Dark Current Mechanisms in Amorphous Selenium Avalanche Radiation Detectors
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ABSTRACT

A theoretical model for describing bias-dependent dark
current in amorphous selenium (a-Se) avalanche detector
structures has been developed. The analytical model
considers bulk thermal generation current from mid-gap
states and carrier injection from the electrodes
incorporating avalanche multiplication. An analytical
expression for the multiplication factors for various current
components at the avalanche fields is derived. The nature
and relative importance of the injection and thermal
generation currents are examined in this paper.
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1 INTRODUCTION

More than two decades of extensive research on
amorphous selenium (a-Se) based direct conversion X-ray
detectors (the incident X-rays are directly converted to
electron and hole pairs, EHPs, in the photoconductor layer)
have led to their use in recently commercialized flat-panel
digital mammography [1]. These detectors are also presently
under vigorous research endeavors for general radiography
and fluoroscopy applications [2]. A-Se is currently the only
commercially viable X-ray photoconductor in direct
conversion detectors because of its uniform large area
deposition, low dark current, and good carrier transport
properties [2]. However, the a-Se detector is not perfect and
has low conversion gain (X-ray to free EHP generation)
compared to other potential photoconductors such as
polycrystalline mercuric iodide or lead oxide [3]. The
overall noise can be even higher than the signal strength in
some parts of a-Se detectors in low dose imaging (e.g., in
fluoroscopy) and thus severely affects the diagnostic
features of the image. One extremely important attribute of
a-Se is that it exhibits impact ionization, i.e., at a very high
field F (above ~70-80 V/um) holes in a-Se can gain enough
energy to create new EHPs through impact ionization with
useful avalanche gain of 1000 or more [4]. Thus avalanche
multiplication may increase the signal strength and improve
the signal to noise ratio in low dose X-ray imaging
applications. However, the dark current in avalanche
detectors can be high and very critical because of extremely
high field and the avalanche nature of the dark current (the

applied field causes a current to flow through the detector in
absence of irradiation, which is called dark current). The
dark current should be as small as possible since it is a
source of noise, reduces the signal to noise ratio and
dynamic range of the detector. It is one of the most
important factors for the selection of the photoconductor
and detector structure for X-ray imaging applications.
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Figure 1: Schematic diagrams of a-Se avalanche detector
structures with ITO top electrode; (a) Type 1: CeO, hole
blocking and RIL electron blocking layers, and Au bottom
electrode, (b) Type 2: CeO, hole blocking and Sb,S;
electron blocking layers, and Au bottom electrode, and (c)
Type 3: polyimide hole blocking layer and Au bottom
electrode.

The potential avalanche selenium detector structures for
solid state flat-panel digital X-ray imaging are shown in
Figure 1. The detector structures are classified as; Type 1:
cerium dioxide (CeO,) hole blocking and resistive interface
layer (RIL) electron blocking layers, and Au bottom
electrode, (b) Type 2: CeO, hole blocking and Sb,S;
electron blocking layers, and Au bottom electrode, and (c)
Type 3: polyimide (PI) hole blocking layer and Au bottom
electrode. The top electrode for all the structures is
positively biased indium-tin-oxide (ITO). The thickness of
the CeO, layer is ~10-30 nm. CeO, is an n-type wide
bandgap (bandgap £, = 3.3 eV) semiconductor [5]. PI is an
insulator with a large bandgap (E, = 7.1 eV) and blocks
hole injection [6]. The thickness of the PI layer is typically
~1 pm. The RIL layer is 1 pum thick and it is a semi-
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insulating polymer, namely cellulose acetate. RIL blocks
electron injection and prevents gold diffusion into a-Se
structure [7]. Among these three structures as illustrated in
Figure 1, the Type 1 structure has shown the minimum
steady-state dark current (2 pA/mm’ at F = 60 V/um)
because of blocking of both electron and hole injections.
Only holes undergo ionization process at the practical fields
(70 to 120 V/um). At the normal operating fields (less than
10 V/um) of commercial a-Se detectors, the thermal
generation current is negligible as compared to the injection
currents from the metallic electrodes [8, 9]. However, the
thermal generation rate can be increased exponentially with
field because of Poole-Frenkel or thermally assisted
tunneling effects. Therefore, both the injection and thermal
generation currents should be considered to investigate the
origin of dark current in a-Se avalanche detectors. In this
paper, we have performed a detailed analysis on
quantitative dark current contributions from bulk thermal
generation and carrier injections from the -electrodes
incorporating avalanche multiplication. An analytical
expression for the multiplication factors for various current
components at the avalanche fields is derived. The nature
and relative importance of the injection and thermal
generation currents are examined in this paper.
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Figure 2: Avalanche multiplications of hole and electron
currents under carrier injection and thermal carrier
generation. L is the a-Se layer thickness.

2 THE MODEL

Suppose that hole current density per unit area Jj(x)
flows towards the right and electron current density J,(x)
flows toward the left as shown in Figure 2. There is also a
net steady-state generation of electron-hole pairs of g per
unit volume per unit time from the midgap defects near the
Fermi level. Assuming negligible electron multiplication,
the changes of hole and electron currents in dx per unit area
are,

d]h(x)zﬂ]h(x)dx+egdx (1)
Al o(x) =~ (e} —egelx @

where e is the elementary charge and f is the impact
ionization coefficient for holes. Note that J;, in equation (2)
comes from the contribution of secondary electrons due to
impact ionization of holes. Considering hole injection
current density Jy at x = 0, i.e., J, (x = 0) = J,0, the solution
of equation (1) is,

h(x)=Tho exp x)+%[exp( )-1]. 3)

Similarly, the solution of equation (2) is,
Je(x):JhO[eﬁL—eﬂx]+%[eﬂL—eﬁx]+Jeo, (4)

where, J, is the electron injection current at x = L. The
dark current density due to injection and steady-state bulk
thermal generation is,

Ja = Tp(x)+J(x)

= o)+ Elexp(pL) -1+ 1 v

The quantity J, can be time-dependent if the injected
current densities are time-dependent. The second term in
equation (5) represents the thermal generation current.
Equation (5) describes the multiplication factors for thermal
generation, hole and electron injection currents for the
impact ionization of holes.

Once the carriers are injected into the photoconductor
layer, they move by drift mechanisms (diffusion component
of current is negligible compared to its drift component
because of very high applied bias) [9]. Therefore, the
injected current densities are [10],

Jeo = et Minj = ep. N exp{— f_;} (6)
_ _
And, Jj = e, FN, exp [ @)

Where, n,, is the average injected electron concentration
from the bottom electrode, y is the effective drift mobility,
T is the absolute temperature, & is the Boltzmann constant,
F (=VIL) is the applied field, V is the bias voltage, Ny, is
the effective density of states in the valence (conduction)
band, and ¢ is the effective barrier height for injecting
carriers from the electrode. The subscripts # and e stand
for holes and electrons respectively. Here ¢ is an adjustable
parameter.

The defect states close to the middle of the bandgap of
a-Se have a high probability for thermal excitation of both
types of carriers. Therefore, the steady-state thermal
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generation rate is dominated by the emission from traps
within kT of steady state quasi-Fermi level Epp. If the
excitation rates for electrons and holes are equal, Eyp is
very close to the middle of mobility gap. The generation
rate for a fully depleted sample is determined by the
average carrier release time and can be written as [9, 11],

g = N(Epp KTy, eXP[— (Ec —Epp _ﬂpfﬁ)/kT:la ®)

where, N(Erp) is the density of states of a-Se at energy Erp
in the midgap, ay is the attempt-to-escape frequency, Ec is

the conduction band edge, g, =&/ zs, is the Poole-

Frenkel coefficient and & (=gog,) is the permittivity of a-Se.
It is assumed in equation (8) that the density of states is
constant over kT near Eyp.

3. RESULTS AND DISCUSSIONS

The dark current contributions from bulk thermal
generation and carrier injections from the electrodes
incorporating avalanche multiplication are analyzed. The
effective drift mobilities are considered as the microscopic
mobilities for the extremely high fields, i.e., g = 0.3
em?/V-s and g, = 0.1 cm*/V-s [12]. The parameters, L = 15
pum, @y =7 x10" /s, N(Erp) = 10" cm™ eV, &, = 6.7, N¢ =
Ny = 10" /cm3, and Eyp = E,/2 are taken in all calculations
[13, 14, 15]. Unless otherwise specified all the parameters
mentioned above are fixed for all theoretical calculations in
this paper. Other parameters such as effective barrier height
(@) and mid-gap density of states N(E) depend on the
fabrication processes and therefore, these are considered as
adjustable parameters in the model. The avalanche
multiplication factor highly depends on the electric field
and the a-Se layer thickness. The impact ionization
coefficient is taken from the experimental results of [4] and
plotted in Figure 3. The impact ionization coefficient
follows the relation, B (F) = (1.1x107) x exp(-1.09x10°/F)
mm’' by fitting with experimental data of [4]. The impact
ionization starts at the electric field of 70 V/um and
increases sharply with field.

The mobility gap of a-Se varies from 2.0 eV to 2.2 eV,
and the thermal generation highly depends on the mobility
gap. Figure 4 shows thermal generation current density
versus electric field for varying mobility gap. The thermal
generation current increases by almost one order of
magnitude per 0.1 eV of reduction of mobility gap. Also,
the thermal generation current increases sharply with
increasing electric field.
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Figure 3: Impact ionization coefficient of holes as a
function of electric field in a-Se.
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Figure 4: Thermal generation current density versus electric

field for three different mobility gaps of a-Se.

The hole injection current is more critical than the
electron injection current since the hole current undergoes
avalanche multiplication process. Figure 5 shows the
thermal generation and hole injection current densities as a
function of electric field. The dotted line represents the
thermal generation current density for the mobility gap of
2.1 eV. The two sets of hole injection currents are; (a) the
hole injection current is equal to the thermal generation
current at 50 V/um, and (b) the injection current is 10 times
higher than the thermal generation current at 50 V/um. The
effective barrier for holes from the top electrode can be
much lower than the theoretical one because of many mid-
gap defect levels near the valance band in dielectric hole
blocking layer. The carrier transport in the dielectric hole
blocking layer in Type 1&2 detectors can follow Poole-
Frenkel mechanisms. The solid and dashed lines represent
hole injection current without and with Poole-Frenkel
emission, respectively. The rate of increase of injection
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current is slower than that of thermal generation current
below the avalanche threshold field (70 V/um) but it is
larger than that of thermal generation current past the
avalanche threshold field. The impact of avalanche
multiplication on the hole injection current is higher than
that on the thermal generation current as evident from
equation 5. The Poole-Frenkel effect lowers the potential
barrier and enhances the injection current.
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Figure 5: Hole injection current density as a function of

electric field for (a) injection equals to thermal generation

and, (b) injection is ten times thermal generation current at

50 V/um. The dotted line represents the thermal generation

current density for the mobility gap of 2.1 eV.

4 CONCLUSIONS

A physics-based theoretical model for describing bias-
dependent steady-state dark current behavior in amorphous
selenium (a-Se) avalanche detector structures has been
described. An analytical expression for the multiplication
factors for various current components at the avalanche
fields is derived. The nature and relative importance of the
injection and thermal generation currents are examined in
this paper. The steady-state dark current is the minimum for
the structures that have effective blocking layers for both
holes and electrons.
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