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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 ITQ
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 3.8-3.85 eV and 2.97-3.1 eV for ZnO. Band gap of both materials is ittversely proportional to
the film thickness. For CuPc, one of attractive organic semiconductor, its absorption spectra
exhibit two exfinct band gap of 1.6 eV and 3.2 eV corresponding to Q-band and B-band,

respectively.
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r.f. 7000 35 6x10% 3Ix10™ 90
Sputtering
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iputtering ]
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Magnetron 300 26 6x10% 4x10™ 85
Sputtering
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Reactive 25002 30 5x10% 4%10™ 91

Evaporatio
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Ton Beam 606 26 7 %x10% 12%x10~

Sputtering

Spray 3000 45 5x10% Ix107* 85

Pyrolysis
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ANUVHWLY : 1.62 (alpha. Form)*
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pyNIa : Microcrystals
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Anu1eruT ANV ITO, ZnO, CuPc

3.1 Apmgunisqaniuuawed ITO, ZnO, CuPe

3.2 ANENGBENMINLQHIUVBES ITO, ZnO, CuPe

3.3 HININARDIIANIRANAN (absorption) VBIUAIYAITEUUN ITO, ZnO, CuPc Tny
1#afasatnlng T infimes (Spectrophotometer)

1.4 manaaaaniioudss 3 uaiinsalfoua e sldundaz siia

1.5 $ININA08IIANINEQHILT) Vo AWaIRAU ITO, ZnO, CuPe Tayld

m3osainTns TW Tniiwas (Spectrophotometer)

o [ : = ] =y
1.6 HINSNARDURToUTD3.5 uarnTdsuanuruvasdanLAaz s UA

gﬂ‘ﬁ 3.1 n3eeanlns I Tallned (Spectrophotometer)
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4.1.1 Fl"lﬂ‘liﬂﬁqﬁ]u (Transmission)
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% Transmittance
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4.1.2 MN5QANAU (Absarption)
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4.2.2 ﬂ'”lmig]ﬂﬂﬁ‘u (Absorption)
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shere A, B, C. the extinction coefficient amplitude 4. the
xponent factor f, and the band edge y are fitting
rarameters used in the best fit. £ is the wavelength of
ight. To fit the ellipsometric data above the band gap,
joint-by-point fit based on three-phase model is used.
“ig. I shows the best-fit results. The thickness obtained
rom the fitting agreed well with the measurement obtainad
»y AFM., suggesting that it is a reliable fitting procedure.

The real and imapinary parts of diclectric function & =
5l + 162 can be obtained from the following:

o=t -k, (3}

= 2nk. (4)

The normal-incidence reflectance (R) and the absorption
coefficient (x) can be calculated with Eqs. (5) and (6),
respectively.

R=[(n— 1Y + &)+ 17 + &2, ()

a2 = 4wk /4. (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 at the bottom of its swing. A laser
light emitted from a sofid-state diode was aligned on and
reflected 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 amphitude 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” amplitude was stored by
the computer to form the topographic image of the sample
surface. The scan area was set to 1 um x 1 pm 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 1o
ensure that the tip tracked the sample surface properly but
without feedhack oscillation introduced in the scan. Height
image and phase image were captured for studying surface
morphology and surface structure of ZnO thin films.

3. Results and discussion

3.4 Effects of annealing on the optical propertiey of Zin0)
thin filnis

Figs. 2 4 show the changes of refractive index. extinclion
coethicient and reflectance of the effecuve ZnO thin films i
the wavelength range of 250-1100mm under various
annealing conditions. Figs. 5 7 show the vuriation of the

2.4
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Fig. 2. Anncaling eftects on refractive index of ZnQ thin Rlms.
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Fig. 3. Annealing effects on extincton coefficient of ZnQ thin Rlms.
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real and imaginary parts of the complex diglectric function
and the absorption coe(fimenmt of the eflective ZnO thin
films duning the annealing treatment, For the as-deposited
and annealed samples. with increasing wavelength  the
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i 7. Annealing effects on the absorption coetlicient of ZnG thin films,

refractive index and extinction coefficient increase in the
wavelength range from 250 to 375nm, but decrease in
the wavelength range [rom 373 to 1100 nm. In particular.
the extinction coeelficient reduces to zero in the wavelengihs
larger than 410 nm. ZnO film exhibits a poor reflectivity
with the reflectance less than 10% for wavelengths longer
than 700 nm (i.e., photon energy smatler than 1.77eV). and
there is no absorption in this wavelength range (Fig. 7).
suggesting that ZnO film is transparent in this wavelength
region. The optical properties of the film annealed for 10s
are very similar to those of the as-deposited film. However.
alter annealing for 2min or longer time. the optical
properties, such as the refractive index, the reflectance
and the real part of the complex dielectric function, exhibit
significant changes as compared to those of the un-
annealed sample. Particularly, in the wavelength range
from 375 to 1100 nm or the photon energy ranging from !.]
to 3.3eV, the values of the refractive index, the reflectance
and the real part of the complex dielectric function
decrease with increasing annealing time. However, there
are only small changes in the extinction coeflficient, the
imaginary part of the complex dielectne 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 ZnQ films and the interface
layer between ZnO and Si substrate after annealing. For
example, the surface roughness of films will increase with
annealing, which is confirmed from AFM studies as
discussed in the next section. The surface roughness of
ZnO thin film can be considered as an inhomogeneous
layer comprising ZnO and “voids” (n=1 and k =0} as
shown in Fig. 8 [17]. The volume fraction of the “voids™ on
the surface will increase with annealing. The increase in the
volume fraction of the “voids™ can effectively reduce the
refractive index and the real part of dielectric function,
This explains the reductions of refractive index, reflectance
and real part of dielectric function with increasmg
annealing time, In addition, the thickness of the interface
layer may increase with annealing tume. If the interface
layer is thin enough, its influence on the reflection of the
polarized light is negligible [18]. However, if the thickness
of the interface layer is comparable with that of ZnO film,

Air

N

ZnQ

Si

Fig. 8. A schematic diagrumy of ZnQ thin film deposited on silicen
substrate. ZnO film could be treated as an ctfective layer compesed of
Zn0. a very thin interface loyer besween Zn) and Si sehstrate and volds
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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 coefficient 4 for
A - As deposited CuPc thin films B - Annealed CuPc thin films
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The spectral distribution of the absorption coefficient o = 4mk/ 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 T-x* transition on the phthalocyanine macrocycle [11].
The low energy peak of the Q-band has been variously explained as a second
r-m* transition [11]. The present observation of similar structure of CuPc
before and after annealing on the visible 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 n-d transitions
are involved CuP¢ 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 eV are due to d - n* transitions [11], which implics 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
work of one electron theory of Bardeen et al. [14]. This theory has been used
to analyze the absorption edge data of molecular solids such as
phthalocyanine derivatives [15]. The absorption (o > 10% ¢m™) is related to
direct band transitions [16], The vanation in absorption cocfficient with
photon energy for direct band-to-band transitions is of the form

o = o, (hv-E) &)

where E 1s the energy gap. The value of ris 1/2 for allowed direct transitions
and 3/2 for forbidden direct transitions. The direct allowed band gap was
determined by plotting o as function of photon energy 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 eV for films before and aficr annealing. These values of
the energy gap result in the intense band called the Soret band and can be
mterpreted as a maximum in refractive index because the absorption index at
that photon energy 15 guite small {16]. This energy gap can be atiributed to
the intense absorption in the red region as mentioned before [16] for CuPc,
PtPc, and PbPc. The photon energy dependence of o for CuPc¢ films before
and after annealing is shown in Fig. (4), which found to be 1.64+0.02 eV.
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beyond 0.9 pm in wavelength}, we have to consider the free
electron conribution wo TTO wptical properies and we have
calcwlated the values of e, the dieleciric constant extrapo-
Jated towanis high energy, wy, the plasma-lrequency corre-
latcd with the density of free electrons and 7, \he relaxation
rime of these camiers, Tn ocder to find these constants, we
have used the Prode theary describing the free clectons
contibution o dieleciric function by the rclationships:

gylw)= g—ﬁ:n’—l‘
(3)
B

=L
=y

where the ITO complex refractive index is 8= n-jkand y= 17
7. The experimental results are repomed in Table ).

The cffective mass of tae free electrons in the conduciion
tumd m is then caltulaied from of =ne™f egnd where n, iy
the aicctran density givan by Hall effect measwements, &, is
the permittivity on' the free space, and ¢ is the eleclronic charge
[15). We have ablained m7 =0.3m, (m,_ is the mass of elec-
trans in vacuum }. Mageavey, the cut-off frequtacy (w, } cor-
responds 10 the frequency value where #, =0, i.e where the
misterial switches from » metal-ype behaviour (and reflecis
the IR radiation) 10 2 diclectric-type behaviour {and i trams-
oty the visiblo radk ). The corresponding plasma wave.
Yength is given by:

B

As A, is dependent on Lhe elecmon concenmalian, is value

can change for differend samplzs. The transition of visible

ission bo infrared refiection occurs at th: sh wave.
Tength for films with the highew eleciron density.

In order to establish the complex refractive index variation
(Fig. 8} on tho 0.3-1,5 um wavelength range, we have asso-
ciaked ihe analyscs of reflectivity in parallefpolarization
specira to the analyses of the ransmitiance spectra. These
EASUFERERts give two independ Jalbons the
oplical index andt the fifm thickness for each value of the
wavelength. These relarionships remove the mmbiguity of the
aptical refractive index valoe dnd, then, we can caleulate the
variation of the complex refractive index for e spectral
region of the spectrophotometric measuremenls, We have
neglecied the imaginary part of the FTO refractive index
below 0.9 pum bast we have 1kken It into account beyond this
wayelength value. We have obiained results depicted on
Fig. 8, which show differences with the results previously

Table |

Ol s of FTO: 1be p froquuency w, anddhe retuxal
ture raf Lhe e sk the dickeciyic consiant 4 towardshigh
epetgy £ and vhe cul-off worekength &,

o, T e. A
22910 ad 5! 965X 18" Mg pa”t 4tk LeBum

L PR "

e +
[ E I E R - KR T A K |

wavelengih (pm)
Fig, &, Yariation of he [TQ complex refractive index. {8} (he real pan zin
the 0.3-1.5 wm specinl regian and (b} the ismaginary part & o Ihe 0.5-1.5
sum epectrul region {from 0.3-0.9 pa wo howe neglicied 1he {res electrons
coatrihman i dielezinic funetan).

published {30}, We suggest that these discrepancics result
from a crysallinity and a stoichiometry difference which
influences tha opical propeTties.

3.4, Avger measurements

We have pulomed Avger profitomeiry on @ sample con-
stituting an TTO film deposited by pulssd excimer laser onto
the surface of an 1nP aclar coll. The results of our measure-
ments are depicted on the Fig. 9. I appears that the ITO/ [oP
interface is #xtremely abrupt: the transition zone between the
FTO and InP regions is in the order of resohuntion of the Avger
profilemeter which has beenused For measurements, It means
that there is neither ineediffusion of P in ke ITO side, non
inerdiffusipn of O in the IoP side. This very Smpertont resuh
shows that the proczss of ITO deposition by an excimer laser
does not damage the cell surlece and, hebce, does not modiFy
the photecarriers behaviour 24 thiy surface. This method 2t
least preserves the cell performance. Orher elecirical studies
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w» k]
puiteriag o (o
Flg. 9, Rerulty of Aupet profilometry cm a sample constituting an ITO film
deposited by puised Laser ablurion onto the surface of an InP solar cell
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Optical band gap of Cdl; films

on (at room temperature) has been identified in the

lectivity spectra at 3.8 eV (Greenaway and Nitsche

35) and at 4-3 eV (at 30 K) (Pollini et a/ 1986). The

rgy band structure calculations (McCanny et al 1977;

rdas et al 1978; Robertson 1979; Bringans and Liang

31; Coehoorn er al 1985; Pollini ef a/ 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 (Coehoorn
af 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 eV. Since
direct gap is just less than direct gap, it lies near the
set of direct gap and can hardly be noticed in (ahv)’

Av plot of much dominated direct transition, Therefore,
¢ part of the optical absorption data near the knee

tail of the direct absorption edge have to be
plotted as {ahv)'? vs kv 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

md 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. Our
due of £, (direct) of 3.6 eV 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
fect of the following causes: (i) a large density of dis-
ications, (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
1e 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 o as a function of Av.

The inset A shows {ahv)* vs hv plot for the determination of E,
‘direct) while inset B shows {hv)'? 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 = Eyo + C(X — fdY’, (4)

where E, 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
concentration. We can estimate the change in barrier
height as a function of grain size in Cdl,. We take
X =120 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 bhand gap variation with grain size in figure 3.
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 better c-axis alignment of the
grains as gbserved in XRD for these thicknesses. As film
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 he noted that the only eatlier study focussed
on the structure of films was carried cut 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 E, (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 (Y -
) with grain size.

Conclusions

ie cadmium lodide films show good c-axis alighment
rma} to substrate plane for film thicknesses up to about
0 nm and a slight misalignment sets jn for higher thick-
sses as observed by XRD. The optical absorption data

best to direct band to band type transition indicating a
rect band gap in conformity with band structure calcula-
ns. However, a smaller indirect band gap can also be
termined from part of absorption data near the band
lge for the purpose of comparison with earlier analyses
" absorption data as well as the band structure calcula-
ns. The decreasing band gap with film thickness can be
tributed to the grain size dependent grain boundary
arrier height, at [east for film thickness > 200 nm,
snsistent with XRD analysis.

cknowledgements

/e would like to thank Dr P Arun, Vinod Kumar Paliwal
ad Hipa for their helpful discussions. Also, we would

like to thank Mr P C Padmakshan, Department of Geo-
logy, University of Delhi, Delhi, for carrying out X-ray
diffraction measurements.

References

Bordas J, Robertson J and Jakobsson A 1978 J. Phys. C. Solid
State Phys. 11 2607

Brahms S 1965 Phys. Leti. 19 272

Bringans R D and Liang W Y 1981 J. Phys. C: Solid State
Phys. 14 1063

Cochoorn R, Sawatzky G A, Haas C and deGroot R A 1985
Phys. Rev. B31 6739

Cullity B D 1978 Elements of X-ray diffraction (California,
USA: Addison-Wesley) 2nd Ed. p. 102

Greenaway D L and Nitsche R 1965 J. Phys. Chem. Solids 26
1443

Hulliger F, Levy F and Reidel D 1976 in Strucfural chemistry
of layer-type phases {Dordrecht, Holland: Ed. publishing
company) pp 31-34 and 275

Kondo S, Matsuoka 5 and Saito T 1994 Phys. Staius Selidi (b)
186 K77

Kondo S, Matsuoka S and Saito T 1998a Phys. Status Selidi (o)
165271

Kondo S, Suzuki T and Saito T 1998b J Phys. D; Appl. Phys.
312733

Lee P A, Said G, Davis R apd Lim T W 1969 J. Phys. Chem,
Solids 302719

McCanny § V, Williams R H, Murray R B and Kemeny P C
1977 J. Phys. C: Solid State Phys. 10 4255

Matt N F and Davis E A 1979 Electronic processes in non-
crystalline materials (Oxford: Clarendon Press) pp. 273-
274

Nakagawa H, Yamada T, Matsumoto H and Hayashi T 1987 J
Phys. Soc. Jap. 56 1185

Pollini 1, Thomas J, Coehoorn R and Hass C 1986 Phys. Rev.
B33 5747

Robertson J 1979 0 Phyw. O Solid Siate Phys 12 4753

Slater I C 1956 Phys, Rev. 103 1631

Takemura Y, Komatsu T and Kaifu Y 1975 Phys. Status Salidi (b}
72 K87

Trigunayat G € 1991 Solid State fonics 48 3

Yu R M 1967 Philos. Mag. 16 1167



	1  Title Page
	2  Abstracts
	3  Contents
	4  Lists of Illustrative
	5  Chapter 1
	5.1Chapter 2
	5.2Chapter 3
	5.3Chapter 4
	5.4Chapter 5
	6Bibliography
	7Appendix



