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VERY THIN a - As-SFILMS: OPTICAL CONSTANTS AND PHOTOINDUCED
RESPONSE IN VISAND NIR
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Very thin chacogenide films are extensively studied for the needs of emerging
nanotechnologies. Presently, the knowledge of the structure of these films and their
photoresponse is of theoretical interest and aso of practica importance for many
applications. Optical methods for thin film characterization have advantages that they are
nondestructive, fast and effective. Here we report an application of recently devel oped
spectrophotometric method for optical constants (refractive index, n, extinction coefficient,
k) and physical thickness (d) determination to amorphous As-S films with d between 10 and
30 nm. Information on photoinduced changes in the films is obtained as well.
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1. Introduction

The rapid development of nanotechnologies presents new chalenges for synthesis,
preparation and characterization of films with physical thickness (d) of few nanometers. Different
experimentad methods have been developed for investigations of the physicd properties of
nanolayers — spectrophotometric [1], dlipsometric[2], interferometric [3], holographic [4], ec. Each
one of them has its advantages and shortcomings. For very thin films Abeés [5] has derived an
approximate method for the caculation of optical constants (n — refractive index, k — extinction
coefficient) and physica thickness. The method is based on series expansions of the thin film
reflectance (R) and transmittance (T) as functions of the parameter (d/A, A - waveength). Our
calculations show that this method cannot be used with success for films that have significant (i.e
metals) or negligible (die ectrics) absorption. Besides, the accuracy of estimated (n, k, d) is not high
enough. Using the Abelés formulae, we could not obtain real values for the thickness of the As-S
films within the framework of the present study.

Recently, we have proposed [6] a method for (n, k, d) determination of very thin films (less
than A/30). In this paper, we apply this method for the investigations of vacuum deposited As-S
films with d between 10 and 30 nm, and we present new experimenta data for the optical constants
and their photoinduced changesin VIS and NIR (380-1500 nm).

2. Method of determination of films’ optical constants:

Here a short description of the method used for the determination of thin films (n, k, d) is
presented. The method is only applicable when the following major assumptions are observed: a
monochromatic plane wave of unit amplitude at normal incidence impinges upon a very thin
opticaly homogeneous, isotropic film bounded by parald surfaces. The film is supported by an
opticaly homogeneous, isotropic semi-infinite substrate of refractive index ns. The other semi-
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infinite half space has a refractive index of ny = 1. The film can be composite within the EMA
models, i.e. itis considered that no scattering is present.

The optical behaviour of such afilm is described by its 2 x 2 characteristics matrix [6 and
Ref there cited]. The nanothickness of the film alows us to make a limited development of the
matrix elements as a function of Ad/A, (A = n — ik is the complex refractive index of the film)
retaining the terms up to fourth order. Thus, we obtain expressions for the film transmittance (Ty),
the film front reflectance (R) and the film back reflectance (R%). The use of the reations
1+ R)/T, (1 -Ry)/Tr and (1 — R?)/T; leads to set of three equations, which are simpler than those
for Ty, R, R4, and can be easily solved numerically for the complex permitivitty (&) and d of the film:
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where e= g—ig = ¥, w= 271) isthe wave number.

To caculate (&, &, d) we use the Levenberg — Marquart optimization approach [7]. The
method, described above, is very fast and effective for evaluation of optica constants from
spectrophotometric measurements at normal inc dence of light.

3. Results and discussion

The investigated As-S films were obtained by a method described e sewhere [3]. Films
optical transmission and reflection were measured with Cary 5E spectrophotometer at normal
incidence in the range 380 to 1500 nm with accuracy of 0.5% and 1%, respectively. After
spectrometric measurements, the films were irradiated with low-pressure mercury lamp HBO-200
(intensity = 20 mW/cn?, distance to sample = 30 cm, IR (cut—off filter present) for 30 minutes.

3.1. Influence of the substrate:

The equations (1) are vdid in case when we consider the substrate infinite In order to
andyze the influence of the finite dlightly absorbing substrate (multiple intensity reflections in the
substrate) we must know its optica constants (ns, ks, ds). For substrate with smal absorption
(ks<< 1), itsreflectance and transmittance are [8]:

To=Ta{1-Rad?}; Re=Rga+ TafRad{1- R}, )

with as = exp(- 47kdJA); Rsa= Ras= (Ns- 1)?/(ns+ 1)? and Tsa= Tas= 4nd(Ns+ 1)2. Roand Ts are, in
fact, energetic coefficients and are measurabl e quantities. Usually we do not know the values (ng, ks),
but we can evd uate them from spectrophotometric data by solving numerically the equation set (T,
R;) for the unknown (ng(A), as(A)). The dispersion of ns for the substrates used in our experiments
(pre-cleaned Ca-Nasilicate plates) is presented in Fig. 1.
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For the system (film — finite substrate) we must consider 3 measurable quantities:

transmittance Te, front reflectance Re, for film facing the incident light and back reflectance R e
for the substrate facing the incident light [8].
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Fig. 1a Spectrd dependence of ns. Fig. 1b. Spectral dependence of a..

Thisisalinear set of equations for (R, R, T;), which enter in the anal ytical expressions for
the film optical congtants in equation (1). They are easily obtained:

R = Rexp - Tzeprs,a/ (RSaR,exp + Tsa- Rs,a);
Ri'= (R'ep - Rsa)/{ %Z(RsaR,EXP + Tsa- Rsad)}s

3)
T = (Tsalexp)/aA(RsaR exp + Tsa- Rsa)-

In such way the finite substrate, multiple reflectionsin it and its optical performance (for instance in
small spectral absorption) are taken into account.

3.2. Optical characteristics of very thin As-Sfilms:

We have studied three films: F1, F2 and F3. Solving equations (1), we obtained for their
thickness F1: d=15.1 nm, F2: d=20.4 nm and F3: d=24.2 nm. The results for n and k dispersion are

shown in Fig. 2aand Fig. 2b respectively. Thereis a pronounced dependence of n and k on the film
thickness: n(A) and k(A) decrease with decrease of d.
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Fig. 2a. Dispersion of nfor As-Sfilm.  Fig. 2b. Dispersion of k for As-Sfilm.
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As a measure of the accuracy of the estimated (n, k, d) we use the differences AT = Ty - T;
and 4R = Ry - R, where Ty and Ry are the transmittance and front reflectance of the films,
calculated with obtained (n, k, d) by the help of exact thin film formulag T; and R: are the
experimental data (after taking into account the finite thickness of the substrate). In Fig. 3aand 3b
the dispersions of AT and 4R are presented respectively. The differences are less that maximal
uncertainty of the Cary 5E for the films with d = 15.1 nm and d = 20.4 nm (in the whol e spectral
range) and for the films with d = 24.2 nm (for A>480 nm).
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Fig. 3a Dispersion of AT for As-Sfilm.  Fig. 3b. Digpersion of 4R for As-Sfilm.

An approximate estimation of the joint confidence region can be calculated by treating (n, k,

d) as independent random variabl es (no covariance terms). For A beow the As - S absorption edge

(A = 500 nm) we obtain confidence intervals for the thickness éd = £1 nm (F1), 6d = 0.45 nm (F2)

and 6d = £0.35 nm (F3). The intervals for n vary from én = +0.04 for the thinnest layer, to

on = £0.01 for the film with d = 24.2. For A = 600 nm (above the absorption edge), the confidence
intervals od are nearly doubled, but the on are practicaly the same.

From the estimated k(A) values, the optical gap Egp has been evaluated using the relation:

NJOE = (E - Egap), where a = 47k/A. The obtained data for the three samplesis as falows: for F1:

Egap = 2.37 €V, F2: Egep = 2.36 €V and F3: Egq, = 2.32 V. ThefilmF1 (d = 15.1 nm) isincluded as
well, because we consider that in the range 400 — 600 nm the obtained vaues of k(A) are fairly
consistent with the F2 and F3 data. The gaps are very closeto the value of 2.38 eV [11].

The refractive index dispersion of films F2 and F3 is shown in Fig. 2a. The F1 sample has
n(A) essentially lower than those of F2 and F3 and is not presented in the figure. In order to obtain a
plausible interpretation of the refractive index dependence on film thickness, we have tried to treat
the samples as composite materials with air inclusions. We have applied different EMA modds
(Newton, Maxel-Garnett and Bruggeman mixing rules) with n(A) being the effective refractive
index. However, the estimated filling factors were unacceptably high (0.3 to 0.5). Therefore, we
assume that F2 and F3 sampl es are not nanocomposite films and F1 reveals island structure.

Therefractive index datais studied within the frame of the Wemple-DiDomenico modd [9].
We apply therdation:

n(E)? = 1+ EEd{ B~ (E)7}, (5)
where E is the photon energy and E4 and E, are single oscillator fitting constants, which measure the
osdillator energy and strength respectively. By plotting (n? -1) against (E)® and fitting a straight line,
Eq and Eo are determined. It has been pointed out [9] that the dispersion energy E4 obeys a simple
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empirica rdation: Ey = NZ.Ne, Where S is a constant, which value in covaent crystalline and
amorphous materialsis estimated to be 0.37 = 0.04 eV; N, is the coordination number of the cation
nearest neighbor to the anion; Z, is the formal chemical valence of the anion and N is the total
number of the valence d ectrons per anion. The results are presented in Table 1. The obtained values
are not consistent with data from other publications [2] on thicker As-S films. For such films the
estimated As coordination number is greater than the theoretical value of 3. The nearest-neighbor
values of our samples are much lower than the effective crystalline or amorphous glass values
because of the low single osdillator strength E4 .This can be due to the lower mass density of our
samples, compared to the wdl annealed evaporated or glass layers If we assume that As octahedra
bond layers to form 3D structure, it is not the case of our samples, which are of much greater
disorder. On the other hand, the estimated values of the single oscillator energy E, agree fairly well
with the published data. This corrdates to the estimated optical gap, as the two parameters are
related. In general, the validity of Wemple - DiDomenico model for nanolayers should be further
investigated.

Table 1. Single oscillator fitting constants.

d [nm] No Eo [eV] Eq [eV] N,
20.4 1.95 5.13 14.41 2.09
24.2 2.07 5.05 16.72 2.42

29.9 (exp) 1.86 4.49 11.07 1.60

We have irradiated the samples in order to study the photoi nduced changes in the optical
characteristics of very thin As-S films. It was found that light scattering from the samples has
significantly increased. Only spectrophotometric data for the film with d=24.2 nm was successfully
processed by the equations (1). We bdieve that, due to irradiation, the homogeniosity of the filmsis
strongly affected. After exposure the thickness of the F3 sample was evaluated to be
d = 29.9 nm. Thus rather strong expansion of about 20% is obtained. In Fig. 4 we present the
refractive index and extinction coefficient dispersions before and after exposure. The refractive
index of the exposed filmis lower than that of unexposed. This contradicts the usua behavior of As—
S films and will be studied in the future. Results from the interpretation of the single oscillator
model for the F3 irradiated sample areincluded in Table 1 just for the record.
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Fig. 4. Dispersion of n and k for As-Sfilmwith d = 24.2 nm before (O ) and
with d = 29.9 nm after (---) exposition.
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On the other hand, the well known photodarkening (red shift of the absorption edge) of the
nanofilm is observed. The Eg,, of the exposed film is found to be 2.20 eV compared to 2.32 eV of
the unexposed film. Tanaka [10] has not obtained any photoresponse in annealed As,S; films with d
~ 50 nm, and he has not studied thinner samples. Obviously, the photoinduced phenomena in very
thin films must be thoroughly investigated.

4. Conclusion

By the help of a simple method for determination of optical constants we have investigated
the optical properties of very thin arsenic sulfide filmsin VIS and NIR. We have obta ned new data
for the dispersion of the complex refractive index between 380 and 1500 nm, and the optica gap for
As-S nanolayers. Our results show that evaporated films with thickness up to ~25 nm have structures
that differ from that of the crystaline, glassy or thermally deposited thick samples. This correlates
with the observed dependence of the complex refractive index on physica thickness. Irradiation of
such very thin layers leads to photoinduced changes (photodarkening), but in the same time, under
exposure conditions described above, it ‘blows up’ the surface continuity. Films entity is broken and
its structure, maost probably, becomesidand in form with strong nonhomogeneities.
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