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Single layers of ZnSe with thicknesses of 30, 40, 50, 70 and 100 nm are deposited at room substrate temper-
ature by thermal evaporation of ZnSe powder in vacuum. The layers surface morphology has been investigated
by atomic force microscopy. Structural characterization by the Raman scattering measurement revealed the
existence of randomly oriented crystalline ZnSe particles in all layers, and the presence of amorphous phase in
layers thinner than 100 nm. The ellipsometric measurements were performed in the range from 1.5 to 5 eV at
room temperature in air. To interpret the experimental results, the Bruggeman effective medium approximation
of dielectric function of ZnSe layers has been used, representing the layers as different mixtures of crystalline
ZnSe (c-ZnSe), amorphous ZnSe (a-ZnSe), and voids. The assumption of polycrystalline ZnSe layers modeled as
mixture of porous c-ZnSe (with volume fraction of voids ≈ 0.17) and a-ZnSe gives the best fit of ellipsometric
experimental data. Single layer thicknesses similar to those expected from preparation conditions have been
obtained by this fitting procedure. It has been also found that decrease in the layer thickness causes an increase
of the volume fraction of a-ZnSe. Thus, c-ZnSe/a-ZnSe ratio, porosity and layer thickness obtained by spec-
troscopic ellipsometry, provides useful information about crystallinity and micro-/nanostructure of ZnSe nanolayers.

PACS numbers: 81.07.–b, 81.15.–z, 81.05.Dz, 78.30.−j, 07.60.Fs, 68.55.−a

1. Introduction

Thin nanostructured semiconductor films, II–VI in
particular, are promising materials for gas sensor appli-
cations ([1] and references therein), due to significantly
larger sensing surface than the geometric one. Infor-
mation concerning phonon propagation in such nano-
structures has great technological importance in design-
ing semiconductor optoelectronic and fast electronic de-
vices. Growing interest in ZnSe low-dimensional struc-
tures is also caused by its possible application in effec-
tive light-emitting devices with spontaneous or coherent
radiation in the green-blue part of the visible spectrum
[2–4] or white light emission [5].

The investigation of series of ZnSe single layers de-
posited at room substrate temperature by thermal evap-
oration of ZnSe powder in vacuum is presented in this
study. Atomic force microscopy (AFM) is applied to
investigate the film surface morphology and structure.
The Raman scattering measurements are used to show
that as-deposited single layers contain two phases, amor-
phous and crystalline. Spectroscopic ellipsometry (SE),
as a non-contact and nondestructive optical technique for
characterization of thin films, is successfully applied for
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estimation of thickness and crystallinity of ZnSe single
layers. By employing effective medium approximation
(EMA) [6], ZnSe single layers are treated as a large-grain
polycrystalline material modeled by a mixture of porous
crystalline ZnSe (c-ZnSe) and amorphous ZnSe (a-ZnSe)
with varying amorphous phase fraction.

2. Experimental details

Single layers of ZnSe having thicknesses of 30, 40, 50,
70, and 100 nm were deposited on crystalline p-Si sub-
strate held at ≈ 25 ◦C. The layers were produced by
physical evaporation of powdered ZnSe (Merck, Supra-
pure) at a residual pressure of ≈ 3 × 10−4 Pa from a
tantalum crucible located in the bottom of a cylindrical
screen (not intentionally heated). The top of the screen
is close to the substrates; thus evaporation in a quasi-
-closed volume is carried out. A preliminary calibrated
quartz microbalance system was used to control the nom-
inal layer thickness and deposition rate (Vd = 1.5 nm/s).
Step-by-step deposition was carried out during which the
substrates were rotated at a rate of 8 turns/min spend-
ing only 1/12 part of the turn time over the ZnSe source.
Thus, more than 30 “sublayers”, with a nominal thickness
of ≈ 1.0 nm in each step, form the respective layer.

The ZnSe layer microstructure was explored using
a Nanoscan Atomic Force Microscope in constant fre-
quency regime. An area of 6.64× 6.64 µm2 was scanned
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at various resolutions (512 × 512, 1024 × 1024 and
2048× 2048).

The Raman measurements were performed in the near-
-backscattering geometry using the 442 nm (2.8 eV) line
of a He–Cd laser as an excitation source, a Jobin-Yvon
U1000 double monochromator and photomultiplier as
detector.

The ellipsometric spectra of the ZnSe nanopowders
were measured using SOPRA GES-5 variable angle ellip-
someter in rotating polarizer configuration. The SE data
(cos(∆), tan(Ψ)) were collected at room temperature, in
the range from 1.5 to 5.0 eV with resolution of 0.03 eV
and incidence angle of 70◦.

3. Results and discussion

A series of ZnSe layers with various thicknesses is inves-
tigated by AFM to see if the reduction of layer thickness
results in some effects on the layer structure. The surface
3D image of ZnSe layer with thickness of 70 nm is shown
in Fig. 1. The pits assumed on the basis of the 2D images
are clearly seen, and similar results are obtained for the
other samples. The rms roughness of the layers varies
between 2 and 4 nm and does not show thickness depen-
dence. The roughness of relaxed films is comparable or
smaller than the roughness reported for films of similar
thicknesses deposited with atomic layer [5] and chemical
bath [7] deposition.

Fig. 1. 3D AFM image of the surface of a ZnSe layer
with thickness of 70 nm.

Surface profiles of two samples with different thick-
nesses (30 and 70 nm) along random lines parallel to the
x-axis of scanning are shown in Fig. 2. Large and short
scale variations in the height of surface points are ob-
served. Short scale variations are more pronounced in
the thicker layer. The large scale variations may be as-
signed to the existence of pits and high regions on the
film surface, while the small scale ones could be related
to the grains with a maximum size of 25–30 nm in all
samples.

The Raman spectra of ZnSe single layers with thick-
nesses between 30 and 100 nm are shown in Fig. 3. The
observed features in all spectra have been ascribed to
multiple optical phonon (1LO to 4LO) light scattering
and related to the presence of randomly oriented crys-
talline ZnSe grains in single layers [8]. Relatively large

Fig. 2. Surface profile of 30 nm (a) and 70 nm (b) thick
layers along a random line parallel to the x-axis of scan-
ning. The scans were performed at 2048× 2048 steps.

line width of the 1LO band of ≈ 15 cm−1, in comparison
to ZnSe single crystal value (≈ 6 cm−1), has been related
to the lattice distortion in the crystalline grains and to
the existence of amorphous phase in the layers thinner
than 100 nm [8].

Fig. 3. Raman spectra of a series of ZnSe single layers
with four different thicknesses (denoted in the figure)
measured using the 442 nm laser line.

Figure 4 shows the room-temperature ellipsometric
data for cos(∆) and tan(Ψ) of ZnSe single layers. The
data analysis requires several steps, the first one is to
define a layer structure in the ellipsometric analysis pro-
gram of SOPRA instrument with the layer thickness as
fitting parameter.

It has been reported [5, 7, 9] that, independently of
the deposition method used, the structure of ZnSe layers
with d ≤ 100 nm is a mixture of nanocrystals (with av-
erage size of 5–10 nm) embedded in an amorphous ma-
trix. Some authors have even mentioned [5] that films
deposited on glass or amorphous quartz substrates are
completely amorphous. This gives us basis to suggest
co-existence of crystalline and amorphous phases in our
ZnSe layers having thicknesses between 30 and 100 nm.
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Fig. 4. The room-temperature ellipsometric data for
cos(∆) and tan(Ψ) of ZnSe single layers (symbols).
Dash, solid and dash-dot lines represent model gen-
erated curves obtained by considering nanolayers as
porous c-ZnSe and two different Bruggeman effective
medium mixtures of porous c-ZnSe and a-ZnSe, respec-
tively.

The results of AFM and Raman scattering measure-
ments, as well as our previous results of optical transmis-
sion measurements [10], strongly support this suggestion.

If materials are composed of phases with the size much
smaller than the radiation wavelength, but large enough
to retain their bulk properties, then the EMA may gen-
erally be used for modeling such structures. The self-
-consistent Bruggeman EMA (B-EMA) is the most fre-
quently used approach ([6] and references therein). The
average crystallite size in our ZnSe layers fulfills both of
mentioned conditions: the crystallite is small enough in
comparison to the radiation wavelength applied in the
SE measurement, but still quite large to exclude more
pronounced quantum size effects.

Creation of pits and increase of the surface rough-
ness [8], due to relaxation of highly strained as-deposited
ZnSe films with time, leads to increased porosity of ZnSe
layers and necessity of treating the layers as porous ma-
terial, described as a mixture of ZnSe and voids. There-
fore, we investigated the possibility of modelling the lay-
ers as a Bruggeman effective-medium mixture of single-

-crystalline ZnSe and voids, taking the crystalline ZnSe
dielectric function from SOPRA database [11]. The best
fit of SE data was attained by this model with volume
fractions of voids about 0.17 for all layers (fitting curves
presented in Fig. 4 by dashed lines). The single layer
thicknesses estimated from such fitting procedure are
shown in Fig. 5 by up-triangles, whereas the thicknesses
expected according to the preparation procedure are rep-
resented by open circles. Let us note that the estimated
and expected thicknesses are in reasonable agreement ex-
cept for the thinnest layer, where discrepancy between
these values is greater than 20%. This is most probably
the consequence of high disorder and presence of large
amount of amorphous phase in 30 nm thick layer.

Fig. 5. Expected layer thickness of ZnSe films together
with the values obtained by layer modelling with three
different Bruggeman effective-medium mixture.

Afterwards, we considered the single layers as a large-
-grain polycrystalline material [6] modeled by Brugge-
man effective-medium mixture of porous c-ZnSe, with
volume fractions of voids about 0.17, and amorphous
ZnSe. The dielectric function of amorphous ZnSe was
taken from single available literature data [9], whereas
the dielectric function of c-ZnSe was assumed in two dif-
ferent forms. Fitting curves obtained using c-ZnSe di-
electric function from SOPRA database [11] and from
the other published data [12] are presented in Fig. 4 by
solid and dash-dot lines, respectively. The single layer
thicknesses estimated from such fitting procedures are
shown in Fig. 5 by full circles and down-triangles, re-
spectively. Although both results show acceptable agree-
ment with the experimental data, we chose as final those
with c-ZnSe dielectric function from SOPRA database,
because they had somewhat better goodness of fit (i.e.
higher values of coefficient of determination, R2) for the
whole series of investigated ZnSe films. In this approach,
beside the layer thickness, the volume fraction of the
amorphous component in each layer was treated as ad-
justable parameter. The results of such fitting procedure
are presented in Fig. 6 for all investigated ZnSe films. It is
obvious that a-ZnSe volume fraction drastically increases
with decreasing layer thickness, which supports the as-
sumption made according to the AFM results where short
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Fig. 6. Relationship between a-ZnSe volume fraction
and the expected thickness of the layers treated as
Bruggeman effective-medium mixture of porous c-ZnSe
and a-ZnSe.

scale variations, related to crystal grains, were more fre-
quently seen in the thicker layers.

4. Conclusion

The microstructure of a series of ZnSe single layers,
having thicknesses between 30 and 100 nm deposited
at room substrate temperature by thermal evaporation
of ZnSe powder in vacuum is characterized by SE, AFM
and Raman scattering. It is shown that experimental SE
and model-generated results can reach reasonable agree-
ment when ZnSe nanolayers are treated as polycrystalline
material modeled by the Bruggeman effective medium
mixture of porous c-ZnSe and a-ZnSe. This layer struc-
ture is fully consistent with the findings of AFM and Ra-
man scattering measurements, as well as with our pre-
vious results of optical transmission measurements. The
data obtained by SE also point out to an increase of the
amorphous phase volume fraction with decreasing layer
thickness, which confirms and quantitatively describes
the assumption made according to AFM.

The study presented in this paper demonstrates that
SE can give very useful and detailed information about

crystallinity and nanostructure of semiconductor thin
films.
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