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ABSTRACT

The special project is the study of optical properties of semiconductor thin films by
transmission  spectroscopy. The single beam UV-Vis Spectrophotometer with operated
wavelength of 190-1100 nm is used to measure optical transmission and absorption from the
samples. The measuring samples are Indium Tin Oxide (ITO), Zinc Oxide (ZnO) and Copper
Phthalocyanine {CuPc). The transmission spectra of ITO and ZnO are characterized and lead to
their refractive indices and absorption coefficients. From our analysis, the refractive index of ITO
and Zn0O range from 1.9-2.3 ¢V and 1.88-1.98 eV, respectively. Their index decrease with
increasing wavelength. These features are in good agreement to other research works. Meanwhile,
the absorption spectra are interpreted leading to their band gap. By this technique, ITO band gap
is 3.8-3.85eV and 2.97-3.1 ¢V for ZnQ. Band gap of both matcrials is inversely proportional to
the film thickness. For CuPc, one of attractive organic semiconductor, 1ts absorption spectra
exhibit two extinct band gap of 1.6 ¢V and 3.2 eV corresponding to Q-band and B-band,

respectively.
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My A - (my + DA,y (4.14)
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shere A, B, C. the extinction coefficient amplitude o. the
xponent factor f, and the band edge y are ftbng
rarameters used in the best fit. 1 is the wavelength of
ight. To fit the ellipsometric data above the band gap,
oint-by-point fit based on three-phase model is used.
“ia. 1 shows the best-fit results. The thickness obtained
Tom the fitting agreed well with the measurement obtained
)y AFM, suggesting that it is a reliable fitting procedure.

The real and imaginary parts of dielectric function & =
il + 1&2 can be obtained from the following:

H :f’!z _k21 (3)

5 = nk. {4)

The normal-mcidence reflectance (R} and the absorption
coefficient {(a) can be calculated with Eqs. (5) and (6),
respectively.

R={n— 1V +kY[n+ 17 + &%), (3)

2= 4k /A, (6)

The surface structure was characterized with an atomic
force microscope. Tapping mode was used during the
scanning. A single crystal silicon tip was attached to the
end of a cantilever oscillating at or near its resonance
frequency with amplitude ranging from 20 to 100 nm. The
tip lightly “taps™ on the sample surface during scanning,
contacting the surface ar the bottom of its swing. A laser
light emitted from a solid-state diode was aligned on and
reflecied off the back of cantilever and detected by a
position-sensitive detector consisting of two closely photo-
diodes whose output signal was collected by a differential
amplifier. A feedback loop maintained a constant oscilla-
tion amplitude of cantilever by maintaining a constant
root-mean-square amplitude of the oscillation -signal
acquired by the split photodiode detector. The vertical
position of the scanner at each (x, y) data point in order to
maintain a constant “set point” amplitade was stored by
the computer to form the topographic image of the sample
surface. The scan area was set to 1 um x | um and the scan
rate was | Hz. A topographic/phase image consisted of 512
lines. The set point was set at 1-2V and the integral gain
and proportional gain were within the range of 0.3-0.8 to
ensure that the tip tracked the sample surface properly hut
without feedback oscillation introduced in the scan. Height
image and phase image were captured for studying surface
morphelogy and surface structure of ZnO thin films.

3. Results and discussion

3.4 Effects of annealing on the optical properiicy of Zn0)
thin films

Figs. 2 4 show the changes of refractive index. extinclion
coetlicient and reflectance of the effecuve ZnO thin films i
the wavelength range of 250--1100nm under vanous
annealing conditions. Figs. 5 7 show the vuriution ol the

2.4

2.3
221
21

c 201

1.9 4

1.6

300 400 S00 600 YOO 800 890G 1000 1100

Wavelength (nm)

Fig. 2. Anncaling effects on refractive index of ZnQ thin films
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Fig. 3. Anncaling effects on extinction coefficient of ZnQ thin films.
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Fig. 4. Annealing effects on reflectance of ZnQy thin filims

real and imaginary parts of the complex diglectric function
and the absorption coelficient of the elfective ZnO thin
films during the annealing treatment, For the as-deposited
and annealed samples, with increasing wavelength  the
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55 refractive index and extinction coefficient increase in the
wavelength range from 250 to 375nm. but decrease in

5.01 the wavelength range from 375 to 1 00nm. In parucular.
e the extinction coefficient reduces to zero in the wavelengths

451 4 larger than 410nm. ZnO film exhibits a poor reflectivity
40 with the reflectance less than 10% for wavelengths longer
e . than 700 nm (i.e., photon energy smaller than 1.77eV). and

a5] 7 T there is no absorption in this wavelength range (Fig. 7).
_______ A suggesting thar ZnQ film is transpareat in this wavelength

3_0J P region. The optical properties of the film aunealed for 105
are very similar to those of the as-deposited film. However,

257 after annealing for 2min or longer nme, the optical
properties, such as the refractive index, the reflectance

207 > 3 : . and the real part of the complex dielectric function, exhibit

E (eV) significant changes as compared to those of the un-

annealed sample. Particularly. in the wavelength range

. ‘5. Amucaling _cff?cls on the real part of the complex dielectric from 375 to 1100 nm or the photon energy ranging from !.]
ction of ZnO thin fils. to 3.3eV, the vatues of the refractive index, the reflectance
and the real part of the complex dielectric function

4 decrease with increasing annealing time. However. there
are only small changes in the extinction coefficient. the
imaginary part of the complex dielectric function and
the absorption coefficient after annealing. The changes in
the refractive index, the reflectance and the real part of the
complex dielectric function may be due to the changes in
both the surface structure of ZnO films and the interface
[ayer between ZnO and Si substrate after annealing. For

14 example, the surface roughness of films will increase with
annealing, which is confirmed from AFM studies as

j discussed in the next section. The surface roughness of

01~ Zn0 thin film can be considered as an inhomogeneous

layer comprising ZnQ and “voids” (n=1 and k =0} as
shown in Fig. § [17). The volume fraction of the “voids™ on

L 2 3 4 5 the surface will increase with annealing. The increase in the
E&Y) volume fraction of the “voids™ can effectively reduce the
p. 6. Anncaling effects on the jmaginary pant of ihe complex dietectric refractive index and the real part of dielectric function,

action of Zn(Q thin films. This explains the reductions of refractive index, reflectance
and 1eal part of dielectric (unction with increasmg
annealing time. In addition, the thickness of the interface
layer may increase with annealing tme. H the interface
layer is thin enough, its influence on the reflection of the

357 =
[ polarized light is negligible [18]. However, if the thickness
301 of the interface layer is comparable with that of ZnO film,
SR e N eps e
: Air

£
g M/\N_m/\_"l
Zr0
107
54
g e e Si
1 2 3 4 5 T
E eV} Fig. 8. A schematic diagrum of ZnQ thin film deposited on siivon

substrate. ZnO film could be treated as an etfective layer composed of
e 7 Annealing effects on the absorption coctlicient of Zn{y thin films. Zn0), a very thin interface layer between ZnO and Sisubstrate and voids
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Fig. (2) shows the dispersion of the refractive index n (A), in the
wavelength range 200-2100 nm for as-deposited CuPc films and after
annealing. The observed values represent the mean values determined from

films of different thicknesses.
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Fig. (3) The spectral behavior of the absorption ceefficient a for
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The spectral distribution of the absorption coefficient o = 4nk/ A for
the investigated CuPc films either as deposited or after being annealed is
shown in Fig. (3). The distinct characterized peaks in the visible region have
generally been interpreted in terms of n-n* excitation between bonding and
antibonding molecular orbitals [10].

The high energy peak of the Q-band hand has been assigned
assigned to the first n-n* transition on the phthalocyanine macrocycle [11].
The low energy peak of the Q-band has been variously explained as a second
n-n* transition [11]. The present observation of similar structure of CuPe
before and after annealing on the vigible and Soret bands is taken as
supporting evidence for explanation of structure in terms of a molecular
vibrations {11]. The N peak of the Soret band indicates the presence of d
band associated with the central metal atom. It is thought that 7-d transitions
are mvolved CuPc has partially occupied d band. Support in this explanation
by Edwards and Gouterman [12] pointed out that transitions involving d
electrons of the central metal atom are provided. The absorption bands in the
region of 4.5 to 5.7 ¢V are due to d - =¥ transitions [11], which implies a
broader d band. Similar behavior of the absorption spectra are obtained by
some workers [11, 13] for metal-derivative phthalocyanines.

To obtain information about direct or indirect inter-band transitions,
the fundamental absorption edge data could be analyzed within the frame
wotk of one electron theory of Bardeen ¢t al. [14]. This theory has been used
to analyze the absorption cdge data of molecular solids such as
phthalocyanine derivatives [15]. The absorption (o > 10% cm™) is related to
direct band transitions [16]. The variation in absorption coefficient with
photon energy for direct band-to-band transitions is of the form

o = a, (hv-E) (5)

where E 1s the energy gap. The value of r is 1/2 for allowed direct transitions
and 3/2 for forbidden direct transitions. The direct allowed band gap was
determined by plotting a® as function of photon encrgy hv as shown in Fig 4
and a satisfactory fit was obtained, showing the existence of a direct allowed
gap at 2.74 + 0.01 ¢V for films before and after annealing. These values of
the energy gap result in the intense band called the Soret band and can be
interpreted as a maximum in refractive index because the absorption index at
that photon energy is quite small [16]. This energy gap can be attributed to
the intense absorption in the red region as mentioned before [16] for CuPc,
PtPc, and PbPc. The photon energy dependence of o for CuPe¢ films before
and after annealing is shown in Fig. (4), which found to be 1.64+0.02 ¢V,
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beyond 0.9 um it wavelength), we have 10 consider the free
electron contribution w ITO opsical propenties and we have
calewdsted the valuss of e, the dielecuic consiant extrapo-
lated 1owards high energy, ay, the plasma-frequency corre-
lated with the demsity of free elccrons and 1, the relaxation
time of these camiers. In order to find these constants, we
have used the Drade theary describing the fee clectrons
contribution to diclectric fi by the relationships:
& {w) =e.—;,%,=n’—k’
.ﬁ_..,z,*

o2
ale) =i 7

3)

where the TTO complex refractive index is ¥ = n-jkand y=1/
= The experimental resuhs are repored in Tabde 1.

The effective mass of the free clectrons in the conduction
band m is then calculated from of =™/ egnd where n, is
the elecivan density given by Hall effect measurements, & is
the permittivity of the free space, and £ i3 the electronic charge
{15]. We have oblained m? = 0.3m, (m, isthe mass of elec-
mons in vacuum J. Morzover, the cor-off frequeacy (w,} cor-
responds 10 the frequency value where &, =0, i.e where the
materiat switches from a metal-ype behavioar (and reflects
die IR radiation) 1o a diclectric-type bettaviour {and it trans-
miits the visible radiation ). The corresponding plasma wave-
length is given by:

sl et

Al A is dependent on the ehecron concenmration, its value

can change foc different samplss. The transition of visibly

ission Lo infTared reflecti rs at the shortest wave.
[ength for films with the highest electron density.

In order 4o establish the complex refrective index variation
{Fig. &) on the 0.3-1.5 wm wavelength range, we have asso-
ciated the analyses of reflectivity in paraliel-polarization
specira to tha analyses of the i specira. These

nts give Yoo independ lations b the
optical jndex and the film thickness for each valus of the
wavelength. These relationships remave the ambiguity of the
optical refractive index value soul, then, we can caleulate the
variation of the complex refractive index for the spectral
region of the spectrophotomerric measurements, We have
neglected the imaginary part of the FTO refractive index
below 0.9 jm bt we have 1ken it into account beyond this
wavelength value. We have obigined results depicted on
Fig, 8, whick show differences with the resufts previcusly

Table 1

Cles — of FI: thep frequency up andene reburet
fime ral Lhe Stz o) she diclect t laleg Jshigh
exeigy £, and the cui-off wavelength A,

'S r Pu A
229% 1M rad 50 $EIX 18" g mdt 4B 168pm

« SRR
4% 16 L1z 13 14 13

vavelength ()
Fig, & Yanition of ibe [TO complex reftactive tndex. (a) tbe real part nin
the 0.3 1.5 wm specinll region and (b} the imaginary part & in Ihe 0515
wm spectral tegion { from 0.3-0.9 pm wo have neglicied \he fiee electrons
comtribntan in dielectic functian).

&

pubslished {1{/7. We suggest thae these discrepancies resutt
from a crysallinity and a stoichiometry difference which
influences the optical propertics.

JA4. Auger measurements

We have performed Avger profitompiry on a sample con-
stituting an FTO Hilm deposited by pulsedt excimer laser opto
the surface of an InP solar cell. Tho results of our measure-
ments are depicted on the Fig, 9, It appears thai the [TO/InP
imerface is Ty abrupt: the iion zone b the
FTOand [P regions is in the order of resolution of the Auger
profilomeber which has been used for measurements. limeans
that there is neithet interdiffusion of P in the TEO side, not
inserdiffusion of O in ibe [nP side. Thiy very importont result
shows that the process of ITO deposition by an excimer laser
does not damage the rell surface and, hence, does not madify
the photocarriers behavipur o this surface. This method a1
least preserves the cell perfcrmance. Qrher electrical studies

g 7

daf  _wesm

BT

.u— ) :u
aputterisyg thos ()

Flg. 9. Resulls of Auger profitomerry on 4 sample constinzing an FTO Alm
deposited by pulsed Iaser ablation oato the surface of aa tnP solar cell,




Optical band gap of Cdl; films

on {(at room temperature) has been jdentified in the

lectivity spectra at 3-8 eV (Greenaway and Nitsche

35) and at 4.3 eV (at 30 K) (Pollini et o/ 1986). The

gy band structure calculations (McCanny et a/ 1977;

rdas et o/ 1978; Robertson 1979; Bringans and Liang

31; Coehoorn er al 1985; Pollini er ol 1986) clearly

w the existence of both direct and indirect band gaps

similar magnitudes, the difference between the two is
sut 0-3-0-6 eV. However, the band structure (Coshoorn

2/ 1985) and band gaps (Slater 1956} of Cdl, are shown

be insensitive to its polytypes. Therefore, we can
ilize that both indirect and direct band gaps exist in

II. and they are separated by just 0-3-0-6 V. Since
firect gap is just less than direct gap, it lies near the
set of direct gap and can hardly be noticed in (ohv)*

hv plot of much dominated direct transition. Therefore,

e part of the optical absorption data near the knee

tail of the direct absorption edge have to be
plotted as (ahv)' vs hv to determine indirect gap as
own in the inset B of figure 3. However, we still believe
at the optical absorption data reveals clearly a direct
nd gap showing the best fit to # = 1/2. Thus determined
tlue of £, (indirect) agrees well with earlier experimen-

I results as well as band structure calculations, Ouwr
ue of £, (direct) of 3.6 ¢V determined for thicknesses
250 nm agrees well with the predicted value of 3-8 eV
om band structure calculations.

However, both types of band gaps showed thickness
:pendence as shown in figure 4. In general, thickness
spendence of band gap can arise due to one or combined
Tect of the following causes: (i) a large density of dis-
wcations, (ii) quantum size effect and {iii) the change in
arrier height due to change in grain size in polycrystal-
ne films. However, first one looks reasonable cause in
1¢ present case with small contributions from dislocation
ensity as well, As the thickness of the films in the pre-
ent study is quite large, the quantum size effect can com-
letely be ruled out. The decreasing band gap with grain
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Figure 3, The absorption coefficient « as a function of Av.

The inset A shows {&hv)* vs hv plot for the determination of £,
‘direct) while inset B shows (ehw)'* vs hv plot for the
determination of £, (indirect).
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size as shown in figure 5 is exactly similar to its thick-
ness dependence and indicates the decreasing barrier
height with increasing grain size. The variation of grain
boundary barrier height with grain size is given by (Sfater
1956)

Ey = Epo + C(X - fdY’, 4

where Fy, is the original barrier height, C is a constant
depending on the density of charge carriers and dielectric
constant of the material, X the barrier width (20-30 nm),
d the grain size and f is a fraction of the order of 1/15 to
1/50 depending on the charge accumulation and carrier
concenfration. We can estimate the change in barrier
height as a function of grain size in Cdl;. We take
X =20 nm as the average barrier width, f= 1/15 consider-
ing the low carrier concentration of Cdl, and the grain
size as a function of thickness from figure 1. Thus, the
calculated variation factor (X — fd)* as a function of grain
size is compared qualitatively with the experimentally
observed band gap variation with grain size in figure 5.
The striking agreement indicates the dominance of barrier
height contribution to the observed band gap variation
with thickness. The band gap variation with either thick-
ness or grain size is nominal for film thickness < 250 nm.
This could be due to the beiter ¢-axis alignment of the
grains as observed in XRD for these thicknesses. As fiim
thickness becomes larger, the misalignment among the
grains starts leading to grain boundary structure. There-
fore, the data for higher thickness agree better with the
behaviour of grain boundary barrier height with grain.
sizes. It can be noted that the only earlier study focussed
on the structure of films was carried out in the range 5—
100 nm and showed good c-axis alignment with which our
results agree very well. Therefore, we can clearly realize
that the thickness dependence of optical band gap is
dominated by the grain size dependence of grain boundary
barrier height for film thicknesses > 200 nm.
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Figure 4. Thickness dependence of K, (direct). Inset shows
similar dependence of E; (indirect).
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rure 5. The grain size dependence of band gap along with
estimated grain boundary barrier height variation factor (X -
1% with grain size.

Conclusions

ie cadmium iodide films show good c-axis alignment
rmal to substrate plane for film thicknesses up to about
0 nm and a slight misalignment sets in for higher thick-
sses as observed by XRD. The optical absorption data
best to direct band to band type transition indicating a
rect band pap in conformity with band structure calcula-
xns. However, a smaller indirect band gap can also be
termined from part of absorption data nhear the band
lge for the purpose of comparison with earlier analyses
“absorption data as well as the band siructure calcula-
sns. The decreasing band gap with film thickness can be
tributed to the grain size dependent grain boundary
arrier height, at least for film thickness > 200 nm,
ynsistent with XRD analysis.
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