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Monitoring thin-film development

There are many applications where it is necessary to deposit or grow thin films.

= Semiconductor - LPCVD, PECVD, ALD

= Optoelectronics - MOCVD, MBE, HVPE, PECVD
= MEMS - as for a semiconductor

= Nanotech - CVD for CNTS

= Vacuum coating - PECVD, PVD

= Solar - PECVD

All of these techniques involve the controlled deposition of atoms or molecules onto a
surface as depicted in the illustration below.

Chemical elements
{ or atoms being
deposited
Q

Thin film or layer
growing from the
substrate

Figure 1: Surface deposition

Irrespective of the deposition technique, it is possible to monitor the development of
the thin film as it is being deposited using optical techniques.

This is most reproducibly and practicably achieved with a reflectometer, sometimes
also referred to as an interferometer.

The Reflectometer
In its simplest form, a reflectometer consists of a laser-beam source, a beam splitter
and a photo-detector as shown in the illustration below.
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Figure 2: The reflectometer

Provided that the thin film being deposited is transparent at the wavelength of the
laser, then the incident laser beam will undergo multiple reflections at the thin-film
substrate interface and the thin film surface, as shown below.

In effect, the thin film is itself acting as an interferometer. The measured reflected
signal is generated as a result of interferometry occurring at the substrate surface. It
is for this reason that a reflectometer is often also referred to as an interferometer.
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Figure 3: Reflectance in action
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The reflected rays will interfere constructively or destructively, depending on the

thickness d(t) of the thin film. The reflected intensity can be modelled in one of
several ways, the simplest of which is shown below:

rop? w2 +rfexp-2o0.d + 2nr, exp-oa.d.cosA +1 — u)}

1+7°r7 exp-2.0.d + 2.1, COSA +1 + L)
where;
A=2Xkn,d
o =2xky,

Therefore, A provides information relating to the thickness of the thin film and

determines the periodicity of the reflected signal. It also provides information about
how the film absorbs the light.

Typical reflectance signals or interferograms can be fully analysed using R-Fit — ORS
Ltd’'s post-growth data-analysis package. An example is shown below for the growth
of GaN on sapphire.
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Figure 4: Growth of GaN on sapphire

Mathematical models also exist that take surface roughness into account. ORS Ltd
uses one of two very practical models:

a) Simplified Roughness Model

The simplified roughness theory of Bennett and Porteus' states that the reflectance at
some finite time from a rough surface R is related to the reflectance from a smooth
surface R, via the relationship:

R=R, .exp —[477[) (0.cos(9))’
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» A represents the probe wavelength;
» o represents the root mean squared (rms) roughness;
» @ represents the angle of incidence.

Rms roughness is defined as the root mean square deviation of the surface from the
mean surface level over some specific surface wavelength range. Rms roughness is
often a function of thickness or time (t) during a deposition. In R-Fit, it is assumed to
be a linear function of the form:

o(t)=0,t+0,
where

» On represents the rate of change of roughness as a function of time t;

» 0, represents the initial surface rms roughness.

b) The Empirical Roughness Model

The roughness factor as defined by Stafford et al." is given by:

pr
Frs=|—2 |-1
ip
exp
tp
> h represents the theoretical absolute reflectance at a turning point,
assuming perfect 2’d or smooth growth;

P
, R

* represents the experimentally measured absolute reflectance at a
turning point.

The application of both of these models is demonstrated below for the growth of GaN
on sapphire. In this example, common to GaN on sapphire growths, the interferogram
shows that the GaN becomes smoother with increasing thickness. In this analysis, the
initial o roughness was calculated to be 545R& corresponding to an Frs of 1.01. The
change in smoothness, together with the growth rate and refractive index, can be
analysed using R-Fit®. Eventually, after some 6740& of GaN has been deposited, the
surface has become a virtually smooth film with o = 463\, or to put it another way,
the Frs value has become virtually zero (Frs = 0.00743). These results are tabulated
below.
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Figure 5: GaN on sapphire interferogram analysed
with R-Fit® (recorded at Gent University)
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Figure 6: The Frs values calculated by R-Fit® at the
turning points in the GaN interferogram
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