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Abstract

On a series of annealed and unannealed InSe thin films which were formerly produced by
electrochemical deposition method, organic PMItz semiconductor compound was growth by
physical vapour deposition (PVD) method. Structural analyses of the films carried out by X-ray
diffractometry (XRD) method revealed that glass/ITO/InSe film formed in hexagonal InSe phase
while glass/ITO/InSe(annealed) film formed in monoclinic IngSe7 and orthorombic In4Se; phases.
Surface analyses were conducted by atomic force microscoby (AFM) and it is observed that the
layers are homogenous and have different roughness values. Optical analyses of the films
demonstrated that annealing of the film result with increased absorption coefficient and reduced
energy band gap. Moreover, other optical parameters of the films i.e. refractive indice(n), extinction
coefficient (k), real dielectric constant(g,), imaginary dielectric constant (g) and optical
conductivity were determined and compared within 300-1000 nm range.
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InSe/PMItz HIBRIT HETEROEKLEMININ SENTEZIi VE YAPISAL,
YUZEYSEL VE OPTIiKSEL OZELLIKLERININ iNCELENMESI

Oz

Elektrokimyasal depolama yontemi kullanilarak {iretilen ve bir grubu tavlanan inorganik InSe ince
filmlerinin {izerine fiziksel buhar depolama yontemiyle PMItz organik yariiletken bilesigi
kaplanmustir. Inorganik filmlerin yapisal analizi X 1smlan difraktometresiyle (XRD) yapilmus,
glass/ITO/InSe filminin hegzagonal InSe fazindan olustugu goriilmisken
glass/ITO/InSe(tavlanmis) filminin monoklinik IneSe; ve ortorombik InsSes; fazlarimi igerdigi
gorliilmistiir. Tabakalarin yiizey analizi atomik kuvvet mikroskobu (AFM) ile yapilmis ve
tabakalarin homojen bir sekilde olustugu ve farkli piiriizlillik degerlerine sahip oldugu
gorilmistir.

UV-Vis spektrometresiyle yapilan optiksel analiz neticesinde; tavlanmig InSe bilesigi ile olusan
heteroeklemin sogurma katsayisinin arttig1 ve enerji band aralig1 degerlerinin azaldig1 goriilmiistiir.
Ayrica heteroeklemlerin diger optiksel parametreleri; refraktif indeks (n), molar zayiflama
katsayis1 (k), gercek dielektrik sabit (e;), hayali dielektrik sabit (&i) ve optiksel iletkenlik (o)
hesaplanmis ve 300-1000 nm dalga boyu araliginda bu degerler karsilastirilmistir.

Anahtar Kelimeler: InSe, Organik yariiletken, Hibrit heteroeklem, Opto-elektronik.

1. INTRODUCTION

In modern optoelectronic devices which are critical both industrial and commercial applications,
inorganic thin film semiconductors play key roles because of their intrinsic electronic structural
characteristics that give rise to their uses as absorber layer, window layer, substrate and so on.
Among them, Indium Selenides (InxSey) come forwards in last few decades with respect to other
II-VI compounds owing to their unusual electronic structures, inherent polymorphism and
involving of different stoichiometries [1-7]. Different stoichiometric combinations of InxSey
provide adjustment of band gap and dangling covalent bonds at their layered surface allow
heterojunction with other types of organic or inorganic semiconductor [8-10]. Conversely, owing
to their rigid physical structure and relatively high fabrication costs, variation of these types

inorganic thin films is unfortunately limited. At this point, heteroepitaxy of inorganic materials
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with organic small molecules by various methods improves this drawback by increasing the
diversity of devices and eliminating the above disadvantages since organic thin film
semiconductors are of more flexible film structure, tunable opto-electronic properties by molecular
modulation and their fabrication is more affordable [11-15]. As one of the most popular organic
semiconductor class of materials, imidazo-phenanthrenes/-phenanthrolines are frequently used in
the fabrication of advanced organic optoelectronics since past few decades. By molecular
modification, their superior photophysical and electroluminescent properties can be also tuned as
well as their diversities can be increased [16-22]. However, their heterojunction with inorganic
thin films are still extremely rare. Our study herein reports structural and optical properties of a
new heterojunction which is fabricated from InSey as substrate and a imidazophenanthrene
derivative (PMItz) as absorber layer. Heteroepitaxial growth of PMItz on InxSey was performed

succesfully by physical vapour deposition (PVD) method.

2. MATERIALS AND METHOD

2.1. Experimental Details

Autolab PGSTATI28N model electrochemical impedance spectrometer was used for
electrochemical deposition. A Vaksis PVD-MT/2M2T thermal vaporization thin film deposition
system was used for thermal deposition. XRD analyses was carried out by a GNR Europe powder
XRD enstrument using Cu K-a radiation with A=1.5406 A and in 20=0-70 range. AFM analyses
were performed with a NANOSURF C300 model AFM instrument, at room temeprature, using top
190A1-G centilever, in dynamic force mode and within 25x25 um scan area. Optical analyses were

performed using a Thermo SCIENTIFIC Evolution Array UV-Vis spectrometer.

2.2. Construction of Glass/ITO/InSe and Glass/ITO/InSe(annealed) thin films

Epitaxial growth of InxSey was taken place on a glass/ITO substrate with a specific resistance of
lower than 20 Q by using electrochemical deposition method. The conductive glass/ITO substrate
is considered as a working electrode in the electrochemical deposition method. In addition, the
transparency of the ITO layer does not affect the optical properties of the heterojunctions. The

glass/ITO substrate was successively cleaned with deionized water, acetone, propanol and dried
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with nitrogen before further deposition process 250 mM InCls (sigma aldrich %99,999) as indium
source, 250 mM H»O;3Se (sigma aldrich %98) for as selenium source, 250 mM LiCl (sigma aldrich
%99) and 350 mM KCI (sigma aldrich %99) as buffer solutions were used. For one-step
electrochemical deposition, electrolyte volume was set to 60 ml using 15 ml of each solution. The
pH of the electrolyte was adjusted to 1,5 with 9,45 M HCI solution and applied voltage was set to
-0,95 V [23]. Platin plate as counter electrode with the dimensions of 1,0x1,5 cm, Ag/AgCl
reference electrode, and glass/ITO as working electrode with the surface area of 1 cm? were used.
The reaction was taken place at room temeprature for 60 min. and under nitrogen atmosphere with
0.1 bar. An another set of obtained films was annealed at 70 cmHg and 105 °C temperature during

60 min.

2.3. Fabrication of Glass/ITO/InSe/PMItz and Glass/ITO/InSe(annealed)/PMItz

heterjunctions

PMItz as organic layer in powder form was growth on Glass/ITO/InSe and
Glass/ITO/InSe(annealed) by PVD method. The temperature and pressure of the chamber was set
to 26 °C and 107 torr respectively using Mo pot. Figure 1 shows the schematic representation of

heterojunctions.

InSe (annealed)

a) b)

Figure 1. Schematic representation of a) glass/ITO/InSe/PMltz, b)
glass/ITO/InSe(annealed)/PMItz heterjunctions
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3. RESULT AND DISCUSSION

3.1. Sutructural Analyses
XRD patterns of Glass/ITO/InSe and Glass/ITO/InSe(annealed) thin films were given in Figure 2.

Glass/ITO/InSe thin film consists of hexagonal InSe phase with the parameters (entry:00-034-
1431) P63/mmc (194) a=4.005000 A, ¢=16.639999 A, Z=4 while annealed one consists of two
phases where orthorombic InsSes phase with the parameters Pnnm (58) a=15.296000A,
b=12.308000A, c=4.080600A Z=4 and monoclinic InsSe; phase with the parameters P21(4)
a=4.430000A, b=4.063000, c=18.378000A, P=109.3399960 Z=2 coexist. With annealing,
hexagonal InSe phase transformed into monoclinic InsSe7 and orthorombic InsSes phases. It was
observed that InSe phase grown on (002), (004), (103), (105) planes with 20 values 0 10.63,21.24,
30.43, 37.45. In the annealed thin film, InsSe7 phase grown on (201), (-105), (-212), (204) planes
with 20 values 0f 22.15, 24.85, 29.25, 33.25 and InsSe; phase grown on (220) plane with 26 value

of 18.49.
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Figure 2. XRD patterns of InSe and InSe(annealed) thin films

3.2. Surface Analyses

AFM images of the fabricated thin films are given in Figures 3 and 4. It is observed that the films

were homogenously deposited without any crack or hole. Table 1 lists Sa (avarage rougness) and

Synthesis and Investigation of Structural, Surface Morphological and Optical Properties of InSe/PMItz Hybrid Heterojunction 277



L o

e

Research Unal vd../Kirklareli University Journal of Engineering and Science 8-2 (2022) 273-288

DOI: 10.34186/klujes. 1178165

Gelig Tarihi:21.09.2022 Kabul Tarihi:05.12.2022
Sq (root mean square) values of the fabricated films. According to Table 1, the roughness of the
films decreased by annealing which can be ascribed to phase transition of InSe.

Table 1. Sa and Sq values of the fabricated layers

Thin film Sa (Rougness) | Sq (Root mean square)
(nm) (nm)
Glass/ITO/InSe 285.62 34983
Glass/ITO/InSe/PMItz 253.58 302.85
Glass/ITO/InSe(annelaed) 210.78 254.09
Glass/ITO/InSe(annelaed)/PMItz 25623 309.62
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Figure 3. AFM images of Glass/ITO/InSe(left) and Glass/ITO/InSe/PMItz thin films at 25x25

um sizes.
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Figure 4. AFM images of Glass/ITO/InSe(annealed)(left) and
Glass/ITO/InSe(annealed)/PMItz(right) thin films at 25x25 pum sizes

3.3. Optical Analyses

Absorption coefficients (), extinction coefficients (k), transmittances (T), refractive indexes (n),
optical conductivities (o) and dielectric parameters (g, €. €/ &) of the fabricated films were

calculated in 300-1000 nm range.

o is calculated from the formula [24, 25],
2.303- A
- d
Where d is thickness of the film and A is absorbance.

a

[1]

Energy band gap is determined by utilizing optical absorption spectroscopy technique. The relation

between absorption coefficient and energy band gap (E,) is as follow[25, 26]:
a(hv) = (hv — Eg)n [2]
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where 7 is equal to ' in case of direct allowed transitions. From the plots of (ahv)% vs hv, E; is
determined through the extrapolation of the straight line portion of the plot to the abscissa. Thereby
the intercept gives Eg.

The relation between absorbance (A) and transmittance (T) is given by;

A = —logT [3]
if the multiple reflections are ignored, then the transmittance of the film is stated as [26, 27];

T =(1—R)?exp(—4) [4]
where the reflectance R can be estimated throught the measurements of both T and A using Eq. (4)

which can be reorganized as follow

T
exp(—4)

The relation between absorption (o) and extinction (k) coefficients is calculated as

R=1- ()2 [5]

_ta

p [6]

Then the refractive index (n) is given as[27]:

_1+R+ AR
" 1—R 1—R?

n k? [7]

The real and imaginary parts of the dielectric constant, loss and optical conductivity are given as

e=n%k?, gi=2nk, €/ g, and o=anc/4xn [28] respectively.

In Figure 5, the graphs of absorption coefficients versus wavelength is plotted for heterojunctions.
Both heterojunctions have large absorption profiles and high absorption coefficients. Although As
seen in Figure 5, the glass/ITO/InSe(annealed)/PMItz heterojunction exhibits higher absorption in
the whole range and gives the strongest peak at 330 nm with a a value of 6.45x10° m™. The
unannealed film gives the strongest peak at 382 nm with a o value of 5.85x10° m™! . The annealed
film gives a shoulder between 662-474 nm and the strongest peak at 330 nm with a o value of
6.45x10°m™. As expected, the strengthening of absorption profile upon anneraling can be dedicted
to phase transition of InSe. The plot of hv versus (ohv)? is given in Figure 4 (right). Direct band
gap of PMItz which was deposited on InSe phases was previously calculated in our previous report

[29]. It is observed that both heterojunctions have two energy band gap then. The forbidden band
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gaps of unannealed and glass/ITO/InSe(annealed)/PMlItz heterojunctions were calculated to be
2.75 eV, 2.11eV and 2.63eV, 1.66eV respectively, which are in visible range. The decrease of
forbidden band gap is due to the change in the structure of the inorganic layer by annealing [30].
In addition, it was observed that Eg values were lower than coronene/ZnO [28], Cu doped

ZnO/coronene [31] heterojunctions.

7x10° 25
B glass/ITO/InSe/PMitz

® glass/ITO/InSe(annealed)/PMItz

a(m™)

v r v ' v v ' 0+
1 T T T T T T
300 400 500 600 VOO 800 900 1000 1,00 1,25 1,50 1,75 2,00 2,25 2,50 2,75 3,00 3,25

A{nm) hu(eV)

Figure 5. Absorption coefficients versus. A(left) and hv versus. (¢hv)? (right) plots of
glass/ITO/InSe/PMItz and glass/ITO/InSe(annealed)/PMItz heterojunctions.

Figure 6 represents plots of T% and R% versus A for glass/ITO/InSe/PMItz and
glass/ITO/InSe(annealed)/PMItz  heterojunctions. Transmittance of glass/I[TO/InSe/PMItz
heterojunction is 19.2% while that of glass/ITO/InSe(annealed)/PMItz heterojunction one is
12.93%. The transmittance reduced down to 0.04 in absorption region and denotes to strong
absorption of the films. In similar to situation observed in absorption region,

glass/ITO/InSe(annealed)/PMItz  heterojunction  exhibited lower transmittance than
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glass/ITO/InSe/PMltz one. R% values rised up to absorption region from 1000 nm and decreased
down to lower wavelengths than absorption region.

20
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Figure 6. A versus transmittance% (left) and reflectance% (right) plots of glass/ITO/InSe/PMltz
and glass/ITO/InSe(annealed)/PMItz heterojunctions.

The plots of k and n values versus nm are given in Figure 7. As clearly seen in Figure 7(left), the
glass/ITO/InSe(annealed)/PMItz heterojunction has higher k values than glass/ITO/InSe/PMItz
heterojunction one. The higher k value indicates that more quenching of incident light take place,
which means it is absorbed by the material. The n values of glass/ITO/InSe(annealed)/PMItz
heterojunction are higher down to 550 nm while the opposite trend is observed in 550-350 nm
range. Maximum n values for glass/ITO/InSe(annealed)/PMItz and glass/ITO/InSe/PMItz

heterojunction are 1.46 and 1.47 respectively, which are higher than our previously fabricated

hterojunctions [29].
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Figure 7. The plots of k(left) and n(right) versus nm for glass/ITO/InSe/PMltz and
glass/ITO/InSe(annealed)/PMItz heterojunctions.
Figure 8 represents In(a) versus hv graphs of heterojunctions. The spectral dependence in the edge
of absorption is given by the Urbach or band tail energy (Eu). According to the Urbach energy, the
band tails of the localized states are in correlation with the microstructural lattice disorders, and

the crystal defects can be estimated according to following equation [32]

@ = ayexp (5) [8]

Eu values of glass/ITO/InSe(annealed)/PMItz and glass/ITO/InSe/PMItz heterojunctions are
respectively 0.26 eV and 0.54 eV which can be calculated from the inverse of slope of th graph.
The decrease of Ey means reducing of intrinsic disorder [33]. Namely, PMItz has more organized
atomic rearrangement on annealed InSe structure and it can be noticed from AFM analyses. Eu is
also inversely associated with the crystal size of the structure and hence Ey of PMItz is low owing

to big crystal size of organic structure [32, 34].
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Figure 8. hv versus In(a) graphs of glass/ITO/InSe/PMltz (left) and

glass/ITO/InSe(annealed)/PMItz (right) heterojunctions.
Real and imaginary dielectric constants vs hv plots are depicted in Figure 9. In both
heterojunctions, real part of dielectric seems higher than imaginary one. Real dielectric constants
increased for both heterojunction with increasing energy of incident light while imaginary
dielectric constant increased up to absorption region and decreased after. Figure 10 shows the graph
of optical conductivity and dielectric loss versus hv. Glass/ITO/InSe(annealed)/PMItz
heterojunction exhibits higher optical conductivity than unannealed one. Nevertheless, the values
are reasonably higher than even our previously reported heterojunction where PMItz was growth
only on ITO. Also dielectric loss value of glass/ITO/InSe(annealed)/PMItz heterojunction is higher
than that of glass/ITO/InSe/PMItz heterojunction one.
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Figure 9. the real(left) and imaginary(right) parts of dielectic functions versus hv for
glass/ITO/InSe/PMItz and glass/ITO/InSe(annealed)/PMItz heterojunctions.
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Figure 10. Optical conductivity(left) and dielectric loss(right) versus hv for
glass/ITO/InSe/PMItz and glass/ITO/InSe(annealed)/PMItz heterojunctions.
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4. CONCLUSION

InSe thin films were obtained succesfully on to glass/ITO substrate by electrochemical deposition
method. By annealing, stoichiometric change of InSe was determined by XRD analyses. Organic
PMItz semiconductor was deposited on the obtained thin films by PVD method. Thereby,
glass/ITO/InSe/PMltz and glass/ITO/InSe(annealed)/PMItz hybrid heterjunctions were fabricated.
Surface analyses of the films revealed homogeneity of the them while PMItz layers are more
rougher. Optical analyses data of the films demonstrated that optical absorption coefficients are
considerably high and transmittances in visible region are very low. It is confirmed from Urbach
energy calculation that atomic disorder state of the glass/ITO/InSe(annealed)/PMItz device is
better. According to calculated important optical parameters (n, k, o, &, & etc.), annealing

procedure improves the optical properties of the devices.
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