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The impurity-induced nucleation and the kinetics of the growth of filamentary crystals of silicon and ger- 
manium from silane and germane respectively have been studied in a closed system. Silicon whiskers were 
grown on heated substrates at temperatures between 550 and 900 “C, germanium whiskers at temperatures 

between 300 and 500 “C, both at hydride pressures between 5 and 100 Torr, and with Au as impurity. 
Whisker growth was also obtained with Ag, Cu, Ni and Pd, but not with In, Sn and Bi. The rates of growth 
of the whiskers in the length direction increase with increasing substrate temperature and hydride pressure, 
and are of the order of a hundred times higher than the rates of thickness growth of whiskers and substrate. 
As compared with the non-impurity aided deposition of Si and Ge from the hydrides, where there is an 
exponential relation between deposition rate and reciprocal temperature, the effect of the growth stimulus at 
the tip is reflected in a decrease of the activation energy and an increase in the pre-exponential factor. In 
terms of the VLS mechanism the catalyzed decomposition reaction at the V-L interface is the rate-con- 

trolling step. 

1. Introduction 

The pronounced non-equilibrium form of filamentary 

crystals, e.g. single-crystalline whiskers and polycrys- 

talline fibres, is evidently caused by an enforced ani- 

sotropy in growth kinetics. In principle there are the 

following explanations for the difference in growth 

behaviour as compared with the growth of “normal” 

crystals. First the growth in directions perpendicular 

to the length direction of the filamentary crystals may 

be retarded or blocked, the growth in the length direc- 

tion being “normal”. Secondly, the growth in the length 

direction may be stimulated, with “normal” growth in 

the perpendicular directions. A combination of both 

may also occur: retardation or blocking in the perpen- 

dicular directions together with stimulation of growth 

in length. The word “normal” refers here to crystals 

and growth rates obtained in the absence of the re- 

tarding, blocking or stimulating effects. 

The first possibility mentioned, in the form of retar- 

dation or blocking of growth by preferential adsorption 

of impurities on the side planes of the filamentary 

* Part of this work was reported at the Conference on Crystal 
Growth and Epitaxy from the Vapour Phase, Zurich, September 
23-26, 1970. 

crystals’), was introduced to explain whisker growth by 

electrolysis’). One would then expect growth rates in 

the length direction of the whiskers of the same order 

as in normal conditions. For growth of whiskers from 

the vapour phase, however, this is generally not found. 

Known examples of the second possibility, stimula- 

tion of growth at the tip, are enhancement by the pres- 

ence of suitably oriented defects, especially axial screw 

dislocations3), or by the presence of a foreign solid 

particle4), a “Vapour-Solid-Solid” mechanism, or of 

a liquid layer, the Vapour-Liquid-Solid mechanism 5). 

The screw dislocation mechanism was assumed to be 

valid in a number of cases where filamentary metal 

crystals grow from their own vapour, e.g. mercury’) 

and potassium7). An additional feature of the growth 

of these whiskers is that the growth rates mostly exceed 

the direct impingement rates by orders of magnitude, 

which is explained by the supply of material to the tip 

by diffusion along the sides6P8). The main objection 

to the general relevancy of the screw dislocation mech- 

anism is that such defects could be detected as a rule 

only in a small percentage of the whiskers. 

In whisker growth by chemical vapour deposition 

the rates are usually orders of magnitude smaller than 

those corresponding to the impingement, but much 
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larger than for growth of normal crystals. Here the 

VLS mechanism is possibly of general relevancy. 

Mostly the processes of diffusion in the vapour phase 

V and through the liquid L may be excluded as rate- 

controlling, and the growth rate will be governed either 

by the crystallization at the L-S interface or by the 

reaction at the V-L interface. Mutaftschiev et al.“) 

ascribe the enhancement of the growth at the tip with 

respect to normal (Vapour-Solid) growth primarily to 

the lowering of the supersaturation required for crys- 

tallization at the L-S interface. However, if the chemi- 

cal reaction or decomposition of vapours is rate-con- 

trolling, a catalyzing effect of the liquid alloy at the V-L 

interface could be the primary factor in the enhance- 

ment of growth. 

With a VSS mechanism one can also explain locally 

stimulated growth by a catalytically enhanced chemical 

reaction, cf. the growth of carbon fibres from acetylene 

with nickel particles’ ‘). 

Amongst the numerous papers on whisker growth 

(for reviews cf. ref. I I) the number of quantitative 

studies is relatively small. The reason for this is 

probably that systems permitting microscopic ob- 

servation and measurement of relevant parameters 

during the growth are usually not suited for the pro- 

duction of perfect whiskers. This paper describes the 

growth of silicon and germanium whiskers, by decom- 

position of silane and germane respectively on impuri- 

ty-seeded heated substrates. The growth of silicon 

whiskers by the reduction of silicon chloride with 

hydrogen at temperatures around 1000 -C, is the well- 

known example of VLS growth studied by Wagner 

et al.‘), and also later on by James et al.“) and Filby 

et al.13). When hydrides are used simpler types ofde- 

composition reactions take place at lower tempera- 

tures, facilitating microscopic observation and quan- 

titative studies. 

2. Experimental procedure 

The experiments were performed in a closed Pyrex 

glass system with a total volume of about 300 cm3 

(tig. I). The substrates, mostly single crystals of the 

elements to be grown in whisker form or occasionally 

also tantalum strips, were placed in an optical cell to 

permit microscopic observation of the growth and 

pyrometric registration of the substrate temperature 

(Ircon Radiation Thermometer, Model 300 C). The 

freezIng 
bottle 

SIHL pressure reaction pumping 
GeHL gauge vessel sys tern 

a 

Fig. I. Diagram of the experimental arrangement (a) and lop 

view of reaction vessel (b). 

silicon and germanium crystals (dimensions IO x 3 x I 

mm). mechanically polished and chemically cleaned, 

were clamped in tantalum clips connected to molyb- 

denum leads. The substrates were heated by direct 

electric current. The pyrometric temperature measure- 

ments were calibrated with thermocouples attached to 

the substrate surface and by melting alloys with tixed 

melting points. 

Prior to each growth experiment the system was 

evacuated by means of a mercury diffusion pump to a 

pressure of about IO-’ Torr. The substrates were 

heated to the desired temperature in hydrogen or 

helium. usually at a pressure of IO Torr. in order to 

avoid rapid cooling upon addition of the hydrides. 

The total vapour pressure of ambient and hydrides in 

the system was measured with a mercury manometer 

or with a MacLeod. The system was provided with a 

freezing bottle in which the hydrides were preserved 

prior to the addition, and which was also used to de- 

termine the amount of unconsumed hydride after an 

experiment. 

3. Experimental results 

3. I. SILICON FROM SILANL 

3 I I. Nlrcleatiotl qf~filunzetztar~ cr~..stuls 

On the substrates impurities were placed, mostly in 

the form of particles (diameter IO-100 pm, purity 
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99.99 %) or clusters of particles, and occasionally in 

the form of evaporated spots or films. As in Wagner’s 

study of the growth of silicon whiskers from SiCI, and 

HZ5), by far the best results were obtained with Au as 

agent, in our case at temperatures between 550 and 

900 “C. At lower temperatures the gold becomes over- 

grown by silicon, at higher temperatures the growth 

takes place “explosively”, in the form of sheets, spirals 

and other forms of a rather spongy appearance. In the 

intermediate temperature range below a partial silane 

pressure, Pmi,? only overgrowth takes place, and above 

a pressure, pmax, the growth is again explosive. The 

values of pmin and prnax at 600 “C are about 5 and 100 

Torr, and at 800 “C about 20 and 50 Torr respectively. 

Though the eutectic temperature in the Au-Si system 

is as low as 370 “C, probably owing to the presence of 

oxide layers on the silicon substrate, liquid formation 

mostly does not occur with Si from the substrate but 

only by reaction with the silane. Occasionally, at 

temperatures above 900 “C, the gold particles trans- 

form completely into a liquid droplet by alloying with 

the substrate. 

The observations made after addition of the silane to 

the reaction vessel are further essentially the same for 

tantalum or silicon substrates with solid gold particles, 

spots or films, or silicon substrates with liquid alloy 

droplets. At the surface of the solid particles decom- 

position takes place accompanied by the formation of 

a liquid phase, which later on gets covered by a solid 

porous crust of silicon. After a time, which is shorter 

for higher temperature and higher silane pressure, 

filamentary crystals grow, most of them with the same 

diameter, independent of the size of the gold particles. 

The diameter, d,, as measured at the tip of whiskers 

stopped in their growth shortly after the start (total 

length 2 100 pm), increases with increasing substrate 

temperature, T,, and initial silane pressure, p,,. For p0 

varying from 20 to 60 Torr and for T, = 650 “C, the 

diameter d, increases from 0.5 to 1.0 pm, and for T, = 

850 “C from 0.7 to 1.6 pm respectively. 

In the case of liquid alloy droplets (diameter 2 50 

pm) an increase in droplet size is observed upon addi- 

tion of the silane; the outer layer of the droplets gets 

enriched in silicon and a solid porous crust is formed. 

Thereafter a bunch of whiskers sprouts out, the dia- 

meters of which are similar to those found for the 

growth on the solid particles. 

Filamentary growth was also obtained with Ag, Cu, 

Ni and Pd, at substrate temperatures of about 800 “C. 

At substrate temperatures up to about 800 “C no 

filamentary growth was observed with In, Sn and Bi. 

Apparently some deposition of Si takes place on the 

surface of the liquid droplets, in the form of separated 

solid particles, but, in the same conditions of T, and 

pO, at a rate much lower than with Au. For a discussion 

of the impurity influence see section 4.1. 

3, I .2. Growth rates ofjlamentary crystals 

The quantitative measurements during the growth 

of the whiskers comprised the length, I, of the whiskers 

as a function of the silane pressure, p, and substrate 

temperature, T,. Given identical conditions of p and 

r, reproducible growth curves, I versus time t, wire 

obtained. In our system changes in the growth direc- 

tion, such as bEnding and kinking, often occur. As is 

illustrated for a whisker in fig. 2, the discontinuities in 

growth direction are not reflected in discontinuities 

in the growth curves. 

In fig. 3 we have plotted average growth curves for 

T, = 650 “C and for initial silane pressures, pO, varying 

from IO to 80 Torr. The decrease in the growth rate 

with time may be caused by two effects, namely the de- 

crease in temperature with increasing distance of the 

tip to the heated substrate, and the decrease of the 

silane pressure in the closed system by th: decompo- 

sition. As the decrease in silane pressure during an ex- 

periment is relatively small, the first effect is dominant. 

Estimates of the temperature gradient in the neigh- 

bourhood of the substrate are given in section 3.3. To 

determine the influence of temperature and silane pres- 

sure, values of &,, defined as the growth rate, 1, at t = 0 

or I = 0, were derived from the growth curves by 

plotting In i versus t or I, both results being the same 

within the limits of experim:ntal accuracy (* 20 “/(,). In 

fig. 4a the results for two temperatures are plotted as a 

function of initial silane pressure pO, added to a hy- 

drogen ambient of 10 Torr pressure. The growth rate 

of the whiskers increases with increasing temperature 

and with increasing silane pressure. At a given sub- 

strate temperature, the rates appear to be proportional 

to the silane pressure up to pressures of about 30 Torr; 

at higher pressures the rate increases relatively more, 

ending up in the explosive growth mentioned in section 

3.1.1. 
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Fig. 2. Photographs and growth curve of silicon whiskers, with bending and kinking. 
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Fig. 3. Growth curves of silicon whiskers. r, =~ 650 ‘C,p,, (in 

Torr): 10 (a), 20 (b), 40 (c) and 80 (d). 
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Fig. 4. Growth rates of silicon whiskers in length for T, = 650 
and 750 “C (a), in width for T_ = 610, 720 and 815 “C (b). 

3.1 .3. Rates of decomposition of silane 

In order to compare the growth of the whiskers in 

the length direction with growth in “normal” condi- 

tions, rates of silicon deposition, viz. silane decompo- 

sition, on substrates without deliberately added im- 

purities, were also determined. The substrate tempera- 

tures varied between 600 and 1000 “C and the starting 

partial pressures of silane from 10 to 50 Torr. 

The decomposition rates were determined by mea- 

suring changes in total pressure, pm. According to the 

overall reaction scheme 

SiH, + Si,+2H,, (1) 

the silane pressure, pt, at a time t after addition, is 

given by 

Pt = 2P,-P,“+PE (2) 

where pt’ is the initial hydrogen pressure. 

The validity of (2) was confirmed by recuperating 

the silane in the freezing bottle. The logarithmic de- 

pendence of pt on t, following from the first-order 

reaction scheme (l), could also be confirmed (fig. 5). 

A more rapid decrease in the silane pressure of the 

order of lo-20% in pO was observed within the first 

minute. 
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Fig. 5. Decomposition of silane. T, = 650 and 790 “C, andp, = 

10.20 and 40 Torr. 

From the slope of the lnp, versus t plots -ate con- 

stants, k, were derived, defined by 

ln Pt = 0 

Pi 
- k$t, 

where A is the area of the substrate surface at which the 

decomposition takes place, and P’ the volume of the 

closed system. In these experiments A/V was about 

lo-’ cm-r. In the investigated pressure range the k- 

values showed no significant dependence on the silane 

pressure. Increase of pi* to pressures up to 100 Torr 

caused a decrease in k of the form k CT (pi’)-” with n 

varying from 0.7 to 1.0. As experiments with helium 

instead of hydrogen showed the same kind of pressure 

influence on k, the retarding influence is not so much 

an effect of a shift in the chemical equilibrium but is 

probably due to changes in the gas density and tem- 
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perature distribution in the reaction vessel. For com- 

parison with the growth rates of whiskers the k-values 

obtained by extrapolation to pi’ = IO Torr were 

transformed into rates of thickness growth of the sub- 

Ftrate (cf. section 4.2 and fig. 9). 

3. I .4. Rates of’thicknrss growth of~filamentary cr>!stal.s 

Simultaneously with the growth in the length direc- 

tion the whiskers show thickening at a rate which in- 

creases with increasing temperature and pressure. Rates 

of thickness growth, ,i,, were measured microscopically 

for thicker whiskers at small distances, z, from the sub- 

strates (z - 100 pm). at substrate temperatures 7; of 

550, 750 and 850 C. In contrast with the growth rate 

in length, the rat: in width was hardly time dependent, 

evidently due to the isothermal condition parallel to 

the substrate. The temperature T, at the measuring 

points was estimated by 

T, = 7;--NT, (4) 

with a = 0.2 degjpm (cf. section 3.3). The results are 

plotted in fig. 4b. Up to pressures of about 30 Torr a 

linear dependence of the thickness-growth rate on the 

silane pressure is found. 

3 I 5. Structure. morplloloy~~ und grm~th ~~7etha~7i.w~ 

The straightness of most of the filamentary crystals as 

well as the fact that the pronounced kinking (cf. tig. 6:~) 

often occurs at an angle equal to the angle between two 

different [I I II-directions -- the preferred directions for 

Si-whisker growth by VLS’) -, suggests that the fila- 

mentary crystals are single crystalline. Indeed in the 

electron microscope the thinnest whiskers with a dia- 

meter 2 0.1 pm. produced clear difli-action patterns. 

However, X-ray rotation photographs of thick fila- 

mentary crystals, with a diameter of about IO pm, 

showed no distinct diffraction spots and indicated a 

polycrystalline character. The cross-section of most 01 

the filamentary crystals is circular. 

During the growth no liquid droplet could be ob- 

served on the tips of whiskers with diameter cl,, (section 

3. I I ) and attempts, by electron microprobe analysis. 

to detect gold on the tips of whiskers for which the 

(4 

Fig. 6. Top view ofsilicon (a) and germanium (b) whisker growth with gold nucleation. Details showing kinking and circular 

cross-section (Si) and conical shape (Ge). 
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d h 

Fig. 7. Photographs of growth of germanium whiskers from a Au-Ge droplet. r, = 400d”C, p0 = 60 Torr. 
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growth had been intentionally interrupted also failed. 

A liquid phase was only observed on tips or part of 

tips of very thick filamentary crystals (diameter 20-50 

pm). which occasionally grow (cf. fig. 7d). The pres- 

ence of a corresponding amount of liquid alloy on the 

tips of the thinner whiskers cannot of course be ex- 

cluded. 

From the above we assume that the thicker filamenta- 

ry crystals as well, at least the straight ones and those 

kinked at tetrahedral angles, are composed of thin 

single-crystalline cores, probably growing by a VLS 

mechanism, on which polycrystalline silicon may be 

deposited. 

3.2. GERMANIUM FROM GERMANE: 

The results of experiments on nucleation and growth 

of germanium whiskers from germane were similar to 

those obtained for silicon, the main difference being 

the lower temperatures at which the processes take 

place. Therefore this study was carried out in less detail 

than for silicon. 

As with silicon, gold appeared to be the most suitable 

impurity: filamentary growth occurred at substrate 

temperatures between 300 and 500 ‘C. At the lower 

temperatures thin. often bent filamentary crystals 

grow, at the higher temperatures the whiskers are coni- 

cally shaped (fig. 6b). An example of growth from a 

liquid alloy droplet is shown in fig. 7; kinking again 

occurs preferentially at the tetrahedral angle. From the 

thinnest filamentary crystals clear electron diffraction 

patterns were obtained. At temperatures up to 650 “C 

no filamentary growth was observed with In, Sn and 

Bi. whereas with Cu short germanium fibres were 

grown at about 450 “C. Rates of whisker growth in the 

length direction and of thickness growth, both of sub- 

strates and whiskers, were determined at various tem- 

peratures and for various pressures up to 60 Torr. As 

with silicon, a linear dependence of the growth rates 

on pressure was observed (up to pressures of about 

40 Torr). The increase of the rates with the temperature 

is shown in fig. 9, for conditions where germane and 

hydrogen are both at a pressure of IO Torr. 

3.3. TEMPERATURE GRADIENTS AND GAS-DENSITY DIS- 

TRlBUTION IN THE REACTION VESSEL 

In contrast with the situation in the hot-wall furnaces 

in which long and straight whiskers are usually grown, 

the gas density and the temperature of the gas and of 

the whiskers in our cold-wall reaction vessel vary con- 

siderably with the distance to the heated substrate. In 

this section we present some rough measurements of 

these gradients. 

In section 3.1 .2 we assumed that the decrease in 

growth rate of the whiskers with increasing distance to 

the heated substrate is primarily due to a decrease in 

temperature of the tip of the growing whisker. It was 

also observed that the maximum height of the whisker 

growth increases with increasing substrate temperature 

T,. For silicon at T, = 650 “C this height amounts to 

about 1300 pm. at 750 ‘C to about 1600 pm. When a 

heater element was placed in front of the growing 

whiskers the decrease in growth rate was much smaller 

and the maximum length of the whiskers considerably 

longer. Within the scope of the VLS mechanism a pos- 

sible explanation for the cessation of growth is that the 

growth stops if the tip temperature becomes lower than 

the eutectic temperature ( Tz = 370 “C). Assuming a 

linear dependence of the temperature on the distance 

to the substrate, as given by eq. (4), one gets from the 

above-mentioned maximum lengths: a - 0.2 deg/pm. 

This value was substantiated by an estimate of the 

temperature gradient along thicker whiskers from 

photographs taken with an I.R. image converter (Wild, 

Bildwandler Riihre), yielding a - 0.2 + O.G5 deg/pm. 

An impression of the gas-density distribution in the 

reaction vessel was obtained by holographic interfero- 

metry14). Fig. 8 shows double exposure holograms of 

the reaction vessel filled with xenon at various pressures, 

the two exposures taken at T, = 25 ‘C and T, = 

970 “C. For the same pressures fringe patterns ob- 

tained with silane were almost identical with those ob- 

tained for xenon, the refractive index for both gases 

being almost equal. The fringes correspond to regions 

of equal gas density, or equal p/T. For low substrate 

temperatures and/or low xenon pressures the number 

of fringes decreases and the contrast in the patterns 

fades. The contrast was improved by using phase am- 

plification methods. At low T, and p fringe patterns 

were obtained’“), which show the same type of gas- 

density distribution around the heated substrates as 

those for higher T, and p. If we assume that the pres- 

sure in the reaction vessel with a heated substrate is 

uniform, and equal to or slightly higher than with a 

cold substrate, and that the temperature near the sub- 
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Fig. 8. Reaction vessel (a) and double exposure holograms showing the gas density distribution for T, = 970 “C and various 
xenon pressures: 96 Torr (b), 210 Torr (c) and 460 Torr (d). 

strate changes only in the direction perpendicular to 4. Discussion and conclusions 

the substrate, we get for the conditions of T, and p 

during the growth experiments a mean temperature 4.1. NUCLEATION OF THE FILAMENTARY GROWTH 

gradient of the order of 0.1 deg/pm in the neighbour- A prerequisite of the VLS mechanism is the exist- 

hood of the substrate (z < 3 mm), followed by a less ence of a liquid alloy composed by the whisker material 

steep decrease in temperature to the wall with glass (S) and an impurity substance (I); the binary system 

windows. The temperature of the windows, as mea- S-I is characterized by miscibility in the liquid phase 

sured directly with thermocouples, is higher for the top and immiscibility in the solid phase, i.e. by a eutectic 

window than for the front, side and bottom windows, phase diagram. In table 1 the following data are pre- 

for instance at T, = 800 “C and with xenon at a pres- sented for some Si-I and Ge-I eutectic systems: the 

sure of 50 Torr these temperatures are 85 and 60 “C eutectic temperature TE and composition X,, and the 

respectively. type of phase diagram. Type A represents the simple 

systems with two liquidi, type B systems with one or 

more intermediate compounds, where the compound 

S,XI (X = 3 for Cu and x = 1 for Ni and Pd) forms the 
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I 

Element 

Ag 
A u 

cu 

Ni 

Pd 

In 

Sn 

Bi 

Phase-diagram data for S-I systems, collected from ref. 16 

So I S :- Si 

type T, 
( Cl 

X,. 7-1 
(at”,, Si) ( ‘C) 

Group 

periodic 

table 

IB A 840 

IB A 370 

IB B 802 

VIII B 966 

VIII B 870 

III C 156 

IV C 232 

V c 271 

eutectic with S, and type C systems with the eutectic 

composition practically at 0% of component S. 

One explanation for the observation of filamentary 

growth with elements of the IB and VIII group of the 

Periodic Table at substrate temperatures below th-: 

eutectic temperature (cf. sections 3.1 , I and 3.2) could 

be local liquid formation caused by heating due to the 

decomposition reaction. In fact pyrom:tric mzasure- 

ment of the substrate temperature, as well as direct 

measurement with thermocouples fixed in frozen 

Au-Ge alloys, revealed a rise in temperature aft-r ad- 

dition of germane, at temperatures below the eutectic 

temperature of the order of 50 “C. It is probable that 

at the surface of the alloy, the bulk of which remains 

solid, as well as at the tip of the growing filam-ntary 

crystals, the temperature is above the eutectic tempzra- 

ture. Another explanation would imply a mechanism 

other than VLS. e.g. “VSS” or “VAdS” in which in- 

stead of a liquid a solid particle or adsorbed layer plays 

the role of growth stimulus. At the low temperatures 

concerned, by the lack of a single wzll-defined interface 

between agent and filamentary crystal, one expects for 

a VSS mechanism fibrous growth rather than whisker 

growth, which. however, was not found for the GE-AU 

system. 

The negative results obtained with In. Sn and Bi 

show that the presence of a liquid phase as such is not 

a sufficient condition for filamentary growth. A pos- 

sible explanation could be that at the temperatures of 

growth the content of S in the liquid phase is too low, 

or the slope AT/AX of the liquidus too high. This could 

be the case for S = Si, where even at 900 ‘C Xsi in 

liquid alloys with In, Sn and Bi is smaller than I at “6. 

I I 651 26 

I9 356 27 

30 640 36 

56 775 62 

57 

2 10-s 156 

lo- 5 231 0.3 

10-S 271 2 10-2 

S - Ge ~- 
XL. 

(at”,, Ge) 

For S = Ge, however, X,, in the liquidus at 650 “C ic 

about 30 at “Jo: for alloys with In and Sn, and 7 “4; for the 

Bi-Ge alloy. So the question remains whether the 

difference between In, Sn and Bi on the one hand, and 

Ag, Au, Cu, Ni and Pd on the other is also correlated 

with the difference in slop: of the liquidi in the phase 

diagrams, or whether only differences in catalytic ac- 

tivity of the metals or liquid alloys towards the hydride 

decomposition play a role. 

4.2. PHENOMENOLOGICAL TREATMENT OF THE GROWTH 

RATES 

For the comparison of the results of the growth rate 

measurements we will us: the expression from thz 

kinetic theory of perfect gases in which the growth rnt:, 

9. duz to the numb-r of effective collisions of vapour 

molecule:; on a surface is given by 

where for the casz of decomposition of SH, molecules 

and formation of a solid phase S. with a vapour pres- 

surs much smaller than the pressure of thz impinging 

SH, molecules : 

11, T pressure and temperature of SH,, 

A4 W,I&,,~, 

Ms. MSH~ molecular wzight S, SH4. 

I’ density of solid S. 

R gas constant. 

In (5) the factor 3 represents the efficiency of the 

collision process or the fraction of the impinging mole- 

cules SH, yielding S. The factor ^A depends on the 

temperature 7; of the substrate surface and is generally 
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written as 

x = c(~ exp ( - EIRT,), (6) 

where the activation energy, E, and the temperature- 

independent factor, a,,, are characteristic for the de- 

composition reaction. If g is expressed in um/min and 

p in Torr, eq. (5) reads 

LY =0.13x10-49 
J 

T for S = Si, 
P 

(74 

E = 0.18 x 1O-4 s 
J 

T for S = Ge. (7b) 
P 

Thickness-growth rates of substrates are obtained 

from the rate constants k of the decomposition reac- 

tion; by using the differentiated form of eq. (3) one 

gets 

Ms d(pC’) 1 MS kP g=- 
RT, dt pA RTr P ’ 

(8) 

with T, = 300 “K. 

In the calculation the density p is taken equal to that 

of crystalline S at room temperature, although the 

growth takes place at higher temperatures and the 

layers formed upon decomposition during the thick- 

100, 1coO~C 500 oc 300 oc 
\ ‘SlGe. ’ 

S(J%l,“) 

1 10 - 

l- 
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. n !. whiskers 
@ q w whiskers 

‘t o o & substrate 

0.5 1.0 1.5 1000 *.O -- 
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Fig. 9. Arrhenius plots of the growth rates, .q, of silicon and ger- 
manium; for conditions with H,, and SiHL or GeH4 at a pres- 
sure of IO Torr. 

ness growth are rather polycrystalline or amorphous. 

However, for temperatures up to 1000 “C the correc- 

tion for thermal expansion is less than 1’4, and the 

density of even amorphous Si or Ge is at most 20”4 

lower than that of single crystals; both corrections are 

therefore negligible in view of the experimental errors. 

In fig. 9 the results of the growth rate measurements 

for silicon and germanium are plotted as a function of 

the reciprocal temperature, for conditions with IO Torr 

SH, added to 10 Torr H,. The systematic differences 

between the thickness-growth rates of the substrate as 

determined from pressure readings with eq. (8) and of 

the whiskers as determined by direct microscopic 

measurement, are insignificant in view of the errors in 

the experiments. For both silicon and germanium the 

rates of growth of the whiskers in the length direction, 

i, are of the order of 100 times higher than the rates of 

growth in width, w. 

Values of r0 and E calculated from the lines in fig. 9 

with eqs. (6) and (7) are given in table 2. In the calcula- 

tion we have assumed that the SH, molecules taking 

part in the reaction at the surface are at substrate 

temperature T, and at a pressure derived from the 

pressure reading outside the reaction vessel by means 

of eq. (2). The holographic data reported in section 3.3 

show that this assumption is not far from correct, a 

possible correction will moreover be equal for the 

different growth processes in the same conditions of 

rY and p. For both silicon and germanium the order of 

magnitude of the x values is 10 5 for the thickness 

growth and 10m3 for the growth in the length direction. 

TABLE 2 

Values of E and a, calculated from the rates of growth of the 
whiskers in the length direction, i, and of the thickness growth of 
substrate and whiskers, ij 

s Y E @I 
(kcal/mole) 

Si i Il.9 I .o 
w 15.5 0.03 I 

Ge i 4. I 0.0 I2 
MS 6.9 0.001 I 

In the derivation of a from the growth rates in the 

length direction of the whiskers by means of eq. (5) it 

is assumed that the area of the vapour capturing sur- 

face is equal to the cross-sectional area of the whiskers. 
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For whiskers grown by the VLS mechanism a correc- References 

tion factor has to be introduced which takes into ac- 

count the difference between A,, and A,,, the surface 
I) G. W. Sears, J. Chem. Phys. 25 ( 1956) 154. 

area of the V-L and L-S interface respectively: 
2) P. B. Price, D. A. Vermilyea and M. B. Webb, Acta Met. 6 

(1958) 524. 

A 
u’=c( -Ls. 

A VL 

3) F. C. Frank, Discussions Faraday Sot. 5 ( 1949) 48; W. K. 
Burton, N. Cabrera and F. C. Frank, Phil. Trans. Roy. Sot. 

(9) London A243 (1951) 299. 
4) F. C. Frank, private communication to C. R. Mot-clock and 

For whiskers with a circular cross-section (diameter G. W. Sears, J. Chem. Phys. 31 (1959) 926. 

d,) and with a droplet on the tip which has the shape 5) R. S. Wagner and W. C. Ellis, Appl. Phys. Letters 4 (1964) 

of part of a sphere (diameter dL) 
89; 

(10) 

The ratio d,/d, and the choice of the plus or minus 

sign in (IO) are dependent on the surface energies of 

the V-L, L-S and S-V interfaces. In the known cases 

of VLS growth the droplets on the tips of the whiskers 

had the shape of about a half sphere or more than a 

half sphere, suggesting that in (IO) the plus sign is 

valid and d, 2 d,. In the rare cases where we could 

observe a droplet in this study, values of d,/d, were 

found between I.0 and 1.5, which gives with eqs. (9) 

and (10): 0.13 a < SI’ < 0.5 x. The introduction of this 

correction would decrease the difference in pre-ex- 

ponential factor between thickness and length growth 

correspondingly. 

For both substances the activation energies E as- 

sociated with i are lower than those for I;,, and the pre- 

exponential factors, r0 or x’~, higher. 

4.3. CONCLUSION 

The enhancement of growth in the length direction 

of the silicon and germanium whiskers is an effect of 

impurities, most probably in the form of a VLS 

mechanism. The pressure dependence of the growth 

rates suggests that, in terms of this mechanism, it is 

not the crystallization at the L-S interface but the de- 

composition reaction at the V-L interface that is rate- 

controlling. The changes in E and SIP with respect to 

normal growth suggest that the enhancement is due to 

local catalysis of the decomposition at the VL 

interface. 

Acknowledgement 

The authors wish to thank Dr. W. F. Knippenberg 

for stimulating discussions and Ir. C. H. F. Velzel and 

Mr. C. J. Beye for producing the holograms. 

9) 

10) 

11) 

12) 

13) 

14) 

15) 
16) 

R. S. Wagner, W. C. Ellis, K. A. Jackson and S. M. Arnold, 
J. Appl. Phys. 35 (1964) 2993; 
R. S. Wagner and W. C. Ellis, Trans. Met. Sot. AIME 233 
(1965) 1053: 
R. S. Wagner and C. J. Doherty, J. Electrochem. Sot. 113 
(1966) 1300: 115 (1968) 93. 
G. W. Sears, Acta Met. 1 (1953) 457; 3 (1955) 361; 
R. Gomer, J. Chem. Phys. 28 (1958) 457. 
W. Dittmar and K. Neumann, 2. Electrochem., Ber. 
Bunsenges. Physik. Chem. 64 (1960) 297: 
W. Dittmar and A. Kohler, J. Crystal Growth 2 (1968) 271. 
V. Ruth and J. P. Hirth, J. Chem. Phys. 41 (1964) 3139; 
J. A. Simmons, R. L. Parker and R. E. Howard, J. Appl. 
Phys. 35 (1964) 2271; 
R. L. Schwoebel, J. Appl. Phys. 38 (1967) 1759. 
B. Mutaftschiev, R. Kern and C. Georges, Phys. Letters 16 
(1965) 32. 
R. J. Waite, M. A. Barber, R. T. K. Baker and F. S. Feates, 
Conf. on Crystal Growth and Epitaxy from the Vapour 
Phase, Zurich ( 1970). 
F. R. N. Nabarro and P. J. Jackson in: Grobrth (I/U/ Prrfcc- 
tivrr qf’ Cr~~stcrls, Eds. R. H. Doremus, B. W. Roberts and 
D. Turnbull (Wiley, New York, 1958): 
R. V. Coleman, Met. Rev. 9 (1964) 261 ; 
G. V. Bereikova, Nifeck/nyc Kristcd/y (Izd. Nauka. Moscow 

1969). 
D. W. F. James and C. Lewis, Brit. J. Appl. Phys. 16 (1965) 

1089; 
P. R. Thornton, D. W. F. James, C. Lewis and A. Bradford, 
Phil. Mag. 14 (1966) 165. 
J. D. Filby and S. Nielson, J. Electrochem. Sot. 112 (1965) 
535; 
J. D. Filby, S. Nielson, G. J. Rich, G. R. Bookcrand J. M. 
Larcher, Phil. Mag. 16 (1967) 565. 
R. E. Brooks, L. 0. Heflinger and R. F. Wuerker. Appl. 
Phys. Letters 7 (I 965) 92. 
C. H. F. Velzel, to be published. 
M, Hansen and K. Anderko, Constitotio,r of Bir1trr.r Ai/o.)~s, 
2nd Ed. (McGraw-Hill, New York, 1958); 
R. P. Elliott, First Supplement (1965); 
F. A. Shunk, Second Supplement (1969). 


