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The optical constants (&K) of vacuum-evaporated polycrystalline CdSe thin films are 
determined over 900-3 100 nm photon wavelengths. Variation of band gap and optical constants 
with film thickness and substrate temperature is studied. Anomalous variation of refractive 
index near the band gap is explained by the volume and surface imperfections. Average 
spin-orbit splitting of valence band (0.32) is estimated for the films deposited on mica 
substrates. A theoretical plot of refractive index near the band edge is done. The dispersion of 
refractive index in films is studied by considering a single-oscillator model. 

I. INTRODUCTION 

Cadmium selenide has been investigated for many 
years due to its potential use in photoconductive devices 
and the active elements in photovoltaic solar cells.‘” The 
suitable direct band gap (1.70 eV> of the material encour- 
aged many workers’*4’5 to study the growth condition of its 
thin films for use in device fabrication. The growth of 
wurtzite epitaxial CdSe films on NaCl and mica substrates 
has been reported by several workers.6-8 Optical transmis- 
sion measurements on wurtzite (hexagonal) and sphalerite 
(cubic) CdSe epitaxial films deposited on cleaved BaFz 
substrates and on polycrystalline films of CdSe in the ul- 
traviolet region have been reported by Ludeke and Paul” 
and Sobolev,’ respectively. The spin-orbit splitting of the 
h3-A, transition was calculated by Ludeke and Paul4 for 
cubic (0.26 eV> and hexagonal (0.28 eV) phases. A band 
structure was proposed by them and the optical structure 
of the compound was interpreted based on- the measure- 
ments of optical transmission in wurtzite CdSe films. The 
refractive index of CdSe thin-films of different thicknesses 
deposited on glass and silica substrates has been measured 
by Dologan” from transmittance measurements. Thutu- 
palli and Tomlin” and El Shazly12 have prepared CdSe 
thin films on glass and quartz substrates by vacuum evap- 
oration, and they reported the averaged values of the op- 
tical constants obtained from their optical measurements 
on several films. The variation of optical constants with 
film thickness for vacuum-evaporated polycrystalline CdSe 
films has been reported by Shaalan and Mtiller13 from their 
reflectance and transmittance measurements. Although 
they studied the variation of optical constants with film 
thickness for very thin (16-166 nm) CdSe films and pre- 
sented some interesting results, they could not give a 
proper explanation of such variations. 

In the present work the variation of optical constants 
(n,K) with film thickness and substrate temperature has 
been investigated thoroughly for vacuum-evaporated poly- 
crystalline CdSe fihns deposited on glass substrates. The 
effect ~of the nature of the substrates on the variation of 
optical band gap is studied for the films deposited on glass 
and mica substrates. The effect of different microstructural 
parameters such as particle size, RMS strain, etc. on the 
optical band gap and other optical constants have been 
studied. The anomalous behavior of the.optical constants 
near the fundamental gap is explained properly. 

II. EXPERIMENTS 

Polycrystalline cadmium selenide was synthesized 
from cadmium (99.999%) and selenium (99.999%) in an 
evacuated ( - lo-’ Pa) quartz ampoule. The details of the 
synthesis process are reported elsewhere.t4 The final com- 
pound was identified to be CdSe (wurtzite) by x-ray pow- 
der diffraction. Thin lilms of CdSe of different thicknesses 
were deposited on thoroughly cleaned glass and mica sub- 
strates at room temperature (303 K) maintaining a rate of 
deposition of 120 nm/min; however, for the iilms deposited 
at different substrate temperatures, the rate of deposition 
was 150 run/mm. The deposition of the films at different 
substrate (glass) temperatures was carried out in a suitable 
apparatus described elsewhere.15 The composition of the 
films was estimated by energy-dispersive x-ray analysis 
(EDX) (camscan series 2DV with link system) analysis. 
It was observed that the composition of the deposited films 
varies with film thickness as well as the substrate temper- 
ature. The thickness of the films was measured by a 
Taylor-Hobson form talysurf. 

The x-ray-diffraction patterns of the films were re- 
corded by a Phillips (PW 1729) x-ray diffractometer. Par- 
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title size and RMS strain were determined from the line 
broadening of the x-ray diffraction patterns by variance 
analysis. It was observed that the particle size increases 
with the increase of film thickness and substrate tempera- 
ture. The composition of the films deviated from its stoi- 
chiometry with the increase of film thickness. With the 
increase of substrate temperature stoichiometry improved 

-up to 473 K beyond which it degraded very fast. 
The optical absorption and transmittance T of the 

films were recorded from 400 to 3100 nm wavelength by a 
Shimadzu (W-365) double monochromator recording 
spectrophotometer. 

III. RESULTS AND DISCUSSION 

It has been observed from the x-ray-diffraction pat- 
terns that the CdSe films deposited at room temperature 
and at elevated temperatures are polycrystalline in nature. 
The crystallites in the films deposited at room temperature 
(303 K) are preferentially oriented with the {002} face 
parallel to the substrate. As the substrate temperature is 
increased to 473 K and above, the hexagonal { 112) peak 
appears along with the initial hexagonal (002) peak. With 
the increase of substrate temperature the intensity of the 
@02) peak increased and hence also the particle size along 
this orientation. The intensity of the hexagonal {112) peak 
which appeared at 473 K also increased with the further 
increase of substrate temperature. The variation of particle 
size and other microstructural parameters in those two 
orientations with the variation of substrate temperature T, 
has already been reported by the authors.14 

The stoichiometry of the films is found to vary with the 
variation of film thickness and substrate temperature. With 
the increase of film thickness, the ratio of Cd and Se 
(at. %) is increased. The stoichiometry of the films im- 
proved up to 473 K substrate temperature for the films 
deposited on glass substrates, beyond which the ratio of Cd 
and Se (at. % ) exceeded unity sharply. A similar variation 
of stoichiometry with the variation of film thickness is also 
observed for the CdSe films deposited on mica substrates. 

The transmittance curves of three typical CdSe films of 
different thickness deposited on glass substrates at room 
temperature (303 K) are shown in Fig. 1. The transmit- 
tance T varied with wavelength il according toI 

T= 
16n,np2 exp( --at) 

RT+Ri exp( -2at) +2R1R2 exp( -at>cos(4mt/il) ’ 
(1) 

a is the absorption coefficient and 12, n,, and 12s are the 
refractive indices of the film, air, and substrate respec- 
tively. The maxima and minima in the T vs /z plot occur 
when 

4mt/A=Mr, (2) 

where M represents the order number and t is the thickness 
of the film. The refractive index 12 may be computed from 
the relation’7”8 
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FIG. 1. Transmittance spectrum of (a) 0.18 pm, (b) 0.498 pm, and (c) 
0.99 pm CdSe thin films deposited at room temperature (303 K) on the 
glass substrates. 

r?= (n;+n;)/2+2n,n,T” 

+ [ (n~+n~+4n,n,T”)2/4--n~~l”2, (3) 

where 

T”=(Tma,-T~a>/(Tms,,Tmin), 
T max and Thin represent the envelope of the maxima and 
minima positions of the T vs it curve (Fig. 1) . Exponential 
variation of T with absorption coefficient a is most prob- 
able near the absorption edge, therefore, a may be deter- 
mined from the relation 

T=A exp( -at), 

where 

(4) 

(5) 

and K is the extinction coefficient. A is found to be nearly 
equal to unity at the absorption edge. 

The relation between a and incident photon energy hv 
can be written as19-22 

ahv=CI(hv-E,d)1’2, (6) 

ahv=C2(hv-EL)2, (7) 

for allowed direct and indirect transitions, respectively, 
where Ci and C2 are two constants, a=4?rK/il is the ab- 
sorption coefficient, and E i and Ei are the direct and 
indirect band gaps, respectively. 

The ( ahv)2 vs hv plots for CdSe films of different 
thicknesses deposited at room temperature (303 K) on 
glass substrates are shown in Fig. 2. The graphs of 
(ahv) 1’2 vs hv instead of (ahv)” vs hv are found not to 
lead to straight lines over any part of the optical absorption 
spectrum, thus supporting the interpretation of direct 
rather than indirect band gap for all vacuum-deposited 
films,23 which is in accordance with the energy-band model 
of CdSe proposed by Kobayashi et ~1.~~ The direct band 
gaps for the films of different thickness are evaluated from 
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FIG. 2. (c~hv)~ vs hv plots for (a) 0.18 pm, (b) 0.271 pm, (c) 0.42 pm, 
(d) 0.498 pm, and (e) 0.99 pm CdSe thin iilms deposited at room tem- 
perature (303 K) on the glass substrates. 

the x-axis intercepts of (ahv)2 vs hv plots and it is ob- 
served that the band gap decreases with increase of lilm 
thickness and also particle size (calculated from x-ray line 
profile analysis). The direct band gap approaches its bulk 
value (1.70 eV) with the increase of film thickness. The 
measured direct-band-gap values for lower tllm thickness 
are found to be higher than that for bulk value. Such a 
variation of band-gap value with film thickness was also 
reported by Shaalan and Miiller. l3 A comparison of E z 
with film thickness, particle size, microstrain, and disloca- 
tion density is given in Table I. The decrease of E g” with 
increase of film thickness is likely to be attributed to an 
increase in particle size and a decrease in RMS strain. 
Although the composition of the films varied with the 
thickness as estimated by EDX analysis, the excess cad- 
mium in the films is too small to cause other than a very 
small change in the band gap, by virtue of its effect on 
composition. Another possibility of such variation of band 
gap is its particle size dependence. The three-dimensional 
quantum-size effect, leading to an increase in band gap 
with a decrease in particle size, is well known for colloidal 
semiconductor sols where the individual colloidal particles 
are dispersed in a liquid or glass.% Several workers23P25 
have explained the shift of optical band gap (up to 0.5 eV 
higher) in very thin CdSe films from the single-crystal 
value in terms ofa quantum-size effect. Quantum-size ef- 
fects on the direct interband transition at the r point can 

3wx10” r - - 

FIG. 3. ahv vs hv plots for (a) 0.18 pm and (b) 0.271 pm CdSe thin 
8lms deposited at room temperature (303 K) on glass substrates. 

be easily estimated by using the relation given by Cerdeira 
et aL5 For our thinnest film with 28.5 nm particle size the 
maximum possible shift of band gap due to quantum-size 
effect could be 72 meV. Therefore, the shift of band gap in 
the present case is not only due to the smallness of the 
particles; it is also observed that the curves 2(a) and 2(b) 
do not show a very good straight-line fit. Because these two 
films are very thin, the average particle size is observed to 
be very small, which is shown in Table I. Therefore, there 
is a possibility of the presence of many very small crystal- 
lites in the films which may behave like an amorphous 
sample and may contribute to the absorption spectrum. 
Thus, the curvature to the plots of Figs. 2(a) and 2(b) 
may be due to the influence of the absorption spectrum of 
the amorphous portion of the film. 

For CdSe films deposited on glass substrates a plot of 
ahv vs hv gives a better fit (Fig. 3), though the evaluated 
Eg is lower than the Eg value of the bulk crystal. Such a 
linear ahv vs hv dependence has been calculated for tran- 
sitions between extended states in amorphous 
semiconductors.26 We believe this deviation from the nor- 
mal direct-band-gap behavior of CdSe to be due to local 
strain in the individual crystallites making up the vacuum- 
evaporated layers.23 A similar variation of absorption co- 
efficient a with photon energy was also observed by Ba- 
zhenov and Krasil’nikova27 for bulk CdSe. They explained 
such variation by the dislocation absorption mechanism. 

TABLE I. Different optical parameters and their comparison with microstructural parameters for CdSe thin films deposited at mom temperature (303 
K) on the glass substrates. 

Film 
thickness 
(pm) 

Cd/Se 
(at. %) 

Particle 
size P 
(‘d 

F&E Dislocation 
strain density p 

(2)‘“x IO4 ( lOI lines m-‘) 
Egd 

(ev) 

Refractive 
index n 

at 2.8 pm 
so 

(lOI m ‘) 
Eo 1% 

( lo-I4 eV m) 

0.180 1.013 28.5 53.88 14.00 1.94 2.24 4.15 9.67 
0.271 1.109 37.4 48.21 10.72 1.90 2.25 3.89 9.92 
0.420 1.043 59.4 38.17 6.48 1.85 2.27 6.62 7.35 
0.498 1.074 66.3 37.71 5.80 1.75 2.28 9.00 6.29 
0.990 1.226 91.5 35.70 3.84 1.70 2.30 16.56 4.57 
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FIG. 4. (ahv)’ vs hv plots for CdSe thin films deposited at (a) 303 K 
(0.271 pm), (b) 373 K (0.271 pm), (c) 523 K (0.297pm), and (d) 623 
K (0.206 pm) on the glass substrates. 

However, the stress field of dislocations may cause a sig- 
nificant strain in the sample. 

The (crhv)2 vs hv plots for the CdSe films deposited on 
glass substrates at different substrate temperatures are 
shown in Fig. 4. The nature of these curves is very similar 
to the curves for CdSe films deposited at room tempera- 
tures (Fig. 2). As the substrate temperature is increased 
the stoichiometry is found to improve and the band gap 
approaches the bulk value from the higher value for 
T,=RT. Beyond 473 K substrate temperature the stoichi- 
ometry is degrade&l4 The effect of such variation of stoi- 
chiometry is also reflected in the estimated values of band 
gaps. The estimated band-gap values are presented in Table 
II. 

The variation of (ahv)2 against hv for the CdSe films 
of different thicknesses deposited on mica substrates is 
shown in Fig. 5 (see Table III for other parameters). For 
each tim two straight-line portions are clearly identified 
and extrapolated to intersect with the x axis at two specific 
photon energies. In each case two optical transitions are 
calculated. 28J29 The band-gap energi es for those transitions 
(E: and E:) are varied from 1.655 to 1.697 and 1.97 to 
2.004 eV, respectively. The optical transitions E $ and 
E 112 of individual CdSe thin evaporated films (on mica) in 
the range of 0.22 ,um < t < 0.72 pm show a variation of 
their values less than 3%. Similar observations were also 
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s 20xd- 
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FIG. 5. (c&v)’ vs hv plots for (a) 0.22 pm, (b) 0.24 pm, (c) 0.461 pm, 
and (d) 0.719 pm CdSe thin films deposited at room temperature (303 
K) on mica substrates. 

made by Thutupalli and Tomlin” and Shaalan and 
Mi.iller13 for their vacuum-evaporated CdSe films deposited 
on glass substrates. The two direct transitions can be at- 
tributed to spin-orbit splitting of the valence band which is 
in agreement with the findings of Cardona, Shaklee, and 
Pollak,30 but no such splitting could be detected clearly in 
the absorption spectrum of CdSe film deposited on a glass 
substrate. Very small humps are seen in the spectrum but 
from them it is very difficult to resolve another straight 
portion in a (ahv)2 vs hv plot. W ithin the limit of exper- 
imental accuracy it is not resolved distinctly for the films 
deposited on a glass substrate. It can be noticed from the 

TABLE II. Comparison of different optical parameters with microstructural parameters for CdSe thin films deposited at different substrate temperatures 
T, on the glass substrates. 

Substrate Film 
temp. T, thickness 
(K) (id 

Particle 
Cd/Se size P 
(at. %) (nm) 

Rhm 
strain 

(e2)“2x IO4 

Dislocation 
density p 

( lOI lines m-*) 
E,d 

(eV) 

Refractive 
index n 

at 2.8 pm 
so 

( lOI m-*) 
Eo 1% 

( lo-l4 eV m) 

303 0.271 1.019 37.4 48.21 14.00 1.90 2.25 3.89 9.92 
373 0.271 1.013 46.4 65.40 13.93 1.88 2.24 2.61 11.03 
523 0.297 1.017 65.9 43.50 9.26 1.73 2.19 3.75 10.12 
623 0.206 1.321 87.0 35.70 4.44 1.87 2.20 4.59 9.48 
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TABLE III. Comparison of different optical parameters with microstructural parameters for CdSe thin films deposited at room temperatures (303 K) 
on the mica substrates. S-O indicates “spin orbital.” 

Film Particle RMS Dislocation 
thickness size P strain density p 
(pm) (nm) ,2)“2x lo4 ( lOI lines m-z) 

0.220 26.0 63.45 24.18 
0.240 30.7 53.33 17.26 0.461 34.8 32.46 3.25 

0.719 66.9 28.72 4.25 

Ed’ 
cc6 

Ed2 
(et+ 

1.655 2.004 
1.697 1.994 1.624 1.980 

1.685 1.970 

s-o 
splitting 

(ev) 

0.349 
0.297 0.356 

0.285 

Average 
s-o 

splitting 
(W 

0.322 

plots of ( c&v)~ against hv that the curves show a nonlinear 
tailing off to the low energies. This is to be expected for, if 
additional absorption processes cause the tail at the absorp- 
tion edge because of transitions from the higher valence 
level, a similar effect should occur when the transition 
from the lower of the split valence levels sets in. 

Figures 6(a) and 6(b) show the variation of refractive 
index it and absorption constant K for films of different 
thickness deposited at room temperature on glass sub- 
strates. It is noteworthy that the refractive index n of CdSe 
films increases with the increase of film thickness. Such a 
trend of variation is in opposition to that of CdSe films 
reported by Shaalan and Miillert3 but a similar variation in 

25 
-----1 

(a) 

(b) 

X hm) - 

LM 5al am 7ca ml 

A hm) - 

FIG. 6. (a) Variation of refractive index with wavelength for (a) 0.18 FIG. 7. (a) Variation of refractive index n with wavelength for CdSe thin 
pm, (b) 0.271 pm, (c) 0.420 pm, (d) 0.498 pm, and (e) 0.99 pm CdSe iilms deposited at (a) 303 K (0.271 pm), (b) 373 K (0.271 pm), (c) 523 
thin films deposited at room temperature (303 K) on the glass substrates. K (0.297 pm), and (d) 623 K (0.206 pm) on the glass substrates. (b) 
(b) Variation of absorption constant K with wavelength for (a) 0.18 pm, Variation of absorption constant K With wavelength for CdSe thin films 
(b) 0.271 pm, (c) 0.420 pm, (d) 0.498 pm, and (e) 0.99 pm CdSe thin deposited at (a) 303 K (0.271 pm), (b) 373 K (0.271 pm), (c) 523 K 
films deposited at room temperature (303 K) on glass substrates. (0.297 pm), and (d) 623 K (0.206 pm) on the glass substrates. 

CdTe films has been reported by El Shazly and El Shair.31 
An anomalous behavior (sometimes a decrease of n) is 
observed in some of the films at shorter wavelengths. Sim- 
ilar observations have been reported by Manifacier and 
co-workersI and Pal et aI.= for their Sn202 and ZnTe 
films, respectively. Such behavior can be attributed to the 
strong effect of surface and volume imperfections on a mi- 
croscopic sca1e.21132-39 The multiple scattering effects due 
to the scattering on microscopic inhomogeneities may lead 
to a serious breakdown of the conventional Kramer- 
Kronig analysis of reflection and,.hence, transmission spec- 
tra. The refractive index n and absorption constant K of 
the films deposited on glass substrates at different temper- 

2’5c 
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22 

(4 
h tnm) - 
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FIG. 8. l/(nz- 1) vs l//1’ plot for a typical CdSe thin film (0.99 pm) 
deposited at room temperature (303 K) on glass substrate. 

atures are shown in Figs. 7 (a) and 7 (b) , respectively. The 
value of refractive index n decreased with increase of sub- 
strate temperature. The values of n for room-temperature- 
deposited films are found to be less than those for the films 
deposited at higher substrate temperatures. The theoretical 
plots40 of n against /z are shown in Figs. 6 (a) and 7 (a) for 
the thinnest (0.18 pm) and thickest (0.99 pm) CdSe films 
deposited at room temperature and the film deposited at 
623 K substrate temperature, using the experimental pa- 
rameters and taking the index of refraction at the absorp- 
tion edge to be n(0) ~2.68 in all the cases at their corre- 
sponding absorption edges. 

The values of K for all the films are very small, which 
have allowed the light wave to traverse the samples several 
times and hence produced the interference fringes in the 
transmission curves. 

It is well known from the dispersion theory that in the 
region of low absorption the index of refraction n i$given 
in a single-oscillator model by the expression 

where & is an average oscillator position, and S is an 
average oscillator strength.41 The oscillator strength S,, is 
derived from the slope of the straight portion of the 
l/(n2-1) vs l/A2 curve, while il, follows from the 
infinite-wavelength intercept. In Fig. 8 a typical l/(n2- 1) 
vs l/a2 plot for a CdSe film of 0.99 ,um thickness 
(T,=RT) is shown. The average strength of the oscillator 
and the refractive index dispersion parameter Eds, have 
been calculated for all the CdSe films deposited on glass 
substrates and presented in Tables I and II. The E,, can be 
expressed as 

E,=hc/(eA,), (9) 

where h is Plan&s constant, c is the speed of the light, and 
e is the electronic charge. It was observed that the strength 
of the oscillator S, increases with the increase of film thick- 
ness and substrate temperature. 
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IV. CONCLUSIONS 

The optical transitions in CdSe (wurtzite) films are 
direct in nature. The direct band gap E g” of the ftlms de- 
posited on glass substrates depends critically on the film 
thickness and substrate temperature. The variation of E g” 
with the variation of film thickness (0.18499 pm) is the 
cumulative effect of composition, particle size, and strain 
in the films. Two direct transitions, one at about 1.67 eV 
and another at about 1.99 eV can be observed for the CdSe 
films deposited on mica substrates. A spin-orbit splitting of 
valence band of about 0.32 eV is observed for those hex- 
agonal (wurtzite) films. 

The values of the optical constants (n and K) are very 
sensitive to film thickness and substrate temperature. The 
abnormal variation of n (either a decrease of IZ or a flat 
variation) near the absorption edge can be explained con- 
sidering the effect of volume and surface imperfections. 
The nature of variation of n with /z improves with the 
increase of substrate temperature. The dispersion of the 
refractive index follows a single-oscillator model. 
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