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This paper examines the influence of constituent materials properties on the optical and photoelectrical characteristics of
the heterojunctions. The edge of intrinsic absorption band of GaSe and InSe crystals, at the temperature of 78 K, consists
of direct exciton bands from the states n=1 and n=2. Effective mass electron-hole pair in InSe is equal to 0.14 m,. Effective
mass of electrons in p-GaSe is equal to 0.18 mg. Oxide-GaSe and oxide-GaSe heterojunctions were manufactured by
thermal oxidation of In, Sn, Ti, Bi, Zn, Cu and Cd metallic films. The heterojunctions of GaSe and InSe semiconductors with
studied oxides of metals reveal high photosensitivity in the visible and near IR spectrum. Photosensitivity band edge to low
energies is determined by the GaSe or InSe band gap and the edge to high energy edge - by the respective oxides’ gap.
Free path of minority charge carriers in GaSe layer at the TiO2/GaSe:Cu, In,Os/InSe and TiO2/InSe heterojunction’s
interface depends on the fabrication technology and ranges between 0.56 ym+1.97um. The same parameter for structures

based on InSe lies between 1,00+3,45 pm for structures based on p-GaSe.
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GaSe and InSe are representatives of a wide
class of semiconductor materials with stratified crystalline
structure [1, 2]. In these crystals the forces linking the
atoms inside of layered packaging are strong (due to the
pairs of electrons) while the bonds between packing are
weaker, Van der Waals forces.

The specific arrangement of atomic planes in order
Chalcogen-Metal-Metal-Chalcogen results in valence
bonds of the wrapping surfaces are mostly closed resulting
in a low concentration of surface states [3] [4] . This
property, and the band gap value of 2.0eV for GaSe

and of 1.26eV for InSe [5], [6] ranks these materials

among semiconductors with various applications in
optoelectronics and especially as detectors of radiation
with wide technical use [7], [8] and photovoltaic cells
[91,[10].

Photoelectrical of pGaSe —ninSe

heterojunctions with optical transparent contact [11-13]
and  with  optical  transparent  semiconductors
In,0,(Sn0O,) [14] [15] [16] are quite well studied. The
spectral characteristics of photosensitivity are dependent
on the technology of oxide manufacturing. The Indium
Oxide used in In,0, —InSe heterojunctions studied in
[15] , [16] are obtained by thermal oxidation or by
prolonged oxidation at normal temperature in air. It was
established that with increasing oxidation time the edge of

properties

spectral characteristics shifts from high energy to lower
energies.
Thus photosensitivity range covers the energies

from 1.20eV up to ~2.1eV , although In,O, layer is
optically transparent up to ~4.0eV . During the thermal

oxidation on the surface film of InSe a nano-defects
ordered system is formed. It influences the mechanism of
charge separation in the junction and causes the
photosensitivity increases in the range of excitonic
absorption band [17] .

The paper reports results of the investigation of the
optical properties of InSe and GaSe:Cu crystals used
as basic element of heterojunctions and of Zn, Cd , Cu,
In, Bi and Sn, semiconductor oxides. The studies on
photoelectrical properties and some questions on charge
transport mechanisms in heterojunctions are also
discussed.

1. General concepts

When the surface of a semiconductor is illuminated
with monochromatic light having the energy E, =hv,

part of this is absorbed in the material having the
absorption coefficient a(h V) and other part is reflected.
Photoelectrical effects are determined by light absorption

mechanisms. The spectral distribution of relative
absorption coefficient of a semiconductor is shown
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schematically in Figure 1. The photons absorbed in the
first spectral domain cause the generation of non-
equilibrium charge carriers (electrons or holes), which in
results in electrical conductivity o(h v) increase, while a

generation of hole-electron pairs can be produced only
through band-to-band, absorption when the condition

hy > Eg is satisfied.

Energy
gap Il

Excitons

Phonons

e

Logarithm of absorbtion coefficient

Free
charge I I v
Vi ‘ :
B B Energy
g g,

Fig. 1. The spectral distribution of relative absorption
coefficient for semiconductors.

A pronounced increase of photosensitivity takes place
for energies hv>E , when in generation process of

electron-hole pairs are also included transitions of the
electrons from the second valence sub-band (Region IV).
At low temperatures under the influence of
electromagnetic radiation in the spectral range VI the
mobility of free charge carriers may change, which under
certain conditions will lead to the variation in electrical
conductivity ~ of  the  material. Corresponding
photoconductivity band has not a low photon energy edge
[18].

Along with the generation of electron-hole pairs with
generating rate ,, § ”, a recombination process having rate

I 7 and,, r, ” (for electrons and holes respectively) takes

place.
In Figure 2 are illustrated electronic transitions for a
system with three energy levels.
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Fig. 2. The system with three energylevels; the
generation and recombination of non-equilibrium
electrons.

The concentration of excess electrons and holes at any
moment of time is equal to the difference between photo-
generation and recombination rates:

on_

P _
at_gn n

ol Tl (1)

The generation of the charge carriers includes the
thermal generation of electrons (characterized by g,,) and
holes g,, and also optical generation . For band to

band absorption, the rate of photo-generation for electron
and holes are equal (gg, =g, = J¢ ).

If N, is the number of incident photons on the sample

surface for 1 sec, then the photo-generation rate is given
by:

g- =N, (1-R)y @)

where R is the reflection coefficient, & is the absorption
coefficient and 77 is the quantum yield at a given photon
energy.

The rate of recombination for band to band electron
transitions is directly proportional to the concentration of
charge carriers An=Ap and to concentration of

recombination centers for electrons and holes:
rp:yper = (3)

where y, and y, are recombination coefficients for

electrons and holes and 7, and 7 are mean life time for

electrons and holes respectively.
Reflection coefficient R for the non-polarized incident
light is written as:

|
R:E(RSJFRP) @)

where R; and R, are coefficients of reflection for light

polarized perpendicular and respectively parallel to the
plane of incidence.
At normal incidence in air (no = l) [19] T.S. [20]:

(n—-1) +k?
R=R =R =——< | 5
RN (S ) S ®)

Due to the fact that oxide semiconductors (TiO,,
In,O,;, SnO,, ZnO, Bi,O,) are optically transparent
(k=0) for spectral range A >400nm, the reflection
coefficient of (2) can be determined from measurements of
refractive index "Nn".

The process of optical generation of charge carriers can
result in formation of an electromotive force, if some
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requirements are satisfied. The formation of a gradient of
charge carriers so that both electrons and holes move
through the sample, by diffusion, independent from each
other is one of the possible requirements.

The density of electric current through the
semiconductor junction (Figure 3) is determined by the
diffusion of minority charge carriers [21] and is given by
the expression:

i __e(l—R)a-Lp-Nf-exp(—adn)+
a l+a-L,

D
4 0P exp(ﬂj -1
L, kT

(6)
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Fig. 3. The diagram of energetic levels in biased p-n junction.

Also, under the open circuit, the voltage in
photovoltaic junction is given by the expression [22] :

KT RN e ) ot +1)]
e Dp Pro +N (V +5S )e—e-(VD/kT)
L C n n

p

V=-—

0

where L is free path and D, is diffusion coefficient of

holes; V, - biasing voltage at the junction; S, - the
recombination rate of electrons at the separation surface
between optically transparent electrode and
semiconductor; V, - thermal speed of electrons.

The efficiency 77 of photo-voltaic cells depends both

on the mechanism of generation-recombination and
transport of the non-equilibrium charge carriers (internal
efficiency), and spectral distribution of energy emitted by
radiation source (external efficiency). Maximal yield of

the cell 7, determined as the ratio of the maximum

electrical power generated by the cell by incident light
energy is given by the expression [23] :

_e(1-R)-(1-e;n,

T =7 (KT + eV, N, E,

®)

where V, is the open circuit voltage, E, - average energy

for the absorbed photons beam in the active part of
junction, N is the density of photon beam having the

energy hy > E, which creates electron-hole pairs in
junction; N, depends on the correlation between spectral

energy distribution of light source and the rate of
generation of electron-hole pairs.

2. Experimental results

The spectral distribution (in relative units) of density
of solar radiation outside the atmosphere (curve 1) [24], at
the land surface (curve 2) [25] and spectral distribution of
photocurrent (normalized to unity) in GaSe, GaTe,
InNSe and CdTe semiconductors, (curves 3-6,
respectively) are presented in Figure 4. Low density of
surface states, as well as good correlation between solar
radiation spectrum and spectral characteristics of
photocurrent, allows to associate InSe and GaTe
layered compounds to the class of semiconductor materials
useful for the manufacturing of semiconductor solar cells
with optimal efficiency.
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Fig. 4. Spectral distribution (in relative units) for density

of solar radiation outside the atmosphere (curve 1), at

the land surface (curve 2) [26] and spectral distribution

of photocurrent relative to the number of photons

absorbed and normalized to unity in semiconductors

GasSe (curve 3), GaTe (curve 4), InSe (curve 5) and CdTe
(curve 6).

GaSe

The absorption spectra a(h v) of GaSe at 293K

and 78K are presented in Figure 5. At the fundamental
absorption band edge, at 293K (curve 1), the plot shows
an exciton absorption narrow band with a maximum at
2.00eV . The maximum value for coefficient of
absorption in this band is ~1700cm™" . The decrease of

the sample temperature to 78K (curve 2) results in the
excitonic band width monotonically decrease. The
coefficient of absorption in center of band increases up to
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~2000cm™'. Also, the band is shifted towards high

energies. Temperature dependence of excitonic energy
maximum is given by polynomial [27] Y. P. :

T2
E,(T)=E,.(0)- T“+ 2 ©)

were energy of exciton at 0K absolute temperature is
E.(0)=2.134eV ,
a=233x10"eV /K [28]and B =-38.5K.
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Fig. 5. Absorption spectra of GaSe crystal for room

temperature 293K (curves 1, 3, 4) and for liquid

nitrogen 78K (curves 2, 5, 6) in polarization E I[e

(curves 3, 5) and E J_(S (curves 1, 2, 4, 6). Curve 7

was calculated by use of formula (12) for o, =1630cm™
at hy =2.175eV .

At low temperatures (T = 78 K ), together with the line
corresponding to  the  excitonic  state n=1
(E,, =2.098eV ), the absorption band corresponding to
the excitonic state N =2 appearsat E_, =2.115eV .

If the electron energy is determined from the valence
band top, then in the first approximation, the energy
required to form excitonic band in the center of Brillouin

zone (k=0) E, (O) is given by the formula [29] :

E,(0)=E, -}/ (10)

where E is the band gap, n=1,2,3,... - main quantum

number, R - effective excitonic Rydberg constant. Using
values of excitonic energy bands for N=1 and N =2 one
can determine the band gap at 78K - E =2.121eV and

the value of excitonic Rydberg, R = 22.6eV .

For three-dimensional excitons, the energy related to
electron-hole pair is determined from the dependence [30]

R=1360 %, ev 1)
&

where y = (mn’ "+ m;l )_1 is the reduced mass of electron-
hole pair, and & - for anisotropic crystals as GaSe - is
calculated from [31] M. S. &= (g” .(gi)z)ﬂ. Considering
that m, =0.55m; [32], & =10.2 and & =7.6 [31]

M. S. the effective mass of minority charge carriers is
m, =0.18m,. This value correlates well with results of

magneto-optical measurements [32] .
In addition to the spectrum with excitonic lines at

discrete energies hv > Eg , one may observe the so-called
excitonic continuum, where overlapping lines with n > 2.
In this spectral range the absorption coefficient a(h V) for
direct optical transitions is given by the formula [33] [34] :

a(hv)= %0 ?&Z f:;p(w)

(12)

where ao(h V) is the absorption coefficient for
hv>>E_,

holes do not interact; y* = R/(h v-E, )

in this energy range the electrons and the

In Figure 5 (curve 7) is shown the dependence a(h V)
calculated by use of formula (12) for a, =1630 cm™ at

hyv =2.175eV .

Deep inside the fundamental band, absorption
coefficient increases monotonically with energy increase,
both at room temperature and at 78K , reaching the value

of ~5200cm™ at hv =2.55eV .

Due to their layered structure, GaSe crystals show a
strong anisotropy of mechanical properties, which
manifests themselves in electrical and optical properties
(refractive indexes and absorption coefficients in a wide
range of energy receiving different values as function of

polarization EIC and E L é) [35] [36] . As can be seen
from Figure 5 (curves 3-6), anisotropic optical absorption
is pronounced in the optical transitions region with the

excitons (E! =2.050eV,

exc

[37] ). In this range of energy absorption

formation of indirect
T =80K
coefficient is less than 300cm™ at T =293K and

~130cm™ at 78K and decrease monotonically with
energy. Also, in this energy range, the absorption of light
in both EIIC and E LC polarization is characterized
with the absorption coefficients ¢, >« . This leads to
the conclusion that at T >78K in GaSe the lowest
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energy state is the state of indirect excitons, in which
optical transitions are allowed for EIIC polarization and

only partly for ELC polarization.
InSe

The light absorption at the edge and deep inside of
fundamental absorption band for mono crystalline layers

of InSe (0.02%at.Cu) at 78K and 293K was
investigated.

Absorption spectra in the range of 1.05eV -
2.65eV are shown in Figure 6. The absorption band
edge of the InSe crystal (0.02%at.Cu) at T =293K
1.265eV . At

temperatures, the absorption band edge is amplified and it
shifts monotonically toward higher energy, along with its
width decrease. Dependence of excitonic energy band on

(curve 1) shows a peak at lower

temperature  satisfies the formula (9) in which
E..(0)=1332eV,  a=4.70x10"eV/K and
L =233K.
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Fig. 6. Absorption spectra of monocrystalline layers of
INSe (0.02%at.Cu ) at a temperature of 293 K

(curve 1,3)and 78 K (curve 2, 4).

At 78K the edge of absorption band is formed of
two bands corresponding to direct excitons in the N =1
(hv=1.322eV) and n=2 (hv=1.336eV) states.
Using the energy of electron-hole pairs (exciton) from
(10), one obtain R =18.7meV .

Also, as it comes from (11), and taking into account
that goi =10.9, sg =9.9 [38] Physical and chemical

properties of semiconductors —

Z. S. Medvedeva, O. N. Kalashnik, Ia. A.

Kalashnikov, - Moskva, Nauka, 1979, - p 339

(in Russian)., it was determined that &, =10.7 and
reduced mass of electron-hole pair as being equal to
4 =0.14m,, where M, is the mass of free electron.

As one can see in the inset to Figure 6, the absorption
coefficient ¢(hv) at higher energies at 293K (curve 3)

and 78 K (curve 4) increases monotonically with energy,
reaching the value of ~7x10°cm™" at 2.6€V .

Inzog

In,O, thin layers obtained on a substrate of SiO, by
heat treatment at temperature T = 670K in the air of an
IN layer having the thicknesses in the range of 0.11m
- 2.3 um have been investigated. The treatment time was
15, 20 and 35 minutes and it was selected for the
optical transmission at 632.8NM to exceed 70% . In
Figure 7 the absorption spectra of thin layers of In,O, at

the temperature 293K are presented. The a(h V)

dependencies for air heat-treated layers at different time
have similar shapes and contain three distinct intervals. In
the energies range 1.5eV <hy<2.7eV absorption
coefficient has a weak dependence on photons’ energy and
weakly decreases with increasing of treatment time from

3000cm™  (t=15min) down to ~760cm™
(t=35min) (wavelength of the light-probe
A =632.8nm).
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Fig. 7. Absorption spectra of thin layers of In,0O, at

temperature 293 K heat-treated for 15,20 and 35

minutes. Inset: dependence (ah v)l/2 = f(h v) (curve

1) and (ah V)2 = f (h v) (curve 2) for thin layers of
In,O; at temperature 293K .
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In the range of 2.7eV <hv >3.7eV the absorption
coefficient monotonically increases up to ~ 1.8 x10*cm™
and shows a steep increase for hv >3.7eV. By
extrapolation of the steep increase segment of the
absorption coefficient to & =0 one approximates the
optical band gap for In,O, layers - Eg =3.8eV . In this
energy range, the dependence 4 (hy) is well described by a
power function of the type:

alhv)= A(hv—Eg)“ (13)

Power factor n=1/2 for hv >3.9eV, corresponds

to direct optical transitions (valence band - conduction
band) (inset to Figure 6, curve 2). Band gap, determined
by extrapolation of linear dependence segment

(ahv) = f(hv) to @ =0 is equal to 3.93€V . It has

been demonstrated [39] that direct optical band gap
depends on the thickness of layers obtained on a glass
support and varies within (3.0 + 3.6)eV .

In the (2.5+3.8)v range, the power factor (13) is
equal to n=2, which corresponds to indirect optical
transitions [49] . Indirect band gap E! at 293K was
determined by extrapolation of (chv)” = f(hv) to =0
equals to 2.46eV .

SnO;

SnO,  pat of  SnO,/p-GaSe(Cu)  and
SnO,/p—1InSe(Cu) heterojunctions were obtained by
heat treatment of thin layers of SN at 520K in air. Sno,
has been also obtained on amorphous SiO, substrate. The
absorption spectra at T =293 K of the layers of SnO,

with thickness of 0.15nm up to 2.8 NM are given in Fig.
8.
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Fig. 8. Absorption spectra at temperature of 293 K of
thin layers of SnO, heat-treated for 15,25 and 60 min..
Inset: dependence (ahvy = f(hv) of thin layers of SnO,

at 293 K.

As can be seen in the 1.35eV - 3.2eV range, the
absorption coefficient increases monotonically with
energy from ~800cm™ up to ~2200cm™ (SnO,
layers were oxidized for 60min ).

The slow increase of the absorption coefficient with
energy characteristic is kept for SnO2 layers obtained by
oxidation of SN layer for 15min and 25min as well.

At hv >3.7eV the absorption coefficient increases
sharply reaching the value of 7x10*cm™ at 4.0eV . In

this range, as it can be seen from the inset to Figure 8,
direct optical transitions occurs. The band gap
corresponding to direct optical transitions is equal to
3.86eV and does not depend on the oxidation time for

SN layer on the Si02 substrate.
TiO,

In Fig. 9, the absorption spectra at 293K for the
TiO, layers produced by reactive evaporation in Ar : O,
plasma (75:25) in DC current with the density of
2.5mA/cm* up to 12mA/cm? are shown. As source, a
disk of Ti(96%) was used. The thickness of the layers
studied varied in the range of (120 +350)nm. As can be

seen from the comparison of curves 1-4 (Figure 9), the
titanium oxide layers are optically transparent in the range
of energies from 1.35eV up to ~ 2.8eV . The coefficient
of absorption in this energy range depends on density of

current of evaporation and is increasing with the density of
current in plasma.
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Fig. 9. Absorption spectra of the layers of TiO, at a
temperature of 293 K. Density of evaporation current:

12mA/em? (curve 1), 7.5mA/cm?® (curve 2), sma/cm?
(curve 3)and 2.5ma/cm> (curve 4). Inset: dependence
(ahv) = f(hv) Of the layers of TiO, at 293 K.
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At 1=632.8nm, the absorption coefficient is
3.3x10°cm™,  L.1x10'cm™, 1.7x10'cm™ and
2.3x10*cm™ for the current density of 2.5 mA/cm2 ,
5mA/cm?, 7.5mA/cm? and 12mA/cm?, respectively.

For hv >3.5eV one can observe a steep increase of
absorption coefficient with energy. In this spectral range,
the o (h V) plots for the investigated samples, practically

coincide and satisfy the requirement for direct optical
transitions. At the band gap at T =293 K of the titanium

oxide layers, determined by extrapolation of segment of
linear dependence (ah V)2 = f(h V) is equal to 3.54eV .
Using reactive evaporation method in the presence of
plasma Ar:O, were obtained TiO, thin layers [41] in
which occurs optical direct transitions; forbidden band
width of TiO, layers is equal to 3.6V at 293K .

Bi,Os

Thin layers of Bi,O,, part of heterojunctions
Bi,O,/GaSe and Bi,0,/InSe were obtained by reactive
evaporation in Ar : O, plasma (75:25)in DC.

Current density was 250 zA/cm?®, 620 zA/cm® and
1200 zA/cm?®. In the same technological conditions
Bi,O, - thin layers on support of amorphous SiO,, used
for optical studies at the temperature of 293 K have been

prepared. The thicknesses of investigated samples was

from 0.13 um up to 1.8 um.

In Fig. 10 the absorption spectra of Bi203 layers in
the energy range from 1.4e€V up to 4.0eV are
presented.

As can be seen from these graphs, the a(h V)
hv <3.65eV  depends on
current density in Ar:O, plasma. In the range of
(1.35€V ShvS3.7eV) the absorption coefficient is

spectral dependency for

increasing with current density. & (h V) coincides only for

hyv >3.75eV where a >4.3x10*cm™. In this energy

range, the (ah V)2 = f(h V) plot is a segment. Its
extrapolation to & = 0 gives the direct band gap equal to
3.9eV (Figure 10, inset, curve 1).

In the range of hv <3.7eV the absorption spectra
are well described by a power function (13) where
Nn=1/2. The dependence (chv)’* = f(hv) for Bi,O,
layers obtained at current density of 620 ,uA/ cm’ in
Ar:0,.
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Fig. 10. Absorption spectra of Bi,O, layersat 293K .
The current density: ZSO;IA/Cm2 (curve 1),

620 1A /cm? (curve 2) and 1200 zA/cm? (curve 3).

Inset: (ah v)2 = f(h v) dependence (curve 1) and

(ah v)l/z =f (h v) (curve 2) of the layers of Bi,O,
(current density 620 zZA/cm? .

Optical band gap determined by extrapolation of the
linear segment (ah v)l/2 =f (h V) to ahv =0, is equal to
2.71eV.

ZnO

The absorption spectra at T =293K , of ZnO thin
layers obtained by reactive evaporation method in Ar : O,
(75:25) atmosphere using DC current on amorphous
SiO, support are shown in Figure 11. The current
250 uA/cm®, 620 uA/cm*  and
1.2 mA/ cm?. The edge of intrinsic absorption band is
localized at hy >3.7eV . In this energy range, the
a(h V) plot for ZnO layers, at a current density of
(0.25+1.2)mA/cm? practically coincide (Figure 11).

In the inset in Figure 11 the dependence
(ah v)2 = f(h v) for ZnO layers with thicknesses in the
range of (120 +2300)nm , obtained at current density of
620 ,uA/ cm’ in Ar:O, plasma is presented. This energy
dependence in 3.9eV <hv <4.2eV energy range is a

straight segment corresponding to the direct optical
transitions. The width of direct band gap equals to

Eg =3.89%eV.

densities  were
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Fig. 11. Absorption spectra of ZnO thin layers at the
293K . The current density current: 250 zA/cm?
(curve 1), 600 zA/cm?® (curve 2) and 1.2 ZA/cm?
(curve 3). Inset: dependence (ah v)2 = f(h v) of the
ZnO layers with thicknesses in the range
(120 +2300)nm (current density of 620 zZA/cm” .

CuO

In Fig. 12 the absorption spectra of thin layers of
CuO on glass substrate, obtained by thermal oxidation of
the CU layers at temperature of SO00K in the air for
20min, 100min and 180min are presented. As it can
a(h v) for
hv <2.3eV correlates with heat treatment time and is

be seen, the absorption coefficient
decreasing at increasing oxidation time. Absorption
coefficient at 632.8nm is equal to 2.0x10*cm™, and
2.3x10*cm™ respectively for the treatment of 180 min ,
100min and 20min .

The spectral dependence of the absorption in the
studied energy range is described by the function of the

(13) type. The power factor N =2 for the energies in the
of 2.1eV - 24eV and n=1/2 for
hyv >2.5eV . Direct band gap 293K does not depend
on the oxidation time of copper layers (oxidation time lies
in the range of (20+180)min) and is equal to 2.33eV .
Optical band gap determined by linear extrapolation of the
linear segment of the dependence (ah v)l/ P = f(h V) by
chv =0 for the layers heat-treated for 100min, is
equal to 1.72eV (inset in Fig. 12).
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Fig. 12. Absorption spectra at 293 K for CuO thin layers
heat-treated for 20, 100 and 180 minutes. Inset:
(ahv) = f(hv) dependence (curve 1) and (gn,)2 - ¢ (hy)
(curve 2) of the CuO layers heat-treated for 1000 min.

Cd,O

Absorption spectra of thin layers of Cd,O obtained on
glass substrate by oxidation in air at 470 K of the ayers of
Cd are shown in Fig. 13. As can be seen from the
comparison of curves 1-3, the value of the absorption
coefficient at given energy, and the spectral dependence of
absorption coefficient is dependent on the oxidation
process time. So, the absorption coefficient at 632.8 nm
decreases from 1.9 x 10*m -1 down to 9.6x10°cm™
when for the annealing time increases three times from
15min up to 45min.
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Fig. 13. Absorption spectra at 293 K for thin layers of
Cd,O heat-treated for 15, 25 and 45 minutes. Inset:

(ahv) = f(hv) dependence (curve 1) and (ghv)” = £ (hv)
(curve 2) of the Cd,O layers at 293 K.
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At low energies

(l.6+2.2)eV , the spectral

dependence (ah V)l/ = f (h V) (inset to Fig.13, curve 2) is
a segment of straight line. Optical band gap determined by
extrapolation to @hv =0 of the segment of straight line
is equal to 1.18eV at T =293 K . For hyv >2.5eV
direct transitions take place (inset Fig.13, curve 1). Direct
band gap at 293K equalsto 2.51eV .

TiO,/GaSe:Cu and TiO,/InSe:Cu heterojunctions

Spectral ~ characteristics of  photocurrent  for
TiO,/GaSe : Cu and TiO,/InSe: Cu heterojunctions in
which thin layers of Ti02 were obtained by reactive
(75:25) at
different current densities in plasma, are shown in Figure
14. HJ photosensitivity is limited in both sides. Energy
limits of photosensitivity are 1.00eV, 1.80eV and
~3.50eV for InSe:Cu/TiO, and GaSe:Cu/TiO,.

Edges on the low energy of the photosensitivity for
investigated structures are determined by the absorption of

light in INSe and respectively in GaSe; edge towards

evaporation in atmosphere of Ar:QO,

high energy is caused by light absorption in TiO, layer
(Figure 9).

Monotonous increase of the photosensitivity in energy
range 1.5eV <hv <3.0eV for HJ TiO,/InSe:Cu,
respectively in energy range 2.2eV <hv <3.0eV for
HJ TiO, /GaSe : Cu is in good correlation with formula (2).
This serves as indicator of the presence of low
concentrations of recombination states in InSe : CU and

GaSe : Cu layers; the states are localized at the interface
of heterojunctions.
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Fig. 14. Photocurrent spectral dependence for

TiO,/InSe : Cu (curve 1, 2) and TiO,/GaSe : Cu

(curve 3, 4) HJ at 293K . The current density:

250 A/cm? (curve 1), 500 ZA/cm? (curve 3) and
750 pA/cm? (curve 2, 4).

As shown above, InSe and GaSe are
semiconductors in which the band gap corresponds to
indirect optical transitions. The absorption coefficient of

light in a broad range of energies is less than 10°cm™.
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Fig. 15. The determination of mean free path of electrons

in InSe: Cu, GaSe : Cu layers from the interface of

heterojunctions InSe : Cu/TiO, (a) GaSe : Cu/TiO,
(b) at 293K .

So, the inequalities Otdn <<1, dn < Lp are satisfied

and, if one considers that the recombination rate S is

independent of the excitation intensity, by using (2) and
(7) one obtains:
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_KT N,

. 14
e aLp+l (14

f

Varying a(h V) and adjusting the photon beam
incident on the sample AN (h v) so that V. (h v) remains
constant, and using (14) one obtains:

ANF(hv)zc(Lerlj. (15)

(24

The dependencies of the variations of intensity of
monochromatic light beam AN (h V) (in relative units) as

function of 1/ « are show in Figure 15a and 15b n.
Extrapolated linear segment of the dependence to the
intersection with the 1/ o axis, determined the mean free

path for minority charge carriers (electrons) in InSe : Cu
and GaSe:Cu layers from the interface of
heterojunctions  InSe:Cu/TiO, (Figure 15a) and

GaSe : Cu/TiO, (Figure 15b) as being equal to 0,6 zm,
1.97 pim and 0.83 um, 1.95 gm, respectively.

Heterojunctions In,O4/InSe:Cu

The band gap of
T =293K is equal to Eg(0)=3.63eV [42, 43].

undoped In,0; layers at

Considering the optical band of In203 layers from

In,0,/InSe:Cu HJ at T =293K equal to 3.78eV
one can conclude that the Fermi level is located deep in
the conduction band at AE = E — Eg(O) - 0.15eV.

The band gap coming from Burstein-Moss theory is
given by the relationship [44]:

h2
E, = Eg(0)+ﬁ(3ﬂ'2n)% (16)

where N is the concentration of electrons and M’ is the
reduced mass of electrons and holes and is equal to

0.6m, [45]. The result for the free charge carriers
(electrons) concentration in In,O, layers obtained by
thermal oxidation of IN layer in air , correlates well with
the results given in paper [43]; in that paper, indium oxide
was obtained by oxidation of the IN layer in the O,

containing ambient.
For AE =0.15eV , considering (16), one obtains the

electron concentration in In,0; layer equal to
6.9x10"cm™.
In Figure 16a the spectral dependencies of

photocurrent normalized to the number of incident photons
on the sample per time unit for In,0,/InSe:Cu HJ are

shown. The low energy photosensitivity edge coincides

with the edge of intrinsic absorption band in monocristalin
samples of INSe. Therefore, it is assumed that the
generation of non-equilibrium charge carriers takes place
in InSe layer from heterojunction’s interface.
Photosensitivity band edge at higher energies is
determined by light absorption in In,O, layer (Figure 7).
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Fig. 16. (a) Spectral dependence of photocurrent of HJ
In,0,/InSe(0.02%at.Cu) at temperature 293K .
The duration of the oxidation of In layer: 15min
(curve 1) and 35min (curve 2). (b) Determination of
the free path of electrons in the layer of INSe : Cu from
the interface of HJ InSe(0.02%at.Cu)/TiO, .

As can be seen in Figure 16a, the increase of the
oxidation time of the IN layer deposited onto the surface
of InSe layer leads to increase of the photosensitivity in
the red spectral region, although the absolute maximum of
photosensitivity is located at ~ 3.5eV .
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Monotonically increasing of the photosensitivity of
HJ In,0,/InSe:Cu with energy in energies range from
1.5eV up to 3.4eV indicates that the recombination
speed of minority charge carriers in the INSe layer from
HIJ interface can be neglected.

The mean free path of electrons L. in InSe layer

n

from the interface of the In,O,/InSe HJ depends on the

heat treatment time (Figure 16b). The increase of the In
layer oxidation time from the 15min up to 35min,
results in mean free path of electrons is decreasing from
1.79 gm down to 0.56 m . It can be concluded that,

during the oxidation process of metal layer (In), the
diffusion of metal atoms in INSe layer occurs and the
creation of recombination centers, which consequently
leads to decreasing the free path of minority charge
carriers takes place.

Heterojunctions oxide semiconductor (In,O3, SNO,,
ZnO, Bi,03, Cu,0)/p-GaSe(Cu)

Semiconductor oxide (1TO, ZnO, Bi,0,, SnO, and
Cu,0)/p- GaSe(Cu) HJ are photosensitive in the visible
spectrum. In Figure 17a a spectral characteristic of the
junction current to photon energy ratio as function of incident
beam photon energy for ITO/GaSe(Cu) at T =293K HJ
is presented. In the (2.0+ ~ 3_2)eV range there is a
continuous growth trend for the current, which indicates the
relatively low concentration of surface states in the layer of
GaSe from HJ interface. In this spectral range, the
absorption coefficient increases from 10°cm™ up to
~10°cm™ [46]. Average thickness of GaSe layer in which
the non-equilibrium charge carriers are generated varies
within (0.1+10)zm. For hv >3.2eV with the band-to-
band transitions in the center of Brillouin zone, electronic
transitions take place from the second valence sub-band to the
conduction band.
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Fig. 17. Spectral dependence of photocurrent relative to the photon energy as function of photon energy for HJ

(ITO, ZnO, Bi,0;, SnO, and Cu,0)/ p —GaSe(Cu) at temperature 293K .
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These electronic transitions are determined by the
absorption coefficients ¢ >>10°cm™ and occurs in a
layer of GaSe having the average thickness
d << 0.1ugm. Since in this spectral range the HJ
photocurrent is decreasing rapidly with increasing photon
energy, one can consider that in the layer of GaSe(Cu)
from HJ interface (d << 0.1um)low life-time surface
states are present The recombination of non-equilibrium
charge carriers through these surface states is more
important than the recombination through energetic states
from band gap.

The edge of photosensitivity band of 1TO/GaSe(Cu)
HJ (Figure 17a) is located in the range of impurity
photoconductivity (hv ~1.65eV ). In the spectral range
(1.65+1.80)eV and is located also the absorption band

of acceptor levels determined by CU atoms [47].
A rapid increase of the quantum efficiency of light
absorption by impurity levels are revealed in

Sno, / p—GaSe(Cu) (Figure 17b) and
ZnO/p—-GaSe(Cu) (Figure 17c)
Analogous to the ITO/p —GaSe(Cu) heterojunctions,
this growth is completed with a well pronounced peak at

2.0eV

transitions in the center of Brillouin zone (I" point).
Monotonic decrease of quantum efficiency with increasing
photon energy can serve as indicator of the presence of a
gradient of surface states in the layer of GaSe from

Sn0, /p —GaSe(Cu) and
ZnO/p—GaSe(Cu) heterojunctions. The density of
these energy states decreases when the distance from the
interface in the GaSe crystal increases. The range of

photosensitivity of these heterojunctions is quite broad and
covers the visible and near UV spectrum.

heterojunctions.

about corresponding to the direct optical

interface of

The mean free path of electrons in GaSe layer from
the interface of |n203/GaSe(Cu) and SnOz/GaSe(Cu)
heterojunctions, resulted from Figure 18, is equal to
3.45um and 1.00 zm respectively.

The density of recombination states is higher in the
GaSe layer from the interface of Cu,0/p—GaSe(Cu)
HJ, and especially in Bi,O, / p—GaSe(Cu) HJ (Figure
17¢ and Figure 17d). It is assumed that during the

annealing process heat treatment at temperature at
(600+700)K , the diffusion of CU and Bi atoms in the

GaSe substrate occurs. Localized states in the GaSe
layer at the interface are generated facilitating the
recombination of non-equilibrium charge carriers as well
as low life-time surface states through which the charge
carriers diffusing to the junction rapidly recombine.
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Fig. 18. Determination of length of free path for
electrons in the GaSe layer from interface of HJ
In,0, /GaSe(Cu) (curve 1) and SnO, /GaSe(Cu)

(curve 2).

In Fig. 19 the spectral characteristic of the
photoconductivity of GaSe(Cu) monocrystalline layers

(curve 2) and absorption spectrum of these layers (curve 1)
are presented.
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Fig. 19. Absorption coefficient spectral dependence of

GaSe(0.0S%at.Cu) monocrystalline layers (curve 1)

and spectral distribution of photoconductivity for
GaSe(0.0S%at.Cu) crystals (curve 2).

As can be seen in these presentations, at energies
hv >2.1eV photoconductivity ~ of  GaSe(Cu)
monocrystalline layers increases together with absorption
coefficient ¢« . Considering that that relatively small
thickness of GaSe layer (d~12gm) wused to

manufacture heterojunctions satisfy the condition of total
absorption of photons in the sample (ad >>1), one
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should consider that photoconductivity is proportional to
the total number of absorbed photons A :

Aoc=A-T, (17)

where 7 is the life-time of non-equilibrium charge
carriers. At low intensities of illumination the life-time can
be assumed to be constant .

Linear growth of the absorption coefficient and of the
photoconductivity deep inside of fundamental absorption
band serve as direct evidence about the relative low value
of the rate of recombination of non-equilibrium charge
carriers through the surface states in GaSe(Cu) crystals.

Illuminating the Bi,O,/GaSe(Cu) structure through
Bi,O, layer with photons hv >1.7eV , the separation of

non-equilibrium charge carriers occurs at junction. The
photocurrent | /W normalized to the number of incident
photons reaches its maximum value at energies
corresponding to the absorption band of CU impurities
hv ~1.88eV and it has a decreasing trend with

increasing photon energy. Since the edge of absorption
band of the GaAS(Cu) layer coincides with the edge of

the photocurrent through the junction (I(h V)) one can

consider that the non-equilibrium charge carriers are
generated in GaSe(Cu) layer from Bi,0,/GaSe(Cu)

junction. Slow decrease of photocurrent with the increase
of the absorption coefficient & indicates the presence of
surface states with small life-time (high recombination
rate). Such states are probably created by atoms of Bi,O,

layer that generates new valence bounds with S€ atoms
from the surface of Se —Ga — Ga — Se layered structure.

At forward biases of ZnO/GaSe(Cu) HJ at voltages

higher than the build-in voltage, a "flattening" of energy
bands occurs. In this case the photocurrent in circuit is
determined by the speed of generation of non-equilibrium
charge carriers and by recombination process through
recombination levels situated inside band gap and also by
recombination process on surface states characterized by
recombination rate S . The photocurrent intensity is given
by [47]:

_(=RIN, 1-e)

* 1+Re™
, 18
S Cthi—aLCth@ (1%)
x| 1+ 2L, —2L 2
D, l-a’L
where D, is the diffusion coefficient of the minority

charge carriers in the GaSe layer at the junction interface;
d isthe GaSe layer thickness.
For d >> L, and d >> l/a from (18) one obtains:

S L
lfe ~ 1+ ———. (19)
Di+al,
In the domain of high absorption coefficients

(a >>1/L,), the photocurrent linearly depends on the
value of the inverse of the absorption coefficient

I ~1+il (20)
fc DCZ.

In Figure 20 the dependence of photocurrent
normalized to incident photons number vs the inverse
value of the absorption coefficient for the ZnO/GaSe

structure at forward bias at 5V is shown. The D/S

determined by the interception on the axis 1/ o, is equal
to 6.65um.
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Fig. 20. Dependence of photocurrent normalized at
incident photons number on the inverse of absorption
coefficient for the ZnO/GaSe structure at forward bias.

The photocurrent vs illumination (J-F) dependencies
for HJ reverse biased U =5V were measured for

structures based on GaSe : Cu . The incident light had the
wavelength in the range of (520 + 610)nm (selected with

a set of optical filters from the spectrum of the lamp with
tungsten filament at 2850 K ). Heterojunctions based on

InSe : Cu were illuminated with a light beam having its
wavelength in the range of (0.4+1.1 ,um) selected from
the same source. As it comes from the presented J(F)
plot, in the range of illumination from 0.1lux up to
1000 lux
sensitivity is ~ 1 zZA/IX .

the dependencies are linear. The current
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Fig. 21. Dependence of short circuit current on
illumination of heterojunctions: In,0,/GaSe: Cu );

In,0, :Sn/GaSe:Cu (2); TiO,/GaSe:Cu (3),
ZnO/GaSe:Cu  (4) CuO/GaSe:Cu  (5);
Cd,0/GaSe: Cu (6); Bi,0,/GaSe:Cu (7).

To determine the mechanism of charge carriers
transport through the junction current -voltage (I1U )
characteristics were measured at direct (Figure 22a) and
reverse bias (Figure 22b) of HJ. At low voltages

(U <0.25V) IU characteristics for (CdO, TiOz,

ZnO )y GaSe : Cu HJ is practically exponential and are
described by [48]:

J =17, [exp-(qV /nKT)-1] @1)

where J, - density of current determined by minority
charge carriers; ( - elementary charge, K - Boltzmann
constant and T - absolute temperature. The diode quality
factor (N) of the studied structures is (~ 1.5 +l.6). The
value of N greater than unity indicate that, along with
diffusion current

Jd — qupnO +annp0 ( qV

——1 22
L L TPk j()

P n

in the junction there is a current J, determined by intense

recombination of minority charge carriers (2).
IU characteristics at forward biasing U > 0.3V is

quasi - linear determined by voltage drop on bulk material
(GaSe : Cu) outside the junction.
In Figure 22b, the IU dependencies are presented for

at reverse bias of (CdO, TiO,, ZnO ) GaSe:Cu
U<IV, the U
characteristics are described well by a power function of

heterojunctions. At  voltages

J ~U¥ type, where the power factor K has the value of
0.8 for the TiO,/GaSe:Cu, 0.88  for
Cd,0/GaSe:Cu and 0.9 for ZnO/GaSe:Cu HIJ. At
voltages U >1V, the power factor increases up to
(2.9+3.9), which is in good agreement with the space
charge limited current [49].
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temperature 293 K for structures ZnO/GaSe : Cu

(1), TiO,/GaSe : Cu (2) and Cd,0/GaSe: Cu (3)
to direct (a) and reverse polarization (b).

From the analysis of: absorption spectra of GaSe,
InSe crystal and of In,O, thin layers, spectral
characteristics of photosensitivity of 1n,0,/InSe : Cu and
In,O,/GaSe : Cu HIJ, and knowing electronic affinity of
materials, being equal to 3.70eV (In,0;), 4.55eV
(InSe) and 3.8eV (GaSe) the energy diagrams of the
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junction In,0,/GaSe and In,0,/InSe (Fig. 23) were

approximated.

E, eV
= Ins0)s GaSe InSe
¥=3.70 eV ¥=3.80 eV y=4.55 eV
E, E,
E.
E,=3.78 eV E=2.05eV E~1.26 eV
M E, — Ey
—_1__F,

Fig. 23. Energy diagrams of the junction In,O, /GaSe
and In,0,/InSe..

3. Conclusions

There the absorption spectra of GaSe, InSe
monocristalin layers at 293K and 78 K were analyzed.
The exciton characteristics and characteristic energies of
electronic bands structure were determined.

The character of optical transitions and the band gap
of oxides of metals (In, Sn, Ti, Bi, Zn, Cu and
Cd ) layers were determined.

The photosensitivity bands and charge carriers
transport mechanism for GaSe, InSe semiconductors
and metals’ oxides of In, Sn, Ti, Bi, Zn, Cu and
Cd were determined.

As it came from the analysis of absorption and
photosensitivity spectra the value of diffusion mean path

of minority charge carriers in INSe and GaSe layer
from interface of InSe:Cu/TiO, and GaSe:Cu/TiO,

HJ at 293K and 78K as being equal to 0.60um,
1.97 gm and 0.83um, 1.95um, respectively was

determined.

It was established that mean free diffusion path is
decreasing with increase of IN layer oxidation time
deposited on the surface of GaSe and InSe
monocristalin films.

The ratio of recombination rate of non/equilibrium
charge carriers through surface states and diffusion
coefficient in (GaSe layer from interface of HJ

ZnO/GaSe : Cu was determined: 6.65 zm.
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