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Viscosity and elastic constants of amorphous Si and Ge 

Ann Witwow@ and Frans Spaepen 
Division of Applied Sciences, Harvard University, Cambridge, Massachusetts 02138 

(Received 4 August 1993; accepted for publication 26 August 1993) 

The biaxial modulus and coefficient of thermal expansion of ion-beam-sputtered amorphous Si 
and Ge thin films were determined from curvature changes induced by differential thermal 
expansion. Viscous flow was measured by stress relaxation and was found to be Newtonian. The 
viscosity increased linearly with time as a result of structural relaxation, and its 
isoconfigurational activation enthalpy was 1.8 rtO.3 and 2.6* 1.3 eV for amorphous Si and Ge, 
respectively. An atomistic model, based on a chain reaction of broken bond rearrangements, is 
proposed to describe the observation. 

1. INTRODUCTION 

Silicon and germanium form the simplest covalently 
bound amorphous solids. Their structure is a continuous 
random network,lm3 in which all atoms have four neighbors 

at the same distance, as in the crystal; the lack of transla- 
tional symmetry arises from deviations of the bond angle 
from the ideal tetrahedral value. This simple structure is 
ideal for the study of plastic flow in the amorphous state in 
general and of network formers, such as silicates, in par- 
ticular. That, nevertheless, plastic flow of amorphous Si 
and Ge has hardly been studied is because they are pre- 
pared in thin-film form. The recent surge in interest in the 
mechanical properties of thin films has led to the develop- 
ment of techniques based on substrate curvature for the 
measurement of stress relaxation in thin films.‘t-7 Plastic 
tlow in amorphous Si was first observed with these tech- 
niques during and after ion irradiation.* This article re- 
ports a study of the viscosity of sputter-deposited samples 
as a function of stress (to establish the Newtonian charac- 
ter of the flow), temperature, and time from stress relax- 
ation experiments. 

The time dependence of the viscosity is characteristic 
of all amorphous materials, and results from structural 
relaxation. This phenomenon affects many of their proper- 
ties. In amorphous Si and Ge changes in enthalpy,“” 
diffu;sivity,‘* and optical properties’3-‘5 have been ob- 
served, and the process has been interpreted atomistically 
as a continuous decrease in the concentration of structural 
defects.‘6-18 It is known that structural relaxation in other 
covalent network formers, such as silicate glasses, has a 
strong effect on their viscosity.” The same is therefore 
expected for amorphous Si and Ge. 

To obtain absolute values of the viscosity from stress 
relaxation experiments the biaxial modulus of the films 
must be known. Only a few determinations of elastic con- 
stants of amorphous Si and Ge are reported in the 
literature.20-22 Since the moduli may depend on the prep- 
aration method and thermal history, the biaxial moduli of 
the actual films studied here needed to be determined, and 

‘)Present address: IMEC, Kapeldreef 75, 3001 Leuven, Belgium. 

this was done by measuring the stress in the films as a 
function of temperature for films deposited on different 
substrates. 

II. EXPERIMENTAL TECHNIQUES 

For biaxial bending of a thin film of thickness df on a 
substrate with thickness d, ( df<d,), the biaxial stress (T in 
the film is given by4,23724 

1 Es d; 
(T=- - 

( 1 
--K 

6 l---Y, df ’ 
(1) 

where ES and Y$ are Young’s modulus and Poisson’s ratio 
of the substrate. This stress relaxes by viscous flow accord- 
ing to the differential equation25 

a+ 
c-i 

677 I+/( 1 -“f) 
=o, (2) 

where Yf= Ef/( 1 -Ye) is the biaxial modulus of the film 
and 7 its instantaneous shear viscosity. Monitoring the 
curvature of the specimen as a function of time at constant 
temperature allows the determination of the viscosity if Yf 
is known. 

Yf can be determined from measurements of stress 
versus temperature for films deposited on two different 
substrates.26’27 When both the film and substrate have te- 
tragonal or higher symmetry at all temperatures and no 
plastic flow occurs, the changes in stress u with tempera- 
ture T in the film are due to the difference between the 
coefficients of thermal expansion of the film af and the 
substrate as, 

-Ef 
a=aa+l_yf(a’-a/)(T-TTo), (3) 

where a0 is the stress at temperature To. If the elastic 
constants and the coefficients of thermal expansion of the 
substrates are known, at least two equations or two differ- 
ent substrates are needed to solve for the two unknowns: 
af and Ef/( 1-vf). 

The substrate curvature is measured by reflecting a 
laser beam from the surface of the specimen and determin- 
ing its displacement, at a distance of 1 m, as the specimen 
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TABLE I. Calculated biaxial moduli and coefficients of thermal expansion for ion-beam-sputtered (a) amorphous Si at an average temperature of 110 “C 

and (b) amorphous Ge at an average temperature of 172 “C from changes in stress with temperature for thin films deposited on Si( 100) and fused quartz 
substrates. 

Substrate 

Highest T Y* as Au/AT yr a/ 

(“C) ( 10” Pa) (IO-‘/K) (MPa/K) (10” Pa) ( lO-6/K) 

(a) Si 

Si( 100) 

Fused 

quartz 

198 17.95 

198 8.66 

3.044 

0.5 

(b) Ge 

+0.004* 14&l 3.0*0.3 

0.015 

-0.36* 

0.03 

Si( 100) 298 17.88 0.314 -0.57* 12* 1 7.9 f 0.7 
Si( 100) 322 0.02 
Fused 322 8.76 0.505 -0.88* 
quartz 0.02 

is moved. For a sample with a constant radius of curvature 
R, the slope of the displacement plotted versus specimen 
position is 2K with K= l/R the curvature of the specimen. 
The construction of the apparatus used for this work has 
been described previously.5p28 In situ experiments at ele- 
vated temperatures were carried out in a small vacuum 
chamber with a heater and an optically flat window. The 
chamber was backfilled with titanium-gettered flowing He 
(99.999%) at a slight overpressure. Titanium pieces were 
also put on top of the heater as a getter. As a result, no 
effects ascribable to oxidation were observed. The temper- 
ature was kept constant within 1 “C. After stress relaxation 
at one temperature for several hours, the temperature was 
raised by 50 or 100 “C and new relaxation data was taken. 
This could be repeated several times. 

Amorphous Si and Ge thin films, approximately 1 pm 
thick, were ion-beam sputtered29 from elemental targets 
onto 1 x l/4 in.2 Si( 100) (about 380 pm thick) fused 
quartz substrates (about 520 pm thick) and Ge( 111) sub- 
strates (400 and 450 pm thick). The thickness of the films 
was determined by channeling in Rutherford backscatter- 
ing (RBS), using a density that is 1.7% smaller than that 
of the crystalline material.30 The curvatures of the sub- 
strates were measured before sputtering and were sub- 
tracted out. The compressive sputtering stress for the 
amorphous Si and Ge thin films is, respectively, about 0.9 
and 0.3 GPa. 

and fused quartz substrates. In order to eliminate viscous 

flow during the measurements, they were made during the 
cooldown of a series of consecutive viscous flow runs for 
several hours at 149 and 199 “C for amorphous Si and at 

152,200,249, and 298 “C or 126, 176,225,274, and 323 “C 
for amorphous Ge. The results for Au/AT are presented in 
Table I. From these data on both substrates the biaxial 

modulus Yr and the coefficient of thermal expansion af of 
each material were determined using Eq. (3). Their values 
are listed in Table I. For amorphous Ge on Si( 100) the 
average ha/AT value from the two experiments was used. 
The values of the biaxial moduli Y, and coefficients of ther- 
mal expansion as of the substrates used in Eq. (3) are the 
averages of the values for the highest and the lowest tem- 
perature (room temperature) of the sample during the 
experiment. 31-34 These values are also listed in Table I. 

The values of Yr for amorphous Si and Ge are, respec- 

The exact thickness of the substrates was determined 
by a 1000 point thickness measurement across each 3 in. 
wafer for the Si substrates (performed by the supplier, the 
ZITI corporation) and by a 5 point micrometer measure- 
ment for the other substrates. 

Ill. RESULTS 

A. Elastic constants 

tively, 79% and 86% of the { 100) crystalline value at the 
same average temperature. 31*32 The values for amorphous 
Si agree with the literature value of 15 x 10” Pa (Refs. 21 
and 22) for hydrogenated amorphous Si with a small 
amount of hydrogen. Bhadra et a1.*’ measured the surface 
wave velocity, u in Si( 100) during amorphization by ion 
bombardment and its value changed from 4.8 to 4.15 km/s. 
Since v* is proportional to E/p, a decrease in the density p 

of 1.7%,30 and an assumed constant Poisson’s ratio v, gives 
E/( 1 -v) = 13.3 X 10” Pa for implanted amorphous Si, 
close to the value measured here. Sound wave velocities in 
evaporated amorphous Ge films were found to be 76.8% of 
the directionally averaged crystalline speed.35 The coeffi- 
cient of thermal expansion for amorphous Si is 1% smaller 
than the crystalline value at the average temperature and 
agrees, within error, with the value of 2.8~ 10m6/K for 
implanted Si.36 

The biaxial moduli Yf of amorphous Si and Ge thin 
films were determined by measuring the stress in the films 
as a function of temperature for films deposited on Si( 100) 

To obtain the value of the biaxial modulus at other 
temperatures, the dependence of the {lOO) biaxial mod- 
ulus on temperature, d ln[E/( 1 - v)]/dT, for the corre- 
sponding crystalline materials was used. As E/( 1 -v) 
= C,, + C,, + 2C:,/C, 1, its temperature dependence is 
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FIG. 1. (a) Stress relaxation of an amorphous Si thin film on a Si( 100) 
substrate under compression at 201 “C. The proportionality constant be- 
tween curvature l/R and stress (T is equal to 2977 MPa m [Eq. ( l)]. (b) 
Stress relaxation of an amorphous Ge thin film on a Si( 100) substrate 
under compression at 201 “C. The proportionality constant between cur- 
vature l/R and stress o is equal to 3742 MPa m [Eq. ( l)]. 

dln[E/(l-V)] 
- 

dT =~$+:;~;~x$( -%) 

C,,Ciz-4& 

+~,+c,,c,,--zcf,( 32) 

(4) 

with Cii the elements of the elastic modulus tensor. Using 
the literature values for Cij and their change with 
temperature,3’*32 gives, for {lOO} Si, 

dln[E/(l-v)] 

dT 
=-62x lO-6/K, 

and for {lOO} Ge, 

d ln[E/( l-y)] 

dT 
= -120x 10-6/K. 

6. Viscous flow and 

Figures 1 (a) and 1 (b) show the results of a stress 
relaxation experiment on, respectively, a Si and a Ge thin 
film on a Si( 100) substrate at 201 “C. According to Eq. (2) 
the st.ress, or the curvature, decreases exponentially if the 
viscosity is constant. A logarithmic plot [Figs. 2(a) and 

then 

?i = rlOn& 

-3.0 , , , , ( / , , , , , I I , , , ~ I . , , I , ~ 

-3.5f’ ’ 3 t ” ’ + 8 ’ 8 ’ 8 * ’ * 3 3 * ” * ’ 2-l 
0 1 2 3 4 5 

(W Time (seconds) 
x10’ 

FIG. 2. (a) Logarithmic plot of Fig. 1 (a). The data are fitted with 
a bimolecular (-) and a unimolecular (---) relaxation equation. The 
fitting parameters for the bimolecular process are: ln( l/R,) 
= - 1.646*0.001, ~‘6.8~ 1O’4*O.3~ 1014 Pas, and +=44.4x 10” 
*0.3x 10” Pa ($= 1.1 X 10e5); and for the unimolecular process are: 
ln( l/Z&) = - 1.685*0.001, no=3.22x 10’5+0.06~ lOI Pas, and 

k=4.23~ 1O-5+O.O7x 10m5/s (x2=4.1X 10m5). (b) Logarithmic plot 
of Fig. 1 (b). The data are fitted with a bimolecular (-) and a unimo- 
lecular (---) relaxation equation. The fitting parameters for the bimolec- 
ular process are: In( l/&J = -3.101~0.008, no=3.3X 10’4*0.4~ lOI 
Pas, and i)=21.0X10’“~0.6~10’o Pa (~‘=3.9XlO-~); and for the 
unimolecular process are: In( l/R,) = -3.143~0.004, vo= 1.01 X lOI 
*0.04x lOI Pas, and k=7.0~ 10m5*0.3x 10m5/s (x2=4.4x 10m4). 

2(b)] shows that this is not the case. The viscosity is 
changing due to structural relaxation. In other covalently 
bonded amorphous materials, such as silicate glasses, 
structural relaxation far from metastable equilibrium is 
manifested by a linear increase in the viscosity with time t: 
v = rlo +@, with v. and + constants. This is generally 
interpreted by the biomolecular annihilation of the dan- 
gling bonds that govern viscous flow, and whose concen- 
tration n is inversely proportional to the viscosity:37-39 if 

(5a) 

71ono 
r]=- 

n ’ 

(SC) 
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FIG. 3. Rate of viscosity increase as a function of temperature for ion- 
beam-sputtered amorphous Si [three deposition runs: as1 (A), asi ( 0 ) , 
and asi ( n )] and amorphous Ge [agel ( + )]. 

FIG. 4. Stress relaxation in three amorphous Si thin films on a Ge( 111) 
(Ge), a Si( 100) (Si), and a fused quartz (Quartz) substrate at 199 ‘C. 
The initial stresses in these films are different from those in films deposited 
on these different substrates at liquid-nitrogen temperature. 

is constant, with k, a constant and- no the initial defec 
concentration. 

For a linearly increasing viscosity Eq. (2) has the so- 
lution 

where a0 is the initial stress. 
As an alternative the unimolecular annihilation of the 

flow defects, which results in an exponential decay of their 
concentration39 and hence q=qo exp( kg), can be consid- 
ered. Equation (2) thus gives for the stress relaxation 

In a=ln ao- 
Ef 

,(,--Yf)~Otl--exp(--S)l. 

A least-squares-fitting routine‘@ was used to fit the log- 
arithmic plot [Figs. 2(a) and 2(b)] with both the bimolec- 
ular [Eq. (6)] and the unimolecular [Eq. (7)] relaxation 
models. The bimolecular equation fits the data the best for 
both materials. The bimolecular relaxation equation was 
used to fit all other data and the fitting parameter i for all 
experiments on samples from three deposition runs for 
amorphous Si and from one deposition run for amorphous 
Ge is presented as a function of temperature in Fig. 3. ?j 
increases with decreasing temperature in a non-Arrhenius 
fashion for amorphous Si and is only very slightly temper- 
ature dependent for amorphous Ge. 

There is some variation in the value of + for the dif- 
ferent deposition runs of amorphous Si. As can be seen on 
Fig. 3, the biggest difference is between 4 = 44 f 1 X 10” Pa 
(asi 1) and 30 f 2 X 10” Pa (asi ) at 20 1 “C. Measurement 
errors, arising from calibrations, bare substrate curvature, 
and fit, cannot explain the difference. Samples from each 
deposition run were analyzed with the electron micro- 
probe, but no systematic variation in impurity concentra- 
tion was found. The only measurable impurities were 0 
(about 3.5 at. % in asil, the oldest samples with the long- 
est anneals, 1 at. % in asi2, and 1.9 at. % in asi3), Ar 
(about 0.2 at. % in asil and asi and about 0.3 at. % in 

:t -39jV ,F;eJ3hutarll. 2L 5% In.a~~-arul.b~l~~f~nete~j~jn 
limit. of O.Ol- at.. .%. in then other sarpnle,s,). and Al, (verv 
close to the detection limit of 0.004 at. % for all samples). 
The oxygen is probably predominantly from the surface 
oxide layer. It should be noted, however, that the relative 
variations in i for the different deposition runs of amor- 
phous Si are no larger than those for different samples of 
the same deposition run of amorphous Ge (Fig. 3). 

Since the stress in these amorphous films becomes less 
compressive during annealing, the possible contribution of 
densification36 to the change in substrate curvature needs 
to be considered; non-Newtonian flow should be consid- 
ered as well, since the initial stress in the amorphous Si 
thin films is large. In order to ascertain the Newtonian 
character of the viscous flow in these films, amorphous Si 
samples with different initial stresses were prepared by de- 
positing them on three different substrates [Si( 100)’ fused 
quartz, and Ge( 1 1 1 )] at liquid-nitrogen temperature (dep- 
osition run asi in Fig. 3). The results of the stress relax- 
ation runs on these three samples at 199 “C are presented in 
Fig. 4. The curves for the samples on Si( 100) and fused 
quartz were shifted by 167 and 194 s, respectively, to start 
with the same initial viscosity as the sample on Ge( 111): 
1.3 X 1Or4 Pa s. For the viscous flow to be Newtonian the 
change in stress ha over a fixed time (8 X lo4 s), which is 
equal to the integrated strain rate times the biaxial modu- 
lus [see Eq. (2)], should be proportional to the initial stress 
a,. Figure 5 shows that, within the experimental error, this 
is the case. Another important observation is that the 
whole relaxation experiment can be fit by a single value of 
il. The same i is found if only parts of the relaxation curve 
are fitted. This observation of a constant i and the scaling 
of the stress relaxation with the initial stress independently 
of elapsed time-and hence the degree of densification- 
support the entire attribution of the changes of curvature 
to viscous flo~.~ If densification occurs, its effect is either 
imperceptibly small or it occurs entirely during the heat-up 
time between runs. 

The isoconfigurational activation enthalpy Q can be 
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TABLE II. Isoconfigurational activation enthalpy Q for the viscosity of 
(a) amorphous Si and (b) amorphous Ge thin films, determined by 
matching calculated and measured viscosity changes during heat up. q’ is 
the viscosity measured at the start of the heat up at temperature 7” and 
n2 is the viscosity measured at the end of the heat up at temperature T,. 

‘;; 150 

2 

1; 100 

50 

0 

00 Wo) 

FIG. 5. As required for Newtonian viscous flow, the change in stress over 
a period of 8 X IO4 s is, within error, proportional to the initial stress in the 
amorphous Si thin films deposited on three different substrates (Fig. 4). 

determined by matching calculated and measured viscosity 
changes during heat up between the viscous flow runs.25*41 
The: results for amorphous Si and Ge are presented in Ta- 
ble II. The average activation enthalpy is 1.8 *0.3 eV for 
amorphous Si and 2.6 f 1.3 eV for amorphous Ge. Most of 
the data was taken by raising the temperature because the 
range of viscosities attainable makes that the easiest exper- 
iment. However, one data point in Table II(a) was taken 
during the cooldown from a very short viscous flow run 
(about 1 h) at 297-247 “C. Due to the high viscosities at 
247 “C, only an average viscosity could be determined. For 
the bimolecular fit of the data at 247 “C, q was fixed at a 
value interpolated between 199 and 297 “C using the linear 
dependence of log i vs 1/T (Fig. 3), and only q. was 
allowed to vary. The result, Q=2.135 eV, lies in the range 
of values for Q measured during heat up. This shows that 
the process that changes the isoconfigurational viscosity as 
a function of temperature is a reversible one. 

IV. DISCUSSION 

A detailed atomistic model for viscous flow of a cova- 
lent random network still needs to be developed. The ob- 
servation of bimolecular structural relaxation kinetics sug- 
ges1.s that the rearrangement governing flow needs the 
presence of a pre-existing dangling bond, or of any other 
defect that anneals out bimolecularly. If it is assumed that 
the defect motion has a single activation enthalpy (Q= 1.8 
eV), viscosities measured at different temperatures can be 
compared isothermally. For example, extrapolation of the 
as-deposited viscosity of one of the samples (e.g., 7.4~ 1014 
Pa s at 152 “C for asilf) to 298 “C gives a value that is 
seven orders of magnitude higher than the measured final 
viscosity (2.4~ lOI Pa s) for that sample at 298 “C. The 
simplest interpretation is that the defect concentration de- 
creased by the same factor [Eq. 5(b)]. A spread in the 
values of the activation enthalpies or a certain degree of 
nonisoconfigurationality of the experiments may change 
this interpretation. The number of neutral dangling bonds 
in these samples was measured by electron paramagnetic 
resonance (EPR) (Table III) ,42 and the concentration of 

Sample 
Heat-up 
time (h) 

asila 

asilb 

asilf 

asi2a 
asi2c 
asi2d 

asi3a 

ag-= 

aiw 

ai@ 

201 2.5 x 1016 
347 1.3x 10’6 

176 3.1 x lOi 

225 1.2x 10’6 
274 2.0 x 10’6 

323 7.4x 10’s 

152 4.1 x 10’6 

201 3.9 x 10’6 

249 3.2 x lOI 

149 2.3 x lOI 

149 1.7x 10’6 
149 1.7x lOI 

199 2.5 x lOI 

247 1.5x lOIS 

297 8.9 x lOI 

152 1.6x lOI 
201 9.9x lOi 

249 8.6X lOiS 

124 

174 
223 
272 

174 
223 
212 

1.9x lOI 

7.5x 10’5 
1.2x lOI 
9.0x lOIS 

1.2x 10’6 

2.2 x 10’6 
1.1 x lOI 

(a) Si 

298 2.9 x lOI 
397 6.9~ lOI 

225 7.7 x lOI 
274 3.4 x 10’4 

323 6.2~ lOI 

372 5.0x 10’4 

201 6.8 x 10’4 

249 6.9 x lOI 
298 9.0x 10’4 

199 2.6 x lOI 
199 3.2x 1014 
199 3.6x lOI 
247 6.3 x lOI 

297 7.0x 10” 
247 5.8 x lOI 

(b) Ge 

201 3.3 x 10’4 

249 1.8x lOI 
298 4.4 x 10” 

174 1.2x 10” 

223 7.3 x 10’3 
272 1.8~ lOI 
322 1.0x 10’4 

223 1.3 x lOI 

212 1.9 x 10’4 
322 1.1 x lOI 

0.3475 1.520 
0.2556 2.202 

0.1694 1.569 
0.1228 1.857 
0.2767 2.107 
0.298 1 2.023 

0.1311 1.535 
0.1239 1.824 
0.2439 1.940 

0.1550 1.952 

0.1839 1.538 
0.1914 1.528 
0.1478 1.656 
0.1397 2.165 
0.1361 2.135 

0.1778 1.476 
0.1128 1.883 
0.1950 1.707 

0.0889 1.632 

0.1506 2.956 
0.3445 2.403 
0.3161 5.741 

0.2131 2.089 
0.3608 3.515 
0.2097 2.968 

neutral dangling bonds after all anneals was found to de- 
crease by only a factor of 6. Therefore, it seems unlikely 
that the defects that govern viscous flow are indeed neutral 
dangling bonds. However, as differential scanning calorim- 
etry (DSC) experiments have shown,9*10~16 EPR only mea- 
sures a very small portion of the defects in amorphous Si. 
Other defects could be involved in the viscous flow process, 
such as charged dangling bonds, which anneal out bimo- 
lecularly with dangling bonds of opposite charge, or vacan- 
cies (four dangling bonds together), which anneal out bi- 
molecularly with interstitials. 

The value of the average isoconfigurational activation 
enthalpy for the viscosity, 1.8 eV, is close to the strength of 
a Si-Si bond according to Pauling.43 It should be kept in 
mind that there is no unanimity on the exact value of the 
bond strength; for example, the value based on the cohesive 
energy is 2.32 eV.44$4’ It can therefore be assumed that the 
activation enthalpy corresponds to the breaking of an ad- 
ditional Si-Si bond, possibly a strained one, which may 
provide the freedom necessary for the flow defect to rear- 
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TABLE III. The number of neutral dangling bonds in the as-deposited 

and annealed amorphous Si samples asil. 

Highest Ending viscosity Neutral dangling 
temperature (extrapolated to 298 ‘C with bond density 

Sample 03 Q= 1.8 eV) (Pas) (/cm3) 

asild as deposited 2.6~ lo9 1.9x lOI 

asila 397 1.1 x 10’8 1.8x 10’s 

asilb 372 9.7x 10” 3.0x 10’8 
asilf 298 2.4~ 10’” 3.2x 10” 

range so as to produce local shear. Figure 6 shows an 
atomistic picture of how flow might occur. Flow could be 
easier if the flow defect were formed near a positively 
charged dangling bond, which attracts the electrons of the 
neighboring bond even in the absence of a stress. 

A little more information can be obtained by compar- 
ing the present results with those from DSC on amorphous 
Si.9-“~‘6~‘8 DSC scans at 40 K/min of implanted9-1’~16~‘8 or 
ion-beam-sputtered46 amorphous Si shows an almost uni- 
form exothermic release of about 7 W/mol due to struc- 
tural relaxation at all temperatures below the crystalliza- 
tion peak. This has been interpreted as structural 
relaxation governed by processes with a wide spectrum of 
activation enthalpies.“*‘* Isothermal runs can be modeled 
by bimolecular relaxation of the defects. The recombina- 
tion constant k, [Eq. (5a)] is almost independent of 
temperature.‘* This is very different for the k, found for the 
bimolecular annihilation of the flow defects. Since the iso- 
configurational activation enthalpy for flow Q is 1.8 eV and 
the average activation enthalpy for i is about 0.1 eV (Fig. 
3), Eq. (5~) shows that, if the defect concentration n is 
constant during an isoconfigurational experiment, the tem- 
perature dependence of the recombination constant for 
flow defects is 

k,(T)=k,oexp(-Q&T), (8) 

with Q,= 1.7 eV. Their difference can be explained, for 
example, if the flow defects are just a fraction of the defects 

that give off heat during the DSC scan. A calculation of the 
DSC signal, dH/dt, with constant scan rate b=dT/dt aris- 
ing from just the annihilation of the flow defects illustrates 
this point: 

dH 
-&=-Ho&I& (9) 

Ho is the heat released when one defect is annihilated. 
Using Eqs. (5a) and (6), dT = b dt, and the assumption 
Q,& k,T to simplify the exponential integral in the 
calculations47 gives 

dn k,(T) -=- 
dT b 

(=sT/Q,+ 1) 
’ (l/no) + (ks/bQ,.) [ T*k,(T) - Tik,(To)]* ’ (lo) 

with no the initial defect concentration at To, the starting 
temperature of the scan. Figure 7 shows the result for 
Ho=0.9 eV (half the Si-Si bond energy43), k,=lO’*/s 
(typical attempt frequency; a typical atomic vibration fre- 
quency is lO’*/s; the entropy factors associated with the 
activation process may raise this value somewhat, but this 
effect is usually negligible‘@), Q,= 1.7 eV, and b=40 
K/min and a series of initial concentrations no at To = 300 
K. The peak becomes broader and shifts to higher temper- 
atures for lower defect concentrations. As the maximum 
DSC signal has to be smaller than 7 W/mol, the upper 
bound for the initial concentration of flow defects is 1.2% 
or 6X 102’/cm3, which gives a peak at 729 K. The maxi- 
mum heat release from all the flow defects is only about 
one-fifth of the total heat release from structural relaxation 
(5 kJ/mol) seen in the DSC. 

The macroscopic viscosity 7 can be written in terms of 
the dimensions and the motion of the defects that govern 
it as4* 

(11) 

FIG. 6. Schematic diagram of a possible mechanism for viscous flow of amorphous silicon (see also Fig. 8). (a) The initial state of the flow defect is 
a charged dangling bond. (b) A nearby bond is broken thermally with an activation enthalpy Q’. (c) The flow jump: A dangling bond connects with 
a nearby atom, thereby creating a new dangling bond and local shear yc (activation enthalpy Q”). This results in macroscopic shear (dashed line) and 
an amount of work y,,Ve done by the external shear stress 7. The flow jump (c) repeats until two dangling bonds recombine. 
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FIG. 8. Schematic diagram of the free energy changes as a function of the 
reaction coordinate for a viscous flow processes that occurs by a chain 
reaction. The letters correspond to the configurations of Fig. 6. Q’ is the 
free energy needed to activate the flow defect: Q” is the free energy needed 
to make a flow jump; the total activation enthalpy is Q=Q’+Q”. With 
each flow jump the free energy of the system is lowered by q,Vc, the 
work done by the applied stress. In this diagram the flow defect makes five 
jumps before two dangling bonds recombine. 

temperature(Kelvin) 

FIG. 7. Calculated heat flow in a DSC scan with a scanning rate of 40 
K/min for the bimolecular annihilation of the flow defects for three dif- 
ferent initial defect concentrations no. 

where V. is the volume of the rearranging region (de- 
fect), y. the shear strain of the rearrangement, and kf 
= kc, exp ( - Q/kT) is the rearrangement frequency. Equa- 
tion ( 11) may be used to estimate some limitations on the 
nature of the defects. For an as-deposited film q was found 
to be 7.4~ 1014 Pas at T= 152 “C. Taking ko= 1012/s, a 
typical attempt frequency, and Q= 1.8 eV gives 
kf= 5 x 1O-‘o/s. Since clearly n < l/a, with R the atomic 
volume, it follows from Eq. ( 10) that (~oyoVo) > 28 0. 
Structural models, such as Fig. 6, indicate that ~oyoVo is 
probably less than a. The viscosity of the amorphous Si is 
thus much lower than expected from this model. A similar 
problem was encountered for the crystallization of Si by 
single-phase-epitaxy growth, where the growth rates have 
an anomalously high prefactor.44 This was interpreted by 
assuming that one activation step leads to a chain 
reaction.49 This interpretation could be valid here as well: 
One activation step can lead to several bond rearrange- 
ments in the loosened network structure around the defect 
before the newly broken bonds recombine. 

If plastic flow happens by a chain reaction, Eq. ( 11) 
needs to be reevaluated. The arguments of Ref. 48 thus 
give a shear strain rate i/, 

,p=n exp(g) $ k. exp( -g)fl(r)yeI’e (12) 

whe.re Q’+Q” =Q and n exp( -Q’/kT) is the number of 
flow defects in the activated state (additional broken bond 
nearby), N is the total number of jumps of the flow defect 
for one activation step, and k, exp( - Q”/kT)fi( 7) the net 
jump frequency of a flow defect in the activated state under 
the action of the stress. P(T) reflects the biasing of the 
jumps in the forward direction due to the applied stress. 
Simple rate theory gives5’ 

where ~oVo, the work done by the applied stress, is the 
difference in chemical potential between the forward and 

the backward positions for one jump of the flow defect 
(Fig. 8). For small stresses this gives the equivalent of Eq. 

(111, 

7 kBT 

71=j=N(yoF’o)2nkf* 
(14) 

Equation ( 14) can yield low viscosities even if yoVo is, as 
expected, smaller than a. 

Such unexpectedly low viscosity values are seen in me- 
tallic glasses as well”-53 and it is possible that the origin of 
the problem is the same for all amorphous materials. 
Therefore, the approaches taken in the literature to solve 
the problem for amorphous metals are examined for pos- 
sible application to amorphous Si. 

Berry proposed a temperature-dependent activation 
energy.54 In order to explain the low viscosities, however, 
the activation enthalpy should become smaller with tem- 
perature, which is contrary to the observations for metallic 
glasse? as well as for the data obtained here (Table II). 

Another suggestion was reversible changes in the flow 
defect concentration of metallic glasses with 
temperature.48’5”53’55 Unlike the defects in metallic glasses, 
which can be thought of as free volume fluctuations, dan- 
gling bonds are probably not created by changes in volume 
due to thermal expansion. They can be created reversibly 
at high temperature in any structural state due to the rise 
in configurational entropy, just like the equilibrium defects 
in a crystalline structure. The number of these “equilib- 
rium” defects is very small [ -exp( -0.9 eV/kT)], but 
under some conditions their contribution to the flow pro- 
cess and its isoconfigurational activation enthalpy might be 
important. They can probably not account for the observed 
low viscosities, since the number of nonequilibrium defects 
has to be small in order for the thermally activated defects 
to play a role, but they might explain the apparent increase 
in the isoconfigurational activation enthalpy with increas- 
ing temperature [Table II (a)]. 
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V. CONCLUSION 

The biaxial modulus Y and coefficient of thermal ex- 
pansion a of ion-beam-sputtered amorphous Si and Ge 
thin films were determined from stress versus tempera- 
ture measurements on samples deposited on Si( 100) and 
fused quartz substrates. For amorphous Si, at the av- 
erage temperature of 110 ‘C, Y= 14* 1 X 10” Pa and 
a=3.0*0.3X 10v6/K and for amorphous Ge, at the av- 
erage temperature of 172 “C, Y= 12* 1 X 10” Pa and 
a=7.9*0.7X 10w6/K. 

Newtonian viscous flow, its temperature dependence, 
and its change with time due to structural relaxation has 
been observed for the first time for amorphous Si and Ge. 
The data can be best fitted with a viscosity that increases 
linearly with time, characteristic of a bimolecular flow de- 
fect annihilation process. The isoconfigurational activation 
enthalpy for the viscosity is 1.8 kO.3 eV for amorphous Si 
and 2.6 f 1.3 eV for amorphous Ge. The value for amor- 
phous Si together with the lower than expected viscosities, 
suggests that the critical activation step for flow is the 
breaking of an additional Si-Si bond and that several flow 
jumps of the defect occur before these newly broken bonds 
recombine. 
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