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Application of neutron interferometry to the measurement
of thin film density

W. E. Wallace,® D. L. Jacobson, M. Arif, and A. loffe”
National Institute of Standards and Technology, Gaithersburg, Maryland 20899

(Received 31 August 1998; accepted for publication 9 November)1998

The application of neutron interferometry to the measurement of the atom density of polymer thin
films (<1 wm thick) supported on silicon substrates is described. Polymer films were chosen
primarily for their fixed, well-defined stoichiometry; however, the technique is applicable to films of
any elemental composition. The wavelength-independent phase shift of a beam of thermal neutrons
passing through the sample gives a measure of the product of the film atom density, the film
thickness, the lattice spacing of the silicon interferometer, and the scattering lengths of the
constituent elements of the film. The film thickness was found by x-ray reflectivity while the other
two parameters are well-defined quantities. The technique does not rely on complex mathematical
modeling of physical processes nor on thin film standards for data interpretation. With some
refinements, neutron interferometry is envisioned as an important tool in the creation of thin films
having well-defined densities which will be useful in the calibration of many analysis techniques.
© 1999 American Institute of PhysidsS0003-695(199)00603-§

Density is a fundamental characteristic of solids. Whenpotential candidate for absolute thin film density determina-
specifically measured it has been found to be a strong fundion. Combined with an independent measurement of the film
tion of synthesis conditions for many materials prepared irthickness, the density of the film can be determined from the
thin film form. Some examples include diamond-like neutron phase shift. This is done by applying the following:
carbon! metals? silica?® and amorphous silicoh. B

The methods to measure thin film density can be placed A ¢s=— N efreciive: @)
into three categories each having limits to its ultimate accuwhere A ¢, is the phase shiftN is the atom density of the
racy. The first is the direct weighing of a film of known area sampleb is the coherent neutron scattering length of the thin
and thickness. Here uncertainties in the three separate me@m material, N is the incident neutron wavelength, and
surements of thickness, area, and total mass are cOMg...is the effective sample thickne§se., the path length
pounded. Alternatively, a property that depends on density igraversed by the neutron beariivhen the sample consists of
measured, and the film density indirectly inferred. A promi-a thin film on a substrate a second measurement is necessary
nent example is x-ray reflectivity where the critical angle forto determine the phase shift from the substrate alone. In most
reflection is related directly to densityThis type of tech- instances the phase shift can be measured within a relative
nique requires either calibration standards, or careful mathexpanded uncertainty of 0.01% or better. The magnitude of
ematical modeling of physical procesges both), with their  this phase shift is directly dependent on the wavelength and
attendant difficulties. In the third category are compoundits attendant uncertainty. To eliminate this complication,
methods where the total coverage of material in the thin filmnondispersive (i.e., wavelength independeént neutron
for example measured by Rutherford backscattering spednterferometry®*'was employed.
trometry, is divided by film thickness. These methods de- The experiments were performed on a silicon-single-
pend on accurately measuring the total radiation dose, axystal, three-bladed, Laue—Laue—Laue type interferometer
well as on knowing the solid angle of detection for the scat{Fig. 1). The beam enters the interferometer from the top of
tered or emitted radiation. the diagram where it is split into two coherent beams by

Neutron interferomet7® falls into the third category Bragg diffraction from(111) silicon lattice planes of the
with some important differences. The product of the thin filmsplitter blade. The sample is placed in one arm of this split
density and the film thickness is calculated from the phaséeam such that the sample surface is parallel to(1g)
shift of the neutron beam passing through the sample. Megslanes in the interferometer blades, that is, in the nondisper-
surement of this phase shift is very accurate and neither resive position. After one beam passes through the sample, the
quires knowledge of the total neutron dose nor of a solidwo beams reflect off th€l11) planes in the mirror blade and
angle for detection. In this way two potential sources of un-are recombined in the mixer blade after which they reach the
certainty are removed. Furthermore, only simple curve fittingdetectors creating sinusoidal intensity oscillations as a func-
(sinusoidal and parabolids required, without reliance on tion of angular position of the phase shifté, In this case
thin film standards, making neutron interferometry a goodthe sample thickness is given Byecie=1t/Sin 65 wheret is

the true sample thickness arfi} is the Bragg diffraction
JElectronic mail: william wallace@nist.gov angle for the(111) planes of silicon. Substitutingective INtO

bAlso at: Department of Physics and Astronomy, University of Missouri, EQ- (1_) along with Bragg’s |aV\[.)\.=2d. sin 6 whered i_s the
Columbia, MO 65211. (113 interplanar spacing for silicdryields the following:
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FIG. 2. Neutron phase shif®), vs sample misalignment angle, for the
polystyrene film supported on a silicon substr@tecles, and for the silicon

FIG. 1. Diagram of the neutron interferometry experiment. The phase shiftepubstrate alonesquarey The solid lines are parabolic fits to the data. The
is rotated through the anglto create an interferogram. The sample align- difference in® at the minima give the phase shift due solely to the poly-
mentAe s adjusted until the difference is phase shift between the sample istyrene thin film.
the positive position and in the negative position is a minimum.

as for the silicon substrate alone. It can be shown that for

A¢ps=—2dNbt 2 small e the shape of this curve is parabdfiand is fit as such
, in Fig. 2. A value of 8.6414) mrad was found fok, which

Thus, the atom density of the sampledepends only on the  |g54q 10 a difference in the phase shift between the film plus

measured phase shift¢, the (111) interplanar spacing of = hstrate, and that of the substrate alak®, of 0.400(2)
silicon, the coherent neutron scattering length of the thin film,_ (Throughout the text numbers in parentheses give the
material, and the true sample thickness. The phase shift cafyyined standard uncertaintfihis value can then be sub-
be very accurately measured. The lattice constant for silicogit ;ted for® into Eq.(3) to determine the density of the thin
is a well-known quantiti”** and the scattering lengths of &
carbon, deuterium, and hydrogdthe const|tuentsﬁ40f the Figure 3 shows the x-ray reflectivity curve for the par-
deuterated polystyrene thin filnare also well knowrr: ticular thin film whose neutron interferometry measurement
. Thg challenge In measuring the phase shift in the nongg given in Fig. 2. The reflectivity was performed with cop-
dispersive geometry is the need to place the sample surfatbeer Ka, radiation (\=0.1540nm) having a wavelength
parallel to the silico111) planes of the interferometer. This spread, AV, of 1.3x10°% and a beam divergence of
angular alignment is termed ande, is the term given tothe - g g, 15-5rad, The interference fringes apparent in the fig-
nondispersive sample position that allows E2). to be ap- | a are a sensitive measure of the film thickness. Calculation
plied with assurance. To insure that this condition is met, theof the film thicknes<® shown by the solid line, gave a value
sample is placed in one arm of the interferometer close to tth 521.0(0.6) nm for, this film. '
nondispersive position, an interferogram is taken by varying Applying Eq. (3) using, in addition to the measured

6, and the phase shift due the sample is measured. Then ”&?lase shift and measured film thickness, a value of
sample is translatedyithout rotation to the other arm of the

interferometer, and a second phase shift, opposite in sign to
the first, is measured. When this difference between these  _y5
two phase shift value$), is a minimum(as shown in Fig. P

the sample, when placed in either arm of the interferometer,
is in the nondispersive position and the following applies:

®=4dNbt ©)

A polymer was chosen to demonstrate this technique be-
cause homogeneous thin films, with a well-defined chemical
composition, could be prepared by spin coatifigm hydro-
genated toluenewith subsequent annealing to remove re-
sidual solvent125 °C, 2 h, under vacuummDeuteratedpoly-
styrene was used due to the large bound coherent scattering -3¢ s :
length of the deuterium nucleus which enhanced the phase 0.325 0425 a4, 0B 0625
shift arising from the polymer thin film. The substrates were 4 (o)
silicon (100 wafers, approximately 40Qum thick, from  FIG. 3. X-ray reflectivity from the polystyrene thin film supported on its

which the native oxide had been removed using bufferedilicon substrate. The lgg of the reflectivity is plotted vs the momentum
oxide etch. transfer of the reflected x-ray normal to the sample surfac&he interfer-

. . ence fringe spacing is a sensitive measure of the film thickness. The solid
Figure 2 shows® as a function ofe for a deuterated line is an exact calculation of the fringe spacing used to determine the film

polystyrene thin film supported on a silicon substrate as wellhickness. Some representative uncertainties for the data are given.

* reflectivity
calculation

-10 |
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