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Roughness of amorphous Zn-P thin Rims
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The effect of thickness variation and the surface roughness of amorphous Zn^^P,, thin films has 
been investigated by the interference spectroscopy of the optical transmittance and reflectance, 
as well as by the atomic force microscopy (AFM). The analysis of the optical data allowed 
determination of the standard deviation of the thin film thickness by taking into account the 
Gaussian distribution of the change in phase of radiation traversing a thin dm . It appears that 
the value of the standard deviation of the Him thickness determined from the optical interference 
spectroscopy (a„ m 26 nm) is comparable with the value of the mean surface roughness (It, m 
19 nm) evaluated from the AFM studies.

1. Introduction
The optica! parameters, such as the absorption coefficient oc and the rea! part of the 
refractive index n obtained for thin films, are strongly affected by the film 
inhomogeneity, resulting in variation of the refractive index /In, thickness variations 
Jw, nonparallelism, surface roughness and illumination wavelength bandwidth J2. If 
one takes into account /)n, Jw and dA, the second order different equations for 
electrical and magnetic field strengths in an optica! inhomogeneous medium [1] have 
to be solved. This is, however, difficult and complicated even in a lew special cases, 
when these equations may be solved explicitly. So, since the optica! properties of the 
him are determined by, at least, two parameters, e.g., n and w, it is necessary to take 
measurements of, at least, the same number of independent properties of the 
transmitted or/and reflected beams. Multiple angle reflectometry [2], standard 
ellipsometry [3], optica! transmittance T(2) [4] —[6] and reflectance R(2) [7], [8] 
measurements or simultaneously T(2) and R(2) [9] —[13] data can be used to 
determine the optical parameters and thickness variations or inhomogeneity of thin 
films.

As is shown in [4], the influence of film inhomogeneity and surface roughness 
is significant only in low absorption region, where thickness interferences in T(2) and
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R(2) spectra are observed. The height and position of the transmittance and 
reflectance minima and maxima change, as compared with the spectra of the idea!, 
homogeneous, smooth and para!le!-sided fi!m, which may !ead to too large an 
absorption coefficient and to erroneous values of refractive index of non-ideal films. 
Assuming that the envelopes of the spectra! interference characteristics of T(A) or 
R(2) are continuous functions of 2 [14], the optical parameters can be evaluated for 
each wavelength.

The influence of the linear distribution of the change in phase f  of radiation 
traversing a thin film on the spectral characteristics T(2) and R(2) has been first 
considered in [4]. Then, consequences of the linear and Gaussian distributions of 
T for T(2) and R(2) have been discussed [5], [13] showing that the values of 
geometrical and optical parameters obtained from spectral investigations of T(2) 
and/or R(2) are more reliable in the second case.

The aim of this paper is to compare results of the interference spectroscopy 
investigations with the data obtained using the AFM. The latter technique allows 
one to independently determine the roughness of the free surface. In the case of thin 
films, it is well known that their properties and structure strongly depend on many 
deposition conditions, such as the type and roughness of the substrate, rate and angle 
of deposition, substrate temperature, residual gas pressure, etc.; moreover, during the 
deposition process, the thin film growth structure evolves and projects on the film 
surface, giving rise to the surface topography [15], [16].

2. Experimental

Thin amorphous films of Zn^^P^g, studied in this work, have been obtained by 
thermal evapration of the bulk semiconductor ZnP 2  onto the polished and 
chemically cleaned BK-7 glass substrate. The deposition process was conducted in 
the vacuum kept at the level of 10" ̂  Pa and the temperature of substrates was about 
300 K. The mean film thickness, measured by an interference microscope, was about
0.6 pm and the weight composition of the film was determined by chemical 
spectroscopy analysis.

The room temperature optica! transmittance and reflectance spectra were 
measured in the range 200 — 3000 nm, using the Beckman ACTA MIV 
(UV-VIS-NIR) spectrophotometer [17] and the width of the illumination beam light 
was about 10 x 15 mm. The error of transmission and reflection measurements 
amounted to +0.5%.

The TopoMetrix AFM in contact mode was used in the thin film surface 
topography investigation. The instrument allows for two methods of obtaining the 
surface images, namely the variable force method (the internal sensor image) and 
the constant force method (the topographic image). Both detection methods can be 
used simultaneously to acquire separately the interna! sensor- and topography 
images.
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3. Results and discussion

3.1. Optica! determination of geometrical parameters of a thin fihns
In the present work, we determine the optica! transmittance and reflectance of 
a para!!e!-sided thin him on a parallel-sided transparent substrate. For the sake of 
simplicity we make the same assumptions as in [5] and [13]:

1. A thin isotropic semiconductor film covers a thick, non-absorbing substrate 
immersed in air (dn ss 0).

2. Radiation of wavelength 2, which is perpendicularly incident on the sample, 
has components in the wavelength range J  A ^  0.

3. Interference of internally reflected radiation occurs in a semiconductor iilm 
(JA <x A /̂(2nw)) and is negligible in the substrate (z)A »  A^An^w^), where W2  and 
represent the thickness and refractive index of the substrate, respectively.

4. The thickness of the thin film can be different at different points in the 
illuminated area. The change dn of the real part of the refractive index of the film 
(over the illuminated sample area) is negligible, i.e.,

dA dn
— + —  »  —  1 w A n

where is the standard deviation of the film thickness over the illuminated sample 
area.

5. Taking him thickness and wavelength of radiation as random (see, e.g., [5]), 
we assume that the change in phase f  or radiation traversing twice the film is 
Gaussian.

In consequence, the effective optical transmittance and reflectivity also have the 
Gaussian distribution and can be calculated using the formulae:

+  00

where T(f) and R(f) are the well-known optica! transmittance and reflectivity of an 
ideal parallel-sided thin film on a thick substrate, illuminated with strictly mono
chromatic radiation (see, e.g., [5], [10]), To = 4nnw/A is the most probable change of 
phase of the radiation traversing twice the thin film, and w represents the most 
probable value of the film thickness.

Numerical calculations were done to analyze the influence of on the spectral 
characteristics of T and R. Spectra! dependences of n(A) and ot(A) determined in [5] 
and [13] were used to perform the calculations. The value of = 1.5 was assumed 
as the refractive index of the substrate plate. It is obvious that the thin film thickness
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influences the position of interference fringes in the spectral characteristics of 
T and R. However, it does not influence the envelopes of these characteristics for 
negligible absorption of radiation. Due to an increase of photon energy, :.e., an 
increase in the absorption coefficient of radiation, the interference fringes vanish in 
the spectral charactersitics of T and R. In consequence, the smooth dependence of 
T and R on photon energy (/iv) is obtained for greater photon energies. An increase 
of w shifts the region of smooth T(hv) and R(hv) characteristics to smaller photon 
energies.

The shapes of the envelopes of T(ftv) and R(ftv) depend strongly on changes of the 
standard deviation of the film thickness o^. An increase of decreases the am
plitude of interference fringes and smooth T(hv) and R(ftv) curves are 
characteristic of negligible interference of radiation. It is a feature of merit that, for 
medium values of c^, the values of maxima in the spectral characteristics of T and 
R decrease with increasing hv, while the values of minima increase, attain 
a maximum value and then decrease with increasing hv (all in the range of negligible 
absorption of radiation in the sample). This is the main evidence of the influence of 
the radiation wavelength bandwidth JA and/or changes of thin film thickness and 
refractive index on the optical transmittance and reflectance.

Fig. 1. Influence of thickness variation cr„ on the optical transmittance and reflectance for different 
thicknesses of a thin fifm (solid line: w =  567 nm, dotted line: w =  607 nm, dashed fine: w =  667 nm, a =  0, 
Jn  =  0, =  0, 2 =  1.03 pm, n =  2.74).

It is very important that, for the Gaussian distribution of f ,  the optica! 
transmission and reflection are monotonic functions of the standard deviation 
(Fig. 1). An increase of does not influence the so-called averaged magnitude
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of T and R. This magnitude is strongly dependent on the value of the reai part of 
the refractive index n [5], [13] and, obviously, it depends on the absorption 
coefficient a. Therefore, the interference spectroscopy of optica! transmission and 
reflection can be used for determination of optica! constants, average thickness and 
standard deviation of its va!ue in illuminated area of thin films.

Fig. 2. Spectral dependences of the optical transmittance (circles) and reflectance (triangles) of the 600 nm 
thick film of Z n ^P g , evaporated on BK-7 substrate. Solid lines represent the least-squares fitted 
theoretical dependences for negligible absorption of light; the fitted parameter =  26 nm.

To determine the geometrical parameters of the investigated ZnaaPgs film from 
T(A) and R(A) data obtained from optical measurements (see Fig. 2), we used the 
method of experimental data analysis presented in [5], [13]. We were able to apply 
this method for wavelength above 1000 nm, where the film absorption was weak. 
For the wavelength below 1000 nm, the influence of band tails absorption seems to 
be more significant, so that the surface roughness effect is not clearly visible. The 
optical properties of the Him studied have been more extensively discussed in [17]. 
The effect of bandwidth J  2 may be negligible in the range we used in our method 
(:.e., from 1000 to 3000 nm), becuase in the case of Beckman spectrophotometer 
/)A ^  3 nm, giving in this range, an error from 0.1 to 0.3%, which is in very good 
agreement with assumption 2.

The value tr^ =  26 nm was determined by fitting the numerically established 
envelope of T(A) and R(A) in the range of negligible absorption in the sample. 
However, in the case of amorphous material, the absorption by levels inside the gap 
may result in a higher value of than in reality. The value of thickness w =  689 nm
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Fig. 3. AFM 50 x 50 nm: a — internal sensor, b — topography, and c — 3D surface images of the 
0.6 pm thick Zn^^Pgg amorphous Him. Tables contain the area analysis data.
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was obtained by fitting the interference fringes of T(2) and R(2) in the same spectral 
range. Using the known vafues of and w, the vaiues of n(^v) and ot(hv) were found 
numerically by fitting the spectra! characteristics of optica! transmittance and 
reflectance and their envelopes in the range of small absorption of radiation. The 
theoretical transmission and reflectance calculated for thus determined w, n(hv) and 
ot(hv) are shown as solid lines in Fig. 2, describing satisfactorily the experimental data.

3.2. Atomic force microscopy studies
Figure 3 shows subsequently: sensor (a), topography (b), and three-dimensional (3D) (c) 
topography 50 x 50 pm images of the amorphous Zn^2 Pgg film surface. The surface of 
the film is flat with roughness (protrusions, irrgular holes, scratches and streaks) arising 
mainly from both the growth structure (which can also be related to the substrate 
surface inhomogeneity) as demonstrated in [18] and post-deposition treatment (e.g., 
scratches). The shadows that clearly appear on the 3D topography image as a real 
structure can be attributed to the interaction of the AFM probe tip with a large surface 
irregularity (spikes and holes) [19]. In addition, tables in Fig. 3 contain the area 
standard roughness data calculated with the AFM device for whole and partial 
micrograph areas. The mean surface roughness over the whole image area was 
about 19 nm, being equal to about 9 nm in the partial image area without the large 
surface inhomogeneity. When viewed on the larger surface area, the film exhibits 
considerably more roughness.

Fig. 4. AFM 2500 x 2500 nm 3D-topography image of the amorphous Z n^Pg, thin him surface.

2500 m

Onm

34.29 nm 
)  16.1^ nm 
. 0 nm 
2500 nm

Figure 4 presents the 2500 x 2500 nm film surface area of the same film. The surface 
almost entirely consists of dome-like shaped agglomerates. Such a surface structure 
(topography) in amorphous films may be associated with the internal growth structure
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Fig. 5. AFM 3D-topography image of the amorphous Z n ^ P ^  film edge (the cross-section) growing 
cioseiy to the mask edge during the deposition process.

as follows from Fig. 5, where the edge of the film (the cross-section), growing closely 
to the mask edge during the deposition process, is shown. An interesting feature of 
the iilm studied is that, being amorphous, it exhibits a pronounced structure in the 
form of density fluctuations, known also as the "columnar growth structure", the 
term typically used for crystalline ñlms [15]. Often, some perturbations of the 
growth structure (called the growth defects [20]), such as those shown in Fig. 3 c 
(large spikes) appear and contribute to a higher film surface roughness.

4. Conclusions

Applying numerical least-square Siting of T(ftv) and R(hv) to the theoretical 
dependences which take into account the Gaussian distribution of the change in 
phase f  of radiation traversing a thin Sim, the geometrical parameters of such a Sim 
can be determined. This method allows determination of the thickness of a thin film 
and its standard deviation over the illuminated sample area. The geometrical 
parameters of Zn^^Pes thin film evaluated from the interference spectroscopy of 
T(hv) and/or R(hv) are comparable with those obtained from the AFM studies. 
In particular, the value of the standard deviation of the film thickness determined 
from the optical interference spectroscopy (o^ ^  26 nm) is quite reasonable, taking 
account the value of the mean surface roughness (R, ^  19 nm) evaluated from the 
AFM studies.
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