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Structure and optical properties of chromium layers
evaporated at different rates on substrates
of different temperatures
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The influence of the evaporation condition, i.e., the deposition rate (1-50 A/s) and the substrate
temperature (35-600° C), on both the structure and the optical constants (0.2-25 pm) of the
chromium layers has been examined. It has been stated that, if the suitable technology is used,
the layers are of polycrystalline structure ranging from fine-grained (20 A) for the layers
evaporated on the unheated substrates to the coarse-grained (1000 A) one for the layers
evaporated on the substrates of temperature 600° C. No influence of the evaporation rate within
the applied range on the structure of the obtained layers has been stated. On the other hand, a
distinct influence of the substrate temperature on the ‘coefficient of reflection and optical
constants of chromium layer was observed.

1. Introduction %

Optical properties of chromium layers have been examined in our laboratory for
many years [1]-F3]. Recent examinations of the process of chromium layer
oxidation at the oxygen atmosphere showed that the annealing of the chromium
layers at the temperature of about 500-600° C causes probably some change of
the structure of the obtained layers [4]. This fact provoked the examination of the
influence of both the substrate temperature and the evaporation rate on the
produced layer structure.

2. Production of the layers and calculation
of the optical constant

The chromium layers were obtained in the NA 500 vacuum unit (produced by the
Vacuum Equipment Works in Bolestawiec, Poland) by using the method of
thermal evaporation. The preliminary material was the spectrally pure IMC 703
chromium. The layers were obtained from the tungsten basket at the vacuum of
order of 133 10“4 Pa (10-6 Torr) on the polished quartz plates and cleaved
immediately before the evaporation on the NaCl substrate. The substrates were
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annealed with a special heater [5] while the substrate temperature was measured
in vacuum with the Pt-PtRh thermocouple. The substrate temperature was chang-
ed from the room temperature up to 600°C. The gettering process of the
chromium was employed during the layer production in order to increase the layer
purity [6], [7]. The layer deposition rate was changed from 1 A/s to 50 A/s. The
thickness of the examined layer was of order of 150-200 nm and the substrate
temperature in the evaporation process was subsequently equal to: 35°C, 200°C,
300°C, 400°C, 500°C and 600°C.

In order to produce the chromium layers under different technological
conditions the reflection coefficient R(co) has been measured in the broad wave-
length range from- 0.2 pm to 25 pm, for normal incidence of the light wave.
Several spectrophotometers were exploited to cover this spectral interval.

In the visual spectral range (from 450 pm to 650 pm) for the same layers
additional ellipsometric measurements A and if/ for two angles of incidence of the
light wave (65° and 70°) were performed. From the ellipsometric measurements of
A and [j/ the optical constants of chromium layers n and k have been measured in
the visual range [8], taking account of the fundamental equation of ellipsometry

sin gotan (p
- ik)2—n\ sin2(p

where: (p —angle of incidence of the light rays on the layer, A — phase difference
between p- and s-components of the light reflected, # — azimuth of the recon-
structed linear polarization. I

The optical constants of chromium have been calculated in the wide spectral
range (0.2-25 pm) by using the Kramers-Kronig method. The formula joining the
amplitude and phase of the complex Fresnel coefficient in the case of normal
incidence of the light has the following form:

acu) = ——% ZD_:(ZnR_(ﬁz dx

where: a — phase of reflected wave, R — coefficient of reflection. This formula
allows to calculate the phase change at the reflection a(@>) if the coefficient of
reflection is known within the O-o0 frequency range. Since the measurements of
R(co) are always perfomed in a limited frequency range el » & * (00 the phase of
the reflected wave may be written as

a(w = a*(0+ Aa(co).
The first of these expressions

is calculated numerically on a computer on the base of the experimental measure-
ments of R(co) [9].
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In order to take account of the contribution of the phase of the reflected wave
from the unmeasurable range of frequencies da a suitable extrapolation should be
used. In paper [10], a detailed analysis of the da has been carried out and it has
been stated that independently of the character of the changes of R(co) within the
frequency range o000 it is always a magnitude increasing monotonically with .
Besides, the contribution to the phase of the reflected wave coming from da
depends, above all, on the character of changes of the coefficient of reflection R (co)
in a very narrow frequency interval < o00. For the metals, for which there are no
rapid changes in K(co) within the frequency interval co —co0, which is our case, the
expression da(co) may be calculated from the formula

da (c0) = Beo[ | +(co/co0)2],

where

_ geP~a*
(0o}

B is here the average value calculated within the interval in which the phase may
be determined by using another method [9]. In the present work, the phase aep
has been calculated on the base of optical constants of the chromium layers
obtained from the ellipsometric measurements in the visual spectral range.

Having measured experimentally the coefficient of reflection R{co) and calculat-
ed the change of phase a(co) for the same spectral range

a (o) = a*(c0)-:Bco - (colco0)2

the optical constants may be calculated from the following formulae:
1R 2JH sina
= 1r2y/RcosarR X~ T+2WRcosa+ >

The structure, phase composition and the texture of the chromium layers have
been examined with the help of electron microscopy, of electron and X-ray
diffraction.

n

3. Measurement results

The examinations carried out showed that the coefficient of reflection R for
chromium layers depends distinctly on the substrate temperature Ts of the layers
obtained. The values of the coefficient of reflection increase with increasing
substrate temperature during the condensation of the layers for the whole (0.2-
25 pm) spectral range. On the other hand, no dependence of the coefficient of
reflection R for the chromium layers upon the deposition rate has been noticed
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within the 1-50 A/s range of the rates applied (Figs. 1 and 2). Also the optical
constants n, k of the layer examined do not change with the change of deposition
rate (Figs. 3, 4) within the range of the rates applied (1-50 A/s). On the other
hand, a distinct dependence of the optical constants of the chromium layers on the
substrate temperature during their condensation has been stated. The coefficient of

Fig. 1 Spectral dependence of the reflection coefficient R for the chromium layers evaporated at the
rate v~ 1 A/s onto heated substrates of different temperatures Ts

Fig. 2. Spectral dependence of the reflection coefficient R for the chromium layers evaporated at the
rate v~ 50 A/s onto heated substrates of different temperature T.
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Fig. 3. Spectral dependence of the refractive index n for chromium layers evaporated at different rates
at Ts= 600°C
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Fig. 4. Spectral dependence of the absorption coefficient k for chromium layers evaporated at different
rates at T$= 400°C
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absorption of the chromium layers increases for the whole spectral range with the
increase of the substrate temperature while these changes are greater in the
infrared and visual range than in the ultraviolet one (Fig. 5). The refractive index
for the chromium layers increases also with the substrate temperature in the

Fig. 5. Dependence of the absorp-
tion coefficient k from the substra-
te temperature Ts for the chro-
mium layers evaporated at the

T. [#C] rate v~ 50 A/s

Phase analysis of chromium layers
Sample o : L A .
number v [A/s] Ts [°C] Diffraction lines [A] Observed crystallographic phases
1 6.8 35 2.03 a-Cr*
2 74 200 204, 144 a-Cr
3 8.8 300 203, 144 a-Cr
4 7.4 400 203, 144 a-Cr
6 6.2 500 203, 144 a-Cr
7 4.8 600 204, 144 a-Cr
8 0.7 35 2.03 a-Cr
14 13 600 203, 14 a-Cr
3 10.6 35 2.03 a-Cr
22 30 35 2.03 a-Cr (b.cc)

2.05 Cr (p.c)**
41 44.4 35 2.03 a-Cr (b.cc)

2.05 Cr (p.c)

v — evaporation rate of the layers, 7j — substrate temperature during the layer condensation, * —
metallic chromium (a-Cr form), elementary cell b.c.c. of regular body-centred cubic structure (Im3m), a0
=2.884 A, ** — metallic chromium (polygraphic form), elementary cell p.c. of primitive regular
structure (Pm3), a0 = 4.588 A
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infrared region while it slightly decreases with the substrate temperature in both
visible and UV ranges (Fig. 6).

The structural examinations showed that the chromium layers produced by
using the technology described above have the structure of regular body-centred
cubic lattice (Im3m) —see the Table. Only in the layers evaporated at a high rate
on the substrate of low temperature Ts= 35°C chromium was stated to appear in

Fig. o. Dependence or tne reiractive

index n on the substrate temperature

0 35 100 200 300 400 500 600 Ts for the chromium layers evaporat-
Trrct ed at the rate v~ 1 Als

Fig. 7. X-ray diffraction of the layer (Ts = 600°C, v= 13 Als)
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two types of lattice: regular body-centred cubic lattice (Im3m) and regular
primitive one (Pm3). However, the quantity of the latter form of chromium is
much less than that of the first one. In the layers examined no oxygen bond of
chromium has been stated. The texture of the layers changed with the substrate
temperature. For the layers evaporated on the substrate of low temperature the
orientation {110} of the crystallites (texture) prevails, while for the layers deposi-
tion on the substrates of higher temperatures the texture {200] occurs (Fig. 7).

Fig. 8. Microstructure of the layer examined. Magnification 43,000 x (Ts = 35°C, v = 30 A/s)
Fig. 9. Electron diffractogram for the region in Fig. 8

Fig. 10. Microstructure of the layer examined. (Ts—600°C, v = 4.8 Als)
Fig. 11. Electron diffractogram for region in Fig. 10
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The application of the methods of electron microscopy and diffraction allowed
to establish that the chromium layers examined are composed of small crystals
adjacent to each other, the sizes of which depend upon the substrate temperature.
The layers produced at the room temperature are built of very tiny crystals of
sizes comparable with the resolving power of the microscope. It has been estimat-
ed that the crystals of these layers are of order of 20 A (Figs. 8 and 9). On the
other hand, for the layers deposited on the substrates of 600°C temperature the
crystals reach the sizes from 7.00 to 1700 A (on average 1000 A), Figs. 10, 11.

4. Conclusions

From the examinations carried out it follows that in the vacuum of order of 10”6
Tr (L33 10”4 Pa) the change of evaporation rate from 1 to 50 A/s (no higher
rates were available) does not influence the layer structure and by same means the
optical properties of the obtained chromium layers. On the other hand, the
substrate temperature is an important factor influencing the structure of the
obtained layer. The layers deposited on the quartz substrate of temperature
changing from room temperature to 600°C are of (Im3m) polycrystalline structure
while the crystal sizes are the greater the higher the substrate temperature.
The chromium layers deposited on the substrates of higher temperatures
exhibit both higher coefficient of reflection and higher and higher coefficient of
absorption for the whole spectral range (0.2-25 pm). The refractive index of these
layers remains practically constant within the visible and ultraviolet spectral range
while it increases with the substrate temperature within the infrared region.
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CTpyKTypa ¥ OMTUYECKME MOCTOSIHHbIE M/IBHOK XPOMa,
MOyYeHHbIX Ha MOA/IOKKAX C PasHOM TeMrepaTypoil 1 pasHOn CKOPOCTbIO

ViccnegoBaHo BAWAHWME YCNOBMIA BO3FOHKWM, T.e. CKOPOCTM HaHeceHms (1-50 A°/C) u TemnepaTypbl
noanoxkn (35-600 C) Ha CTPYKTYpy M OMTUYecKue nocTosiHHble (0,2-25 MKM) nonyyaemblX MAEHOK
XpOMa. YCTaHOBMEHO, YTO MOMYYEHHble B 3TUX YCMOBUAX MNEHKM XpOMa WMMEKT MNONMKPUCTaNNu-
YECKYHD CTPYKTYpPY OT MENKO3epHUCTON (20 A) ANA NNEHOK, OCAXKAEHHbIX Ha HenojorpeBaemoi
NOAJ/IOXKe, [0 CTPYKTYpbl KPYMHO3epHMCTOW (1000 A) A8 MNEHOK, OCaXAAEMblX Ha MOAMOXKe C
Temnepatypoii 600 ° C. He 3aMe4yeHO BAUAHUA CKOPOCTWU OcCaxieHus (B AuanasoHe NPUMEHSeMbIX
CKOpOCTe) Ha CTPYKTYpY nonyyaembix NnéHok. OfHaKo YCTaHOB/EHO OTYETNIMBOE BAMAHWE TeMnepa-
TYpbl NOAJIOKKN Ha CTPYKTYPY W ONTUYECKWME MOCTOSHHbIE MNEHOK XPOMa.



