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In this work, the electron emission properties from  thin, doped In2O3 and SnO2 layers (ITO) have been studied. The films of 
thickness from 10 nm to 300 nm were deposited on a glass substrate and exposed to the electric field and UV light. The 
studied emission phenomena were: the field induced secondary electron emission (FISE), the field induced electron 
emission (FIEE) and the field induced photoemission (FIPE). Electric field inside the emitter was found to be of the order of 
1 MV/m. The FISE phenomenon is based on the Malter effect. Among others, field modification of the secondary electron 
spectra has been observed. The FIEE and FIPE measurements relied on determination and analysis of voltage pulse 
amplitude spectra from a photomultiplier. The emission yield and the electron energy distributions as a function of field 
intensity in the emitter, the ITO thickness and the UV illumination have been determined. A phenomenological model of the 
investigated phenomena has been suggested which includes four types of emission mechanisms: an ordinary one (induced 
exclusively by electric field) and another caused mainly by the surface, volume and tunnel effects. 
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1. Introduction 
 

In 1936 Louis Malter studied the phenomenon of 

secondary emission from poorly conducting oxides and 

discovered some anomalies [1–3]. The anomalous 

secondary emission was caused by charging of the emitter 

surface and production of an internal electric field in 

investigated samples. Uncontrolled behavior of this 

emission made impossible practical application of its 

properties like e.g. some high values of the secondary 

emission coefficient. If it was possible to produce a given 

value internal field in a sample, then the secondary 

emission would be controllable. In this work such an 

attempt has been taken. 

On the glass slide surface we deposited a conducting 

film of ITO (indium tin oxide). On the other side, NiCr 

alloy was deposited as the electrode used for biasing by 

negative voltage. Such a capacitor like structure allowed to 

create an internal electric field. The field direction 

favoured the electron release from the ITO into the 

vacuum. By application of a given value of the field, the 

electron emission intensity was controlled. Primarily this 

method was used in the study of the secondary electron 

emission (FISE).  

It was found that the results, similar to the Malter 

emission, significantly differed from commonly known 

[4]. In further studies, the secondary electron beam was 

switched off. In this way, the influence of exclusively 

electric field on the process of electron heating, thus on 

their emission into the vacuum, was investigated. 

Additionally we could illuminate the ITO layers by UV 

light and study an intensity of the field induced electron 

emission (FIEE) and photoemission (FIPE). The 

investigated emitting films were made of doped SnO2 and 

In2O3, which are materials conducting the current and 

transparent to the light. The films, commonly called ITO 

layers, find numerous applications in optoelectronics [5–

11]. The ITO-glass interfaces are promising materials for 

optoelectronic and nonlinear optics and these features are 

determined by the nano-interfaces effectively interacting 

with the phonon sub-system [12–13]. 

 

2. Samples and apparatus 
 

For preparation of the samples, we used 0.2 nm-thick 

glass slides which were covered on one side with 

conducting ITO films of thickness in the range from 10 nm 

to 300 nm. Deposition was made by direct current reactive 

ion sputtering [14]. In2O3 films were doped with tin, 

whereas SnO2 films with antimony. The sputtering target 

was an alloy: either indium (90%) and tin (10%) or tin 

(93%) and antimony (7%) [15,16]. The ITO film was the 

emitting surface, whereas the other layer of 1 m-thick 

NiCr was biased by a negative voltage (field electrode). 

Surface resistance Rs of ITO films was in the range 8·10
4
 

/ 
 
to 3·10

2
 /. The film thickness was measured by a 

Talysurf 4 profilometer [17]. The investigated samples 

have a MIS type structure: field electrode-glass-ITO, as 

shown in Fig. 1. 

 

 
 

Fig. 1. Shape of a sample and the charge distribution  

under biasing. 
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A scheme of the electric set used to study the field 

induced secondary emission (FISE) is presented in Fig. 2a. 

The internal electric field in the sample was generated by 

high voltage power supply, which allowed a negative 

biasing voltage to be applied to the rear side of the sample. 

The primary electron beam was changed from 25 eV to 

200 eV. Secondary electrons from the sample were 

directed to the energy electron analyser. A four-grid 

retarding potential analyser makes it possible to 

investigate change in the secondary emission coefficient 

when all the grids are short circuited and grounded. To 

obtain the electron energy distribution, the negative 

potential Ua relatively to the emitting surface of the sample 

is applied to the analysing grids. 
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Fig. 2. Experimental setup used to study of a) the field 

induced secondary emission (FISE), b) the field induced 

electron emission (FIEE). 1–electron gun, 2–accelerating 

system, 3–four-grid retarding potential analyzer, S–

sample, Up–accelerating voltage, Ua–analysing voltage, 

Jc–collector voltage, Ub–biasing voltage, Ep–primary 

electron energy, UV–quartz lamp, EEA–energy electron 

analyzer, EM–electron multiplier (channeltron), HV–

high voltage switch, (2.9 kV),  MPAA–multichannel pulse  

                 amplitude analyzer,  IBM–computer. 
 

In order to minimise the Malter effect and 

accompanying it charging of the sample surface as a result 

of primary electron bombarding, it was decided to 

investigate only field induced electron emission, i.e. 

without participation of a primary beam. The schematic 

diagram of the apparatus used to study the field induced 

electron emission (FIEE) is shown in Fig. 2b. Applying 

biasing voltage Ubias, from the interval from –2 kV to 0 V 

to the field electrode creates an internal field, which favour 

electron emission into vacuum. Appropriate operational 

conditions for the electron multiplier were received by 

acceleration of electrons between the emitting film and the 

multiplier, i.e. voltage Up = –200 V at the emitting film 

and grounded entrance of the multiplier (EM). Depending 

on the kind of performed measurements, grids 3 and 4 of 

the electron energy analyser (EEA) were either grounded 

or polarized by negative analysing voltage Ua. The 

electrons accelerated to the energy eUp create voltage 

pulses in the multiplier. These pulses are recorded in the 

multichannel pulse amplitude analyser (MPAA). The 

multiplier is joined to preamplifier, which adjusts its 

parameters to MPAA. The multichannel analyser registers 

pulses, which are amplified. The pulses are recorded 

according to their height, creating so-called voltage pulse 

amplitude spectrum. The amplitude spectra (for various 

Ubias) were measured for unilluminated samples and 

samples illuminated by a quartz lamp (UV).  

 

3. Results 
 

3. 1.  Field induced secondary emission (FISE)  

 

Using the equipment shown in Fig. 2a, the collector 

current intensity Ic as a function of the primary electron 

energy Ep (Ubias=const) was measured and after performing 

some calculations was presented as  = f(Ep), (Fig. 3). 

When the energy Ep is a parameter, then the dependence of 

Ic on Ubias can be derived and further calculated over to the 

dependence   = f(Ubias) (Fig. 4). 

 

 

 
 

Fig. 3. Dependences of the coefficient  on Ep for a 10  

and 200 nm thick ITO film;  Ubias=0V and  Ubias= –1 kV. 
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Fig. 4. Dependences of the collector current JC on Ubias   

for a different values of Ep (I–Imax, II–IImax). 

 

It is known, that secondary emission coefficients 0 

(without field) for semiconductors are greater than 1 but 

there are no data in the literature for coefficients  (with 

field). As one can see in Figs. 3 and 4, values of the 

coefficients  depend on the energy Ep, Ubias voltage and 

ITO thickness. Due to the limited range of  Ep (primary 

beam energy), it was impossible to obtain the highest 

value of  for an unbiased sample [4].  

In Fig. 4 we can see that the curves  = f(Ubias) are 

non-monotonic and have two distinct maxima denoted as 

Imax (at lower Ubias) and IImax (at higher Ubias value). With 

increasing Ep, the maxima move towards higher values of 

Ubias. At higher Ep  it was sometimes impossible to obtain 

IImax on the  = f(Ubias ) curve, as a result of high Ubias and 

eventual electric discharge. The shape of  = f(Ep) at  Ubias 

≠0 is characteristic for a given value of Ubias and depends 

on the thickness of the ITO film. In general, one has to 

increase Ep with increasing negative Ubias in order to 

maintain the optimum conditions for maximum secondary 

emission. The thinner ITO layer, the more sensitive is the 

sample to the external electric field. 

Aiming to study the internal electric field influence on 

concentration of conduction electrons in the close to the 

surface region, we analyzed energy spectra at various Ubias 

and energy Ep. The energy spectra were obtained using the 

retarding field method. The spectra for a 200 nm sample at 

energy Ep = 75 eV: Ubias= –800 V (Imax of (Ubias)) and 

Ubias= –1.5 kV (IImax of (Ubias)) are shown in Fig. 5. 

Analysis of the secondary electron energy spectra can 

be summarized as follows: 

 in minimum  = f(Upol) becomes smaller or even the 

primary peak disappears, 

 in maximum I – the primary peak appears again, is 

bigger than the secondary peak and shifted towards 

the lower energy E < Ep (Fig. 5a), 

 in maximum II – the elastic peak returns to its 

previous position and some high energy electrons of 

energy E > Ep are detected (Fig. 5b), 

 in the region outside of maximum II the primary peak 

and the whole spectrum disappear, similar as it is in 

the range of Ubias corresponding to the minimum in the 

curve  = f(Ubias). 

 

 

 

 
 
Fig. 5. Energy spectra of secondary electrons for Ep = 75 

eV, a)  Imax of  = f(Upol), b) IImax of  = f(Upol), E is the  

                              primary peak shift.        

 

 

3.2. Field and optically induced electron emission  

       (FIEE and FIPE) 

 

Exemplary voltage pulse amplitude spectra for the 

ITO 100 nm films (for some chosen Ubias values both with 

and without UV illumination) are shown in Fig. 6. Number 

of pulses per unit time, i.e. the frequency of counts n, 

increases exponentially with increasing Ubias, as shown in 

Fig. 7. The increase is several times greater at UV 

illumination, but it differs for films of various thicknesses 

[18,19].  
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Fig. 6a. Voltage pulse amplitude spectra under  

illumination at some chosen voltages Ubias. 

            
 

Fig. 6b. Voltage pulse amplitude spectra  for photoeffect  

at Ubias = 0. 

 
In general, the thinner ITO films the greater emission 

efficiency. It was experimentally established that 
functional dependences of n on Ubias for the ITO layers of 
various thickness are as follows: 

 for 200 nm: n = a(Ub)
3/2

, (without illum), n = 
a1exp(a2Ub), (illum.), 

 for 100 nm: n = b1exp(kUb) (without illum.), n = 
b2exp(kUb), (illum.), 

 for 10 nm: n = c1(Ub)
5
 (without illum.), n = c2(Ub)

6
 

(illum.). 

 
 

Fig. 7. Count frequency n as a function of voltage Ubias  

(Ub)  for a sample with 10 nm thick ITO layer. 

The FIEE or FIPE behavior according to the equation 

of the type n  exp(aUbias) can be compared to the 

mechanism of self-contained discharge (so called 

Townsend current) in rarefied gasses and also to the 

Malter electron avalanche in porous emitters [3]. 

Energy of electrons emitted from ITO films was 

studied with the well known method of a retarding field [3, 

4]. At first, the amplitude spectra for several analyzing 

voltages Ua  at constant Ubias were measured. Then for each 

value of Ua , the frequency n was determined. It is evident 

that the frequency n in the particular analyzer channels 

should decrease with increasing negative Ua. After 

differentiation of the obtained retarding curves n = f(Ua), 

the energy distributions F(E) = f(E) were obtained. An 

exemplary energy spectrum for the 10 nm-thick sample at 

biasing voltage Ub = –1 kV is shown in Fig. 8.  

 

 
Fig. 8. Energy spectra of electrons and photoelectrons 

for a sample with 10nm thick ITO layer, Ubias = –1 kV. 

 

 

The energy analysis reveals that about 80 % of 

emitted electrons have energy less than 10 eV. This energy 

decreases with increasing Ubias which is connected with 

increasing number of emitted electrons. This effect is 

caused by electron collisions leading to significant energy 

losses in the region of enhanced electron concentration 

near the surface. 

 

 

4. Discussion 
 

The investigated system is a structure similar to a 

capacitor with a dielectric. Charge distribution in the 

system is shown in Fig. 9. In the ITO layer there are 

created two zones of different electron concentration: 

depleted at the glass surface and enhanced at the vacuum 

boundary.  The voltage Ubias is distributed in glass (Ug) 

and semiconductor (UI)  as follows: 
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where: 
2en

kT
D

o

Io
 , no–concentration of charge 

carriers.  

The capacity Cl is related to the region of charge 

volume in the ITO layer. The magnitude of Cl depends on 

the width of the depleted zone i.e. on the Ubias voltage. The 

final capacity of the system is a series connection of Cg 

and Cl. Assuming that d = 2×10
-4 

m (glass thickness), D    

2×10
-7 

m (ITO thickness), g = 10 and I < g, one can 

calculate, from eqns (1) and (2), the relation between the 

voltages applied to glass and to semiconductor:  

 

Cg = 2×10
-3 

CI ;  UI =  2×10
-3

 Ug                    (3)  

 

In order to evaluate the electric field intensity in glass and 

semiconductor one has to take e.g. Ubias = –1 kV, Ug and Ul 

according to (3) are: Ug = 998 V, Ul = 2 V, and finally 

obtain Eg and El: 

 

 
m

V

d

U
E

g

g

6105   ,    
m

V

D

U
E I

I

710          (4) 

  

 

b2b1

E ~ kT

UU

)

` b)

E > kT

Ub4U

c)

E >> kT

Ub6Ub5  
Fig. 9. Schematic illustration of the polarization of ITO 

layer at various Ubias: Ub1 < Ub2 < Ub3 < Ub4 < Ub5 <  

                   Ub6, a) EkT, b) E>kT, c) E>>kT 

At first, for lower Ubias we could not observe distinct 

depleted and enhanced zones in the ITO film (Fig. 9a). As 

long as the energy gained by an electron is of the kT order, 

emission to the vacuum is not possible. 

At increased Ubias, the energy gained in an electric 

field is higher than the thermal energy i.e.  E > kT (Fig. 

9b). The electron can overcome surface potential barrier. 

Work function for the tin indium oxides is 4.6 eV but at 

bias conditions it is lower and favours electron emission 

into the vacuum. In the case of FISE emission, the 

efficiency can be even lower than under biasing, as a result 

of electron collisions proceeding in the enhanced zone 

(minima in Fig. 4). In FIEE the voltage Ubias of the order 

0.5 kV is sometimes (depending on ITO thickness) enough 

to observe an electron emission (Fig. 6). With increasing 

Ubias the emission efficiency is exponentially growing, as 

shown in Fig. 7. Under illumination, the ITO film emits 

photoelectrons without electric field induction (Ubias = 0), 

as shown in Fig. 6b. The electron energy in FISE and 

FIEE phenomena reaches 10 eV (Fig. 8). 

At high Ubias values (e.g above 1 kV), conditions 

corresponding to E >> kT are established in the 

semiconductor (Fig. 9c). This denotes that: 

 two distinct zones (depleted and enhanced)  are 

formed in the ITO film, 

 in the depleted zone conditions are favourable for 

electron acceleration to the energy above the vacuum 

level  (hot electrons, Imax in Fig. 4) 

 the enhanced zone becomes thinner and electron 

concentration becomes higher which enables the 

Zener or tunnel effects to occur (IImax in Fig. 4). 

In the case of FISE we can observe some field 

modification of energy spectra: 

 shift of the primary peak (Fig. 5a) which is a result of 

electron energy loss in the enhanced zone, 

 appearance of electrons with E > Ep (Fig. 5b) i.e. such 

primary electrons which did not experience energy 

loss but gained some energy in the depleted zone and 

went through it in a tunnel effect. 

It is known [20] that the ITO layers have a cluster like 

structure characterized by a distribution of tiny highly 

conducting grains separated by thin dielectric layers [21, 

22]. These clusters can have additional charge. The ITO 

film structure depends on a kind of substrate [23]. On a 

glass substrate, the film grows in two dimensions creating 

micro grains of the same orientation. It was shown by 

electron microscopy that ITO films are to some extent 

porous with defects and channels in a nanometer scale 

[24–26]. The main defects are oxide vacancies and 

interstitial dopant ions. Any surface vacancies, pores or 

volume vacancies can be a source of high local electric 

fields (E > 10
7 

V/m). Such fields can initiate a process of 

avalanche electron multiplication. 

In view of these assumptions, electron emission into 

the vacuum can be described by some mechanisms based 

on structural defects, as shown in Fig. 10. An ordinary 

emission is an outcome of hot electrons which gained 

energy in an electric field. The emission initiated by 

charged defects on the surface or inside the layer is called 

the emission induced by a surface or volume vacancies. 
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The emission resulting from avalanche processes has its 

origin in lossless channels of a nanometer scale.    

 

 
 

Fig. 10. Probable mechanisms of FIEE phenomenon: 1–

normal  emission,  2–surface  vacancy,  3–bulk  defect,  

                                 4–tunnel effect. 

 

 

5. Conclusion  
 

In the systems of glass-ITO type, the following 

phenomena have been detected and studied: the field 

induced secondary emission (FISE), the field induced 

electron emission (FIEE) and the field induced photo 

emission (FIPE). Anomalous secondary emission effects 

in the ITO films can be explained by a phenomenological 

model of two zones with depletion and enhancement of 

charge carriers. It shows the following anomalies: 

 non monotonic behavior of  = f(Ubias)Ep=const, and  = 

f(Ep)Ubias=const 

 field modification of the secondary electron energy 

spectra.  

The FIEE phenomenon relays on the extortion of 

electron emission due to the electric field in the glass-ITO 

emitter and proceeds in the fields of the order of 1 MV/m. 

The electron yield in FIEE and FIPE depends on the field 

intensity (Ubias) inside the emitter, the ITO thickness and it 

grows non-monotonically with increasing Ubias. The 

energy of emitted electrons does not exceed 10 eV. 

The phenomenological model of emission phenomena 

taking into account 4 types of volume mechanisms of 

emission has been proposed. The model is in agreement 

with the mechanism of self-sustained Malter emission.  
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