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A simple theoretical model explaining the increase of X-ray sensitivity caused by adding tungsten nanoparticles 
into thin layers of organic materials is proposed. The mentioned increase of sensitivity is caused by quenched elec-
tron multiplication due to secondary electron emission from tungsten particles. After some simplifying assumptions, 
an expression of the  electron multiplication factor K is derived for the  case when tungsten atoms are uniformly 
mixed with the matrix material. The main assumption of the model is the existence of a threshold energy Emin of 
the  order of 0.1  eV, below which the  recombination of charge carriers prevents them from being accelerated by 
the electric field to energies sufficient for impact ionization. It is shown that this assumption makes the increase of K 
and photocurrent with increasing electric field much slower than the exponential increase commonly associated with 
an electron avalanche, and K may even start to decrease when the electric field strength exceeds a certain value. An-
other factor, which has an adverse effect on the X-ray sensitivity, is the ionization energy loss of photoelectrons inside 
metallic nanoparticles. The results of Monte Carlo simulations show that in the case of spherical tungsten particles 
with 0.8 μm diameter, the latter phenomenon may cause an additional decrease of the sensitivity by as much as 75%. 
In order to reduce this effect, the size of nanoparticles should be reduced, or, alternatively, most of the photoelectrons 
should be generated in the organic matrix rather than inside the nanoparticles.
Keywords: hybrid organic-inorganic X-ray sensors, physical mechanism, Monte Carlo simulation
PACS: 73.61.-r

1. Introduction

Organic thin film X-ray sensors are an emerging 
topic of organic electronics [1–7]. As demonstrated 
by recent applications of high sensitivity and sig-
nal-to-noise ratio organic devices, they can be used 
for efficient direct and indirect charge conversion 
of X-rays to electric current  [8–11]. In addition, 
organic light emitting diodes (OLED) with organic 
field effect transistor arrays (OFET) are success-
fully applied for mobile devices, television and in 
flexible bio-compatible electronics  [12–16], thus 
the organic X-ray imaging devices may also be im-
mediately incorporated in the existing industry.

The production of organic functional films 
has important advantages over widespread silicon 
semicon ducting technologies. Organic layers are 
mostly produced using solution processing tech-
niques such as drop-casting, spin-coating and doctor 
blade [17–19]. These are applicable for fast produc-
tion of large-area devices using roll-to-roll tech-
nologies under room conditions, making the manu-
facturing process vastly cheaper with a  significant 
reduction of power consumption [20–23].

However, solution processing techniques have 
some disadvantages. The final layers are contami-
nated with trace amounts of solvents, degrading 
their electrical properties  [24, 25]. Moreover, for 



A. Poškus et al. / Lith. J. Phys. 60, 96–112 (2020)97

the  multilayer production different solvents need 
to be carefully selected, thus the production design 
becomes difficult and so the high-quality materials 
may never be applied. We proposed a new approach, 
the melt spin-coating (MSC) technique [26], where 
during a  layer production the  liquid phase is 
achieved by applying higher temperature (~100°C) 
to the material until it melts. Then the melt is spun 
to form the  layer with a  smooth surface. In such 
a way solvents are not used, and this may overcome 
the problems of using solvents [27, 28].

The X-ray absorption is characterized by the at-
tenuation coefficient Χ of a  material Z: X ~  Z4/
E3, where E is the  X-ray photon energy and Z is 
the atomic number. Thus, the coefficient X strongly 
depends on the  elemental composition of mate-
rials  [29]. Organic compounds consist of low-Z 
chemical elements (mostly carbon and hydrogen) 
and possess low X-ray absorption. To increase 
the  absorption of X-rays, we incorporated heavy 
metallic particles into the  organic bulk and pro-
duced hybrid organic-inorganic films. Recently, 
such approach was demonstrated to be successful 
by different researchers [30–33], but the complete 
physical mechanism of charge excitation and trans-
fer in such films is still not known and has been 
little discussed. Moreover, the effect of distribution 
of X-ray absorbent particles in the organic bulk has 
not been widely considered, although it may also 
contribute to the optimization of such devices.

Recently, we investigated the  films composed 
of three types of carbazolyl-containing molecules 
mixed with tungsten particles [34–37]. The X-ray in-
duced signal and the electrical properties of the films 
varied depending on a  type of the  molecules. 
The differences of X-ray sensitivities of these hybrid 
films raised the  questions concerning the  physi-
cal mechanism of sensitivity and signal magnitude. 
Interestingly, the  shape of distribution of tungsten 
particles was different in different organic materials. 
In the layers produced of molecules branched with 
carbazole, the clustering of tungsten particles occurs 
(for example, see Fig.  2 in  [26]). These effects un-
derline the need for a deeper theoretical evaluation 
of X-ray absorption, charge transfer and the  effect 
of tungsten particles on the  X-ray-induced signal 
measured in these films.

In Refs.  [8, 30, 33], the  sensitivity is defined as 
the  average charge collected from the  unit volume 
divided by the average absorbed dose (i.e. by the av-

erage energy absorbed per unit mass). As a  result, 
differences of the  sensitivity values obtained for 
different materials or for different thicknesses can-
not be explained in terms of different rates of pho-
togeneration of charge carriers alone: an increase of 
the photogeneration rate due to a greater attenuation 
quantum efficiency (QE) is proportional to the cor-
responding increase of the  absorbed dose rate, so 
the sensitivity would be independent of QE if the col-
lected charge was equal to the photogenerated charge 
and if the photogenerated charge per unit absorbed 
energy was the  same. Thus, there are two possible 
factors that can cause a change of sensitivity:

1) differences in the processes of charge carrier 
loss (for example, due to recombination) or addi-
tional generation sustained by sources of energy 
other than the incident X-ray radiation (for exam-
ple, secondary electron emission due to accelera-
tion of electrons by electric field),

2) differences in the W value of the material.
The  W value is defined as the  average energy 

required to create an ion pair. It is known [38] that 
the W values of organic materials composed of sim-
ple molecules are equal to (20–30) eV. Consequently, 
one should not observe a change of sensitivity greater 
than approximately 30% if the difference of W val-
ues of the organic matrix was the main factor caus-
ing the differences of sensitivities (presence of high-
Z nanoparticles cannot have a  significant effect on 
the  overall W value of the  layer, and this has been 
confirmed by Monte Carlo simulations). The actual 
relative differences of sensitivity measured in differ-
ent layers of equal thickness and at equal applied volt-
age are frequently of the order of 100% [26]. Thus, 
those differences must be mainly caused by the first of 
the two mentioned factors, i.e. the charge carrier loss 
or additional generation. In particular, an increase of 
sensitivity may be a result of a more efficient charge 
collection (i.e. decrease of the  recombination rate). 
However, if one compares the sensitivities of two thin 
layers differing by the mass fraction of high-Z nano-
particles, but having the same organic matrix, equal 
thickness, and at the same applied voltage, then it is 
hardly possible that the recombination rate will differ 
by a large factor that is frequently observed. An alter-
native mechanism of the sensitivity change caused by 
addition of the high-Z nanoparticles to the organic 
material is proposed in the present work. This change 
consists of two terms, one of which is positive, while 
another is negative:
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1)  an increase of sensitivity due to the  field-
stimulated secondary emission of charge carriers 
from the high-Z nanoparticles,

2) a decrease of sensitivity due to the ionization 
energy losses of secondary electrons inside the bulk 
of metallic high-Z nanoparticles.

A partial theoretical treatment of those two ef-
fects will be presented in Section  3. Before that, 
the experimental results are presented.

2. Experiment

Carbazolyl-containing molecular glasses 1,3-bis[6- 
(carbazol-9-yl)-5-(carbazol-9-methyl)-2-hydroxy-
4-oxahexyloxy]benzene (2C), 1,3-bis[6-(carbazol- 
9-yl)-5-(diphenylamino-N-methyl)-2-hydroxy-
4-oxahexyloxy]benzene (2Ph) and 1,3-bis[5-(3,6-
dibromocarbazol-9-methyl)-6-(carbazol-9-yl)-
2-hydroxy-4-oxahexyloxy]benzene (2CBr) were 
mixed with monocrystalline tungsten particles 
(Wp) and deposited by the  melt spin-coating 
(MSC) technique. In all cases, the  weight frac-
tion of tungsten was 0.04. The  average diameter 
of the  tungsten particles was 0.8  μm. The  struc-
tural formulas of the organic matrix materials are 
shown in Fig. 1. The sample production diagram 
is shown in Fig. 2.

First, the glass substrates of a size of 10 × 10 mm 
were pre-cleaned (I). Second, the aluminum elec-
trode was vacuum evaporated with a  thickness of 
400  nm (II). Then the  MSC method was applied 
for the  deposition of hybrid organic-inorganic 
layers (III). The  powder of carbazolyl-containing 
molecules mixed with Wp was placed on the sub-
strate, then the mixture was melted down and spun 
at a  desired frequency to form a  uniform layer 
with a thickness of 25 μm. After the layer deposi-
tion, the  sample was repeatedly put in a  vacuum 
chamber to form top electrodes with a diameter of 
3 and 1 mm wide path. The path width of 1 mm 
ensures a secure distance of the connections of fila-
ment wires between the top and bottom electrodes 
(V). The  sample was encapsulated with paraffin 
wax and placed 10  cm from the  X-ray source to 
avoid the possible influence of ionization effects on 
the signal.

The  I–V characteristics were measured using 
a transimpedance amplifier with 1 GΩ feedback re-
sistor. The dependence of photocurrent (I = IX-ray − 
Idark) on voltage, shown in Fig.  3, was calculated 
from I–V characteristics, where Idark is the current 
measured in dark and IX-ray is the current measured 
under exposure of X-rays. The measurements were 
performed using X-rays from a molybdenum target 

Fig. 1. Carbazolyl-containing molecules used in preparation of hybrid organic-inorganic films. 2C, 4 function-
al groups of carbazole; 2Ph, 2 of phenyl and 2 of carbazole; 2CBr, 2 of carbazole and 2 of carbazole functional 
groups with bromine branches.

Fig. 2. Sample preparation diagram: I, pre-cleaned glass substrate; II, half-area vacuum evaporated aluminum 
electrode; III, a hybrid layer produced by MSC with a half-cleaned area of the bottom electrode; IV, vacuum 
evaporated top circle-shaped electrodes with 3 mm diameter and 1 mm width path; V, sample with filament 
wires attached to the top (1) and bottom (2) electrodes.

I           II      II           IV       V
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X-ray tube under 35 kV with 1 mA anode current. 
Approximately 40% of all incident X-ray photons 
correspond to the 17.5 keV Kα line of character-
istic Mo radiation. The flux of Kα photons reach-
ing the top electrode of a sample is approximate-
ly equal to Φ = 2.4  ·  109 cm−2 s−1. The remaining 
60% of the  total incident X-ray flux consists of 
characteristic Kβ and Kγ radiation, as well as of 
bremsstrahlung photons with a  continuous en-
ergy spectrum starting at approximately 5  keV 
(photons with energies less than 5 keV are practi-
cally completely absorbed in the glass of the X-ray 
tube) and ending at 35 keV.

Figure  3 presents the  voltage dependence of 
the  X-ray-induced photocurrent in the  six layers 
with a thickness of 25 μm. Table 1 presents the max-
imum photocurrent densities (jexp. max) measured for 
those layers, the corresponding values of the sen-

sitivity (S) and the theoretical current densities (jth 
and jth. hom.) calculated as described in Section 3. jth 
has been calculated by taking into account the ioni-
zation energy losses inside Wp, whereas jth. hom. has 
been calculated for the case when those losses are 
negligible (i.e. a  homogeneous mix of atoms, or 
extremely small nanoparticles). Both jth and jth. hom. 
have been calculated ignoring the effects of recom-
bination and acceleration in the  external electric 
field (because of the  complexity of the  simula-
tions, and because the relevant material parameters 
are unknown). The  uncertainty of the  theoretical 
values of photocurrent presented in Table 1 is ap-
proximately 30% (mainly caused by uncertainty of 
the density of the matrix material, which was ap-
proximately equal to 2.5 g/cm3).

Figure 4 presents the dependence of sensitivity 
on the  electric field strength for the  layers com-
posed of 2CBr blended with Wp in the case of four 
values of the layer thickness.

Fig. 4. Dependence of the X-ray sensitivity on elec-
tric field strength in the layers composed of 2CBr+W 
with thicknesses of 7, 12, 13 and 25 μm.

Fig. 3. Voltage dependence of the X-ray-induced pho-
tocurrent in the six investigated layers with a  thick-
ness of 25 μm [26].

Table 1. Values of the  maximum photocurrent and 
the  corresponding sensitivity of six layers with 
a thickness of 25 μm [26].

Material jexp. max,
nA cm–2

jth, 
nA cm–2

jth. hom., 
nA cm–2

S, 
nC mGy–1 cm–3

2C 0.60 1.7 − 38

2Ph 0.39 1.7 − 25

2CBr 0.96 49.8 − 1.5

2C+W 4.67 4.1 17.0 30

2Ph+W 2.97 4.1 17.0 19

2CBr+W 9.19 49.7 57.4 12

3. Discussion

Since the  theoretical photocurrent has been cal-
culated neglecting charge carrier recombination, 
trapping and electric field effects, the  theoretical 
values presented in Table  1 are significantly dif-
ferent from the experimental values. The fact that 
the  experimental photocurrent is in most cases 
significantly less than the theoretical one, as well 
as the  fact that the  experimental photocurrent 
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depends on the  electric field strength in the  en-
tire range of voltages investigated in the  present 
work (see Fig. 3) indicates that the charge carrier 
loss due to recombination has a strong influence 
on the measured current density. The mentioned 
recombination reduces the  fraction of generated 
carriers that reach the  electrodes, and this frac-
tion increases with electric field strength. Accord-
ingly, the photocurrent increases with increasing 
voltage. An especially large difference between 
the theoretical and experimental photocurrents is 
observed in the  case of the  layers containing Br 
(see Table 1). This means that the charge carrier 
loss due to recombination is more important in 
2CBr than in 2C and 2Ph. Another obvious dif-
ference between the  experimental and theoreti-
cal results is a  much larger relative increase of 
the measured photocurrent after adding tungsten 
particles into the layer in comparison with the rel-
ative increase predicted by simplified theoretical 
calculations (see Table  1). This discrepancy can 
be explained by the  field-assisted impact ioniza-
tion of tungsten atoms (as mentioned, electric 
field effects, including field-assisted ionization, 
have not been taken into account when calculat-
ing the theoretical photocurrent). A detailed dis-
cussion of the latter effect is presented in Subsec-
tion  3.1. The  method of calculation of jth, which 
takes into account the ionization energy losses in-
side the metallic nanoparticles (but does not take 
into account recombination and field effects), will 
be described in Subsection 3.2.

Near the  thermal equilibrium (when charge 
carrier energies are of the order of kT), the elec-
tric current in organic materials is mainly caused 
by motion of holes. However, this fact is not im-
portant at much higher energies when the charge 
carriers are mainly generated by electron impact. 
Since the  following discussion will deal mainly 
with kinetic energies of the order of 1 eV or great-
er, the charge carriers will be assumed to be elec-
trons. Moreover, since the role of chemical bind-
ing effects (including the band structure of charge 
carrier energy levels in the  material) decreases 
with increasing energy, and bearing in mind that 
the theoretical model described below is intended 
to be only a crude approximation of the physical 
reality, all quantitative estimates will be done by 
treating the  materials as collections of isolated 
neutral atoms.

3.1. The effect of the field-assisted secondary 
emission from high-Z nanoparticles

It is known that the  recombination cross-section 
decreases with increasing electron energy. Conse-
quently, the  dominant interaction mechanisms of 
the electrons with energy (E) of the order of 1 eV are 
elastic scattering (defined by zero change of the elec-
tron energy during each collision) and impact 
ionization. The elastic scattering is by far the most 
probable interaction at 1 eV < E < 100 eV [39], and 
it determines the  free path. Tungsten has a  lower 
ionization threshold (7.8  eV) than the  other ele-
ments present in the  investigated layers. Among 
the  latter elements, carbon has the  lowest ioniza-
tion threshold (11.3 eV). Assuming that recombi-
nation and energy loss to other types of inelastic 
scattering are negligible, the electrons with energies 
less than the ionization threshold E΄ can be acceler-
ated by the electric field to energies higher than E΄ 
and cause impact ionization. If two electrons exist-
ing after such an event are not lost to recombina-
tion and if their energy is not lost to other types of 
inelastic scattering, they will also be accelerated, so 
that an electron avalanche develops. The mean dis-
tance (li) travelled by an electron with zero initial 
energy before an impact ionization of a  tungsten 
atom can be easily calculated assuming that:

1)  tungsten atoms are uniformly mixed with 
the matrix material,

2) li is much greater than the free path λ (the av-
erage distance between two elastic collisions),

3) elastic scattering is isotropic (this is approxi-
mately true when E is of the order of a few eV),

4) there are no other energy loss mechanisms.
As it follows from assumption 2, an electron ex-

periences a very large number of elastic collisions 
before causing an impact ionization of a  tungsten 
atom. As it follows from assumption 3, the change 
of the  electron direction after each elastic colli-
sion is typically large (there is a  50% chance that 
the scattering angle will be greater than 90°). Con-
sequently, the  electron path is very erratic, and it 
stays inside a relatively small volume with linear di-
mensions that are much less than the total path (l) 
travelled by the electron. In the presence of an ex-
ternal electric field, the mentioned random motion 
is superimposed on the gradual drift of the electron 
in the direction of the external force. If the electron 
path is large enough, the  displacement caused by 
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the drift (x) may become much greater than the lat-
eral displacement due to the  random motion. In 
such a case, the overall shape of the electron path 
becomes similar to a straight line parallel to the ex-
ternal force. However, microscopically, it includes 
a large number of random changes of the direction. 
This means that the total path travelled by the elec-
tron is much greater than the displacement due to 
the drift (l ≫ x).

Under those assumptions, the  average path dl 
travelled by the  electron during the  infinitesimal 
period of time dt can be related to the average dis-
placement dx along the direction of electric field by 
the equality

dl = (v / vdr) dx, (1)

where v is the total speed of the electron, and vdr is 
the drift speed:

vdr = μF. (2)

Here μ is the  mobility and F is the  electric field 
strength (if F is expressed in V/m, then its numeri-
cal value may be interpreted as the  force exerted 
by the field on the electron in units of eV/m). As 
mentioned, dl ≫ dx because v ≫ vdr. In Eq. (1), it 
is assumed that the  displacement caused by drift 
(denoted by dx) occurs over a very large number 
of elastic collisions, so that the random fluctuations 
average out and the net displacement has the same 
direction as the  external force, although a  single 
elastic collision may cause a  temporary displace-
ment in a different direction (for example, this hap-
pens when the electron is scattered in the direction 
opposite to the external force). Also, the displace-
ment caused by drift is equal to

dx = dE / (eF), (3)

where dE is the increase of the electron energy af-
ter its displacement by dx along the  direction of 
the field, and e is the elementary charge. The values 
of v and μ are related to E as follows:

2 / .v E m=  (4)

Here m is the electron mass, and

/ 2 ,e Emµ λ=  (5)

where λ is the free path

λ = 1 / Σelast, (6)

and Σelast is the macroscopic cross-section of elastic 
scattering, which depends on E. Using the  tabu-
lated electron scattering cross-sections for neutral 
atoms [39], it has been determined that the men-
tioned dependence is approximately a power func-
tion when E is of the order of a few electronvolts:

Σelast = Σ1 E
−α. (7)

In the case of a homogeneous blend 2CBr+W with 
a density of 2.5 g/cm3 and a tungsten weight frac-
tion of 0.04, the  exponent α  is equal to 0.76, and 
Σ1 = 7.19 ⋅ 108 (assuming that E is expressed in elec-
tronvolts and Σelast is expressed in m−1). By combin-
ing all equations presented above, the following re-
lationship between l and E is obtained,

1d d ,l E E
f

β=  (8)

or, equivalently,

11 ,
(1 )

l E
f

β

β
+=

+
 (9)

where

β = 1 − α (10)

and
2

12
Ff =
Σ

 (11)

(it is assumed that F is measured in V/m). If 
F = 1.2 ⋅ 107 V/m (which corresponds to voltage of 
300 V applied to a layer with 25 μm thickness) and 
the  other conditions are as indicated above, then 
f ≈ 1.0 ⋅ 105. The average path until impact ioniza-
tion (li) can be calculated as follows:

i
0

d d .
d
Pl l l
l

∞

= ∫  (12)

Here dP/dl is the  probability density of the  path 
l at the  moment of impact ionization. Because of 
the functional relationship (9) between l and E, it 
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is more convenient to use the  average energy of 
the incident electron at the moment of impact ioni-
zation (Ei) instead of li,

i
0

d d ,
d

PE E E
E

∞

= ∫  (13)

where dP/dE is the probability density of the elec-
tron energy E at the moment of impact ionization:

×

ion

ion
0

d 1 ( )
d

1exp – ( ) d .
E

P E E
E f

y y y
f

β

β

= Σ

 
Σ 

 
∫  

(14)

Here Σion(E) is the  macroscopic cross-section 
of impact ionization. The  preexponential factor 
in Eq.  (14) is equal to the  probability density of 
impact ionization as a  function of electron en-
ergy E, whereas the  exponential factor is equal 
to the probability that the electron is accelerated 
from 0 to energy E or greater before the  impact 
ionization event (in other words, that its path is 
l(E) or greater, where the function l(E) is defined 
by Eq. (9)). The approximate value of li can be ob-
tained by substituting Ei into Eq. (9).

The value of li corresponding to the  ioniza-
tion of tungsten atoms at the conditions indicated 
above is 155 μm. The value of li corresponding to 
the ionization of carbon (C) atoms under the same 
conditions is 170 μm. The root mean square val-
ue of linear displacement of the  electron during 
the same period due to random motion caused by 
multiple elastic scattering is equal to

i2 2 / 3,x Dt lλ∆ = ≈  (15)

where D = vλ / 3 is the approximate diffusion coef-
ficient (this expression of D is valid in the case of 
isotropic elastic scattering), and t = li / v is the ap-
proximate time of acceleration. ∆x is equal to 
the size of the region that would contain most of 
the  electron trajectory if there was no drift dur-
ing the  process of acceleration. Using the  values 
of li mentioned above and assuming that λ cor-
responds to kinetic energy of a few electronvolts, 
the  value of ∆x calculated according to Eq.  (15) 
is of the  order of 0.1  μm. The  displacement of 

the  electron due to drift under the  same condi-
tions is of the  order of 1  μm. Since these values 
of the displacement are much less than the  layer 
thickness, impact ionization can be an important 
contribution to the total electric current. The men-
tioned values of li indicate that the impact ioniza-
tion of tungsten is more probable than the impact 
ionization of the organic matrix.

Another factor to consider when discussing 
the possibility of an electron avalanche in an or-
ganic-inorganic blend is the  energy of two elec-
trons existing after an impact ionization event. 
This is because the  cross-sections of inelastic 
scattering and recombination in the organic ma-
trix are much greater at E  <  1  eV than at ener-
gies of the  order of 1  eV or greater. In particu-
lar, it is a well-known fact that the recombination 
cross-section increases when the  electron speed 
is decreased. Consequently, if the  charge carrier 
energy is less than approximately 1 eV, then accel-
eration to E΄ may become impossible. The calcula-
tions show that the electron energy Ei after travel-
ling the path li at the conditions indicated above 
exceeds E΄ by 3.1 eV in the case of ionization of 
tungsten, and by 0.45 eV in the case of ionization 
of C (difference of the latter two values is caused 
by much higher concentration of C in compari-
son with that of tungsten). The mentioned value 
of Ei − E΄ is equal to the average total energy of 
the two electrons existing after an impact ioniza-
tion event. Thus, impact ionization of the organic 
matrix cannot cause an electron avalanche (in-
tense inelastic scattering prevents further accel-
eration of two low-energy electrons existing after 
an impact ionization of the  organic matrix). For 
the same reason, the electron avalanche does not 
occur without exposure to X-ray radiation: in-
tense inelastic scattering (including the process of 
recombination) keeps the energy of charge carri-
ers at values of the  order of kT even in the  case 
of a  relatively strong electric field. In contrast, 
the energies of two electrons existing after an im-
pact ionization of tungsten belong to the high-en-
ergy range (E ~ 1 eV), where the acceleration to E΄ 
is possible, so that an electron avalanche develops.

As it is clear from the  discussion presented 
above, the effect of the impact ionization of tung-
sten atoms under the  mentioned assumptions is 
qualitatively different from the  effect of the  im-
pact ionization of the organic matrix. The former 
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can potentially lead to an electron avalanche and 
a  consequent exponential growth of the  photo-
current with increasing electric field strength, 
whereas the  latter can only cause an increase of 
the  current by a  factor of two at most (due to 
creation of two low-energy electrons, which can-
not cause further impact ionization). The overall 
dependence of the  photocurrent on the  electric 
field strength is a result of a ‘competition’ between 
these two processes. The mentioned dependence 
is approximately equal to the product of the pho-
tocurrent observed in absence of the  field-stim-
ulated electron multiplication, and of the  mul-
tiplication factor (K) reflecting the  latter effect. 
The  approximate calculation of K is presented 
below.

In accordance with the  previous discussion, 
it will be assumed that the  energy dependence 
of the macroscopic cross-section of electron in-
elastic scattering consists of three regions (see 
Fig.  5): (I) the  low-energy region (E  <  Emin), 
where inelastic interactions are extremely fre-
quent and prevent a significant acceleration in an 
electric field, (II) the range Emin < E < E΄, where 
the  inelastic collisions are relatively infrequent 
and do not interfere with acceleration in an elec-
tric field, (III) the  range E  >  E΄, where impact 
ionization is significant. The  ionization thresh-
old E΄ is defined separately for the  tungsten at-
oms (E Ẃ) and the organic matrix (E órg). In Fig. 5, 

it is assumed that Emin = 0.6 eV, E Ẃ = 7.8 eV and 
E órg  =  11.26  eV (the  latter value is the  ioniza-
tion threshold of atomic carbon). The  value of 
E΄ mentioned above is the  smallest of the  latter 
two ionization thresholds, i.e. E΄ = E Ẃ. If E be-
longs to range II, then the  electron may be ac-
celerated by electric field to energy E  >  E΄ and 
may cause impact ionization of a tungsten atom 
or of a molecule of the organic matrix. Energies 
of the two electrons existing after such an event 
may be assumed to be uniformly distributed be-
tween 0 and E − E Ẃ or between 0 and E − E órg, 
respectively  [39]. Consequently, there is a  non-
zero probability that the  energy of one or both 
of those electrons is less than Emin. Those elec-
trons will be lost from the avalanche. Thus, two 
types of electrons are created during the  elec-
tron multiplication process: high-energy elec-
trons with energy greater than Emin, which can 
cause impact ionization (their number will be 
denoted by Nh), and low-energy electrons with 
energy less than Emin, which drift in the external 
field without causing impact ionization (their 
number will be denoted by Nlow). The  average 
change of Nh due to a  single impact ionization 
event will be denoted by γ (its possible values 
are from −1 to 1). If the average displacement of 
the electron along the X axis (parallel to the elec-
tric field) until an impact ionization is equal to 
xi, then the value of Nh depends on x according to 
the equation

i

d ,
d

h hN N
x x

γ
=  (16)

i.e.

h
i

( ) exp ,N x x
x
γ 

=  
 

 (17)

(since the aim is calculation of the multiplication 
factor, the  initial condition is Nh(0)  =  1). The  av-
erage change of Nlow due to a  single impact ioni-
zation is equal to 1  −  γ, because the  total change 
of the  number of electrons is equal to 1. Conse-
quently, the value of Nlow depends on x according 
to the equation

low h

i

d (1– ) ,
d
N N

x x
γ

=  (18)

Fig. 5. Approximate dependence of the macroscopic 
cross-section of inelastic scattering on electron ener-
gy in the case of a homogeneous blend 2CBr+W with 
a density of 2.5 g/cm3 and a tungsten weight fraction 
of 0.04.
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The total number of electrons is equal to
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In the case of uniform photogeneration, the ini-
tial electron can be created at any depth with equal 
probability. This means that the total displacement 
x is uniformly distributed from 0 to the layer thick-
ness d. In such a case, the electron multiplication 
factor is equal to

0
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The value of xi is proportional to the  average 
change of the electron energy between two impact 
ionization events:

i sec
i

– .E Ex
F

≈  (22)

Here Ei is the average energy of the incident elec-
tron at the  moment of impact ionization, Esec is 
the  average energy of either of the  two second-
ary electrons existing after an impact ionization 
event, and F is the electric field strength (energies 
are assumed to be expressed in eV, and F is as-
sumed to be expressed in V/m, so that the value 
of xi is obtained in units of m). Thus, three quanti-
ties have to be known in order to be able to cal-
culate the multiplication factor: γ, Ei and Esec. For 
calculating the  dependence of K on F, the  value 
of γ is the  most important, because its depend-
ence on F is strongest. Thus, the dependence of K 

on F is governed by the approximate relationship 
xi ~ F−1 (see Eq. (22)), and by the dependence γ(F). 
The calculation of γ, Ei and Esec is straightforward 
if the  energy dependences of the  macroscopic 
cross-sections of impact ionization of tungsten 
and the  organic matrix (ΣW and Σorg, respective-
ly) are known. Those dependences are shown in 
Fig. 5 by solid and dashed lines, respectively, for 
the  case of a  homogeneous blend 2CBr+W with 
a density of 2.5 g/cm3 and a tungsten weight frac-
tion of 0.04.

The main quantity that has to be known for 
those calculations is the  electron energy prob-
ability density (dP/dE), which defines the  prob-
ability for the  electron energy at the  moment of 
impact ionization to be inside any predefined 
interval. The expression of dP/dE, which follows 
from the assumption that the macroscopic cross-
section of elastic scattering is equal to Σ1 E

β−1 and 
is much greater than the total macroscopic cross-
section of all other types of interaction, is given 
by Eq. (14). In that expression, Σion(E) is a sum of 
two terms corresponding to impact ionization of 
tungsten and of the organic matrix:

Σion(E) = ΣW(E) + Σorg(E). (23)

The expression of γ is the following:

0

d( ) d –1.
d

PN E E
E

γ
∞

′= ∫  (24)

Here N΄(E) is the  average number of electrons 
with energy greater than Emin after a  single im-
pact ionization event caused by an electron with 
energy E. N΄(E) is a weighted average of the two 
numbers corresponding to ionization of tungsten 
and of organic matrix (NW and Norg):

W W org org

W org

( ) ( ) ( ) ( )
( ) .

( ) ( )
E N E E N E

N E
E E

Σ +Σ
′ =

Σ +Σ
(25)

NW(E) and Norg(E) are the average numbers of 
electrons with energy above Emin after the ioniza-
tion of tungsten and of the organic matrix, respec-
tively. Those two numbers can be easily obtained 
from the  mentioned assumption that the  energy 
distributions of the  secondary electrons are uni-
form:
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The fact that N΄ is a weighted average of NW and 
Norg (see Eq. (25)) is crucial for the dependence γ(F), 
because an increase of electric field causes an in-
crease of Ei, i.e. of the typical values of the electron 
energy E, which contribute most to the  integral in 
Eq.  (24) (mathematically, this is caused by the  de-
crease of the factor 1/f in the exponent of Eq. (14)). 
When Ei becomes close to E΄org or greater, the typi-
cal values of Σorg become much greater than ΣW (see 
Fig. 5). This means that the typical values of N΄ be-
come close to Norg (see Eq.  (25)). Those values are 
much less than NW due to the  fact that E − E΄org is 
much less than E − E΄W (see Eq. (26)), i.e. after ioni-
zation of the organic matrix, one or both electrons 
are much more likely to have energy less than Emin. 
Physically, this is a result of the fact that an electron 
with energy just above E΄org does not have enough 
time for a significant acceleration and undergoes an 
inelastic collision with a molecule of the organic ma-
trix almost immediately because of a  large value of 
Σorg. This causes a decrease of γ at sufficiently strong 
fields. If this decrease counteracts the decrease of xi 
with increasing F, the multiplication factor K starts 
to decrease. This could explain why the dependence 
of photocurrent on voltage is not exponential (see 
Fig. 3): the electron multiplication is ‘quenched’ due 
to increased frequency of electron inelastic interac-
tions with the  organic matrix and the  consequent 
rapid ‘conversion’ of high-energy electrons to low-
energy electrons.

It should be noted that the ‘quenching’ process 
is not required to be impact ionization. It could 
also be excitation, with the condition that its mac-
roscopic cross-section above the excitation energy 
(Eexc) is sufficiently large, so that the loss of the en-
ergy amount Eexc during the excitation is likely to 
make the electron energy less than Emin. In this case, 
Norg(E) is equal to 1 when E > Eexc + Emin, and to 0 
when E < Eexc + Emin.

Figure  6 presents the  dependence of the  mul-
tiplication factor K on electric field strength at 
the  conditions corresponding to Fig.  5, and at 

four equidistant values of Emin from 0.4 to 0.7 eV. 
In those calculations, the impact ionization cross-
sections have been approximated by the expression

Σion(E) = B ln(E/E΄)    (E > E΄), (27)

where B  =  83500  m−1, E΄  =  7.8  eV in the  case of 
tungsten, and B  =  5  ⋅  106  m−1, E΄  =  11.26  eV in 
the case of organic matrix, i.e. carbon. Both values 
of E΄ were obtained from [40]. The two mentioned 
values of B were obtained by fitting the data of [39] 
and  [40], respectively. Using the  approximation 

Fig. 6. Theoretical dependence of the  multiplication 
factor K on electric field strength in the case of a ho-
mogeneous blend 2CBr+W with a density of 2.5 g/cm3 
and a tungsten weight fraction of 0.04, for two values 
of the layer thickness: (a) d = 25 μm, (b) d = 12.5 μm. 
Solid lines correspond to the case when the quenching 
process is impact ionization of the organic matrix, and 
dashed lines correspond to the case when the quench-
ing process is excitation with the  excitation energy 
equal to E΄org and the cross-section equal to Σorg (shown 
by a  dashed line in Fig.  5). Four pairs of curves are 
shown, corresponding to Emin = 0.4, 0.5, 0.6 and 0.7 eV.

(a)

(b)

 d = 25 mm 

 d = 12.5 mm 
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(27), the integral in Eq. (14) can be expressed ana-
lytically. Consequently, calculation of the weighted 
integrals of dP/dE, which have to be calculated in 
order to estimate γ, Ei and Esec (see Eqs.  (13) and 
(24)), requires only a single numerical quadrature.

Clearly, the assumption of complete absence of 
inelastic collisions (including the process of recom-
bination) in the energy range Emin < E < E΄ is not 
realistic. In a  real material, the  cross-sections of 
inelastic scattering and recombination are smooth 
functions of electron energy (E), which are never 
exactly equal to zero. For example, the electron en-
ergy loss due to bremsstrahlung is possible at any 
energy (although its cross-section decreases with 
decreasing E). The mentioned energy range should 
be interpreted as the range, where the average elec-
tron energy loss due to inelastic collisions is much 
less than the average energy gain due to accelera-
tion in the electric field. The exact shape of the de-
pendence K(F) is determined by the dependence of 
the mentioned cross-sections on E, and it is likely 
that the dependence of the  exact K on F deviates 
significantly from the theoretical curves shown in 
Fig. 6. The purpose of these curves is only to dem-
onstrate that the dependence of the electron mul-
tiplication factor on electric field strength may be 
much slower than the exponential increase, which 
is commonly associated with an electron avalanche, 
and to explain why we do not see an exponential 
growth of the photocurrent with voltage in Fig. 3.

Since the discussion and calculations presented 
above are based on the  assumption that tungsten 
atoms are distributed uniformly, the results are not 
entirely applicable in the case of tungsten particles 
with a diameter of the order of 100 nm or greater. 
However, some qualitative predictions (such as 
the  mentioned quenching effect) should be also 
valid in the  latter case. The  agreement between 
the  experimental data and the  calculation results 
presented above should improve with decreasing 
the size of tungsten particles.

3.2. The effect of ionization energy losses inside 
metallic nanoparticles

The difference of the values in the third and fourth 
columns of Table  1 demonstrates the  importance 
of the electron energy loss inside the tungsten par-
ticles. Although the photoelectrons created by ab-
sorption of the photons emitted by a Mo X-ray tube 

with 35 kV anode voltage have the average energy 
of (6–7)  keV, the  secondary electrons (‘knock-on 
electrons’), which are emitted from the  atoms of 
the  material during the  gradual slowing down of 
each photoelectron, have typically a  much lower 
energy of the  order of 10  eV. Those electrons are 
usually stopped inside the bulk of Wp and do not 
contribute to the photocurrent (because there is no 
electric field inside metallic nanoparticles). Thus, 
most of the electrons contributing to the photocur-
rent are created by impact ionization of the organic 
matrix. The  number of those electrons is propor-
tional to the average energy absorbed in the organ-
ic matrix (rather than in Wp). Since the generation 
of photoelectrons is approximately uniform over 
the  entire bulk of a  tungsten particle, the  energy 
lost in tungsten particles increases with their dia-
meter (presumably, clustering of Wp has a similar 
effect). In the case of 2CBr+W, the mentioned en-
ergy loss is relatively unimportant because the pho-
toelectrons are mainly generated in the Br atoms. 
Consequently, the  difference of jth.  hom. and jth in 
the case of 2CBr+W is relatively small (see Table 1). 
In the  case of 2C+W and 2Ph+W, the  photoelec-
trons are mainly generated inside Wp, and these 
electrons lose approximately 75% of their energy in 
a tungsten particle before escaping into the matrix. 
As a result, the number of secondary electrons gen-
erated by impact ionization in the matrix is reduced 
by a factor of 4 in comparison with the homogene-
ous material, and the  theoretical photocurrent is 
reduced by the same factor (see Table 1).

The  theoretical values of the  photocurrent, 
which are presented in columns 3 and 4 of Table 1, 
have been calculated by Monte Carlo simulation 
of coupled electron–photon transport (the elec-
tron and photon interaction cross-sections that 
have been used for the  Monte Carlo simulations 
have been taken from  [39] and  [41], respectively, 
and the  atomic relaxation data have been taken 
from [42]). A more detailed description of the cal-
culation procedure is presented below.

The  four main factors determining the  rate of 
electron generation in the  layer due to photoelec-
tric absorption are the following:

(a) spectrum of the incident X-ray radiation,
(b) mass absorption coefficient of the layer,
(c) mass thickness of the layer,
(d) average energy required to produce an ion 

pair (it will be further denoted by W).
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The mentioned spectrum is shown in Fig. 7(a), 
and the mass photoelectric absorption coefficients 
of the matrix materials and the tungsten filler are 
shown in Fig. 7(b).

1)  energy of the  secondary radiation from 
tungsten particles due to absorption of X-rays in 
them (assuming that this secondary radiation is 
completely absorbed in the organic matrix),

2)  energy of the  primary X-ray photons ab-
sorbed in the organic matrix.

Photoelectric absorption of X-rays in tungsten 
particles produces fast electrons and secondary char-
acteristic X-ray radiation (the so-called ‘X-ray fluo-
rescence’). However, most of the energy of the X-ray 
fluorescence radiation escapes from the layer due to 
high photon energy (greater than 8 keV in the case of 
tungsten). The contribution of Kα and Kβ X-ray fluo-
rescence radiation from Br atoms (photon energies 
11.9 and 13.29 keV, respectively) to the photocurrent 
is also negligible. In contrast, the energy of fast elec-
trons is practically completely absorbed in the ma-
trix (because of their short range). The mentioned 
escape of X-ray fluorescence photons from the layer 
can therefore be taken into account by modifying 
Eq. (28) as follows:

W matrix
1( ) ( ( ) ( ) ).g x A x A x f

W
= +  (29)

AW is the  energy of electrons released from Wp 
(per unit time and unit mass of the  layer mate-
rial), Amatrix is the  energy of the  incident X-ray 
photons that were absorbed in the matrix per unit 
time and unit mass of the  layer material, and f is 
the  fraction of that energy that was converted to 
energy of fast electrons (i.e. that was not re-emit-
ted from the layer in the form of secondary X-ray 
radiation). The energy loss due to escape of high-
energy X-ray fluorescence photons caused by pho-
toelectric absorption in the  organic material is 
significant only when the  matrix contains high-Z 
atoms. This means that for 2C and 2Ph, f ≈ 1. For 
2CBr, which contains Br (Z = 35), f < 1. The val-
ue of f for 2CBr has been calculated by the Mon-
te Carlo simulation of a  25  μm-thick homoge-
neous layer of 2CBr with a  density of 2.5  g/cm3 

exposed to a normally incident beam of X-ray ra-
diation. After simulating interaction of 107 source 
photons with the layer, it has been determined that 
the total absorbed energy is Eabs = 1.1 ⋅ 1010 eV, and 
the  total energy of the  escaping Br Kα and Kβ X-
ray fluorescence photons is Eloss = 5.0 ⋅ 109 eV. This 
means that f = Eabs/(Eabs + Eloss) ≈ 0.7.

The value of AW in Eq. (29) can be expressed as 
follows:

Fig. 7. (a)  The  calculated photon flux spectrum of 
the incident X-ray radiation. (b) The mass photoelec-
tric absorption coefficients of the organic matrix (2C, 
2Ph, 2CBr) and the tungsten filler (W).

The  X-ray-induced current is proportional to 
the electron generation rate multiplied by the frac-
tion of electrons that were not lost to recombina-
tion and trapping inside the layer. The electron gen-
eration rate (per unit mass of the layer material) at 
a given depth x is equal to

g(x) = A(x)/W, (28)

where A is the  energy absorption rate (per unit 
mass of the layer material). The energy absorption 
rate A(x) consists of two terms:

(a)

(b)
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Here ΦÉ (x) is the  spectral photon flux density 
(shown in Fig. 7(a) for x = 0), μW(E΄) is the mass 
photoelectric absorption coefficient in tungsten for 
photon energy E΄, and  –EE΄ is the average total energy 
of all electrons released from a single tungsten par-
ticle after absorption of a single photon with energy 
E΄ in it. The values of  –EÉ have been determined in 
the present work by performing Monte Carlo simu-
lations of electron release from a sphere of tungsten 
with a  diameter of 0.8  μm placed into a  uniform 
unidirectional flux of photons with a fixed energy, 
which was varied from 5 to 35 keV in increments 
of 1 keV.

The value of Amatrix in Eq. (29) can be expressed 
using a formula similar to Eq. (30),

matrix matrix
0
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∞
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where μmatrix(E΄) is the mass photoelectric absorp-
tion coefficient in the  organic matrix for photon 
energy E΄.

The experimental values of W for the nine sim-
plest hydrocarbons, as well as for CH3OH and 
C2H5OH, are tabulated on p. 28 of  [38], and they 
range from 22  eV (for C6H6) to 27  eV (for CH4). 
The  values of W have also been calculated in 
the  present work by the  Monte Carlo simulation 
of a  monoenergetic electron source in an infinite 
medium with the same composition as the matrix 
materials investigated in the  present work. Those 
calculations were performed at two electron ener-
gies: 5 and 35 keV, by the method described in [43]. 
For both energies and for all three matrix materi-
als, the calculated values of W are similar, and they 
range from 23 to 24 eV. Consequently, the value of 
W in Eq. (29) will be assumed to be equal to 23.5 eV.

The theoretical photocurrent density (which 
corresponds to absence of recombination and trap-
ping of charge carriers, as well as absence of any 
field effects) is equal to

jth = e–gdρ, (32)

where e is the elementary charge, –g is the average val-
ue of the electron generation rate (3.29) in the lay-

er, d is the layer thickness, and ρ is the layer density. 
The layer thickness is 25 μm, and the density of all 
three matrix materials is equal to 2.5±0.5  g/cm3. 
The corresponding density of the layers containing 
Wp with a mass fraction of 0.04 is equal to 2.59 g/
cm3. The  values of jth obtained by substituting 
Eq. (29) into Eq. (32), along with the correspond-
ing theoretical values of the photocurrent density 
in a  homogeneous material (jth.  hom.) and experi-
mental maximum values of the photocurrent den-
sity (jexp. max), are presented in Table 1.

3.3. Interpretation of the experimental differences of 
sensitivity in terms of the theoretical model

The fact that in the case of 2C+W and 2Ph+W lay-
ers the  photoelectrons are mainly generated in-
side tungsten particles reduces the effectiveness of 
the field-assisted impact ionization, hence the sen-
sitivity of those layers is even less than the  sensi-
tivity of pure 2C and 2Ph (see Table 1). Still, this 
decrease of sensitivity is not as pronounced as ex-
pected from the  energy loss inside the  tungsten 
particles alone: according to Table 1, if there was no 
additional change of sensitivity caused by charge 
carrier multiplication in the  electric field, then 
the sensitivity of 2C+W and 2Ph+W would be less 
than the sensitivity of the pure matrix material by 
a factor greater than 4 (because such is the value of 
jth. hom./jth). This demonstrates that the mechanism of 
quenched electron multiplication described in Sub-
section 3.1 is important not only in 2CBr+W but 
also in 2C+W and 2Ph+W, and one could expect 
a  significant increase of sensitivity of those layers 
if the size of tungsten nanoparticles was reduced.

The two competing processes (charge carrier re-
combination and multiplication) that are responsible 
for the  observed differences of sensitivity are both 
characterized by a strong dependence on the electric 
field strength and on the layer thickness:

1) increase of electric field strength causes a de-
crease of the average recombination rate (because 
the  charge carriers have a  greater drift velocity 
and reach the electrodes in a shorter time) and an 
increase of the multiplication factor K, except at 
extremely strong fields when K starts to decrease 
(see Fig. 6),

2)  increase of the  layer thickness causes an in-
crease of the average recombination rate (because 
the charge carriers have to travel a longer distance 
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and reach the  electrodes in a  longer time), and 
an increase of the  multiplication factor (compare 
Fig. 6(a, b)).

Thus, the  changes of the  photocurrent due to 
each of those two processes have the  same sign 
when they are caused by a  change of electric 
field, but opposite signs when they are caused 
by a change of the layer thickness. The latter fact 
could be used to check if the electron multiplica-
tion effect is present. If an increase of the  layer 
thickness causes a significant increase of the sen-
sitivity, then this would confirm that the  field-
stimulated electron multiplication is the  main 
reason of the  sensitivity increase. In absence of 
recombination, the  relative change of sensitivity 
would be equal to the relative change of the multi-
plication factor. For example, using the parameter 
value Emin = 0.7 eV in Fig. 6, an increase of the lay-
er thickness from 12.5 to 25 μm would cause an 
increase of the  sensitivity at F  =  6  ⋅  106  V/m by 
36% (because the  ratio of the  corresponding K 
values is 5.448/4.010  =  1.36). If, on the  other 
hand, an increase of the  layer thickness causes 
a decrease of the sensitivity, then this would mean 
that the  field-stimulated electron multiplication 
is absent or insufficient to overcome the effects of 
the increased recombination rate.

It should be noted again that all the  above is 
based on the assumption of uniform photogenera-
tion of charge carriers (i.e. constant absorbed dose 
rate). This assumption is approximately satisfied 
in the case of a weak absorption of X-rays, and it 
may be applied in the case of the layers discussed 
in the present work (they absorb only a few per-
cent of incident X-ray photons at most).

The measured dependence of the sensitivity on 
electric field strength, which is shown in Fig. 4 for 
four values of the  layer thickness, indicates that 
the  sensitivity increases with layer thickness: an 
increase of the thickness from 7 to 25 μm causes 
an increase of the  sensitivity by a  factor greater 
than 2. As explained above, this confirms that 
the  field-stimulated electron multiplication is 
the main reason of the sensitivity increase.

4. Conclusions

The results of calculations of the  electron multi-
plication factor K in an organic-inorganic blend 
with tungsten nanoparticles demonstrate that 

the  assumption of existence of a  threshold value 
of electron energy Emin, below which the electrons 
cannot be accelerated by electric field to energies 
sufficient for impact ionization, leads to a  signifi-
cant departure of the  dependence of the  electron 
multiplication factor K on electric field strength F 
from a simple exponential increase, which is com-
monly associated with an electron avalanche. In 
fact, K even starts to decrease when F exceeds a cer-
tain value. Since there are no electrons with energy 
above Emin at the  thermodynamic equilibrium at 
room temperature, the mentioned electron multi-
plication occurs only under conditions of electron 
excitation by an external source of energy, such as 
X-rays in the present work.

The results of measurements of the X-ray sensi-
tivity of 2CBr+W layers indicate that the sensitiv-
ity (defined as the average charge collected from 
the unit volume divided by the average absorbed 
dose) increases with the  layer thickness (an in-
crease of the thickness from 7 to 25 μm causes an 
increase of the sensitivity by a factor greater than 2). 
This confirms that the mentioned electron multi-
plication is the main reason of the sensitivity en-
hancement, which has been observed after adding 
tungsten particles into the organic material.

Another factor affecting the  X-ray sensitivity 
is the  ionization energy loss of photoelectrons 
generated inside metallic nanoparticles. This phe-
nomenon has an adverse effect on the sensitivity. 
As demonstrated by Monte Carlo simulations, 
when the  photoelectrons are mainly generated 
inside the tungsten nanoparticles with an average 
diameter of 0.8 μm (as is the case with 2C+W and 
2Ph+W), the  corresponding relative decrease of 
the sensitivity may be as large as 75%. In order to 
reduce this effect, the size of nanoparticles should 
be reduced, or, alternatively, most of the  pho-
toelectrons should be generated in the  organic 
matrix rather than inside the nanoparticles (as is 
the  case with 2CBr+W, where the  photoelectric 
absorption of X-rays mainly occurs in Br atoms).
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ORGANINIŲ RENTGENO SPINDULIUOTĖS DETEKTORIŲ JAUTRUMO 
PADIDINIMO SU VOLFRAMO NANODALELĖMIS FIZINIS MECHANIZMAS

A. Poškus, R. Dobužinskas, M. Viliūnas, K. Arlauskas

Vilniaus universiteto Cheminės fizikos institutas, Vilnius, Lietuva

Santrauka
Pateiktas paprastas teorinis modelis, paaiškinantis 

padidėjusį rentgeno spindulių jautrį įterpus volframo 
nanodalelių į plonus organinių medžiagų sluoksnius. 
Jautrio padidėjimą lemia elektronų dauginimas dėl ant-
rinės elektronų emisijos iš volframo dalelių. Atlikus 
keletą supaprastinančių prielaidų, išvedama elektronų 
dauginimo faktoriaus K išraiška tuo atveju, kai volfra-
mo atomai yra tolygiai pasiskirstę matricos medžiagoje. 
Pagrindinė modelio prielaida yra 0,1 eV eilės energijos 
slenkstinė vertė Emin, žemiau kurios krūvininkų rekom-
binacija neleidžia jiems elektriniame lauke pagreitėti iki 
energijų, pakankamų smūginei jonizacijai. Įrodyta, kad, 
galiojant šiai prielaidai, K ir rentgeno spinduliuotės su-

kurtos srovės padidėjimas stiprėjant elektriniam laukui 
yra daug lėtesnis nei eksponentinis (įprastai susijęs su 
elektronų griūtimi), ir K gali netgi pradėti mažėti, kai 
elektrinio lauko stipris viršija tam tikrą vertę. Kitas 
veiksnys, darantis neigiamą įtaką rentgeno spindulių 
jautriui, yra foto elektronų jonizaciniai energijos nuos-
toliai volframo nanodalelėse. Monte Karlo modeliavimo 
rezultatai rodo, kad esant 0,8 μm skersmens sferinėms 
volframo dalelėms dėl pastarojo reiškinio jautris gali 
papildomai sumažėti 75 %. Norint sumažinti šį poveikį 
reikėtų sumažinti nanodalelių dydį arba didžioji dalis 
fotoelektronų turėtų būti generuojami ne nanodalelėse, 
o organinėje matricoje.
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