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The thickness and the refractive index of V,QOj; thin layers on silicon single-crystal plates were
determined from the reflectance interference spectra measured at 45° and 29.2° angle of incidence
in the wavelength range of 360 nm—900 nm. The thin V,0; layers were prepared by evaporating
vanadium layers of different thickness onto silicon single-crystal plates and oxidizing the vanadium
layer at 400° C. For evaluation of the reflectance spectra an approximate calculation was applied.
The density of thin layers was determined from the thickness of vanadium measured during the
evaporation and from the thickness of vanadium pentoxide layers measured by optical method.
For the density of the V,Q; films an average value of 3.1 g/cm® was obtained. A reflectance peak
found at about 420 nm was attributed to the V4+ concentration present in the vanadium pentoxide.

Introduction

The mechanisms of carrier transport, the voltage dependence of capacitance,
and the photoconductivity of V,0;-nSi system were reported in earlier communi-
cations [1, 2]. We measured some physical parameters of the V,0; layers, but concer-
ning the thickness and refractive index were restricted only to estimations. The subject
of the present paper is the determination of the thickness and the refractive index
of vanadium pentoxide thin films — prepared by evaporation and subsequent
oxidation of vanadium on silicon single-crystal plates — from reflectance inter-
ference spectra. :

As it is known, if a non-absorbing planparallel slab with a thickness of d and
a refractive index of n is bordered on its sides by two non-absorbing media I and
II with refractive indices of n, and n,, respectively, (ny<n; n,<n for all wave-
lengths taken into account), then the light beams 7 and 2 reflected from the upper
and the lower surfaces of the slab will interfere (Fig: 1). Due to this interference the
intensity of the light beams reflected at « angle will exhibit maxima and minima at
the following wavelength:
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where k=1, 2,3, .... In Egs. (1) and (2) the wavelength dependence of the refractive
indices should be taken into account. If medium I is air, then ny=1 is true with
a good approximation in a wide spectral region.

‘7// For our reflectance spectra we can write;
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i.e. we have taken into account only the first and second order extrema. Knowing
the n=n(2) function the thickness of the layers can be calculated from Egs. (1) and
(2). Although the n(2) function is known for the crystallographic directions
a, b, ¢ in the case of vanadium pentoxide single-crystal [3-5], we cannot use directly
these values of refractive indices, because the prepared layers are certainly not
single-crystals, and the optical properties of thin films generally differ from that of
bulk materials. The method applied for the evaluation of interference spectrum and
for determination of the thickness and the refractive indices of the thin V,0; layers
will be discussed in the last section. :

Experimental

Vanadium layers (thickness: 57 nm, 52 nm, 45 nm, 20 nm and [1.5 nm) were
evaporated onto freshly etched silicon single-crystal plates of 15 mm X 15mm X 0.2 mm
in size or onto chemically cleaned mica sheets in 5X 1078 torr vacuum. The thickness
of the condensed metal layer was determined during the evaporation process by
a Thin Film Thickness and Deposition Rate Monitor instrument type MSV-1841;
made by the Hungarian Research Institute for Precision Engineering. The vanadium
covered silicon plates (in the followings referred to as samples) and mica sheets
(in the followings referred to as sheets) were held in an oxigen stream of atmospheric
pressure in an oven of 400° C temperature. The vanadium layers which differed
in thickness were oxidized for different time-periods. From time to time the oxi-
dation process was interrupted and the reflectance spectra of the samples and the sheets
were determined. :

The reflectance spectra were measured at an angle of =45 and «=29.2°
changing the wavelength of the monochromatic light beam in 5 nm or 10 nm steps
in the 360 nm-900 nm range. The intensity ratio of the light reflected from the layer
(7z(4)) and incident onto the layer (I,(2)) at the same A was measured with a PIN
silicon photodiode (sensitive area 1 cm?, type UDT 500, United Detector Technology
Inc.). The output voltage of the FET operation amplifier built in the photodiode
housing was detected by a digital voltmeter. The sensitivity of the detector consider-
ably depended on the wavelength, however the relation between the output voltage
of the photodiode-amplifier system and the light intensity at all fixed wavelength
and intensity used was found to be linear with a good approximation. Therefore,
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Tx(D) _ Ur(d) :

, where Ug(4
VORRZY) =)
and U, (A) denote the measured output voltages. On a given sample the reflectance
spectrum minima and maxima could be reproduced within 5 nm in all cases; the
maximum relative error of R(A) was 6% in the most unfavourable case.

the reflectance was determined from the relation R(1)=

Results and discussion

. During the oxidation process the metallic vanadium gradually transformed to
yellow vanadium pentoxide. In an early stage of the oxidation, a peak at about
420 nm appeared in the reflectance spectrum, but interference structure could not be
resolved (Fig. 2). In the following only the results obtained with samples in the
last stage of oxidation process will
be discussed, i. ® the oxidation was
first stoppey when the yellow colour Q.ZO
of V,0, on the sheets which were l

heat treated parallele with the d
samples had already appeared. It is ]
reasonable to assume that at this R j
stagd the composition of the layers
was very near to that of the vana- Q15 !
dium pentoxide, but the layers were |
not totally stochiometric, especially 9
beyond a certain depth. 0%‘9
In Figs. 3a—-d the reflectance
spectra of a samiple covered with
evaporated vanadium layer (thick-
ness d,=57 nm) are shown. The
spectra were measured at an angle of g
=45° and ¢=29.2° after an oxida- Qg8 L ! . L
tion time (f,;) of 35, 59, 109 and 400 600 . 800
205 hours, respectively. The shortest Alnm) —
wavelength ma_ximum was foupd at Fig. 2. The reflectance spectrum of a sample mea-
4g=430nm (Figs. 3a-d). Th}s Ao sured at a—45° angle of incidence in an early stage
belonging to the first maximum of oxidation. d, and ¢, are the thickness of eva-
practically did not depend on the an-  porated vanadium layer and the oxidation time, res-
gle of incidence, but the wavelength pectively.
belongmg to other maxima and mi-
nima were generally shifted towards longer wavelength with decreasing angle of inci-
dence. Quite generally 1, was found to be independent of o, whereas the maxima and
minima strongly depended on « in all reflectance spectra presented below. As it is
seen in Figs. 3a—d the maxima and minima are red-shifted with increasing oxidation
time for both angles, however, A, remained constant (see Table I). The reflectance
- spectra of different samples are shown in Figs. 4-7.
It has to be mentioned that the peak belonging to 4, could not be observed
in the thinnest layer (Fig. 7), probably due to the overlaping intense maximum.

T

dy=20 nm
tox=27hours
010




32

A. SULL, L. MICHAILOVITS and I. HEVESI

™
% 2
oo b
g~ ~o~—p
Q. G\Dw 1 8
° O~ Bwqn «©
O ,U’U‘D’D}
o—0—"""_ g
O~ 9]
o o 5 18
=~ O -~ c
- —— e~
(o] o~o_o_o -0 QD). Y
1] "
. > X
-O -
Qo
-4 O
~
1 1 1
w o 9
@ o o o
)
o
o~
n .
T N
4 W
~o : 8 o
\O\O \D\n
~Oa o
el 18
&ép}
0022 —
o= C0—
O/m,'l:)’CI o
ﬁ/O’ 48
< 1
3
~0
O~—0 O o g g
c~
n m
o
o
> o
. — 10O
SN
O i Y
1 1
L o
o o o

Alnm) —

Fig. 3b

Alnm)

Fig. 3a



REFLECTANCE INTERFERENCE SPECTRA OF V,05

)
o ™~
[Te) (o]
~3 o~
M 1
8 50\0 8 [m L,
O B~a o
~0umg 40
O-QOED o
=0
D’D_’D’/ﬂo__of
0 %:0’0
.D’D/U O "
o0° e o
J HO
Dﬁn‘% . 2 |
—C £
'0\6‘:8-\0_333 c
~
o 00 [Te) o~
‘- 1] "
. > >
. - <L o
Sho 10
(\% 5
. ~.0
1 ) 1 D"ﬂ\
[Te} o Te)
(@] o (@]
o ~N
o g
\I‘t" M
S N
8 0\0 3 “n\n\
o i, o
=0, ~O
Qo o
.———"D‘—.:%’
[opre] Q=0
ge——0 D____ D;O
_ﬂ—ﬂ:z,—no" °
7 o
- O
0 £ 3 ©
——O=Foe —— [¢]
d,ooo'o'g‘e por B O
ﬁxp i 1
> »
O~Q.& T -.--° _ 8
Q.
O~ g, X3
O
%o, Tn"n'm

R
015
010 |-
005

Alnm)

Alnm)

Fig. 3d

Fig. 3c

33



34 A. SULL, L. MICHAILOVITS and 1. HEVES1

H0.20
ﬂ 1
\ R
5 a 1 «c=29.2
f"& ! \u 40.15
[ % \
f)d
: 15}? \J Jj f@%} 1 H0.10
'L o]f% 7 i XL 0c=29.2
(=45 P;! X;% ff \O\‘( \Ej Ho0s
10+ \
010. f?_*__ ] c‘o 4
x=45°
dy=52nm . }‘
tox=168 hours R
005} quf
W00 600 800

7\(nm) —_—

Fig. 4. The reflectance spectrum of a sample measured at an angle

of «=45° and «=29.2° after an oxidation time of 168 hours. Scales

for «=45° and «=29.2° are given on the left-hand and righthand
sides of the figure, respectively.

‘The reflectance spectra of V,O; films on mica sheets were also determined. The
main features of these were as follows:

(i) in the case of all'but the thinnest layer (with different 4, and 1,,) 4, was
found to be 415 nm and its amplitude was slightly higher than that observed
in-the samples;

(i) in the case of the thinnest layer (d,=11.5nm and ¢,,=40 hours) the
Ay maximum could not be observed;

(iii) the maxima and minima within a dev1at10n of 0-20 nm were observed
close to the same features of the samples. :
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Because the reflective index of mica is smaller than that of V,0; in the total
wavelength range investigated (for instance at 1=600 nm the refractive index of
‘mica is between 1.56 and 1.60 depending on crystallographic orientation), the
light beam reflected from the V,0O,-mica interface does not suffer phase change.
Since the spectra of the samples and the sheets with the same parameters agreed
relatively well with each other as the position of maxima and minima were concerned,
we concluded that no phase jump cotild take place at the V,0,-Si interface either. The
major part of the light intensity probably reflected from the thin layer between the
V,0; and the silicon [1]. If so this thin interface layer should have smaller refractive
index than that of the vanadium pentoxide film in the investigated wavelength range;
the refractive index of silicon itself is higher than that of V,0; [6]. Had the light thus
reflected from the silicon surface, a phase change should have.been observed.
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However, no maximum-minimum interchange was observed indicating that the light
was mainly reflected from the thin interface layer.

Taking into account that the vanadium pentox1de single-crystals were found
to be non-absorbing* with a good approximation in the wavelength rarige used [3]
the same can hold for V,O; layers, too. Therefore Egs. (1) and (2) can be applied
for the evaluation of the reflectance spectra.

Notation used in Table I: m, denotes the so called “mass thickness” i.e. the
mass of vanadium layered on 1 cm? area of the silicon substrate. It has to be noted that
by longest oxidation times we mean the time period which was necessary to the total
oxidation of the vanadium layer at a given thickness. After prolonged oxidation listed
in Table I as ‘“longest” no changes could be observed in the reflectance spectra.

On evaluating the reflectance spectra the following assumptlons were made:

(i) Egs. (1)-(2) are valid;
(ii) the n=n(4) functlon is nearly the same for all V,0; layers investigated
and n(1) is a continous function of 4;
(iii) the reflectance peak belonging to A, did not produce interference.

* More exactly: the refractive index n is much more higher than the absorption index k.
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Table 1

Results of measurements

a=45° . a=29.2°

d, my Tox (1) 'R Ay A3 A FN 2s A3, A
(nm) (x 10'5C% (hours) (m | @m | (m) | o) | @ | @ | @ | @m) | om
57 6.06 35 430 | — 705 | 555 | 490 ] — 720 | 570 | 495
57 6.06 59 430 | — 730 | 580 sSO5 | — 745 | 582 | 505
57 6.06 109 430 | — 760 | 585 | S10| — 782 | 603 [ 515
57 6.06 205 430 | — 763 | 590 510 — 785 | 608 | 517
52 5.53 168 425 — 790 625 545 — 815 645 550
45 4.79 35 425 | — 670 | 535 | 465 | — 690 | 550 | 470
45 4.79 59 425 | — 680 | 545 473 | — 710 | 565 | 480
20 2.13 51 405 | 590 | 446 -~ — 620 | 450 | — —
11.5 1.22 40 |'— [ 453 — | — | — | 45| — | — | —

For notation 4,—241, see Eq. (3).

Since we did not know the n(2) function for V,O; thin films there was one
way to calculate the thicknesses and refractive indices belonging to different wave-
length: inserting simultaneously all the results obtained into an iteration. By averaging
and interpolating the values of refractive indices given in the literature [3-5] for
different crystallographic directions and wavelength for V,0; single-crystal, an
approximate n=n,(4) function was constructed (dotted line in Fig. 8). First we
supposed that

, 1, (Aigs) _ o (Aigs) )
ny (Ai29 %) L)) (;u'zs 2)

where i=2,3,4; and n(o)(/l) is the value of refractive index at wavelength A in
zeroth order approximation. The values of 1;,, were taken from the 1st—7th lines
of Table I. Using the values standing on the right side of Eq. (4) three different
values of thickness were obtained for each sample with the same d, and ¢,, from
Eqgs. (1)-(3). The average of these values was taken as zeroth order approximate
value for the thicknesses. Substituting these values into Eqs. (1)-(3) the numerical
values of n;)(A) could be obtained for all A can be found in the 1st-7th lines of
Table I. Inserting the appropriate values of n(;,(4) into the left-hand side of Eq. (4)
Neey(Aigs)
(2)(’1129 2)
long as the values obtained for the thickness were the same in three digits for all 4;.

At last the iteration was expanded over the two samples with thinner V,0; layer
(8th and 9th lines in Table I).

we got the new values of The iterative calculation was continued as
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Fig. 8. The calculated values of refractive index for V,0j; thin films
(empty circles) and the n,(2) curve (dotted line).

Obviously the results obtained for the thickness and n(%) in this way were
independent of n,(4). If n,,(l) were equal to const. n(l) for example, then the
iteration would be completed in the first step. If the form of n,(1) dev1ates from
that of n(A) the iteration consists of too many steps.

The determination of interference order (k in Egs. (1)~ (2)) was very simple
since in Figs. 7 and 6 only one and two extrema could be found, respectively.®

* In Fig. 7 the minimum at about 750 nm is due to the slight increase in the reflectance of the
silicon substrate towards the longer wavelength, as measured in Si-SiO, system.
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Any variation in k implicitely found in Eq. (3) resulted in very unresonable thickness
and density values for the vanadium pentoxide layers and, in addition, made the
simultaneous evaluation of the reflectance spectra impossible.

In Fig. 8 the calculated values of refractive index (empty circles) and the n,(A)
curve (dotted line) are shown. As it has been expected, the shape of the two curves
is similar but the values of the two curves at certain wavelength regions are consider-
ably different.

The obtained results are summarized in Table II. Column 4 of Table II contains
the calculated thickness (4) of the vanadium pentoxide layers, while column 5 gives
my

d b

values recalculated from the refractive indices (Fig. 8) and from the thickness (column
4) obtained by the iterative calculation. Comparing the measured (Table I) and the
calculated wavelength values (Table II) for the interference maxima and minima,
the agreement is satisfactory except for two 1, values in the case of sample with
d,=20 nm. The slight increase in reflectance of the substrate towards longer wave-
length, the asymmetry of the reflectance peak in Fig. 6 (not experienced by us in
other cases), and the poor resolution of the peak may probably contribute to the
difference between the measured and calculated values. These factors caused un-
certainity in the determination of the A, values.

As it is seen from Table II the thickness of the V,O, layers increase, whereas
their density decrease with increasing oxidation time. This thickness increase is about
. 10% for a sample with d,=57 nm. In the case of the longest oxidizing times presented
in Table II the average value of density is 3.1 g/cm® for V,0; layers of different
thickness.-

the density calculated from the relation g= other columns give the wavelength

Table 11

The obtained results and the recalculated values of wavelength

a=45° a=29.2°
d, my fon d ¢ ” da | A | a4 | A | A
@ | (x100E) | wow | @m | (F)] @m | @o | @0 | @ | @ | e | oo | eo
57 6.06 35 | 163|372 | — | 705 |553|as9| — | 719 574 404
57 | 6.06 59 | 170 {3.56 | — | 728 | 580|505 — | 745| 585 504
57 6.06 109 | 179|339 | — | 761 | 595|513 — | 781] 602 516
57 6.06 205 | 180|337 | — | 764|595 s15| — | 784| 604 520
52 5.53 168 | 190|291 | — | 796 | 620{535| — | 816|630 540
45 4.79 34 | 149|321 | — | 667 540|464 — | 678 550] 470
45 4.79 59 | 155|309 | — | 683 |5ss3| 76| — | 694/ 61 485
20 2.13 st | 72 |296 | 650 | 446 | — | — [662]450] — | —
1s| 122 40 | 37 |330] 43| — |— | = |40 — | — | —
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The reflectance peak at about 420 nm can be assigned according to JOHNSTON [7]
to V*+ ions present in the vanadium pentoxide which play an important role in
determining the conductivity of V,0;. This assignment can be supported by our
observation that the height of the 1, peak could be paralleled with the conductance
of the vanadium pentoxide layer.

On the basis of the results presented here we arrived at the following conclusions:

(i) Egs. (1)+2) could be applied for the evaluation of reflectance spectra
of V,0; layers on silicon substrate; '

(ii) the reflected light from the V,0; side of V,0,-Si interface did not suffer
phase change indicating that a thin interface layer should exist between
the V,0; and the-silicon with lower refractive index than that of V,0; in
the wavelength range investigated;

(iii) after prolonged oxidizing time, which depended on the thickness of the
V.0; layer, the refractive index of the V,0; layer was independent of the
oxidation time, whereas the thickness and the density changed with the
oxidation time;

(iv) the refractive index of the V,0; layers prepared by evaporation and sub-
sequent oxidation of vanadium varied with wavelength as shown in Fig. 8,
practically independently of the thickness (in the d, range investigated);

(v) the density of the V,O; layers prepared was 3.1 g/cm3, ranging between
the density of single crystalline V,0; (3.357 g/cm?®) and that of the amorphous
V05 (2.42-2.69 g/cm?), but it was nearer to the density of V,0; single-
crystals [8].
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. OMNPEAEJEHUE TOJIIWHL 1 KOOO®OUIMEHTA ITPEJIOMJIEHWA
TOHKUWX CJIOEB V,0, HA OCHOBAHHUHW OTPAXATEJIBHBIX
WHTEPOEPEHIITMOHHBIX CIIEKTPOB

A. hoau, JI. Muxaiiaoeuy u H. Xeseuiu

Onpernenenbl TONITWHEL B KO3(G¢UUMEHTH IPENoMIIeHN citoeB V,O5, IPATOTOBICHHBIX TEPMHK-
yecknM okncrenreM 0pu 400 °C, KOHIEHCHPOBAHHEIX HA IOBEPXHOCTH MOHOKDHCTATINOB KPEMHHS,
CIIOEB Pa3HOM TOJIIHHBI BaHaAus, npd o=45° H «=29,2° yriiax najgenus, ¢ MOMONIBIO OTPaxa-
TELHLIX CMEKTPOB, CHATHIX B 001acTd AyMH B0oJH 360—900 uM. JIns OueHKH CIEKTPOB OBUY IPAHAT
MeTOX NpUOXKeHnR. Y IenbHbIH Bec cioeB V,Op ONpenensyin UCXOAs H3 TOJIIMHLI KOHACHCAPO-
BaHHBIX CJIOCB BaHA M H ONTHYECKUX H3MEPEHUIT TONMHEL clioeB V,0;. Cpenamii yJenbHbI Bec
cnoes V05 coctapian 3,1 r-cM~2. ITonoca oTpaxenus, HaliicHHas B 061acTH 420 AM, He3aBECHMAs
OT yria nafieHus CBETa, OTHECEHA K KOHLEeHTpaumu V4+ Haxonmswmerocs B V,0s.



