure was to; obtain a substrate, clean it,

deposit amorphous silicon on it, cut or scribe and break it into 1 cm

by 1 cm squares, clean if nessesary, perform isothermal anneals of the

samples, and prepare TEM specimens. These operations are discussed in

terms of their fundamental components; substrates, cleaning procedure,

annealing procedure, and TEM-specimen preparation and interpretation.

1. Substrate

Several criterion were developed for selecting an appropriate

substrate for this study. An optimum substrate must be:

1) non-crystalline

2) chemically inert and resistant to diffusion

3) macroscopically, and preferably, microscopically smooth.

4) thermally matched to silicon, i.e. it should have thermal

expansion coefficients close to that of silicon.

5) resistant to spalling, or delamination of the silicon film.

Several possible substrate materials which met at least some of

these criteria were tested.

Vitreous carbon substrates were amorphous, had desirable thermal

expansion characteristics and were electrically conductive, which

would have been desirable for device applications. However, the

adhesion of the amorphous silicon was poor, and delamination of small

flakes of of silicon occured within a couple of days at room ambient.

J to prevent heteroepitaxy or localized strain effects at kinks and
cleavage planes on the substrate (Ref. 26).
** Gallard-Schlesinger Chemical Mfg. Corp., Carle Place NY



Fused silica substrates* satisfied the first three criteria.

However, a combination of stresses from the crystallization process

and from the mismatch of thermal expansion coefficients caused

microcracks to propagate through both the deposited layer and into the

substrate during anneal.

Various metals and oxide ceramics (e.g. alumina) .were considered

and rejected as possible substrate materials due to inadequacies in

one or more of the criteria above.

Therefore oxidized sngle crystal silicon substrates were

employed in this study because they satisfied all of the criteria and

were cost effective for research purposes. The oxide layer was

550 nm thick, created by a thermal oxidation process and was amorphous

as determined by electron diffraction and dark-field TEM.

2. Cleanin Procedure

The cleaning procedure used for this study consists of degreasing

the substrate by successive application of hot trichloroethylene,

acetone, methanol and deionized water, as described in Table 3. It

has been employed successfully elsewhere for silicon microelectronics

research. 2 8

* Accumet Engineering Corp, Hudson MA
** also reported by Janai et al (Ref. 27)
t Mosfet Micro Labs, Inc., Quakertown PA



Table 3: Substrate cleaning procedure

1) Boil wafer(s) in trichloroethylene for 5 minutes.

2) Ultrasonic clean wafer(s) in hot trichloroethylene for 5 minutes.

3) Heat wafer(s) in acetone to the boiling point.

4) Ultrasonic clean in hot acetone for 5 minutes. Decant.

5) Boil wafer(s) in methanol for 10 minutes. Decant.

6) Ultrasonic clean wafer(s) in
\ distilled, deionized water for 10

minutes.

7) Place wafer(s) on edge, allowing water to run off. A nitrogen gun

may be used to assist this process.

.. .. .' IIIII



i II 1 IlbhmIl

3. Decosition Processes

a. rf-souttered films

A rf (radio frequency) field is applied between two electrodes to

+
accelerate Ar ions toward the silicon target. Silicon is removed and

29
redeposited on the substrate.

A Materials Research Corporation model 8620 rf-sputtering unit was

used to deposit the 0S1-023 a-Si films used in this study. The

substrate-target distance was 5.5 cm. Tne substrates were heated to

400 0 C during deposition with an electric heater in the substrate

holder (one of the electrodes). A thermally conducting paste insured

good thermal contact between the substrate and this heater. The

deposition parameters for the rf-sputtered films used in this study

are listed in Table 1.

b. Chemical Va2or Deoosition

CVD films used in this study were deposited in a low-pressure

thermal reactor at Lincoln Labs (M.I.T.), courtesy of Prof. H. Smith

and M. Geiss.

The CVD process involves the thermal decomposition of silane gas in

the presence of a substrate. Deposition parameters for the CVD films

used in this study are listed in Table 1. The reactor used a flowing

gas system with argon and nitrogen as carrier gases.

4. Annealing furnace and orocedure

A conventional tube furnace was used in all annealing experiments.

The sample sat in a high purity alumina boat, in a Vycor (TM) tube

which extended through the furnace core. High purity (99.995', <10

ppm H 20, <10 ppm 0 2 ) He flowed through the Vycor tube,exiting through



an oil bubbler. An on-off controller regulated temperature via a

thermocouple in the furnace. A second thermocouple located next to

the sample permitted accurate monitoring of its temperature. The

furnace could be brought to temperature without heating the sample by

sliding the Vycor tube and sample boat until the later was well

outside the furnace core. ThiA was done to minimize the heating times

for the sample. The samples remained in the Vycor tube with He

flowing until cooled to room temperature at the end of anneal.

5. Transmission Electron Mcroscoov

Transmission electron microscopy (TEM) involves two related

concerns: specimen preparation and image interpretation. Both have

inherent difficulties.

a. Soecimen oreoaration

TEM sample preparation consisted of mechanical thinning of the

substrate, chemical etching of the substrate (84 ml HNO 3 , 28 ml HF,

55 ml acetic acid, 0. 1 258 iodine), and ion-milling to perforation of

the deposited layer. The exact procedure used is detailed in

Appendix 2. Ion milling was performed at 3-4.5 kV ion accelerating

potential and 10-15 degree angle relative to the plane of the plane

of the sample. The accelerating potential used increased with the

crystallinity of the depoaited silicon film,.

b. Artifacts

One of the primary difficulties associated with this study was

artifacts introduced by the sample preparation technique.

The etching solution used in this study (Appendix 2) had been
19

employed by -Drosd for TEM sample preparation of a-Si created by



ion-implantation. However, this etchant left well defined etch pits

5 nm in diameter on the rf-sputtered films. Acid solutions consisting

of nitric and hydrofloric acids, and water or acetic acid were found

to have slow and non-reproducible etching characteristics if used on

small areas or silicon. This was probably associated with the high

stability and adhesion of gas bubbles evolved during etching to the

sample surface. Another difficulty inherent to chemical etching of

a-Si is that the density and chemical reactivity of amorphous silicon

changes with the specifics of deposition and heat treatment resulting

in highly variable etching behavior. Therefore ion-milling was

employed in the final thinning of the samples.

On the basis of an investigation of variables in the ion-milling
+

process, silicon films were milled at 3 kV Ar accelerating potential

for a-Si and at 4-5 kV for polycrystalline silicon.

c. TnterDretation of TZM results

The effective resolution limit of TEM for detecting second phases
30

in amorphous silicon is about 5 n in 100-200 n thick films. This

effective resolution limit arises from the nature of inelastic

electron scattering processes in a-Si, which result in a non-uniform

contrast feature for a-Si in the TEM image. Due to the short range
31

order in a-Si (crystalline coordination to the nearest neighbors),

electron scattering processes create regions of electron phase
32-34

coherency some 1-5 rnm in diameter. These appear as alternating light

and dark or "salt and pepper" contrast features in the TEM image which



have no unique structural interpretation. Transmission electron

microscopy was conducted on a Phillips EM300 microscope.

Other complications arose in interpreting the TEM images of

specific samples.

In the 0S1-023 (T =400 C) rf-sputtered films, crystallite

boundaries could not be reliably resolved from other features in

bright-field TEM. Therefqre, dark-field TEM was employed in analysing

these specimens. In the dark-field technique some, but not all

diffracting grains are imaged. These imaged grains will appear bright

in the dark-field image. Their intensity will depend on how strongly

they diffract (i.e. their orientation relative to the beam), and

scattering of electrons as they pass through other grains in the

"thin" foil.

The inability to obtain data from bright-field TEM, for the

rf-sputtered film, created several difficulties. One of these was

possible distortion of the crystallite size distribution by overlaps

of diffracting grains resulting in larger apparent crystallite sizes

than were the case. The high density of twins in these crystallites,

and the associated changes in contrast within the grain made it

difficult to judge whether the larger features in dark-field were one

crystallite with twins or several overlapping crystallites. Since

grain sizes were typically 10 rm in a film 150-200 r thick, there was

a significant probability of multiple grains partially overlapping.

* the line resolution (for crystalline samples) of the microscope
is 0.9 =~.



-- ------- -- --- IIYOI~ 1Yl YIhIEEIIIIIEYIHII

35

In some cases this could be observed by tilting the beam during

dark-field TEM work.

Tne dominant difficulty was in developing a correlation between

the density of features in dark-field TEM and the actual crystallite

density in the film in the absense of reliable bright-field data.

This correlation factor depends principly on the statistics of

diffraction processes for the grains in the field of view of the

microscope and is estimated in Appendix 3 for the (0S1-023)

rf-sputtered film.



V. Results and Discussion

The structure and chemistry, and resulting nucleation and growth

behavior during crystallization seem to be specific to the method and

parameters of deposition of the amorphous silicon. The nucleation

rates for rf-sputter (OS1-023) and CVD deposited amorphous silicon

films are substantially higher than reported for some evaporated a-Si

films. Growth of crystallites in the rf-sputtered film (OS1-023)

seems to be slowed or arrested through a combination of pinning

mechanisms including impurity and pore drag. The growth rate in the

CVD film was somewhat lower than reported for evaporated a-Si and is

anisotropic in character.

A. As-deposited silicon films

The as-deposited (0SI-023) rf-sputtered films exhibited coalescense

islands which were polyhedral in shape with an average size of 37.1 as

and a standard deviation of 16.5 rn, (see Micrographs, Figures 6-7).
35

Knights et al. have reported a similiar structure, with coalescense

islands 16 anm in diameter in plasma-deposited hydrogenated amorphous

silicon (a-Si:H). The relative sizes of these islands may be

associated with the difference in substrate temperatures during

deposition, Ts =230 OC in Knights study and T =400 0 C in our work.

35
Knights et al performed extensive characterization of their a-Si:H

film and concluded that the region between coalescense islands is a

low density a-Si structure, not an interconnected pore structure.

This, and the high mechanical stability of the very thin sections of

the rtf-sputtered films used in TEM suggest that the regions between

coalescense islands in our films are also a low-density a-Si

structure.
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a. Bright-field photos, rf-sputtered (T =400'C) a-Si after 16 hours

anneal (left) and after 15 hours anneal(right) at 724'C

b. Dark-field photos of rf-sputtered (Ts=4000C) after 15 hours

anneal at 7240 C

Figure 7: T4M micrographs, rf-sputtered a-Si

--- T-l-ii"-i--YU-_L____~- _ i- II_-



39

In contrast, the CVD deposited silicon film of this study

exhibited no distinct structure.

Electron diffraction and dark-field TEM results indicated that

both of these as-deposited films were amorphous.

B. Determination of crvstallinitv

Although electron diffraction may be one of the best methods of

determining the crystallinity of the samples, it seems that the

silicon film can have significant crystallinity before it becomes

apparent by this technique. Electron diffraction patterns for CVD

deposited silicon indicate an amorphous structure despite the obvious

presence of crystallites in both bright and dark-field TEM for CVD

films annealed at 551C for 5 hours, (see Micrographs, Figures 8-9).

A similiar difficulty is apparent with X-ray diffraction. X-ray

diffraction indicated that (OS1-023) rf-sputtered silicon is amorphous

unless annealed at 724 OC or higher temperatures for 16 hours.

However, dark-field TEM indicates the presence of some crystallites in

this film after only 3.5 hours of anneal at 7240 C.

The sensitivity ol" either of these diffraction techniques to the

presence of crystallinity depends significantly on the size and

distribution of these crystallites. One reason is that the nearest

neighbor coordination in a-Si is identical to that in the crystalline

31
phase. The second and third nearest-neighbor distances are

slighly distorted and have a great deal of dispersion relative to the

31,37
crystalline pnase. Additionally, small crystallites would not

necessarily have a distinctive diffraction pattern relative to a-Si

- IN1111111 NIl 11h I
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a. Bright-field photo, CVD deposited a-Si after 3 hours anneal at 551SC
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c. Bright (left) and dark (right) field photos of CVD films after

23 hours of anneal at 551 0 C

Figure 8: TEM micrographs, Chemical Vapor Deposited (CD) a-Si
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Bright (left) and dark (right) field photos of CVD deposited a-Si

after 16 hours anneal at 8120 C

Figure 9: TEM micrographs, Chemical Vapor Deposited (CVD) a-Si



due to particle size broadening. Thus, electron diffraction seems to

have limited usefulness in detecting small crystallites in a-Si.

Bright-field TEM is considerably more sensitive to the presence of

second phases than electron diffraction, but can not be used to

uniquely determine whether the second phase is crystalline silicon.

Dark-field TEM seems to have a greater sensitivity to the presence of

crystallites than electron diffraction or bright-field TEM. The

disadvantage of dark-field TEM is that its sensitivity is dependent on

the size and distribution of the crystallites. It is statistically

reliable only when a large number of orystallites are present in the

field of view of the microscope for only those grains diffracting in

specific orientations are imaged in dark-field TEM.

C. £f-sDuttred ilms

1. Nucleation rates

The nucleation rates for our rf-sputtered films were calculated from

dark-field data, using the correlation factor calculated in Appendix 3

whion was estimated to be a factor of 98 crystallites in the field of

view for each one evident in the dark-field TEM images. The number

density of features in the dark-field image (see Micrographs,

Figures 6-7) was determined assuming a film thickness of 200 rn. The

number density was adjusted by the correlation factor and divided by

the anneal time to yield an effective nucleation rate.

The steady state nucleation rate for the (OS1-023) rf-sputtered

12 3
silicon film is 4.1x1C /cm s at 724"C, as determined by linear

regression of our nucleation data, (Figure 10). This steady state

nucleation rate is four orders of magnitude higher than reported by



17
2XIO

E

4,

. 17

E
z

Number density of crystallites

versus time- rf-sputtered films
at 724*C

/
+

Linear regression

using oil four data

points

+

-I-

+ 1

0 10 20
Time (hours)

Figure 10: Nucleation behavior with time, rf-sputtered films
at 724 0 C

1



14
Koster, at 724 0C. However, it is only two orders of magnitude

15
higher than the rate at 724 OC extrapolated from Zellama's data.

Both of these were for evaporated a-Si films.

11 3
The average nucleation rate over the 3.5 hr anneal is 3.3x10 /cm s

(see Table I), which is an order of magnitude lower than the steady

state rate determined by ;inear regression of our nucleation data

(Figure 10). If the difference in these two nucleation rates is

associated with a transient effect, a 1.9 hour transient time is

calculated using a two term expansion of Equation (2). Koster has

reported a transient in nucleation of 41 minutes at 650*C for

evaporated (Ts=25C) a-Si which was calculated using Equation (2).

The transient in nucleation for Koster's film should be even smaller
14,16

at 724 0C.

2. Growth in Xt-suttered filmA

Rigorous analysis of the crystallite size distributions to

determine the growth rates during the crystallization of rf-sputtered

a-Si is non-trivial. The means of the apparent crystallite size

distributions depend on both the nucleation and growth rates. The

maximum observed sizes give a better indication of the growth rates,

but have questionable statistical validity.

Examination of the crystallite size distributions for the

rf-sputtered films (Figures 11-12) suggests that no statistical

reliablity is gained by using crystallite sizes between the average

and maximum sizes in these distributions in growth rate determination

since the distributions are not continuous. Finally, the crystallites



Table 4: Nucleation rates, rf-sputtered (OS1-023) a-Si at 724
0 C

Anneal Average Nucleation
Time rate over the

anneal period
11 3

3.5 hr 3.3x10 /cm s

-5 5.0C1012

9 3.5%1012

15 hr 3.7x10 1/cm 3s
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Figure 11: Crystallite size distributions, rf-sputtered films at 724 0 C
Major-length of major axis measured. This was done on the

3.5 hour sample for the crystallite density in the
micrographs was not high enough for reliable line
analysis.

Line-length of a random line segment subtending a crystallite
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Figure 12: Crystallite size distributions, rf-sputtered films at 724
0 C

Major-length of major axis was measured
Line- length of a random line segment subtending a crystallite

measured. Both major and line analysis performed on the
9 hour sample for comparision, although sample size is
different for these two analyses.



in the rf-sputtered film seem to exhibit anisotropic growth, but

associated distortions of the size distributions are relatively small.

However, some conclusions about the approximate growth rate and time

dependencies are possible.

The initial growth rate calculated using the maximum observed
-3

crystallite size is 6.4x10 -3nm/sec at 724'C for the rf-sputtered film.

This growth rate decreases to zero during anneals longer than 3.5

hours at 7240 C. The initial growth rate calculated using the mean

crystallite size is a factor of 4.6 lower than that calculated using

the maximum observed crystallite size. .These growth rates are

considerably smaller than the growth rates reported for evaporated

14 15
a-Si at 7240 C by Koster, 4.5 nm/sec, or by Zellama, 10 nm/sec.

The growth rate, as measured using the mean crystallite size,

slows down over a 5 hour anneal, approaching zero during anneals

longer than 7.5 hours, as shown in Figure 13. Furthermore, the

maximum observed crystallite size remains approximately constant over

anneals longer than 3.5 hours at 724 OC. There are, however, some

shifts in the size distribution for it becomes less symetrical with

time. The nucleation rate is relatively constant (over anneal times

longer than 3>5 hours), suggesting that the growth rate may decrease

with increasing volume fraction transformed. The impingement of

crystallites should not have significantly affected growth rates for

this film becomes crystalline by X-ray diffraction only after 16 hours

of anneal at 724 C. Integration of the steady state nucleation rate

over time, combined with an estimate of the volume occupied by each

crystallite (assumed size=10 am) yields a calculated volume percent
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Figure 13' mean sizes vs time rf -sputtered (OSI-023) film annealed at 724 * C
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Line analysis could not be used reliably on micrographs for the
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on the 9 hour sample to determine their relationship.

L b



S50

crystallized of 11% after 7.5 hours of anneal at 724*C, which

increases to 23% after 16 hours anneal at 724 OC. Thus, crystallite

growth is slowed or arrested in the initial stages of the

transformation process. The crystallite size distributions are highly

skewed so that the maxima of these distributions (about 10 nm) are

probably more representative of the crystallite size than the average

sizes in these distributions (about 15 am).

Two processes may explain the anomalously slow or arrested growth

kinetics, pinning of crystallite boundaries by either argon impurities

or by pore drag as crystallites impinge on the edges of coalescense

islands in the rf-sputtered film.

a. Pinning by argon

Data by other investigators on the regrowth of amorphous silicon

created by the implantation of argon into crystalline silicon

indicates that argon concentrations in excess of 0.3 at% reduce the

regrowth rate about three orders of magnitude (Figure 5), to near zero
28

at 650*C.

X-ray flourescense performed by I. Kohatsu indicates that the

(0S1-023) rf-sputtered films may centain up to 3.6 at% argon. This

estimate is consistent with reports in the literature of 1 to 5 at%
20,39

argon in rf-sputtered a-Si films.

Our SIMS results indicate that only acout 30% of the argon

annneals out of the film at 749 OC, over 16 hours. This seems to be
38

comparable to results obtained by Revesz et al. inwhich 30-40% of the

, formerly with this project
** performed by Charles Evans&Associates, San Mateo CA



argon (0.5 at% levels) was annealed out or a-Si created by argon and

silicon ion-implantation, in 8.3 hours at 630 0 C. The film thicknesses

were 1200 nm and 100 rn, respectively.

Argon is insoluble* in crystalline silicon. Hence, as the

transformation proceeds, higher concentrations of argon will be

present at crystallite boundaries due to rejection of argon from the

crystalline pnase. As the transformation progresses, this impurity

drag effect should beccme more severe as relatively little of the

argon seems to be annealed out of the film.

No evidence was found to indicate the formation of argon bubbles

in the rf-sputtered film. The crystallites were typically less than

38 nm in size, hence the formation of argon bubbles small enough to
40

breakaway from the a/c interface, into the crystalline phase would
41

have been a relatively high energy process. Therefore, it seems

unlikely that the formation of argon bubbles was significant in

reducing the chemical impurity pinning at these boundaries.

b. Pinning at internal boundaries

The boundaries between coalescense islands may also have a

significant effect on growth kinetics. Generally, the crystallite

sizes were smaller than the average size of these coalescense islands,

37 nm. In all cases in the (OS1-023) rf-sputtered silicon films, the

maximum grain size is no larger than about twice the mean coalescense

island size (as-deposited), or within two standard deviations of this

mean size. The size of the crystallites, therefore, may be limited by

the width of these coalescense islands. We were unable to determine

if grains actually grew beyond the edges of the coalescense islands,
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or whether the presence of crystallites larger than 37 nm was

associated with a significant population of coalescense islands with

sizes larger than 37 nm. If some grains do grow beyond the edges of

these coalescense islands, either of two processes may occur. The

first is that pores accumulate at the crystallite boundary, slowing

but not arresting growth. The second is that the crystallite doesn't

really grow past the coalescense island, but instead nucleates another

grain, with an orientation close to that of the original grain, to the

other side of the boundary between coalescense islands. With either

of these processes, the kinetics of growth past the boundaries are

expected to be slow relative to crystallite growth which occurs

exclusively within one of these islands.

D. Chemical VaCor Decosited (CVD) films

1. Nucleation

9 3
The steady state nucleation rate is 1.8x10 /cm s at 5510C for the

CVD film, as determined from a linear regression of the data. Some

variation in this rate is observed both in Table 5 and Figure 14.

Even so, this agrees well with the observation of approximately

27
constant nucleation rates for CVD films at 6500 C made by Janai et al.

This nucleation rate is about four orders of magnitude higher than

14 15
those measured by Koster or Zellama at 551 OC. The nucleation

rates are inferred from bright-field TEM measurements of the number

density of crystallites assuming a foil thickness of 200 mn, divided

by the anneal time.

Two plausible explainations for this relatively high nucleation

rate exist: 1) that deposition by CVD, or by rf-sputtering at



Table 5: Nucleation rates, CVD a-Si at 5510 C

Anneal Time Nucleation rate number
(i) (t ) over t. over ti.-t.

S1 1 i-i
9 3 9 3

1 3 hr 3.9X10 /cm s 3.9X10 /cm s

2 5 4.1x10 9  4.4x109
9 9

3 7 5.5x10 9.1x10
9 9

4 16 1.2x10 1 .4 xlO

9 3 9 3
5 23 hr 2.8x10 /cm s 6.3x10 /cm s
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Figure 14: Nucleation behavior with time for CVD films at 551C
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T =4000C alters the cluster size distribution in a-Si resulting in a
s

greater number of crystalline clusters at or near the critical size

than is typical for evaporated a-Si, due to differences in the

effective deposition temperatures and 2) that heterogeneities in the

a-Si film exist at less than 5 nm scale which are active in nucleation

but not apparent by TEM. If the later were true, there should be a

significant tendency toward preferential nucleation at the edges of

coalescense islands in the rf-sputtered film. Nucleation, however,

appears to be uniform in these films.

If the nucleation rates for our rf-sputtered and CVD films are

14 15
compared with the rates reported by Koster 1 4  and Zellama for

evaporated a-Si films, a possible correlation of the deposition

temperature and the nucleation rate emerges. The nucleation rate for

the rf-sputtered (T =400C) film is over four orders of magnitude

higher than for Koster's evaporated a-Si (T =25 0 C) film, but only two

orders of magnitude higher than for Zellama's evaporated a-Si (Ts

3000 C) film, at 724 0C. The nucleation rate for the CVD film (Ts

610 0 C) is four orders of magnitude higher than those measured for

either of these evaporated (T,=25 0 C or Ts=300*C) films at 551 0 C. One

possible explaination of these relative rates is that the nucleation

rate tends to increase with increasing effective deposition

temperature.

The transient in nucleation rate in the CVD (T s =610 OC) films is

neglible at 55! 0 C. The average nucleation rate over the first three

hours is close to the steady state value, (Table 5), and the

nucleation data, if extrapolated to zero time, indicates no transient



in nucleation-within experimental uncertainty. Koster reported a

transient in nucleation of 69 hours at 550 0C for evaporated (T =25 0 C)
14

a-Si. A smaller transient would be expected in a CVD film than in an

evaporated film for the higher effective deposition temperature of the

CVD process should result in a (sub-critical crystalline) cluster size

distribution which is much closer to the steady state distribution at

the anneal temperature than would be the case for a-Si films deposited

by evaporation.

2. Shane Anisotroov (CVD)

The shapes of crystalltes in the CVD film are best described as

prolate ellipsoids with eccentricities which tend to increase with

increasing size. This is apparent when the axial ratios (major/minor)

are plotted against the major axis, as in Figure 15, and in

micrographs of the CVD film after anneal (Figures 8-9). When the

axial ratio is plotted against the minor axis (Figure 15) no clear

trend is evident. As will be shown in the following section, the

growth rate along the minor axis is not constant. Differences in

growth behavior along the major and minor axes may partially account

for the differences in the relationships between the axial ratio and

size, along the the two axes. These differences in the relationships

of axial ratio to size may be exagerated for the growth anisotropy

appears to be statistically but not functionally related to

crystallite size for in some instances crystallites which were 30-50

nm (major axis) in size had axial ratios of 6.5-10, respectively.

* prolate ellipsoids are formed by rotating an ellipse about its
major axis.
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Since the eccentricity of the crystallites change, growth data was

obtained for both the major (a) and minor (b) axes.

3. Growth in the CVD film

Given the nature of the crystallite size distributions

(Figures 16-17), two measures of growth rates in the CVD film may be

used, the growth in the mean and in the maximum of this distribution.

As indicated earlier, the mean of the crystallite size

distribution tends to be sensitive to the nucleation rate. In the CVD

a-Si film, this is manifested in two ways. First, the maximum size in

the distribution grows 33 times faster than the size at which the

maximum in the distribution occurs, at 551 OC. Second, small maxima

and minima in the measured nucleation rates for the 7 and 16 hour

anneals at 5510C (Table 5, Section V-D-1) seem to correspond to

inflection points and maxima in the plots of the mean of the major,

and minor axes versus time (Figure 18). These apparent correlations

between fluctuations in the nucleation rate and the behavior of the

means of the crystallite size distributions are significant, both

because of the implied limitation on using the means to calculate

growth rates, and because they indicate systematic fluctuations in the

nucleation rate.

Another possible measure of growth rates, that calculated from the

maximum observed crystallite sizes, seems to yield reasonable and

consistent growth rates. The maximum of the major axes is linear in

time, and the fit fairly good (Figure 19). This fit implies that the

maximum observed crystallite sizes can be used with some confidence in

estimating growth rates. However, the maximum of the minor axis is
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not linear in time, but appears to have an inflection point at 7 hours

time (551 0 C) and is approximately linear for times less than, or

greater than this (Figure 19).

This dramatic decrease in the minor axis growth rate calculated

from either the mean or maximum observed size suggests that the growth

rate along the minor axis decreases with increasing crystallite size.

Since the major axis growth rate is constant, the crystallites tend to

become elongated as growth proceeds.

The growth rate along the major axis was 6x10-3 nm/sec. The

growth rate along the minor axis ranges from 4.4x10 - 3 nm/see to
-3

1.1x10-3 n/sec with increasing time. In contrast, the growth rates

15 14 -2
reported by Zellama and Koster at 5510 C were 1.5x10 nm/sec and

3.5x10 " n/sec, respectively. The growth rate (major axis) for our

CVD film differs from Zellama's growth rate by a factor of about two,

and by a factor of about six from Koster's growth rate.

4. Twns

A high density of twins was observed in crystallites grown in a-Si

at temperatures between 550 and 725*C. Twins have a characteristic

contrast feature in bright-field TEM which consists of parallel (dark)

stripes or bands. Crystallites in the CVD films exhibited bundles of

twins oriented on or near .the major axes, and with other twins

branching out of these. Detailed micro-diffraction was not performed

* In neither case was the characteristic used to calculate the
growth rate specified.
** Our growth rates have not been corrected for the effects of

stereographic projection. The correction, on average, will range from
a factor of I (major/minor axis=l) to 1.6 (major/minor axis=4), hence
it tends to increase with increasing crystallite size.



on these crystallites. However, Koster apparently performed that

analysis on the lenticul-a crystallites grown in his evaporated a-Si
14

(Ts=25C) films. The <211> direction was reported as the fastest

growing direction (i.e. the direction along the major axis). Bundles

of stacking faults and/or twins were oriented parallel to the fastest

growing direction. A strong tendency for twins to branch in other

<211> directions was noted.

E. Implications for the fabrication of large grain oolvcrystalline
ittms

Finally, it is appropriate to comment on the implications of this

study to the proposed selective nucleation and growth process for

fabricating large grained silicon polycrystalline thin films.

In overview,. from this and other works it seems that a relatively

high anneal temperature is required to grow a useable large-grained

silicon film by this process. Crystallization at relatively low

temperatures, 550-724 o C results in heavily twinned grains which have

poor electrical characteristics. The ellipsoidal crystallite shapes

associated with growth at these temperatures would result in rather

high internal grain boundary areas, regardless of grain size. Both of

these difficulties can be alleviated by growing crystallites from a-Si

19,42
at temperatures in excess of 1000 0 C. Anneal of a-Si at 1000 OC leads

to equiaxed, relatively defect free grains in the fully crystallized

42
silicon film. At high anneal temperatures, in excess of 900 'C, the

proposed selective nucleation and growth process is facilitated by a

14
decrease in nucleation rate in a-Si with increasing temperature.

However, it - seems that for. a lower temperature process to be viaole,

growth must be oriented, probably using heteroepitaxy.



VI. Summary and Conclusions

1) Rf-sputtered (T:=400 0 C) silicon films have polyhedral coalescense

islands with an average diameter of 37.1 nm, as-deposited.

2) Our CVD silicon films had no apparent structure, as-deposited.

3) Both the rf-sputtered and CVD films are amorphous as-deposited, as

determined by conventional electron diffraction, and dark-field

TEM. However, silicon films which are amorphous by electron

diffraction may nonetheless have significant crystallinity by other

criteria.

4) Nucleation rates for the rf-sputtered (T =400 OC) a-Si film are
S

about two orders of magnitude higher than reported for evaporated

14
(T =3000 C) a-Si and are over four orders of magnitude higher than

15
reported for evaporated (T =250C) a-Si, at 724C. The steady state

s
12 3

nucleation rate for the rf-sputtered film is 4.2x10 /cm s at

724 C.

5) The rf-sputtered (T =4000C) a-Si film had a transient in nucleation

of 1.9 hours at 7240C which may be related to the high argon

content (about 3.6at%) in the film.

6) The growth rates of crystallites in the rf-sputtered films are low,

decrease with increasing volume fraction transformed and ultimately

stop prior to impingement with adjacent grains. The initial growth

-3
rate along the major axis was 6.4x10 3m/sec at 724 0 C. Growth

rates of 4.5 to 100 nm/sec have been reported for evaporated a-Si

14-15
at 7240C. No growth in either the maximum size measured, or the

mean of the crystallite size distribution is seen for anneals

longer than 7.5 hours at 7240C.



7) Crystallites in the CVD films were shaped like prolate ellipsoids

where the deviations from sphericity increase as growth (551-724 0 C)

proceeds. The axial ratios of the crystallites ranged from one

(major axis about 5 nm) to four (~ajor axis about 300 nm).

8) The steady state nucleation rate for our C7D film is 1.8x109 /cm 3 s

at 551 0C, which is four orders of magrLitude higher than reported

for evaporated a-Si at 5510C. 4 - 1 5

9) The transient in nucleation for our CVD film was negligible

at 551 0C while that reported for evaporated (Ts=25'C) a-Si was

69 hours at 5510C.14

10) The growth rate of the major axis of crystallites in our CVD film

is 6x10-3nm/sec at 551 0 C, as compared to reports of 1.5 to
-3 14-15

3.5x10 nm/sec for evaporated a-Si at 551C. The growth rate of

-3
the minor axis is initially 4.4x10 n4m/sec and decreases to

-3
1.1x10 nm/sec for larger crystallites, at 5510C, giving rise to

eccentricity in crystallite shape.



VII. Suggestions for further work

1) The nucleation rates, transients and activation energies should be

analysed as a function of substrate or reactor chamber temperature

during deposition.

2) A more detailed investigation of transient nucleation in the

-rf-sputtered and CVD films is desirable. This requires detailed

nucleation data for anneal times less than 3 hours, at 724 OC for

the rf-sputtered film and at 5510 C for the CVD film.

3) An investigation of the effect of dopants on the nucleation rate

would significantly contribute to an understanding of nucleation

processes in a-Si. Dangling bonds, and their distributions

probably have a significant effect on nucleation rates. "These, in

turn, should be sensitive to doping, particularly by electrically

active dopants, such as boron or phosphorus.

4) A comprehensive study which relates the activation energy for

growth of the crystallites to their boundary structure is needed

for a more quantative understanding of growth processes in the

crystallization of a-Si.

5) An investigation of a possible correlation between the deposition

temperature and the growth rate during crystallization would be

useful, particularly if the primary emphasis was on the

relationship of film density to crystallite growth rate.



Appendix 1: Crystallization temperatures for various a-Si films

Anneal temperatures,
and ==

CVD

rf-sputtered
OS1-022(T =23 0 C)

OS1-023(T =4000 C)
s

582-812 0C,
527-5510C,

673 0 C, for
625-6510C,

6600C, for
6360 C, for

673C, for
6600 C, for
6600C, for

724-7490 C,
7010 C, for

717-7240 C,
6860 C, for

7170 C, for
7170 C, for
7240 C, for
7240C, for

for 16 hrs
for 16 hrs

16 hrs
for 16 hrs

20 hrs
20 hrs

11-16 hrs
20 hrs
18 hrs

for 16 hrs
16 hrs

for 20 hrs
20 hrs

20 hrs
18 hrs
16 hrs
15 hrs

Silicon
filmm

OSO-024(T s=400
0 C)

OSO-025(Ts=4500C)

700-7250C, for 16 hrs

625-774 0C, for 16 hrs

crystalline

crystalline

Crystallinity*

crystalline
amorphous

crystailine
amorphous

crystalline
amorphous

crystalline
crystalline
amorphous

crystalline
amorphous

crystalline
amorphous

crystalline
amorphous
crystalline
amorphous

* see Reference 10 for details of the X-ray diffraction technique
used in the analysis.



Appendix 2: TEM sample preparation

Sample preparation for transmission electron microscopy (TEM)

consisted of five steps:

1) substrate thickness reduced to 0.12 mm by mechanical grinding with

600 mesh SiC slurry

2) 3 mm disks cut out using 600 mesh SiC slurry and a rotating

cylindrical brass tool, while the sample is held on a spring loaded

jig.

3) Sample is masked for etching. It is mounted on 0.12 mm teflon

sheet, which is in contact with the deposited layer. Black wax is

applied hot over both the sample and teflon sheet. After the wax

solidifies, a 0.6 mm diameter hole is scribed through the wax, in

the center of the sample.

4) A hole is etched through the substrate using an etchant employed by

19
Drosd for studies of regrowth of a-Si created by ion-implantation:

0.125 g Iodine

55 ml Acetic acid

28 ml HF

84 ml HNO 3

During etching, a strong light illuminated the bottom of this sample

assembly (step 3). When the sample was etched to within 0.5 Am

thickness, light was visible through the sample and it was quickly

immersed in deionized water to terminate the etching. Etching rates

were about 0.012 mm per minute. The wax was removed with

trichloroethylene and the sample rinsed in warm trichloroethylene,

acetone and methanol, successively.



5) The sample was in-milled to perforat-in from the substrate side.

Some milling was then perforrmed on the ether surface to remove surface

oxides. Typical milling conditions were 10-15 degrees angle, 0.5 mA

current per ion gun, 3 kV accelerating potential for a-Si and 4-5 kV

for crystalline silicon. The ion-milling rate was about 4 gm/hour per

ion gun. The samples were rotated constantly during ion-milling.



Appendix 3: Correlation of density of crystallites apparent in
dark-field TEM to the actual density

Since all dark-field work was performed by imaging grains

diffracting on (111) planes, the three factors affecting this

correlation are: The average number of diffracting planes contributing

spots to the (111) diffraction ring per crystallite, the ratio of the

total number of grains diffracting on (111) planes to the number being

imaged in dark-field, and the ratio of the total number of

crystallites to the number oriented such that they diffract on (111)

planes. Assessment of these factors involves certain assumptions.

Examination of possible diffraction patterns for diamond cubic

structures indicates that, at most, there are four spots corresponding

to (111) planes in any of these patterns. An assumption that four

spots are contributed to the (111) diffraction ring by each

crystallite will result in the most conservative estimate of the

nucleation rate. Hence this assumption is used in the calculation of

the correlation factor.

The objective aperature of the (TEM) microscope was centered so

that it bisected a section of the (111) diffraction ring, thereby

subtending 22 degrees of arc-as measured from the transmitted spot.

Consequently, only 1 in 16 of the crystallites diffracting on (111)

planes is present in the dark-field image if each diffracting

crystallite were represented by only one spot on the (111) diffraction

ring. Since each diffracting crystallite is represented by four spots

on the (111) ring, 1 in 4 crystallites diffracting on (111) planes



appear in the dark-field image. This is strictly true only when the

(111) diffraction ring is barely continuous.

Finally, the ratio of the number of crystallites present to those

diffracting on (111) planes is needed. In analogy with line

broadening in X-ray diffraction, the angle over which the crystal
43

diffracts (about the angles given by Bragg's law) depends on the size

of the crystal. Hence the ratio of the number of crystallites present

to those diffracting on (111) planes will decrease as the

characteristic crystallite size decreases. For the rf-sputtered film

the crystallite size is assumed to be 5 nm for the purposes of this

calculation. The size of the reciprocal lattice points (diffraction

space) corresponding to (111) planes is assumed to be the inverse of

43
the crystallite size. The reciprocal lattice points corresponding to

(111) planes have four-fold rotational symmetry. Consider a rotation

of the reciprocal lattice, in particular, of the reciprocal lattice

points corresponding to (1!1) planes. Evaluation of the angles over

which these (111) planes will diffract relative to the total arc of

rotation of a circle leads to an estimate of a 23 to 1 ratio of the

total number of crystallites to those diffracting on (111) planes.

Together, these three factors lead to a very conservative estimate

for the correlation factor of dark-field to actual crystallite

density; this is a factor of 92 to 1.

I
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I. INTRODUCTION

This research program is directed toward development of a

controlled crystallization process for large grained polycrystalline

thin film Si for photovoltaic applications. The impetus for this work

is to reduce the cost of PV devices. This can be done either by

attempting to develop new, cheaper methods of crystal growth, or

developing a different technology altogether.

Single crystal Si devices in PV applications exhibit high

efficiencies and durability.1 Despite this promise, we feel that these

processes may always be expensive relative to the cost targets for

photovoltaics because of the low growth rates associated with single

crystal growth processes.

An alternate technology currently under investigation involves use

of amorphous (a)-semiconductors such as hydrogenated Si or chalcogenide

glasses 2 as the active material. Although these materials can be

processed using high deposition rates and thin film processes, and

hence have very low potential costs, their efficiencies have been low

(6-7% 3 for a-Si-H) and they have unresolved durability issues. It is

not clear yet that their efficiencies can be raised to levels above

10%, which are necessary before solar a-Si-H cells will be competitive

with other means of power generation.4

Still another alternative, which we have dealt with in this

research program, is to use polycrystalline silicon (and other



materials) as the basis for thin film photovoltaics. Polycrystalline

silicon thin film devices potentially have numerous advantages over

both single crystal and amorphous thin film devices; namely the high

efficiency and high durability of single crystal Si, and thin film

techniques associated with a-Si technology. The process we have

investigated would combine these attributes.

This process is one of controlled transformation from a-Si to

large grained polycrystalline silicon from precisely located nuclei.

These crystalline nuclei could be grown to a size limited solely by

impingement of simultaneously growing grains, while suppressing

homogeneous nucleation in the still amorphous film. While the process

has some characteristics of grain growth, it is, in fact, a controlled

transformation process as used in glass ceramics (Pyroceram ).

The first step is to deposit amorphous Si films onto a suitable

substrate. The thin films will then be inoculated (seeded) with

crystalline nuclei in a controlled manner at specific locations by

localized heating using a laser or other appropriate means (heated

stylus etc.). The crystalline nuclei would be placed in a grid pattern

with a spacing on the order of 1 cm. These nuclei would then grow

during an isothermal anneal, under conditions optimized to achieve

acceptably high growth (transformation) rates while maintaining the

spontaneous nucleation rate at zero. If sucessful, the result would

be a polycrystalline thin film Si device whose grain size is determined

by the original seed spacing i.e. = 1 cm.



It has been demonstrated that the grain size of a polycrystalline

thin film photovoltaic device must be >> the film thickness to achieve

nearly single crystal efficiencies (10-15%).5 Achievement of large

grain size to film thickness ratios by conventional annealing of fine

grained polycrystalline films has not been possible due to the nature

of the driving force and interactions between the grain boundaries and

the films surface.

For the process of controlled nucleation and growth, the driving

force for the growth of inoculated crystalline grains is the change in

free energy on transformation from amorphous to crystalline silicon

minus a small term corresponding to the increase in boundary surface

energy. The driving force for crystallization is much larger than that

for conventional grain growth and continues to force the growth of the

crystalline phase effectively independent of grain size. This boundary

can have a much higher mobility than a conventional grain boundary.

Growth rates from epitaxial regrowth experiments of i6n-implanted

a-Si, 6 and UHV E-beam evaporated Si films 7 indicate (Figure 1) that at

700*C, the time needed to grow a 1 mm radius grain would be on the

order of 500 minutes; while at 8000C the time needed would be only

50 minutes. Annealing of laser inoculated a-Si films with these high

growth rates, should result in the desired large grained

polycrystalline thin film Si, provided that spontaneous nucleation can

be supressed.

There are several key issues that we have considered critical for

this process to be practical. The most important issue is the ability

1_ ~



to separate the phenomena of nucleation from that of growth of

crystalline Si into the a-Si film. We must be able to isothermally

anneal the films to cause the inoculated crystallites to grow without

spontaneous nucleation of crystalline Si in the as yet untransformed

regions of the film, i.e. there must be a temperature window where the

growth rates for the inoculated crystallites are high, > 10 4 A/min, yet

the spontaneous nucleation rates are % zero.

The choice of a deposition technique is also critical. The

deposition method and the specific process variables, i.e. pressure,

gases used, substrate temperature, and deposition rate etc, will

determine the atomic structure, microstructure, density, and purity of

the deposited films. These film characteristics control the nucleation

and growth rates of the crystalline Si in the a-Si films. We have

surveyed different deposition processes to evaluate their prospects for

generation of large grained polycrystalline thin films.

Suitable substrate materials must be chemically, and thermo-

mechanically compatible with both the a-Si and crystalline Si over the

entire temperature range experienced during processing. They should

also have a smooth dense surface to avoid both spurious nucleation and

interferance with growth. Amorphous substrates are preferred to avoid

any epitaxial interactions between the substrate and film. After a

brief effort to evaluate substrates, we bypassed this issue and

selected one that we knew would be suitable for process demonstration

purposes.



The optical characteristics of the Si film, thermal conductivity

of the substrate, choice of laser wavelength, etc. will combine to

determine the ability to successfully inoculate crystalline embryos in

the a-Si films. Due to the extensive work on laser recrystallization

in the literature, laser inoculation was not considered to present a

major problem.

II. EXPERIMENTAL

A. Substrates

Three materials were chosen for investigation as substrates:

fused silica, vitreous carbon , and oxidized single crystal Si

wafers. The thermal expansion mismatch with Si0 2 caused the Si films

to crack and there were severe adhesion problems with the vitreous

carbon substrates. Only oxidized silicon wafers were found to be

suitable for process demonstration experiments.

B. Film Deposition

Amorphous Si films have been deposited using RF sputtering, E-beam

evaporation, and a CVD reactor. Prior to deposition, substrates were

cleaned and degreased. RF sputtering, on an MRC 8620, was performed

using a water cooled high purity polycrystalline Si target and argon

Gallard Schlesinger
Mosfet MiCrolabs
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gas (sample target spacing = 5.5 cm). The chamber was evacuated to 3 x

10-6 torr prior to plasma ignition at 7-9 millitorr. The resulting

deposition rates with 200 watts power were -1 pm/hr (167 A/min) with

typical film thicknesses of 1-2 pm. The major deposition process

variable examined was the effect of substrate temperature (RT to 450*C)

on the film's spontaneous crystallization behavior.

Electron beam evaporation was performed in a Sloan evaporator,

using a high purity poly.rystalline Si target in a vitreous carbon

hearth liner. The pre-deposition pressure was 1 x 10- 7 torr. During

evaporation at a rate of 100 A/sec, the pressure was 5 x 10-6 torr.

Substrates were water cooled and film thicknesses were 7,500 A.

A third set of a-Si films was prepared at M.I.T. Lincoln

Laboratories using a General Signal Communications CJD reactor. The

reaction proceeded with a substrate temperature of 610*C using

90 cc/min of 5% SiH 4-argon and 90 cc/min of N2 following the reaction

SiH 4 * Si+2H 2. The deposition rate was 200 A/min and the films were

1 pm thick.

C. Spontaneous Crystallization

Isothermal annealing experiments were performed in a Vycor muffle

furnace using flowing high purity He to determine the spontaneous

crystallization behavior of the various films studied, i.e. evaluate

the nucleation and growth rates for the films. It was presumed that

the growth rates from work cited in the literature could be used until

Professor H. Smith and Dr. M. Geiss



values were available from our own results. The spontaneous

crystallization behavior allowed us to empirically screen the

deposition processes and process variables.

D. Laser Inoculation

A CO2 laser and Nd:YAG laser were used for the initial laser

inoculation work. The low optical absorptivity of Si at the wavelength

of the CO 2 laser and poor stability and torroidal shape of the Nd:YAG

laser beam lead to the use of an argon laser. Laser inoculation

experiments have been performed in an inert atmosphere primarily with

an 8 watt CW argon ion laser t operating at % = 0.48 pm with a 1.23 cm

focal length lense. Power levels ranged from 0.3 to 2.0 watts and

shutter speeds from 1 m sec to 1 sec.

E. Film Characterization

The following methods were used to characterize the films:

interference and infrared microscopy, SEM (with grain boundary

etching), TEM (electron diffraction, bright field and dark field

imaging), and X-ray diffraction. A X-ray technique has been developed

which involves a glancing angle Debye-Scherrer method using a single

crystal goniometer and a Weissenberg camera to achieve increased

Coherent 150 (% = 10.591 pm)

Quanta Ray (X = 0.532 pm)
t Spectra Physics 171
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diffraction volume. X-ray fluorescence and SItS were used to measure

the impurities present in the Si films.

III. RESUSTS AND DISCUSSION

In general terms, the results showed that the deposition technique

and process parameters had strong influences on the crystallization

behavior. Within the range of process variables examined, we were able

to produce films which exhibited spontaneous crystallization times and

temperatures which should have permited large grain sizes to be

achieved using the process outlined.

The RF sputtered films were all amorphous to X-ray diffraction for

substrate temperatures up to 450*C. Isothermal anneals performed to

evaluate the spontaneous crystallization temperature revealed a strong

dependance on the substrate temperature during deposition. Films

deposited at 23, 300, 400, and 450*C substrate temperatures

crystallized at 630*C, 690*C, 725*C, and < 675*C respectively for 16

hour anneals. Increasing the substrate temperature raised the

crystallization temperature by ~ 1000 C, to the temperature range where

one would expect the desired high growth rates (> 104 A/min).

For room temperature substrates, films annealed at 6730 C had a

time to crystallize between 7 and 10 hours while at 600*C the time was

12 to 16 hours (Figure 2). For the 400*C substrate temperature films,

the incubation period was 15 to 16 hours at 7250 C and 18 to 20 hours at

Charles Evans and Associates, San Mateo, CA.
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717.C. This longer time to crystallize is likely related to the higher

crystallization temperature for the heated substrate films.

The E-beam films had a 16 hour crystallization temperature between

600 and 700*C while Blum"l found 605*C for E-beam films. The CVD films

crystallized at the lowest temperature of all films, between 551 and

581C.

For the RF sputtered films, it can be seen that for both RT and

400*C substrate temperatures, the time to crystallize (as determined by

X-ray) is longer than that observed by Blum il for E-beam deposited

films. We now know that some annealed films determined to be amorphous

by X-ray are partially crystalline (TEM), i.e. the sensitivity of the

X-ray technique to the onset of crystallization is poor. This may

explain part of the observed behavior. We do feel however, that the

differences observed between the crystallization behavior of our films,

and the fact that the time to crystallize plots have the same slope as

Blum's 11 (320 KJ/mole) are both significant.

At this point in time, with only the X-ray results at hand, we

attempted to seed the a-Si films with crystalline nuclei. Using the

oxidized single crystal substrates and 1.2 pm thick RF sputtered films

(T sub 4000C), we were able to seed the films with crystallites under

the following conditions: He atmosphere, 100 msec shutter, 2.0 watts

CW, and a spot size of 20 or 57 pm, (6.4 x 104 and 7.8 x 103 J/cm 2).

For the 20 pm spot size, the crystalline seeds extended some 10 to

20 pm beyond the central laser spot indicating either rapid growth at

elevated temperatures or crystallization from a melt. At the beam
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center, the film was partially ablated. For laser spot sizes > 167 pm

(9.13 x 102 J/cm 2) no crystalline seeds were observed. Grain growth

anneals were conducted in flowing He at 700*C for 10 hours. Based on

the epitaxial regrowth rates of ion implanted and UHV E-beam Si,

(Figure 1) we anticipated that the laser inoculated crystallites would

grow at a rate of 1 pm/min to a final size of 600 pm. Instead growth

rates were approximately 1 A/min.

Despite evidence of crystalline seeds in the laser inoculated RF

sputtered Tsu b 
= 400*C films, it is clear that the seeded films did not

show the high growth rates associated with high purity films. This

result dictated a shift in our efforts toward an investigation of the

spontaneous crystallization behavior of the films and the factors

causing the low observed growth rates. The detailed results of this

TEM study are presented in Appendix I "Kinetics of Crystallization of

Selected Amorphous Silicon Films", M.S. Thesis by F. Van Gieson.

None of the as-deposited RF sputtered films revealed any

discernable structure which could be interpreted as crystallinity. The

4000 C substrate temperature films were found to contain a 370 A

cellular type structure similar to the "poly-amorphous" boundaries

observed in hydrogenated a-Si films by Knights.12 This structure may

be attributable to columnar type growth of the films. Dark field TEM

of films annealed for 3.5 hours at 724*C revealed only a few isolated

crystallites approximately 150 A in size. As the transformation

proceeds, nucleation continues, and the density of crystallites

increases to the point where the film is crystalline by X-ray



diffraction (16 hours). Throughout the transformation process, there

appears to be an upper limit to the crystallite size of approximately

350-400 A. This striking feature suggests that some microstructural

feature such as the internal boundaries appears to be limiting grain

growth.

The measured nucleation rate for these RF sputtered films is

4 x 10 1 2 /cm 3-sec at 724*C, which is between two and four orders of

magnitude higher than for Zellama's 1 3 or Koster's14 E-beam evaporated

films. The growth rate for the RF sputtered Si is z 4 A/min at 724*C,

nearly three orders of magnitude slower then values reported by

Zellamal3 or Koster 14 . With more precise observations, it is apparent

that the nucleation and growth characteristics of the RF sputtered a-Si

films are not appropriate for the controlled transformation process

under investigation.

The as-deposited CVD films were amorphous and featureless as seen

in TEM. Examination of the early stages of spontaneous crystallization

(5 hrs at 551*C) revealed isolated crystallites (300 to 1000 A in size)

with somewhat elongated morphologies. At later stages, (23 hrs) there

was a higher nuclei density. In addition, grain growth continued

throughout the annealing process to the point of impingement with other

simultaneously growing grains, in contrast to the RF sputtered case.

The fully transformed CVD crystallites appeared ellipsoidal in shape

with an aspect ratio on the order of 3:1 with a major axis length of

from 1000 to 4000 A.



These CVD films have nucleation rates of r 2 x 10 9/cm 3-sec at

551C which is four orders of magnitude higher than those reported by

Zellamal3 and Koster 1 4 . in contrast to this, the growth rates for the

CVD films are only a factor of 2-4 below that for Zellama'sl 3 and

Koster's 1 4 E-beam films. It should be noted that this is only a factor

of 20 below that reported for the epitaxial regrowth rates shown in

Figure 1.

TEM characterization of the as-deposited E-beam samples shows

virtually no structural details. The films yielded amorphous

diffraction patterns. We have not yet examined the crystallized E-beam

samples by TEM.

Chemical analysis revealed that none of the films were as pure as

we had anticipated nor as pure as is needed to achieve the high growth

rates desired.

X-ray flourescence analysis showed that the RF sputtered films

contained = 2 wt % argon. Films sputtered at lower deposition rates

contained less argon. In any case, the bulk of the argon remained in

the films after crystallization.

SIMS analysis of the various films is summarized in Table I. It

should be noted that Evans and Associates indicated a lack of

confidence in the argon count rates as they had not done that analysis

before.

It is clear that the RF sputtered films had significant levels of

0, C, and H, (some of the 0 and C may come from atmospheric

contamination of the porous films). The E-beam films had significant



levels of H, 0, and C. While the 0 may have come from atmospheric

contamination, the high C content probably resulted from the use of a C

hearth liner during evaporation. The CVD films also had significant

levels of 0, C, and H 2 where the high H content probably resulted from

the excess H present from the decomposition of SiH 4.

In the case of the RF sputtered films, it is clear that the as

deposited films have an internal boundary type structure. Many a-Si

films have also been reported to have densities ranging to 15% less

than that of crystalline Si1 5 as a result of an internal network of

micro-voids1 6- 19 approximately of 50 A in size. We estimate a density

10% lower than the crystalline value for our RF sputtered films based

on a volume change on crystallization. It is possible that either the

void surfaces or the poly-amorphous boundaries may be acting as

heterogeneous nucleation sites and barriers to growth; thereby largely

controlling the nucleation rates and the final crystallite size. In

addition the high levels of impurities, especially argon, will have a

significant detremental effect on the growth rates as seen in

Figure 1.

The CVD films have no obvious internal microstructure that is

controlling the nucleation behavior. It is likely that the high

substrate temperature during deposition results in a significant number

of critical sized crystalline nuclei in the as-deposited films which,

although not observable in TEM, are controlling the nucleation rate

yielding such extremely high values.



The growth of crystallites in the CVD films was quite well

behaved. The only impediment to growth was impingement of

simultaneously growing grains, the resultant grain size being

effectively determined by the high nucleation rate. Despite the

relatively high concentration of impurities, the observed growth rate

(extrapolated to = 10 4 A/min at 850*C) is fairly close to that

predicted by the epitaxial regrowth studies. This is close to the

range required for sucessful process demonstration.

IV. SUMMARY

Based on the work of this project it appears that our concept of a

process to generate large grained polycrystalline thin films is still

valid; i.e. deposit an amorphous film, inoculate it with crystallites

at specific locations, and then induce growth during an isothermal

anneal. The most important issue is still the ability to separate the

nucleation process from that of growth. It is evident that the ability

to make this seperation depends on the characteristics of the

deposition process primarily through the resultant structure and purity

of the deposited films.

Clearly, inert gas plasma deposition techniques results in films

that have internal structures, and/or significant levels of impurities

which result in inherently high nucleation rates and/or low growth

rates. These deposition processes do not appear suitable for this

application.
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There is clear evidence in the literature ' for solid state

epitaxial regrowth with the desired high growth rates in both ion

implanted and URV E-beam deposited layers in the temperature range of

500-875°C. Also, growth proceeded for long distances without the

occurance of spontaneous nucleation ahead of the transformation

boundary. The CVD films examined have exhibited growth rates near

those necessary for successful process demonstration, yet the

nucleation rates are prohibitavely high.

It remains to be seen whether conventional CVD or E-beam

deposition techniques can produce films with suitable characteristics

without excessively high costs. We are currently developing a novel

laser driven CVD process that has some promise for yielding a-Si films

with the crystallization behavior necessary for this process of

controlled nucleation and growth. With this new process, substrate

temperatures are maintained at much lower levels than conventional CVD

processes. However it is done, a deposition process must be defined

that results in films with low nucleation rates (i.e. low substrate

deposition temperatures), but also generate films with impurity levels

of approximately 10 1 8-10 1 9/cm3.

_ __ _~___ -
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TABLE I

RF Sputtered
Tsu b 4000C

E-beam
Tsu b 230C

CVD
Tsub 610*C

Czochralski
Crystal

4 x 10 5 cts/sec

50 cts/sec

3 x 102 cts/sec

2 x 1020 atoms/cm 3

6 x 1020 atoms/cm 3

1 x 1020 atoms/cm 3

105 cts/sec

102 cts/sec

102 cts/sec

1021 atoms/cm3

1021 atoms/cm3

1019 atoms/cm3

105 cts/sec

102 cts/sec

102 cts/sec

1020 atoms/cm 3

1019 atoms/cm 3

1020 atoms/cm 3

5 x 10 5 cts/sec

30 cts/sec

50 cts/sec

1 x 1018 atoms/cm 3

1018 to 1020 atoms/cm 3

1 x 1019 atoms/cm 3

Ion

14Si

11B

3 8 Ar

160

12C

1H

t~




