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ABSTRACT: A heterojunction of poly(4-methylstyrene) and ZnTe was prepared on a
glass substrate coated with SnO2. ZnTe was deposited by a semiclosed space technique
(SCST), while a pure and iodine (1% wt)-doped polymeric layer was deposited, on the
front surface of the ZnTe film, by the spin-coating method. The junction characteristics
are discussed in view of the morphological surface of ZnTe obtained at different
substrate temperatures and UV absorption spectra. The photovoltaic parameters were
explored from current–voltage (I–V) measurements under dark and illumination con-
ditions. The results were interpreted according to the formation of the rectifying
junction at the polymer–semiconductor interface. A rectifying heterojunction and a
photovoltaic effect are improved for the iodine-doped polymer layer and a substrate
temperature of 350°C. © 2001 John Wiley & Sons, Inc. J Appl Polym Sci 79: 2425–2430, 2001
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INTRODUCTION

The study of semiconductor heterojunctions
(SHJ), prepared from a wide band gap of several
binary compounds of II–VI and III–V classes, are
promising to be extremely useful in both scientific
and technological applications. In recent years,
considerable attention has been focused on the
investigation of a new classes of heterojunctions,
such as polymer–metal Schottky barriers, polymer–
semiconductor composites, polymer–porous silicon,
and polymer–semiconductor heterojunctions (PSHJ),
due to the unusual nature of their contacts as well
as the potential new devices to which these het-
erojunction contacts can be applied.1–14

ZnTe is one of the widest band gap material of
II–VI, as a p-type compound, which has a direct
band gap of 2.26 eV at room temperature15,16 and
2.39 eV at 10 K.17 This type of semiconductor

offers an immense potential for advanced opto-
electronic device applications.

It is known that, through chemical and/or me-
chanical doping, polymeric materials can be gen-
erated with electrical conductivities that vary
over a wide range from insulator to metalliclike
materials. Therefore, several types of junctions
are possible when contact is made between a poly-
mer and a semiconductor, where a rectifying bar-
rier can be formed at the interface.

Poly(4-methylstyrene) (PMS) is nonpolar ma-
terial having p-electrons in the phenyl rings.
The addition of iodine (I2), at low concentration,
will increase its conductivity due to the intro-
duction of cationic states in the polymer back-
bone. Hence, doping produces a local attractive
iodine either dispersed in the polymer matrix or
attached to the phenyl group.7,18 –20 It was the
purpose of the present work to fabricate a pho-
tovoltaic sandwich cell based on the iodinated
PMS and ZnTe system and to investigate its
photovoltaic characteristics.
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EXPERIMENTAL

A thin layer of ZnTe was evaporated by the semi-
closed space technique21,22 under a vacuum of
1025 Torr, using an Edward 360 A coating unit. A
transparent glass coated with a thin transparent
conductive layer of SnO2, as a lower electrode
(having 0.05-mm thickness), was used as a sub-
strate for the deposition of ZnTe films. Different
samples of ZnTe with a nearly constant thickness
of 5 mm was obtained at different substrate tem-
peratures (Tsb 5 300, 350, 380°C) at a constant
evaporation temperature of the material source of
Tev 5 600°C for a constant evaporation process
time of tev 5 5 min.

The upper layer of the fabricated heterojunc-
tion is a thin layer of PMS with a thickness of 3
mm. The pure polymeric material and that doped
with a low concentration of iodine (1% wt) were
dissolved in a toluene solvent for 1 week in the
dark at room temperature. The doped and un-
doped polymeric solutions were deposited on the
upper surface of the ZnTe layer by the spin-coated
method at the same conditions. The obtained
structures were dried, in an oven regulated at
100°C for 2 h to thoroughly remove the residual
solvent. A thin layer of Ag was evaporated on the
outside surface of the polymeric layer, in a finger-
like structure, as an upper electrode. A cross-
section diagram of the obtained heterojunction
system is represented in Figure 1.

The surface morphology investigation was car-
ried out using a polarized Zeiss Laboval 4 optical
microscope. UV-absorption spectra, in the range
of 200–900 nm, were obtained at different tem-
peratures ranging from room temperature up to
80°C with an ATI Unicame UV/VIS spectrometer
UV2 (Vision software V 3.2). To study the photo-
voltaic effect of the prepared heterojunction, the
current was measured by a Keithly picometer
485. The samples were illuminated with the full
intensity of a tungesten lamp source (100 mW/

cm2) on an active area of 0.28 cm2. The PMS side
was illuminated to act as a window to the ZnTe
layer.

RESULTS AND DISCUSSION

The surface morphology dependence of ZnTe thin
films on the glass substrate temperature (Tsb) are
shown in Figure 2. A polycrystalline feature was
obtained for all substrate temperatures ranging
from 300 to 380°C. A large and shallow triangle
structure is observed, with the best fine structure
at Tsb 5 350°C. For lower and higher substrate
temperatures, that is, at 300 and 380°C, a rough
and random polycrystalline phase, in shape and
size, is observed. For lower Tsb (300°C), the evap-
oration energy increased as well as did the con-
densation energy. Since the vapor pressure of Zn
atoms is higher than that of Te atoms,23 the ob-
tained film with a small grain size has an excess
of Zn atoms. As Tsb increases (Tsb 5 350°C), the
condensation energy of the substrate increases22

and the number of Zn atoms which will arrive at
the substrate surface decreases. These will yield a
thin film having a structure near the stoichiomet-
ric composition with a nearly real triangle struc-
ture with a large grain size [as seen in Fig. 2(b)].
For a higher Tsb value (380°C), the condensation
energy decreases more and the possibility of the
re-evaporation process of Zn atoms from the sub-
strate surface led to the formation of nonstoichio-
metric polycrystalline ZnTe film with a high de-
gree of randomness and a small grain size. Fur-
thermore, the surface resistance (Rs) dependence
on the substrate temperature is illustrated in Ta-
ble I. These grain boundaries can operate as de-
fects. As the grain size increases, the surface re-
sistance of the evaporated ZnTe films decreases.

The UV spectrum of ZnTe (dashed line) and
PMS (solid line) are shown in Figure 3. The opti-
cal band gap of ZnTe films was calculated from
the absorption edge of the UV spectra (Fig 3),
taken at room temperature and found to be 2.15
eV. This value was found to be very close to that
reported.15,16,21 A very low absorbance, l . 350
nm, was observed for PMS. This means that PMS
has a high transparency for both visible and near
IR regions. For l , 350 nm, an abrupt increase in
the absorbance took place due to the high absorp-
tion coefficient in this range. The band gap of the
material was calculated from this edge and found
to be 3.5 eV. A high transparency and a large
band gap offers the possibility of using this ma-

Figure 1 Schematic representation of the PSHJ
structure.
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terial as a front-wall illumination (window) which
to be transparent to the sub-band gap radiation.
On the other hand, the thermal stability of PMS
was examined by measuring the UV spectrum at
different temperatures ranging from room tem-
perature to 80°C. In this temperature range, the
material proved to be thermally stable, indicating
that the structure has not been changed.

Figure 4 illustrates the UV spectra, taken at
room temperature, for pure PMS (curve a) and
doped with a low concentration of iodine I2 (1%
wt) (curve b). On the doping of PMS with I2, new
shoulder bands at 370 and 700 nm appeared.
These bands can be attributed to the PMS–I2
complex and free I2,7 respectively. It is important
to observe that there is no change in the absorp-
tion edge of the spectrum. This indicates that the
addition of I2 does not lead to a remarkable
change in the calculated optical band gap that
was found to be 3.54 eV. On the other hand, curve
c in Figure 4 shows the UV spectra of an I2-doped
polymer measured at high temperature (80°C).

A shoulder band at 370 nm was found to in-
crease in intensity at the expense of that located
at 700 nm. This can be explained as a result of the
gradual elimination of free I2 from the polymeric
matrix as the measurement temperatures in-
crease. At the same time, the I2–polymer complex
concentration increases and leads to the remark-
able increasing in the band intensity at 370 nm.

The absorbance spectra of the PMS–I2/ZnTe
system as a heterojunction, taken at different
temperatures, from room temperature to 80°C,
are shown in Figure 5. A broad band in the inter-
val 500 . l . 350 nm is observed. This broad
band gives evidence for the formation of new in-
terfacial structure at the polymer–semiconductor
interface, with a graded band gap ranging from
2.48 to 3.20 eV. This interfacial layer can arise
from the mechanism of intercalation of a polymer
through the ZnTe grain boundaries during the
process of polymer deposition. This large broad-
ening range with the abrupt increase in the ab-

Figure 2 Top-view image of ZnTe thin-film surface
deposited at different glass substrate temperatures: (a)
300°C; (b) 350°C; (c) 380°C.

Table I Photovoltaic Parameters of PMS–I2/ZnTe Heterojunction at Different
Substrate Temperatures

Tsb (°C) Rs (V) Voc (volt) Jsc 3 1024 amp cm22 FF h 3 1022%

300 8.2 3 106 0.72 0.2 0.415 0.6
350 1.1 3 102 0.75 0.63 0.48 2.24
380 7.3 3 105 0.54 0.48 0.39 1.0
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sorbance, l . 280 nm, suggests that the interfa-
cial layer structure formed at the interface be-
tween ZnTe and PMS extends nearly over the
whole film thickness. It is observed that, as the
temperature increases, the intercalation mecha-
nism of PMS–I2 through the ZnTe grain bound-
aries increases, and, consequently, the thickness
of the graded structure increases. As a result, the
absorbance increases without any structural
change of the polymer complex and the semicon-
ductor.

Figure 6 shows the current–voltage character-
istics, for a relatively small forward and reversed
bias, in the dark and under illumination for both
PMS/ZnTe [Fig. 6(a)] and PMS–I2/ZnTe [Fig. 6(b)]
heterostructures. The observed behaviors, in gen-
eral, are similar to the most crystalline semicon-
ductor heterojunction, confirming that iodine
plays the role of an electron supply in the poly-
meric matrix and, consequently, acts with ZnTe
film ( p-type) as a rectifier. This rectifying behav-
ior is obviously observed with rectification ratios
50 and 100 for the PMS/ZnTe and PMS–I2/ZnTe

Figure 3 Optical absorption spectra of (dashed line) as-deposited ZnTe thin film
measured at room temperature and (solid lines) PMS thin film measured at different
temperatures.

Figure 4 Optical absorption spectrum, measured at
room temperature, for (a) pure PMS and for iodinated
PMS measured at (b) room temperature and (c) 80°C.

Figure 5 UV spectra of PMS:I2/ZnTe heterojunction
system [Tsb (ZnTe) 5 350°C] measured at different
temperatures.
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heterostructure systems, at 1 V, respectively. The
large difference in the rectification factor can re-
sult from the addition of iodine and the formation
of a polymer complex and, consequently, in-
creases the conductivity. Hence, the polymer–
polycrystalline SHJ, with a large difference in the
band gap, may be described as a Schottky barrier
type when PMS in its doped state (with I2) be-
haves like a metal and then photocarriers are
generated in the semiconductor.

The I–V characteristics of the PMS–I2/ZnTe
system as a function of the substrate temperature
(Tsb) during the evaporation process of ZnTe, in
the photovoltaic mode, obtained at constant full
light intensity, are shown in Figure 7. The most
important device parameters of the obtained cells
can be calculated by analysis of the data given in
Figure 7 for the doped polymer/semiconductor
system. The fill factors (FF) and the correspond-
ing power conversion efficiencies of the cells (h),
can be given by the relations8,21:

FF 5 JmVm/JscVoc (1)

Figure 6 (D) Dark and (L) illuminated I–V charac-
teristics for (a) PMS/ZnTe and (b) PMS:I2/ZnTe hetero-
junctions {Tsb (ZnTe 5 350°C).

Figure 7 Illuminated I–V characteristics of PMS:I2/
ZnTe heterojunction devices for different glass sub-
strate temperatures: Tsb (ZnTe) 5 (a) 300°C, (b) 350°C,
and (c) 380°C.
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and

h 5 JscVocFF 3 100/Pin (2)

where Jm and Vm are the current density and
voltage at maximum power input, respectively,
and Jsc and Voc are the short-circuit current and
open-circuit voltage, respectively. Finally, Pin is
the input light power. These parameters are
found to be strongly dependent on the substrate
temperature (Tsb) of the condensation of ZnTe
films as a substrate to the polymeric layer. The
evaluated parameters are listed in Table I. It was
found that the calculated conversion efficiencies
(h) is very small in comparison with that of ideal
SHJ cells23,24 and showed a reasonable agree-
ment with that reported for polymer–semiconduc-
tor and/or polymer–metal cells. On the other
hand, it is found that doping PMS with I2 in-
creases the calculated conversion efficiency in
comparison with that obtained for an undoped
polymer (h 5 4 3 1025%) as an upper layer in a
heterojunction system.

CONCLUSIONS

ZnTe was evaporated on a SnO2-coated glass sub-
strate at three substrate temperatures (300, 350,
380°C). PMS, without and with I2 doping, was
deposited onto ZnTe. The optical absorbance, cur-
rent–voltage characteristics, and photovoltaic
properties of this structure were discussed. The
formation of a rectifying heterojunction was con-
firmed between a typical p-type semiconductor
ZnTe thin film and PMS.

It has become evident that the junction param-
eters markedly depend on the substrate temper-
ature during the deposition process of ZnTe thin
films. But, in general, it must be stressed that the
conversion efficiency of the obtained cell is very
small. These have been attributed to the large
series resistance of the cell expected principally
from the possible formation of an interface barrier
and a trap level, originating from ZnTe defects,
which govern the barrier behavior. However the
photovoltaic effect is improved by the doping of
the polymeric matrix with a low concentration of
iodine (1% wt).

REFERENCES

1. Ozaki, M.; Peebles, D. L.; Weinberger, B. R.;
Chiang, C. K.; Gau, S. C.; Heeger, A. J.; Mac Diar-
mid, A. G. Rev Phys Appl 1984, 19, 187.

2. Ozaki, M.; Peebles, D.; Keenberger, B. R.; Heeger,
A. J.; Mac Diarmid, A. G. J Appl Phys 1980, 51,
4252.

3. Kuezkowski, A. J Phys D Appl Phys 1989, 222,
1731.

4. Campos, M.; Casalbor-Miceli, G.; Camaioni, N. J
Phys D Appl Phys 1995, 28, 2123.

5. Campos, M.; Braz Bello, Jr. J Phys D Appl Phys
1993, 26, 1274.

6. Rychkov, A. A.; Cross, G. H.; Gonchar, M. G. J Phys
D Appl Phys 1992, 25, 986.

7. Vander Donekt, E.; Noirhomme, B.; Kanicki, J.
J Appl Polym Sci 1982, 27, 1.

8. Vander Donckt, E.; Kanicki, J. J Appl Polym Sci
1984, 29, 619.

9. Andry, P.; Ledoyen, F.; Rambo, A.; Filion, A. Y.;
Nerou, J.-P. J Phys D Appl Phys 1994, 27, 1272.

10. Bantikassegn, W.; Inganas, O. J Phys D Appl Phys
1996, 29, 2971.

11. Grant, P. M.; Tani, T.; Gill, W. D.; Kroundi, M.;
Clarke, T. C. J Appl Phys 1981, 52, 869.

12. Ledoyen, F.; Rambo, A.; Andry, P. J Phys D Appl
Phys 1995, 28, 1454.

13. Sebastion, P. J.; Gamboa, S. A.; Calixto, M. E.;
Nguyen-Cong, H.; Charter, P.; Perez, R. Semicond
Sci Technol 1998, 13, 1459.

14. Wakefield, G.; Dobson, P. J.; Foo, Y. Y.; Loni, A.;
Simons, A.; Hutchison, J. L. Semicond Sci Technol
1997, 12, 1304.

15. Ruda, H. E. J Phys D Appl Phys 1991, 24, 1158.
16. Basol, B. M.; Kapur, V. K.; Ferris, M. L. J Appl

Phys 1989, 66, 1816.
17. Bhunia, S.; Pal, D.; Bose, D. M. Semicond Sci Tech-

nol 1998, 13, 1434.
18. Sharma, A. K.; Santhi Sagar, D. Polym Int 1991,

25, 43.
19. Bakr, N. A. J Appl Polym Sci 1993, 47, 2143.
20. Migahed, M. D.; Abdel-Hamid, M. I.; Bakr, N. A.

Polym Int 1996, 39, 105.
21. Bakr, N. A.; Feodrov, F. M. J Crystal Growth 1994,

142, 298.
22. Yoshikawa, A.; Sakai, Y. J Appl Phys 1974, 45,

3521.
23. Buch, F.; Fahrenbruch, A. L.; Bube, R. H. J Appl

Phys 1977, 48, 1596.
24. Rakhshani, A. E. Phys Stat Sol (a) 1998, 169, 85.

2430 BAKR


