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DEPOSITION PROFILES FROM ELECTRON-BEAM-HEATED 
EVAPORATION SOURCES] 

T. C. Reiley 

ABSTRACT 

The thickness of physically vapor deposited copper and 
chromium specimens was measured as a function of position 
on a flat substrate situated above an electron-beam-heated 
evaporation source. The resulting profiles deviated from 
analytically predicted profiles based on the integrated 
mass flux from a flat surface of infinitesimal, directed 
surface sources. This deviation has been noted in the past 
and has been attributed to molecular interaction above the 
source. However., we show that the calculated molecular 
mean free path is much too long to allow any appreciable 
interaction of the evaporating molecules. Further, curva-
ture of the molten source, arising from the surface recoil 
from evaporating molecules, is likely to be responsible for 
the difference between the observed and predicted profiles. 

INTRODUCTION 

For many of the present uses of physical vapor deposition (PVD) very 
accurate control of the deposit thickness and uniformity is desired. 
The introduction of electron beam evaporation sources, while allowing an 
increase in the rates of evaporation and, in some cases, the convenience 
of evaporation, has led to complications in the production of uniform 
deposits. These complications take the form of deviations in deposition 
profiles from the profiles predicted on the basis of Knudsen's2 cosine 
distribution. 

The work to be described herein includes (1) an analytical presen-
tation of an ideal deposition profile, (2) experimentally observed 
deviations from the ideal profile, (3) arguments against previously 
reported mechanisms invoked to explain these deviations, (4) a model of 
the evaporation source that is consistent with the observed profiles. 

'Research initiated at Stanford University and supported by AEC 
Contract AT<04-3)326-PA-17 and completed at the Oak Ridge National 
Laboratory. 

2M. Knudsen, Tire Kinetic: Theory of Gases, Methuen and Co., Ltd., 
London (1934), p. 26. 
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THE DIRECTED SURFACE SOURCE AND RESULTING DEPOSITION PROFILE 

The "directed surface source," a descriptive term coined by Holland,3 
is a surface from which material is being evaporated such that the total 
evaporation flux from the surface is proportional to the cosine of the 
angle between the surface normal and the evaporation direction. Analogy 
is frequently made between the directed surface source and the physical 
situation of vapor molecules passing from one volume (at low pressure) 
to a second volume (which is evacuated) through a hole in the wall 
separating the two volumes; see Fig. 1. Effectively, as the angle 4> 
between the normal to the hole and the direction of molecular flow 
through the hole increases, the hole becomes "smaller" by the factor 
cos <j>. Thus, the number n of molecules of velocity v passing through a 
hole of area 4 in time At is given by n = v At • A cos (J). This description 
is appropriate when the molecular mean free path is large with respect 
to the hole diameter.1* 

3L. Holland, Vacuum Deposition of Thin Films?, Chapman and Hall, Ltd., 
London, 1966, p. 144. 

UE. H. Kennard, The Mnetio Theory of Gases3 McGraw-Hill, New York, 
1938, p. 61. 

Fig. 1. The Molecular Flow From One Volume into an Evacuated Volume, 
Analogous to an Evaporating Source ("Directed Surface Source"). 

ORNL-DWG 75-16308 
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To allow the application of this concept to a source evaporating at 
high rates 1020 molecules cm"2 sec-1), it is convenient to treat the 
source as a surface of infinitesimal directed surface sources. For 
our purposes, then, each point on the evaporation source will be treated 
as a directed surface source. 

Figure 2 shows the geometry used for the cal- 'lation of the deposi-
tion profile from such a source. For this source of radius E, evaporat-
ing at a total mass rate M (g/sec), the local evaporation rate at a 
point Q, defined by its coordinates p and S is given by Mp dp dB/vF2. 
The evaporation rate through a solid angle din at an angle <j> with respect 
to the source normal is given2 by 

—=z p dp d<t> • — cos 4> . 

ORNL-DWG 7 5 - 1 6 3 4 8 

E V A P O R A T I O N 
S O U R C E 

Fig. 2. Geometry loed iti Calculating the Deposition Profile From 
a Surface of Infinitesimal directed Surface Sources. 
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To find the mass flux at a point P on the substrate, which is situated 
at a height H above the evaporation source, one must relate the differ-
ential area dA at P to the solid differential angle tito that is subtended 
by dA. The relationship between du and dA is given by: 

cos 4) dA 
d u i = p 2 - 2p<5 cos 8 + H 1 ' ( 1 ) 

where 6 is the distance from the center of the substrate to point P. If 
dA is set equal to unity, the differential mass flux dm(6) (g cm-2 sec-1) 
received at point P from point Q is given by: 

<»<«> - J r P do de • S S L * • p g + g g _ 2qI c o s e + . ( 2 ) 

To find the total mass flux at point P from the whole source, the above 
expression must be integrated over the source: 

A ( 6 ) - X T ? * ' + P* + 2p6 ccs 9)1 ' ( 3 ) 

Upon integration, 

• A) j, H2 + 62 - Rz 1 ... 
W ( 6 ) = I r t F j 1 " [(//* + 6 2 - R + ' ( 4 ) 

(A check, on the above solution may be made by integrating m(6) over the 
entire plane of the substrate. Such an integration does give the total 
mass flux from the source: Sf w(6) • 2TT5 <36 «* M.) Equation (4) is 
plotted in Fig. 3 in the form m(6)/m(0) vs S/ff, for the case where R is 
small compared with H. 

The solution of the deposition profile from a small directed surface 
source has been reported.3 This solution differs from the results for 
a surface of infinitesimal directed surface sources given herein only 
when the source radius is a significant fraction of the source to sub-
strate distance (R/H = 0.2). 

COMPARISON BETWEEN THE IDEAL SOURCE PROFILES AND EXPERIMENTAL PROFILES 

Experiments were performed in which copper and chromium were 
individually evaporated at about 6 and 3 kW, respectively, using an 
Airco Temescal FIH 270B electron beam gun and crucible. For the copper 
evaporations molten copper filled the graphite-lined, 8.3-cro-diam crucible. 
Chromium was evaporated in rod form by rotating snd feeding a 2.5-cm-diam 
chromium rod into the electron beam, a small O®5 0.5 cm) molten cap being 
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Fig. 2- The Predicted Normalized 6/H Deposition Profile from a 
Surface of Infinitesimal Evaporation Sources. 

maintained at the top of the rod. A flat substrate was positioned above 
the source at a distance of 16 to 20 cm. (Details of these experiments 
are published elsewhere.5) 

The il̂ posits were removed from the substrates. For the copper 
deposits a substrate precoating of AI2O3 allowed convenient separation 
of deposit and substrate. The chromium deposits were removed from the 
substrates by the chemical removal of copper precoatings. The deposit 
thickness (0.03-0.09 cm) was measured with a micrometer for each deposit 
over the entire deposit. The measured profiles showed radial symmetry 
about the center of the substrate. 

In Fi<^ A these profiles are plotted against S/H in normalized 
fashion: thickness t diA?ided by tmax, the maximum thickness (at 6 = 0). 
Also sho'/n in Fig. 4 is the predicted (normalized) thickness profile 
calculated above.6 It is clear from this figure that deposit profiles 
decrease more rapidly in thickness with 6 than is predicted by ttui earlier 
source analysis. Another way of describing this discrepancy is to say 
that the vapor stream emanating from the source is focused more intensely 
toward the center of the substrate than is predicted for an ideal source. 
This phenomenon will be examined in the next two sections. 

ST. C. Reiley, The Structure and Mechanical Properties of Physically 
Vapor Deposited Chromium3 Ph.D. Thesis, Stanford University (1975). 

6The radius, R, of the source was taken to be 1 cm, which conforms 
to the approximate radial dimension of the electron beam spot. 
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Fig. 4. Deposition Profiles for Copper and Chromium. Filled 
points are profiles observed in two experiments each with copper and 
chromium. The right-hand curve is the theoretical profile for a 
directed surface source. The open points are the chromium data adjusted 
according to the virtual source approximation. 

THE VIRTUAL SOURCE APPROXIMATION 

The profiles of PVD deposits made by electron beam evaporation have 
been shown by other investigators to deviate from the predicted profiles 
based on a small directed surface source.7 9 The form and magnitude of 
these deviations are similar to the results reported here. 

One explanation for the observed vapor stream focusing has been 
suggested by Smith.9 In his qualitative model he proposes that a region 
above the evaporant source exists in which the evaporated molecules have 

7 R. Hill, Evaporated Al Film* Airco Temescal Report, Airco Temescal, 
2850 Seventh St., Berkeley, Calif., 1971. 

8R. F. Bunshah and R. S. Juntz, Trans. 196? Int. Vac. Met. Conf., 
American Vacuum Society, 1967. 

9H. R. Smith, Jr., Proa. 12th Annu. Tech. Conf.3 Soc. Vac. Coaters, 
1969, p. 50. (Paper available through Airco Temescal, 28cr' Seventh St., 
Berkeley, Calif.) 
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a short mean free path. The significant raleculsr interaction would lead 
to the equivalent of a "virtual source" from which line-of-sight evaporation 
would occur. This concept is shown schematically in Fig. 5. Thus, he 
contends, the distance H" between the virtual source and substrate is 
smaller than the physical source to substrate distance, H, and that this 
decrease in distance should be included in the formula for predicting 
the deposition profile. 

The technique of adjusting the parameter U to bring about coincidence 
between predicted and experimental results is quite successful. In fact, 
as shown in Fig. 4, this approach has been taken with regard to the data 
from two chromium evaporations. By adjusting H from 16.5 to 12.0 cm in 
one case and from 18.5 to 12.5 cm in the other the data are made to agree 
with the predicted profile. 

SUBSTRATE 

1969, p. 50. (Paper available through Airco Temescal, 2850 Seventh St., 
Berkeley, Calif.) Stanford University drawing. 
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However, the physical model underlying the virtual source approxi-
mation is highly questionable, since it may be shown that the mean free 
path of the evaporated molecules over the source is much too long to 
allow appreciable interaction. The mean free path, L, of the molecules 
is given by L — (v̂ 2ird2n) 1, where d is the molecular diameter and n is 
the molecular density. The density may be calculated from the molecular 
flux J(y) at the distance y from the source and the average molecular 
velocity, u, since n = J(y}/v. The flux at point y may be closely 
approximated by the relation J(y) = J(H)'H2/y2, where J(H) is the measured 
flux on the substrate at a distance H. The velocity is given by 
V= (QKT/tvti)1'2 , where k is Boltzmann's constant, T is the absolute 
temperaturej m is the molecular mass. Thus, the mean free path may be 
written 

T - 2 ( f t rA rO l / V . . . 

By substituting measured values of H and time-averaged J(H), and by 
setting d2 = 2 * 10"16 cm2 and T = 2300 and 1800 K, respectively, for 
the chromium and copper evaporations, mean free paths are obtained at a 
distance of 4 cm above the source, as shown in Table 1. 

Table 1. Calculation of Mean Free Paths 

Material J{1\ j H T i at y = 4.0 cm (atoms cm sec ) (cm) (K) (cm) 

Cr 2.7 x io18 16.5 2300 2.4 
Cr 1.4 18.4 2300 3.6 
Cu 2.1 19.5 1800 1.8 

This is rather strong indication that the mean free path of the evaporated 
molecules at the point corresponding to the virtual source (y 88 4 cm) is 
too long for any significant interaction of the kind qualitatively 
described by Smith. Furthermore, it should be noted that the calculations 
above lead to a conservative estimate of the mean free path, since molecules 
moving in an essentially uniform direction should experience less inter-
action than randomly directed molecules. Therefore, though the virtual 
source approximation is compatible with experimental results, some other 
physical justification must be established. 

THE CURVED EVAPORATION SOURCE 

We will show here that, under certain circumstances, the electron-
beam-heated evaporation source deviates significantly from the simple 
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geometry ascribed to it earlier. That Is, the source may be forced to 
assume a bowllike shape. Furthermore, this source curvature may affect 
the deposition profile in a manner consistent with experimental 
observations. 

The surface of an electron-beam-heated evaporation source experiences 
two forces tending to cause a depression in the source. This depression 
is shown schematically in Fig. 6. The two active forces are (1) the 
rather small pressure exerted by the electron beam and (2) the pressure 
due to the surface recoil in response to evaporation (i.e., to the action 
of a molecule leaving the surface at high velocity an equal and opposite 
force exists on the surface). For a molten source two equilibrating or 

EVAPORANT POOL 
Fig. 6. Curvature in the Molten Evaporation Source Arising from the 

Momentum Exchange of the Evaporating Molecules. Stanford University 
drawing. 

restoring forces exist: (1) surface tension and (2) gravity. Assuming 
a sphericfl depression of radius of curvature r, the following expression 
relates the active pressures and restoring forces at the point C in 
Fig. 6: 

P + p = 2S. + pgd (6) e vn t 

where Pg is the effective pressure due to the electrons, P' is the 
effective pressure associated with momentum transfer, a is the surface 
tension, p is the density, g is the gravitational acceleration, d is 
the depression depth. The pressure P is given by 

Pg = I(2Eme/e)ifz/vR2 , 
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where I is the electron beam current, e is the electron charge, E is 
the accelerating voltage, me is the electron mass, and R is the radius 
of the jeam spot. The pressure Pm_is given by Pm « Mv/itR2, where M 
is the total evaporation rate and v is the average molecular velocity. 
Expression (6) may be rewritten: 

Using the experimental conditions of the copper evaporation experiments 
described earlier, the following substitutions may be made: I = 0.6 A, 
E * 10 kV, M = 0.18 g/sec, R = 1 cm. Assuming a = 1300 ergs/cm2, 
T = 1800 K, p = 8.2 g/cm3, the pressures Pe and Pm are, respectively, 
7 and 4440 dynes/cm2, and the value of the radius of curvature r 
satisfying Eq. (7) may be found: 

r - 1.6 cm . 

This corresponds to a depression depth of about 4 mm. 
Thus, for the conditions of the reported experiments the evaporation 

source may be approximated by a bowl-shaped source, rather than the 
flat source that was analyzed earlier. (It should be noted that surface 
depressions were seen during the experiments in which copper, chromium, 
and other materials were evaporated.) 

The deposition profile will now be shown to be affected by the 
change in source geometry. For a spherically curved source composed of 
infinitesimal directed surface sources Fig. 7 shows the source and 
substrate configuration to be considered. For a source of radius R with 
radius of curvature r, evaporating at a rate M (g/sec), the total mass 
flux from a point Q on the source is given by 

2irr[r — ( J - Rl)11'1 ] * c^TT p d p d 9 ' 

where p,0 defines the position of the point Q, and X is the angle between 
the surface normal at Q and the normal of the plane of the source. The 
mass flux through a solid angle du) at an atagle $ with the surface normal 
at Q is given by 

M 1 j jr. cljbi r, — — ; 7 2 \ i rrr r P dp do — cos c . 2nr[r — (r* —R*)]1/ cos A IT 

To calculate the mass flux received on a unit differential area dA at 
the point P the angle subtended by the area dA must be known: 
iiA = S2 dw/cos a where 5 is the distance between Q and P (where P is at 
a distance 6 from the center of the substrate), a is the angle between 
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Fig. 7. Geometry Used in Calculating the Deposition Profile From 
a Curved Surface of Infinitesimal Directed Surface Sources. Stanford 
University drawing. 

the normal of the plane of the source and the line segment PQ. The mass 
flux of material evaporated directly from Point P to point Q is given by 

M 
(8) 

The direct evaporation flux from the entire source to the point Q is 
given by: 

Aa(6) 
RFI <"2TT 

J o Jo 
M 

2ttp[P - (r* - J?*)1/*] ' (r 
vp dp dQ cos 8 cos a 

2 - p V ' 2 * s2 . (9) 

This expression may be rewritten in terms of H*[= H — (r2 — fl2)1/2], 
Fj p, 0, and 6 as shown: 

. ... f" f2" Up Lip i9 . H* * iv' - //*(r2 - p;)'/; + r2 - l>6 cos 6 f ' J, J. - (J - /iJ)''J1 fr* - p')1'" [/;*' * r' + V)''J + - 2p6 cos FT • 
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Upon integration with respect to 6, 

> )o ' > ̂  ' 1 1 f|"«T + rrt IHHv̂ - * Sly - t, V J- y 

After considerable algebra the following expression for me(6) may be 
derived: 

ma(6) - M 
47rr[r - (r* - R2)1/2] 1 - H2 + S2 - J? (12) 

The above relation describes the direct line-of-sight deposition rate at 
a point on the substrate at a distance 6 from the center of the substrate. 

Equation (12) shows that the direct evaporation flux from a curved 
source, ̂ (<5), is of the same form as that from a flat source [here 
denoted as rnp(&)]. Comparing mG(S)from expression (4), it may be shown 
that 

me<«> - mF{&) 2r[r - (r* - fl'")1/*] (13) 

The ratio on the right side of expression (13) is the ratio of the 
surface areas of the flat and curved sources. Thus as the area of 
curved source increases (i.e., as the bowl more closely approximates a 
hemisphere) the value of mc(6) decreases. 

The question now arises that if ma(8) decreases as the radius of 
curvature decreases, and if the total mass evaporation rate M remains 
constant, where is the unaccounted for evaporated material going? What 
has not been considered is the reflection of evaporated material striking 
the sides of the evaporation source itself, as schematically shown in 
Fig. 8. The amount of material that strikes the sides of the bowl, 
defined here Mjy?p, becomes substantial as the radius of curvature of the 
source decreases; at r = R,Mpgp = M/2. The value of M^-p/M is given in 
Fig. 9 as a function of the radius of curvature divided by the source 
radius, r/R. 

O R N L - D W G 7 5 - 2 4 74 

Fig. 8. The Reflection of Mass from the Sides of a Curved 
Evaporation Soiree. 
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Fig. 9. The Ratio of Reflected Mass to the Total Evaporated Mass 
Versus the Ratio of the Radius of Curvature of the Source to the Source 
Radius. 

To hypothesize about the effect of source curvature ou the deposi-
tion profile, we need to understand the nature of the reflection process. 
Two extremes ate to be considered: (1) the situation in which the 
evaporated mass striking the source is specularly reflected (as light 
from a curved mirror) or (2) the situation in which the evaporated mass 
is absorbed and reemitted in a random direction. It is not clear which 
of these cases is more closely applicable to the physical conditions of 
evaporation and reflection from a liquid surface, although there is 
some indication10 that the latter situation is the more reasonable choice. 

Unfortunately, neither of the above cases has been analyzed at 
present. Preliminary indications are, however, that in either case the 
reflected mass will be more focused toward the center of the substrate 
than the directly evaporated material. Thus, it is quite likely that 
the overall effect of a depression in the evaporation source is such that 
a higher fraction of mass is evaporated toward the substrate center than 
would be predicted for a flat surface source. That is, a curved source 
focuses its evaporated material to an extent related to the source 
curvature. 

SUMMARY 

A new source analysis was made based on a flat surface of infinitesimal 
directed surface sources. The deposition profile from such an ideal source 

1°L. Holland, Vacuum Deposition of Thin Filmst Chapman and Hall, Ltd., 
1966, p. 144. 
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differs from previous analyses11 only when the source radius is an 
appreciable fraction of the source-to-substrate distance (R/H ̂  0.2). 

The predicted profiles were not consistent with the experimental 
profiles; the evaporated material was more intensely focused toward 
the center of the substrate than predicted. The virtual source approxi-
mation brought coincidence between theory and experiment; however, the 
physical justification for this approximation was shown to be in error. 

A new source description, in which the source is curved, was 
partially analyzed. Physical justification of the source curvature was 
established, with the curvature arising mainly from the surface recoil 
of the source in response to the high-energy evaporating molecules. 
Further, a significant amount of material may be reflected from the 
sides of the source, and that this reflected mass may well give rise to 
the observed focusing of the evaporating material. 

The experiments and analysis pertain to electron beam power densities 
of 0.8 to 2.0 kW/cmz. The factors presented that lead to a source 
depression (and the proposed evaporation frcusing) become more important 
at higher power densities. Thus as the electron beam is focused to a 
finer spot size the tendency for focusing of the evaporated material 
is increased. 
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