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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 m0. Effective 
mass of electrons in p-GaSe is equal to 0.18 m0. 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, In2O3/InSe and TiO2//InSe heterojunction’s 
interface depends on the fabrication technology and ranges between 0.56 μm÷1.97μm. The same parameter for structures 
based on InSe lies between 1,00÷3,45 μm 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 eV0.2  for GaSe  
and of eV26.1  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   
[9] , [10] . 

 Photoelectrical properties of nInSepGaSe −  
heterojunctions with optical transparent contact [11-13] 
and with optical transparent semiconductors 

32OIn ( 2SnO ) [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 InSeOIn −32  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 

spectral characteristics shifts from high energy to lower 
energies. 

 Thus photosensitivity range covers the energies 
from eV20.1  up to eV1.2~ , although 32OIn  layer is 
optically transparent up to eV0.4~ . 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 CuGaSe :  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 νhE f = , 
part of this is absorbed in the material having the 
absorption coefficient ( )να h  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 ( )νσ h  increase, while a 
generation of hole-electron pairs can be produced only 
through band-to-band, absorption when the condition 

gEh ≥ν  is satisfied. 

 
 

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

  
A pronounced increase of photosensitivity takes place 

for energies 
2gEh ≥ν , 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 „ g ”, a recombination process having rate 
„ nr ” and „ pr ” (for electrons and holes respectively) takes 
place. 

In Figure 2 are illustrated electronic transitions for a 
system with three energy levels. 

 

 
 

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: 
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 The generation of the charge carriers includes the 
thermal generation of electrons (characterized by ng0 ) and 
holes pg0  and also optical generation Fg . For band to 
band absorption, the rate of photo-generation for electron 
and holes are equal ( FFpFn ggg == ). 

 If fN  is the number of incident photons on the sample 
surface for 1 sec, then the photo-generation rate is given 
by: 
 

( )ηα RNg fF −= 1          (2) 
 
where R  is the reflection coefficient, α  is the absorption 
coefficient and η  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 pn Δ=Δ  and to concentration of 
recombination centers for electrons and holes: 
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where nγ  and pγ  are recombination coefficients for 

electrons and holes and nτ  and pτ  are mean life time for 
electrons and holes respectively. 
 Reflection coefficient R  for the non-polarized incident 
light is written as: 

( )ps RRR +=
2
1

       (4) 

where sR  and pR  are coefficients of reflection for light 
polarized perpendicular and respectively parallel to the 
plane of incidence. 
 At normal incidence in air ( )10 =n  [19] T. S.  [20] : 
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 Due to the fact that oxide semiconductors ( 2TiO , 

32OIn , 2SnO , ZnO , 32OBi ) are optically transparent 
( 0≅k ) for spectral range nm400>λ , the reflection 
coefficient of (2) can be determined from measurements of 
refractive index " n ". 
 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: 
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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] : 
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where pL  is free path and pD  is diffusion coefficient of 

holes; DV  - biasing voltage at the junction; nS  - the 
recombination rate of electrons at the separation surface 
between optically transparent electrode and 
semiconductor; nv  - thermal speed of electrons. 
 The efficiency η  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 maxη  determined as the ratio of the maximum 
electrical power generated by the cell by incident light 
energy is given by the expression [23] : 
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where mV  is the open circuit voltage, AE  - average energy 
for the absorbed photons beam in the active part of 
junction, fN is the density of photon beam having the 

energy gEh ≥ν  which creates electron-hole pairs in 
junction; fN  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 , 
InSe  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. 

 

 
 

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

 
GaSe 
 
The absorption spectra ( )να h  of GaSe  at K293  

and K78  are presented in Figure 5. At the fundamental 
absorption band edge, at K293  (curve 1), the plot shows 
an exciton absorption narrow band with a maximum at 

eV00.2 . The maximum value for coefficient of 
absorption in this band is 11700~ −cm . The decrease of 
the sample temperature to K78  (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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12000~ −cm . Also, the band is shifted towards high 
energies. Temperature dependence of excitonic energy 
maximum is given by polynomial [27] Y. P. : 

 

( ) ( )
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0 ,       (9) 

 
were energy of exciton at K0  absolute temperature is 

( ) eVEex 134.20 = , thermal coefficient 

KeV /1033.2 4−×=α  [28] and K5.38−=β . 
 

 
 
Fig. 5. Absorption spectra of GaSe  crystal for room 
temperature K293  (curves 1, 3, 4) and for liquid 

nitrogen K78  (curves 2, 5, 6) in polarization C E
rr

II  

(curves 3, 5) and CE
rr

⊥  (curves 1, 2, 4, 6). Curve 7 
was calculated by use of formula (12) for 1

0 1630 −= cmα   

                              at eVh 175.2=ν . 
 
 
 At low temperatures ( KT 78= ), together with the line 
corresponding to the excitonic state 1=n  
( eVEn 098.21 == ), the absorption band corresponding to 
the excitonic state 2=n  appears at eVEn 115.22 == . 
 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 ( 0=k ) ( )0nE  is given by the formula [29] : 
 

( ) 20 n
REE gn −= ,      (10) 

 
where gE  is the band gap, K,3,2,1=n  - main quantum 

number, R  - effective excitonic Rydberg constant. Using 
values of excitonic energy bands for 1=n  and 2=n  one 
can determine the band gap at K78  - eVEg 121.2=  and 
the value of excitonic Rydberg, eVR 6.22= . 

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

2360,1
ε
μ

=R , eV     (11) 

 
where ( ) 111 −−− += pn mmμ  is the reduced mass of electron-

hole pair, and ε  - for anisotropic crystals as GaSe  - is 

calculated from [31] M. S. ( )( ) 312⊥⋅= εεε II . Considering 

that 055.0 mmp =  [32] , 2.100 =⊥ε  and 6.70 =llε  [31] 
M. S. the effective mass of minority charge carriers is 

018.0 mmn = . This value correlates well with results of 
magneto-optical measurements [32] . 
 In addition to the spectrum with excitonic lines at 
discrete energies gEh >ν , one may observe the so-called 

excitonic continuum, where overlapping lines with 2>n . 
In this spectral range the absorption coefficient ( )να h  for 
direct optical transitions is given by the formula [33] [34] : 
 

( ) ( ) ( )
( )πγ

πγπγνανα
sh

hh exp0=      (12) 

 
where ( )να h0  is the absorption coefficient for 

gEh >>ν , in this energy range the electrons and the 

holes do not interact; ( )gEhR −= νγ 2 . 

 In Figure 5 (curve 7) is shown the dependence ( )να h  
calculated by use of formula (12) for 1

0 1630 −= cmα  at 
eVh 175.2=ν . 

 Deep inside the fundamental band, absorption 
coefficient increases monotonically with energy increase, 
both at room temperature and at K78 , reaching the value 
of 15200~ −cm  at eVh 55.2=ν . 
 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 C E

rr
II  and CE

rr
⊥ ) [35] [36] . As can be seen 

from Figure 5 (curves 3-6), anisotropic optical absorption 
is pronounced in the optical transitions region with the 
formation of indirect excitons ( eVEi

exc 050.2= , 
KT 80=  [37] ). In this range of energy absorption 

coefficient is less than 1300 −cm  at KT 293= and 
1130~ −cm  at K78  and decrease monotonically with 

energy. Also, in this energy range, the absorption of light 
in both C E

rr
II  and CE

rr
⊥  polarization is characterized 

with the absorption coefficients ⊥> αα ll . This leads to 
the conclusion that at KT 78≥  in GaSe  the lowest 
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energy state is the state of indirect excitons, in which 
optical transitions are allowed for C E

rr
II  polarization and 

only partly for CE
rr

⊥  polarization. 
 

InSe 
 

 The light absorption at the edge and deep inside of 
fundamental absorption band for mono crystalline layers 
of InSe  ( Cuat.%02.0 ) at K78  and K293  was 
investigated. 
 Absorption spectra in the range of eV05.1 -

eV65.2  are shown in Figure 6. The absorption band 
edge of the InSe  crystal ( Cuat.%02.0 ) at KT 293=  
(curve 1) shows a peak at eV265.1 . At lower 
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 
temperature satisfies the formula (9) in which 

( ) eVEexc 332.10 = , KeV41070.4 −×=α  and 
K233=β . 

 

 
 

Fig. 6. Absorption spectra of monocrystalline layers of 
InSe ( Cuat.%02.0 ) at a temperature of K293   

(curve 1, 3) and K78  (curve 2, 4). 
 
 
 At K78  the edge of absorption band is formed of 
two bands corresponding to direct excitons in the 1=n  
( eVh 322.1=ν ) and 2=n  ( eVh 336.1=ν ) states. 
Using the energy of electron-hole pairs (exciton) from 
(10), one obtain meVR 7.18= . 
 Also, as it comes from (11), and taking into account 
that 9.100 =⊥ε , 9.90 =

llε  [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 7.100 =ε  and 
reduced mass of electron-hole pair as being equal to 

014.0 m=μ , where 0m  is the mass of free electron. 

 As one can see in the inset to Figure 6, the absorption 
coefficient ( )να h  at higher energies at K293  (curve 3) 
and K78  (curve 4) increases monotonically with energy, 

reaching the value of 15107~ −× cm  at eV6.2 . 
 
In2O3 

 

 32OIn  thin layers obtained on a substrate of 2SiO  by 
heat treatment at temperature KT 670=  in the air of an 
In  layer having the thicknesses in the range of mμ11.0  
- mμ3.2  have been investigated. The treatment time was 

20,15  and 35  minutes and it was selected for the 
optical transmission at nm8.632  to exceed %70 . In 
Figure 7 the absorption spectra of thin layers of 32OIn  at 

the temperature K293  are presented. The ( )να h  
dependencies for air heat-treated layers at different time 
have similar shapes and contain three distinct intervals. In 
the energies range eVheV 7.25.1 ≤≤ ν  absorption 
coefficient has a weak dependence on photons’ energy and 
weakly decreases with increasing of treatment time from 

13000 −cm  ( min15=t ) down to  1760~ −cm  
( min35=t ) (wavelength of the light-probe 

nm8.632=λ ). 
 

 
Fig. 7. Absorption spectra of thin layers of 32OIn  at 

temperature K293  heat-treated for 20,15  and 35  

minutes. Inset: dependence ( ) ( )ννα hfh =21  (curve 

1) and ( ) ( )ννα hfh =2  (curve 2) for thin layers of  

                 32OIn  at temperature K293 . 
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 In the range of eVheV 7.37.2 ≥≤ ν  the absorption 
coefficient monotonically increases up to 14108.1~ −× cm  
and shows a steep increase for eVh 7.3>ν . By 
extrapolation of the steep increase segment of the 
absorption coefficient to 0=α  one approximates the 
optical band gap for 32OIn  layers - eVEg 8.30 = . In this 
energy range, the dependence ( )να h  is well described by a 
power function of the type: 
 

 ( ) ( )ngEhAh −= ννα            (13) 
 
 Power factor 21=n  for eVh 9.3>ν , corresponds 
to direct optical transitions (valence band - conduction 
band) (inset to Figure 6, curve 2). Band gap, determined 
by extrapolation of linear dependence segment 
( ) ( )ννα hfh =2  to 0=α  is equal to eV93.3 . It has 
been demonstrated [39] that direct optical band gap 
depends on the thickness of layers obtained on a glass 
support and varies within ( )eV6.30.3 ÷ . 
 In the ( )eV8.35.2 ÷  range, the power factor (13) is 
equal to 2=n , which corresponds to indirect optical 
transitions [49] . Indirect band gap i

gE  at K293  was 

determined by extrapolation of ( ) ( )ννα hfh =21  to 0=α  
equals to eV46.2 . 

SnO2 
 

 2SnO  part of )(2 CuGaSepSnO −  and 
)(2 CuInSepSnO −  heterojunctions were obtained by 

heat treatment of thin layers of Sn  at K520  in air. 
2SnO  

has been also obtained on amorphous 2SiO  substrate. The 

absorption spectra at KT 293=  of the layers of 2SnO  
with thickness of nm15.0  up to nm8.2  are given in Fig. 
8. 

 
Fig. 8. Absorption spectra at temperature of 293 K of 
thin layers of SnO2 heat-treated for 15,25 and 60 min.. 
Inset: dependence ( ) ( )ννα hfh =2  of thin layers of SnO2  
                                          at 293 K. 

 As can be seen in the eV35.1  - eV2.3  range, the 
absorption coefficient increases monotonically with 
energy from 1800~ −cm  up to 12200~ −cm  ( 2SnO  
layers were oxidized for min60 ). 
 The slow increase of the absorption coefficient with 
energy characteristic is kept for 2SnO  layers obtained by 
oxidation of Sn  layer for min15  and min25  as well. 
 At eVh 7.3>ν  the absorption coefficient increases 
sharply reaching the value of 14107 −× cm  at eV0.4 . 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 

eV86.3  and does not depend on the oxidation time for 

Sn  layer on the 2SiO  substrate. 
 

TiO2  
 
In Fig. 9, the absorption spectra at K293  for the 

2TiO  layers produced by reactive evaporation in 2: OAr  
plasma ( 25:75 ) in DC current with the density of 

25.2 cmmA  up to 212 cmmA  are shown. As  source, a 
disk of ( )%96Ti  was used. The thickness of the layers 
studied varied in the range of ( )nm350120 ÷ . 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 eV35.1  up to eV8.2~ . 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. 
 

 
 

Fig. 9. Absorption spectra of the layers of TiO2 at a 
temperature of 293 K. Density of evaporation current: 

212 cmmA  (curve 1), 25.7 cmmA  (curve 2), 25 cmmA  
(curve 3) and  25.2 cmmA   (curve 4).  Inset:  dependence  
        ( ) ( )ννα hfh =2  of the layers of TiO2 at  293 K. 
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 At nm8.632=λ , the absorption coefficient is 
13103.3 −× cm , 14101.1 −× cm , 14107.1 −× cm  and 
14103.2 −× cm  for the current density of 25.2 cmmA , 

25 cmmA , 25.7 cmmA  and 212 cmmA , respectively. 
 For eVh 5.3>ν  one can observe a steep increase of 
absorption coefficient with energy. In this spectral range, 
the ( )να h  plots for the investigated samples, practically 
coincide and satisfy the requirement for direct optical 
transitions. At the band gap at KT 293=  of the titanium 
oxide layers, determined by extrapolation of segment of 
linear dependence ( ) ( )ννα hfh =2  is equal to eV54.3 . 
Using reactive evaporation method in the presence of 
plasma 2: OAr  were obtained 2TiO  thin layers [41] in 
which occurs optical direct transitions; forbidden band 
width of 2TiO  layers is equal to eV6.3  at K293 . 

 
Bi2O3 

  
Thin layers of 32OBi , part of heterojunctions 

GaSeOBi 32  and InSeOBi 32  were obtained by reactive 
evaporation in 2: OAr  plasma ( 25:75 ) in DC. 
 Current density was 2250 cmAμ , 2620 cmAμ  and 

21200 cmAμ . In the same technological conditions 

32OBi  - thin layers on support of amorphous 2SiO , used 

for optical studies at the temperature of K293  have been 
prepared. The thicknesses of investigated samples was 
from mμ13.0  up to mμ8.1 . 

 In Fig. 10 the absorption spectra of 32OBi  layers in 

the energy range from eV4.1  up to eV0.4  are 
presented. 
 As can be seen from these graphs, the ( )να h  
spectral dependency for eVh 65.3<ν  depends on 

current density in 2: OAr  plasma. In the range of 
( )eVheV 7.335.1 ≤≤ ν  the absorption coefficient is 

increasing with current density. ( )να h  coincides only for 

eVh 75.3>ν  where 14103.4 −×> cmα . In this energy 

range, the ( ) ( )ννα hfh =2  plot is a segment. Its 
extrapolation to 0=α  gives the direct band gap equal to 

eV9.3  (Figure 10, inset, curve 1). 
 In the range of eVh 7.3<ν  the absorption spectra 
are well described by a power function (13) where 

21=n . The dependence ( ) ( )ννα hfh =21  for 32OBi  

layers obtained at current density of 2620 cmAμ  in 

2: OAr . 

 
Fig. 10. Absorption spectra of 32OBi  layers at K293 . 

The current density: 2250 cmAμ  (curve 1), 
2620 cmAμ  (curve 2) and 21200 cmAμ  (curve 3). 

Inset: ( ) ( )ννα hfh =2  dependence (curve 1) and 

( ) ( )ννα hfh =21  (curve 2) of the layers of 32OBi   

                     (current density 2620 cmAμ . 
 
 Optical band gap determined by extrapolation of the 
linear segment ( ) ( )ννα hfh =21  to 0=ναh , is equal to 

eV71.2 . 
 

ZnO 
 

 The absorption spectra at KT 293= , of ZnO  thin 
layers obtained by reactive evaporation method in 2: OAr  
( 25:75 ) atmosphere using DC current on amorphous 

2SiO  support are shown in Figure 11. The current 
densities were 2250 cmAμ , 2620 cmAμ  and 

22.1 cmmA . The edge of intrinsic absorption band is 
localized at eVh 7.3>ν . In this energy range, the 
( )να h  plot for ZnO  layers, at a current density of 

( ) 22.125.0 cmmA÷  practically coincide (Figure 11). 
 In the inset in Figure 11 the dependence 
( ) ( )ννα hfh =2  for ZnO  layers with thicknesses in the 
range of ( )nm2300120 ÷ , obtained at current density of 

2620 cmAμ  in 2: OAr  plasma is presented. This energy 
dependence in eVheV 2.49.3 << ν  energy range is a 
straight segment corresponding to the direct optical 
transitions. The width of direct band gap equals to 

eVEd
g 89.3= . 
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Fig. 11. Absorption spectra of ZnO  thin layers at the 

K293 . The current density current: 2250 cmAμ  

(curve 1), 2600 cmAμ  (curve 2) and 22.1 cmAμ  

(curve 3). Inset: dependence ( ) ( )ννα hfh =2  of the 

ZnO  layers with thicknesses in the range 

( )nm2300120 ÷  (current density of 2620 cmAμ . 
 
 

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 K500  in the air for 

min20 , min100  and min180  are presented. As it can 
be seen, the absorption coefficient ( )να h  for 

eVh 3.2<ν  correlates with heat treatment time and is 
decreasing at increasing oxidation time. Absorption 
coefficient at nm8.632  is equal to 14100.2 −× cm , and 

14103.2 −× cm  respectively for the treatment of min180 , 
min100  and min20 . 

 The spectral dependence of the absorption in the 
studied energy range is described by the function of the 
(13) type. The power factor 2=n  for the energies in the 
range of eV1.2  - eV4.2  and 21=n  for 

eVh 5.2>ν . Direct band gap  K293  does not depend 
on the oxidation time of copper layers (oxidation time lies 
in the range of ( )min18020÷ ) and is equal to eV33.2 . 
Optical band gap determined by linear extrapolation of the 
linear segment of the dependence ( ) ( )ννα hfh =21  by 

0=ναh  for the layers heat-treated for min100 , is 
equal to eV72.1  (inset in Fig. 12). 

 
 

Fig. 12. Absorption spectra at 293 K for CuO thin layers 
heat-treated for 20, 100 and 180 minutes. Inset: 
( ) ( )ννα hfh =2  dependence (curve 1) and ( ) ( )ννα hfh =21  
(curve 2) of the CuO layers heat-treated  for 1000 min. 
 
Cd2O 

 
 Absorption spectra of thin layers of Cd2O 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 × 104cm -1 down to 13106.9 −× cm  
when for the annealing time increases three times from 

min15  up to min45 . 
  

 
Fig. 13. Absorption spectra at 293 K for thin layers of 
Cd2O heat-treated for 15, 25 and 45 minutes. Inset: 
( ) ( )ννα hfh =2  dependence (curve 1) and ( ) ( )ννα hfh =21   
                 (curve 2) of the OCd2  layers at 293 K. 
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At low energies ( )eV2.26.1 ÷ , the spectral 

dependence ( ) ( )ννα hfh =21  (inset to Fig.13, curve 2) is 
a segment of straight line. Optical band gap determined by 
extrapolation to 0=ναh  of the segment of straight line 
is equal to eV18.1  at KT 293= . For eVh 5.2>ν  
direct transitions take place (inset Fig.13, curve 1). Direct 
band gap at K293  equals to eV51.2 . 
 

TiO2/GaSe:Cu and TiO2/InSe:Cu heterojunctions 
 

 Spectral characteristics of photocurrent for 
CuGaSeTiO :2  and CuInSeTiO :2  heterojunctions in 

which thin layers of 2TiO  were obtained by reactive 
evaporation in atmosphere of 2: OAr  ( 25:75 ) at 
different current densities in plasma, are shown in Figure 
14. HJ photosensitivity is limited in both sides. Energy 
limits of photosensitivity are eV00.1 , eV80.1  and 

eV50.3~  for 2: TiOCuInSe  and 2: TiOCuGaSe . 
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 
high energy is caused by light absorption in 2TiO  layer 
(Figure 9). 
 Monotonous increase of the photosensitivity in energy 
range eVheV 0.35.1 ≤≤ ν  for HJ CuInSeTiO :2 , 
respectively in energy range eVheV 0.32.2 ≤≤ ν for 
HJ CuGaSeTiO :2  is in good correlation with formula (2). 
This serves as indicator of the presence of low 
concentrations of recombination states in CuInSe :  and 

CuGaSe :  layers; the states are localized at the interface 
of heterojunctions. 
 

 
 

Fig. 14. Photocurrent spectral dependence for 
CuInSeTiO :2  (curve 1, 2) and CuGaSeTiO :2  

(curve 3, 4) HJ at K293 . The current density: 
2250 cmAμ  (curve 1), 2500 cmAμ  (curve 3) and  

                               2750 cmAμ  (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 1410 −cm . 
  

 
 
 

 
 

Fig. 15. The determination of mean free path of electrons 
in CuInSe : , CuGaSe :  layers from the interface of 
heterojunctions 2: TiOCuInSe  (a) 2: TiOCuGaSe   
                                 (b) at K293 . 

 
 

So, the inequalities 1<<ndα , pn Ld <  are satisfied 

and, if one considers that the recombination rate nS  is 
independent of the excitation intensity, by using (2) and 
(7) one obtains: 
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.       (14) 

 
 Varying ( )να h  and adjusting the photon beam 
incident on the sample ( )νhNFΔ  so that ( )νhVF  remains 
constant, and using (14) one obtains: 
 

( ) ⎟
⎠
⎞

⎜
⎝
⎛ +=Δ

α
ν 1

pF LChN .     (15) 

 
 The dependencies of the variations of intensity of 
monochromatic light beam ( )νhNFΔ  (in relative units) as 

function of α1  are show in Figure 15a and 15b n. 
Extrapolated linear segment of the dependence to the 
intersection with the α1  axis, determined the mean free 
path for minority charge carriers (electrons) in CuInSe :  
and CuGaSe :  layers from the interface of 
heterojunctions 2: TiOCuInSe  (Figure 15a) and 

2: TiOCuGaSe  (Figure 15b) as being equal to mμ6,0 , 
mμ97.1  and mμ83.0 , mμ95.1 , respectively. 

 
Heterojunctions In2O3/InSe:Cu 
 

 The band gap of  undoped 32OIn  layers at 

KT 293=  is equal to ( ) eVEg 63.30 =  [42, 43]. 

Considering the optical band of 32OIn  layers from 

CuInSeOIn :32  HJ at KT 293=  equal to eV78.3  
one can conclude that the Fermi level is located deep in 
the conduction band at ( )0gg EEE −=Δ  - eV15.0 . 
 The band gap coming from Burstein-Moss theory is 
given by the relationship [44]: 

( ) ( ) 3
22

*

2

3
2

0 n
m

EE gg πh
+=      (16) 

where n  is the concentration of electrons and *m  is the 
reduced mass of electrons and holes and is equal to 

06.0 m  [45]. The result for the free charge carriers 
(electrons) concentration in 32OIn  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 2O  
containing ambient. 
 For eVE 15.0=Δ , considering (16), one obtains the 
electron concentration in 32OIn  layer equal to 

319109.6 −× cm . 
 In Figure 16a the spectral dependencies of 
photocurrent normalized to the number of incident photons 
on the sample per time unit for CuInSeOIn :32  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 32OIn  layer (Figure 7). 
  

 
 

 
 
 
Fig. 16. (a) Spectral dependence of photocurrent of HJ 

( )CuatInSeOIn .%02.032  at temperature K293 . 

The duration of the oxidation of In  layer: min15  
(curve 1) and min35  (curve 2). (b) Determination of 
the free path of electrons in the layer of CuInSe :  from  
         the interface of HJ ( ) 2.%02.0 TiOCuatInSe . 

 
 

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 eV5.3~ . 
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 Monotonically increasing of the photosensitivity of 
HJ CuInSeOIn :32  with energy in energies range from 

eV5.1  up to eV4.3  indicates that the recombination 
speed of minority charge carriers in the InSe  layer from 
HJ interface can be neglected. 
 The mean free path of electrons nL  in InSe  layer 

from the interface of the InSeOIn 32  HJ depends on the 

heat treatment time (Figure 16b). The increase of the In  
layer oxidation time from the min15  up to min35 , 
results in mean free path of electrons is decreasing from 

mμ79.1  down to mμ56.0 . 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 (In2O3, SnO2,  
ZnO, Bi2O3, Cu2O)/p-GaSe(Cu) 
 

 Semiconductor oxide ( ITO , ZnO , 32OBi , 2SnO  and 
OCu2 ) ( )CuGaSep −/  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 ( )CuGaSeITO  at KT 293=  HJ 
is presented. In the ( )eV2.3~0.2 ÷  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 1310 −cm  up to 

1510~ −cm  [46]. Average thickness of GaSe  layer in which 
the non-equilibrium charge carriers are generated  varies 
within ( ) mμ101.0 ÷ . For eVh 2.3>ν  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. 

 
 

Fig. 17. Spectral dependence of photocurrent relative to the photon energy as function of photon energy for HJ 
( ITO , ZnO , 32OBi , 2SnO  and OCu2 ) ( )CuGaSep −/  at temperature K293 . 
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 These electronic transitions are determined by the 
absorption coefficients 1510 −>> cmα  and occurs in a 
layer of GaSe  having the average thickness 

md μ1.0<< . Since in this spectral range the HJ 
photocurrent is decreasing rapidly with increasing photon 
energy, one can consider that in the layer of ( )CuGaSe  
from HJ interface ( md μ1.0<< )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 ( )CuGaSeITO  
HJ (Figure 17a) is located in the range of impurity 
photoconductivity ( eVh 65.1~ν ). In the spectral range 
( )eV80.165.1 ÷  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 

( )CuGaSepSnO −2  (Figure 17b) and 

( )CuGaSepZnO −  (Figure 17c) heterojunctions. 

Analogous to the ( )CuGaSepITO −  heterojunctions, 
this growth is completed with a well pronounced peak at 
about eV0.2  corresponding to the direct optical 
transitions in the center of Brillouin zone (Γ  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 
interface of ( )CuGaSepSnO −2  and 

( )CuGaSepZnO −  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. 
 The mean free path of electrons in GaSe  layer from 
the interface of ( )CuGaSeOIn 32  and ( )CuGaSeSnO2  
heterojunctions, resulted from Figure 18, is equal to 

mμ45.3  and mμ00.1  respectively. 
 The density of recombination states is higher in the 
GaSe  layer from the interface of ( )CuGaSepOCu −2  
HJ, and especially in ( )CuGaSepOBi −32  HJ (Figure 
17e and Figure 17d). It is assumed that during the 
annealing process heat treatment at temperature at 
( )K700600 ÷ , 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. 

 
 
Fig. 18. Determination of length of free path for 
electrons in the GaSe  layer from interface of HJ 

( )CuGaSeOIn 32  (curve 1) and ( )CuGaSeSnO2   
                                       (curve 2). 

 
 In Fig. 19 the spectral characteristic of the 
photoconductivity of ( )CuGaSe  monocrystalline layers 
(curve 2) and absorption spectrum of these layers (curve 1) 
are presented. 
 

 
 

Fig. 19. Absorption coefficient spectral dependence of 
( )CuatGaSe .%05.0  monocrystalline layers (curve 1) 

and   spectral   distribution    of    photoconductivity for  
           ( )CuatGaSe .%05.0  crystals (curve 2). 

 
 As can be seen in these presentations, at energies 

eVh 1.2>ν  photoconductivity of ( )CuGaSe  
monocrystalline layers increases together with absorption 
coefficient α . Considering that that relatively small 
thickness of GaSe  layer ( md μ12≈ ) used to 
manufacture heterojunctions satisfy the condition of total 
absorption of photons in the sample ( 1>>dα ), one 
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should consider that photoconductivity is proportional to 
the total number of absorbed photons A : 
 

τσ ⋅=Δ A ,        (17) 
 
where τ  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 ( )CuGaSe  crystals. 
 Illuminating the ( )CuGaSeOBi 32  structure through 

32OBi  layer with photons eVh 7.1>ν , the separation of 
non-equilibrium charge carriers occurs at junction. The 
photocurrent WI /  normalized to the number of incident 
photons reaches its maximum value at energies 
corresponding to the absorption band of Cu  impurities 

eVh 88.1≈ν  and it has a decreasing trend with 
increasing photon energy. Since the edge of absorption 
band of the ( )CuGaAs  layer coincides with the edge of 
the photocurrent through the junction ( ( )νhI ) one can 
consider that the non-equilibrium charge carriers are 
generated in ( )CuGaSe  layer from ( )CuGaSeOBi 32  
junction. Slow decrease of photocurrent with the increase 
of the absorption coefficient α  indicates the presence of 
surface states with small life-time (high recombination 
rate). Such states are probably created by atoms of 32OBi  

layer that generates new valence bounds with Se  atoms 
from the surface of SeGaGaSe −−−  layered structure. 
 At forward biases of ( )CuGaSeZnO  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]: 
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where nD  is the diffusion coefficient of the minority 
charge carriers in the GaSe  layer at the junction interface; 
d  is the GaSe  layer thickness. 
 For nLd >>  and α1>>d  from (18) one obtains: 

n
fc L

L
D
SI

α+
+

1
1~ .       (19) 

 
 In the domain of high absorption coefficients 
( nL1>>α ), the photocurrent linearly depends on the 
value of the inverse of the absorption coefficient 
 

α
11~

D
SI fc + .         (20) 

 
 In Figure 20 the dependence of photocurrent 
normalized to incident photons number vs the inverse 
value of the absorption coefficient for the GaSeZnO  
structure at forward bias at V5  is shown. The SD  

determined by the interception on the axis α1 , is equal 
to mμ65.6 . 

 
 
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 VU 5=  were measured for 
structures based on CuGaSe : . The incident light had the 
wavelength in the range of ( )nm610520 ÷  (selected with 
a set of optical filters from the spectrum of the lamp with 
tungsten filament at K2850 ). Heterojunctions based on 

CuInSe :  were illuminated with a light beam having its 
wavelength in the range of ( )mμ1.14.0 ÷  selected from 
the same source. As it comes from the presented )(FJ  
plot, in the range of illumination from lux1.0  up to 

lux1000  the dependencies are linear. The current 
sensitivity is lxAμ1~ . 
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Fig. 21. Dependence of short circuit current on 
illumination of  heterojunctions: CuGaSeOIn :32

 (1); 

CuGaSeSnOIn ::32  (2); CuGaSeTiO :2  (3), 

CuGaSeZnO :  (4) CuGaSeCuO :  (5); 

CuGaSeOCd :2  (6); CuGaSeOBi :32  (7). 

 
 
 To determine the mechanism of charge carriers 
transport through the junction current -voltage ( IU ) 
characteristics were measured at direct (Figure 22a) and 
reverse bias (Figure 22b) of HJ. At low voltages 
( VU 25.0< ) IU  characteristics for ( CdO , 2TiO , 
ZnO )/ CuGaSe :  HJ is practically exponential and are 
described by [48]: 
 

( )[ ]1/exp0 −⋅⋅= nKTqVJJ     (21) 
 
where 0J  - density of current determined by minority 
charge carriers; q  - elementary charge, K  - Boltzmann 
constant and T  - absolute temperature. The diode quality 
factor ( n ) of the studied structures is ( )6.15.1~ ÷ . The 
value of n  greater than unity indicate that, along with 
diffusion current 
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in the junction there is a current rJ  determined by intense 
recombination of minority charge carriers (2). 
 IU  characteristics at forward biasing VU 3.0>  is 
quasi - linear determined by voltage drop on bulk material 
( CuGaSe : ) outside the junction. 
 In Figure 22b, the IU  dependencies are presented for 
at reverse bias of ( CdO , 2TiO , ZnO )/ CuGaSe :  
heterojunctions. At voltages VU 1< , the IU  
characteristics are described well by a power function of 

kUJ ~  type, where the power factor k  has the value of 
8.0  for the CuGaSeTiO :2 , 88.0  for 

CuGaSeOCd :2  and 9.0  for CuGaSeZnO :  HJ. At 
voltages VU 1> , the power factor increases up to 
( )9.39.2 ÷ , which is in good agreement with the space 
charge limited current [49]. 
 

 
 

 
Fig. 22. Current-voltage characteristic at the 
temperature K293  for structures CuGaSeZnO :  

(1), CuGaSeTiO :2  (2) and CuGaSeOCd :2  (3)  
                 to direct (a) and reverse polarization (b). 

 
 
 From the analysis of: absorption spectra of GaSe , 
InSe  crystal and of 32OIn  thin layers, spectral 
characteristics of photosensitivity of CuInSeOIn :32  and 

CuGaSeOIn :32  HJ, and knowing electronic affinity of 

materials, being equal to eV70.3  ( 32OIn ), eV55.4  

( InSe ) and eV8.3  ( GaSe ) the energy diagrams of the 
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junction GaSeOIn 32  and InSeOIn 32  (Fig. 23) were 
approximated. 
 

 
 

Fig. 23. Energy diagrams of the junction GaSeOIn 32  

and InSeOIn 32 . 

 
 

3. Conclusions 
 
 There the absorption spectra of GaSe , InSe  
monocristalin layers at K293  and K78  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 2: TiOCuInSe  and 2: TiOCuGaSe  
HJ at K293  and K78  as being equal to mμ60.0 , 

mμ97.1  and mμ83.0 , mμ95.1 , 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 

CuGaSeZnO :  was determined: .65.6 mμ  
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