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Although the effect of the impact ionization and the consequent avalanche multiplication in
amorphous selenium 共a-Se兲 was established long ago and has led to the development and
commercialization of ultrasensitive video tubes, the underlying physics of these phenomena in
amorphous semiconductors has not yet been fully understood. In particular, it is puzzling why this
effect has been evidenced at practical electric fields only in a-Se among all amorphous materials.
For instance, impact ionization seems much more feasible in hydrogenated amorphous silicon
共a-Si: H兲 since the charge carrier mobility in a-Si: H is much higher than that in a-Se and also the
amount of energy needed for ionization of secondary carriers in a-Si: H is lower than that in a-Se.
Using the description of the avalanche effect based on the lucky-drift model recently developed for
amorphous semiconductors we show how this intriguing question can be answered. It is the higher
phonon energy in a-Si: H than that in a-Se, which is responsible for the shift of the avalanche
threshold in a-Si: H to essentially higher fields as compared to a-Se. © 2007 American Institute of
Physics. 关DOI: 10.1063/1.2776223兴
I. INTRODUCTION

Impact ionization leading to avalanche multiplication
was discovered and explained in amorphous selenium 共a-Se兲
in 1980.1 While this discovery was initially greeted with
skepticism over the years, avalanche multiplication has been
not only confirmed by numerous experiments, but has been
also utilized in commercial a-Se photoconductive targets
used in ultrasensitive high-gain avalanche rushing photoconductor 共HARP兲 TV camera tubes and complementary metaloxide-semiconductor 共CMOS兲 imagers.2–4 It has been proposed that, due to their ultrahigh sensitivity, provided by
avalanche gain a-Se, HARP photosensors will be a promising approach for low-dose x-ray imaging detectors and a
viable alternative to photomultiplier tubes for functional
medical imaging 共i.e., positron emission tomography兲.5–7
Even though the experimental evidence for avalanche multiplication in a-Se is clear cut, the theoretical understanding of
the origin and nature of this phenomenon in amorphous
semiconductors has remained unresolved. The mean-free
a兲
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paths in these semiconductors are so short 共compared to the
typical mean-free path in crystalline materials兲 that impact
ionization has been difficult to understand. Recently, it has
been possible to formulate an explanation for the avalanche
multiplication mechanism in a-Se in terms of the modified
lucky-drift 共LD兲 model,8 which had been originally proposed
for crystalline semiconductors by Ridley,9,10 Burt,11 and
Mackenzie and Burt12,13 in the 1980s. The main difference
between the lucky drift model and the conventional 共Shockley兲 model, is that the lucky drift allows carriers to scatter
between impact ionization events. This results in a higher
probability for buildup of sufficient energy 共by drifting in the
electric field兲 to initiate impact ionization. For a-Se it was
shown8 that the LD model predicts the experimental impact
ionization coefficient 共IIC兲 versus field data. Furthermore,
the LD model shows that impact ionization occurs preferentially across the entire band gap rather than from midgap to
the extended states close to the band edge.14
Although the LD model clarifies the origin of avalanche
multiplication in amorphous media, it is still unclear why
a-Se shows avalanche multiplication much more clearly than
other amorphous materials, even for those with much nar-
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FIG. 1. Schematic picture of a-Se structures under investigation here: 共a兲 insulating structure; 共b兲 blocking HARP structures.

rower band gaps. Indeed, to the best of our knowledge, there
is no unequivocal experimental evidence for avalanche multiplication in any other amorphous material, although there is
some evidence for the first stage of avalanche multiplication
共impact ionization兲 in some chalcogenide glasses. In some
glasses based on Te, As, Ge, and Si,15 impact ionization is a
possible explanation for the threshold switching behavior
seen in these materials.16 As for the most studied amorphous
semiconductor material, a-Si: H, most attempts to reach avalanche multiplication have been futile.17–19 For example, Futaka et al.18 prepared vidicon-type n-i-p a-Si: H devices,
applied fields as high as 80 V / m, and observed no avalanche multiplication. However, at much higher fields
共⬃150 V / m兲 Akiyama et al.20 explain their results on photocurrent in a double-heterostructure-type device 共p-type
a-Si: H, i-type a-Si: H deposited onto an n-type crystalline
substrate兲 in terms of avalanche multiplication. Since the
ionization energy of impact ionization 共i.e., the threshold energy for ionization兲 for many semiconductors, typically, decreases with the band-gap energy,21 it is quite surprising that
while a-Se with Eg ⱖ 2.0 eV exhibits clear avalanche multiplication, the onset of impact ionization in a-Si: H with Eg
⬇ 1.7− 1.8 eV occurs only at much higher fields.
We have investigated avalanche multiplication in two
different a-Se structures and have measured the dependence
of the effective quantum efficiency 共ⴱ兲 on electric field F.
Thicker samples show a higher avalanche gain, which is a
distinct advantage in practical applications. From the experiments, we have determined IIC dependence on F and compared it with the theoretical dependence calculated in terms
of the lucky-drift model.8 This identified the carrier scattering parameters in a-Se. It is proposed that the different avalanche behavior of a-Si: H compared to a-Se is due to much
higher phonon energies in a-Si: H that might arise from phonon local modes associated with hydrogen.

II. EXPERIMENTAL DETAILS
A. Effective quantum efficiency in a-Se

Traditionally, the term quantum efficiency 共兲 has been
used to describe the dissociation efficiency of electron–hole
pairs 共EHPs兲 after photon absorption. Here, we introduce effective quantum efficiency ⴱ that is a modified definition of
quantum efficiency: ⴱ incorporated both the primary
mechanism by which EHPs are generated and also the secondary mechanism by which these freed carriers can multiply, i.e., avalanche. This is the quantity of highest practical
importance and is the directly measured quantity in
F-dependent measurements of photocurrent.
For blue light, ⴱ and IIC were investigated for two
types of a-Se structures, namely, 共1兲 an insulating structure
and 共2兲 a HARP blocking structure.
For the insulating structure, a-Se layers 共thickness d = 4
− 33 m兲 were sandwiched between two insulating polyethyleneteraphalat 共PET兲 layers with semitransparent metal
electrodes deposited on the outer surfaces of the PET 关Fig.
1共a兲兴. Use of PET layers prevents carrier injection from the
electrodes and permits high-voltage biasing during photocurrent measurements without excessive dark current.1,22 F has
been calculated from the total applied voltage and known
capacitance of all layers. ⴱ was derived by time integrating
the a-Se transient photocurrent produced by single-pulse 共1
ns兲 illumination. By illuminating either the anode or the
cathode surfaces, the photogeneration and transport of either
holes or electrons, respectively, were studied. After each
measurement the charge trapped at the a-Se/ PET interface
was eliminated and the sample reset to its initial state
by shorting the electrodes and resting the sample for 5 min.
The details of the ⴱ measurement method can be found in
Ref. 1.
In contrast, in the HARP blocking structure, there is no
need for a reset stage since blocking contacts permit the exit
of mobile carriers from the bulk of the photoconductor to the
electrode while simultaneously preventing the injection of
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carriers of opposite sign from the electrode into the photoconductor. In our samples an a-Se layer 共d = 8 − 35 m兲 is
confined between CeO2 and Sb2S3 layers, which act as
blocking layers. The absence of carrier injection is confirmed
by the low dark current, which does not exceed 1 nA/ mm2
at any F 共1 – 100 V / m兲. The a-Se blocking structure used
is called HARP and was developed for broadcast TV image
tubes 关Fig. 1共b兲兴. The details of the ⴱ measurement method
have been described previously.23
The a-Se HARP structure is deposited on a glass plate
with an indium-tin-oxide 共ITO兲 layer that serves as a transparent positive electrode. The back of the a-Se HARP structure is free, i.e., it has no physical electrode so that it can
form a latent charge image. A scanning electron beam serves
as a virtual cathode biasing the free surface 关see Fig. 1共b兲兴.
Optical photons incident on the front a-Se surface through
the transparent, positively biased ITO electrode are absorbed
and create EHPs. The free electrons are drawn the small
distance to the positive electrode and captured, and so they
do not contribute significantly to the photocurrent. In contrast, the freed holes drift the full thickness of the a-Se layer
to the free surface, and thus constitute the major component
of the photocurrent. At the free surface the holes accumulate
as a latent charge image in an amount proportional to the
incident light intensity. An electron beam scans the free surface, completing the circuit, and enables the accumulated
positive charge to be sensed by the ITO electrode as a current. Thus, the use of an electron beam permits the continuous flow of current inside the a-Se layer, eliminating the
need for resetting the structure. In theory, illumination from
either side of the a-Se would permit the study of the transport of either electrons or holes. However, the video tube
structure 关Fig. 1共b兲兴 used here permits illumination only of
the positive electrode, and therefore, the study of photogeneration and transport of only holes. All experiments on the
HARP blocking structure were performed using low enough
light intensity to ensure small signal conditions. This prevents the buildup of space charge so that the electric field in
the sample is not disrupted 共that is, the photocurrent is not
space-charge perturbed兲, and hence, a linear photoresponse is
kept.
All samples show similar F dependences of ⴱ 共Fig. 2兲.
At F ⬃ 40 V / m, ⴱ saturates at unity. The threshold of
avalanche multiplication is characterized by a sharp increase
in ⴱ above unity. This threshold is thickness dependent:
while for comparatively thin 共d ⬍ 30 m兲 films it begins at
Fth ⬃ 80 V / m, for thicker films the onset occurs at slightly
lower Fth 共⬃70 V / m兲.1 Since only holes undergo multiplication, ⴱ depends on the a-Se layer thickness d as

ⴱ = exp共␣ ⫻ d兲,

FIG. 2. Field dependence of the effective quantum efficiency for both the
insulating a-Se structure and blocking a-Se HARP structure for various
thicknesses.

B. Effective quantum efficiency in a-Si: H

Two types of a-Si: H structures were measured at F up
to 50 V / m, 共1兲 blocking structure, a-Si: H p-i-n 共d = 5
− 50 m兲, and 共2兲 insulating structure consisting of a d
= 18 m intrinsic a-Si: H film between insulating layers.24
Neither structure showed charge multiplication for any combination of d or F. This conclusion was confirmed by Chevrier et al.19 for d = 10 m a-Si: H p-i-n structures for F
⬍ 100 V / m. There is, however, suggestion for a-Si: H
avalanche multiplication in considerably higher fields 共F
ⲏ 150 V / m兲.20 Figure 4 shows the data of Akiyama et al.20
for ⴱ as a function of F. The lines ⴱ = 1.5 and 2 highlight
the large field required for impact ionization in a-Si: H
共⬃170 V / m and ⬃200 V / m, respectively兲.
III. LUCKY-DRIFT MODEL OF AVALANCHE
MULTIPLICATION

In order to describe the avalanche multiplication phenomenon in a-Se theoretically, we will use the so-called

共1兲

where ␣ is the hole IIC. Thus, we can calculate the field
dependence of ␣ using the experimentally determined dependence of ⴱ on F. Thus obtained, ␣ is plotted versus 1 / F in
Fig. 3. A rapid increase in ␣ with F is seen at high F 共hole
avalanche regime兲 for both insulating and blocking structures.

FIG. 3. Experimentally determined IIC 共symbols兲 plotted vs. reciprocal
electric field for different a-Se samples 共both insulating and HARP blocking
structures兲 and calculated IIC 共line兲. Material parameters for the calculations
are: Ec = 2.3 eV, Er = 31 meV, el = 6 Å, and ie / el = 12.
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FIG. 4. Effective quantum efficiency vs. electric field for a-Si: H 共Eg
= 1.8 eV兲 from two different published works: Chevrier and Akiyama as
discussed in the text.

lucky-drift model. This model has been suggested by Ridley9
and later developed by McKenzie and Burt13 for description
of impact ionization in crystalline semiconductors. This
model has been used to account for the avalanche phenomenon also in a-Se.14 One of the key features of this LD model
is the assumption that primary charge carriers undergo either
elastic scattering collisions, which lead to the momentum
relaxation, or inelastic collisions, in which they lose their
kinetic energy completely. Herewith the processes in which
charge carriers lose just some fraction of their kinetic energy
were neglected.9,13,14 It seems, however, not probable that
carriers either do not lose energy at all or lose their total
energy in a single scattering event. In order to overcome this
deficiency of the LD model in its initial formulation, Rubel
et al.8 have modified the LD model by taking into account
also scattering processes that lead to the lost of a fraction of
the kinetic energy of charge carriers. The example of the
latter processes is the scattering on optical phonons. In this
paper we use this modified version of the LD model, which
we only briefly describe below. A detailed description of this
modified LD model can be found in Ref. 8.
It is assumed8 that primary charge carriers undergo two
kinds of scattering events while drifting under F: elastic scattering on disorder potential fluctuations and inelastic collisions with phonons. The elastic scattering process is characterized by the mean-free path el, which is of the order of an
interatomic spacing. The scatterers are distributed randomly
in space, and the angle  with respect to the field after each
collision event is treated as random. 共There is always some
velocity component along F after an elastic scattering process.兲 Inelastic scattering is characterized by the mean-free
path ie. We will assume that the energy loss of a primary
charge carrier in each inelastic collision with phonons is of
the order of the optical phonon energy Er.
A primary charge carrier can gain the energy Ec necessary for ionization of the secondary EHP from the F in a
series of lucky collision events. Since for amorphous materials ionizing excitation across the mobility gap is much

FIG. 5. Highly simplified schematic illustration of lucky drift in a field
along the x direction in terms of four elastic 共three lucky and one unlucky兲
collisions that yield a drift velocity along the field and allow the kinetic
energy to be built up. Collision 5 is inelastic and the hole loses an optical
phonon energy. Right after collision 1, a hole starts with an initial velocity
u1 with components u1x and u1y along x and y. u1x builds up while u1y
remains the same until the next elastic collision 2. Just before the collision,
the “final” velocities are v1, v1x = u1x + a 共a-acceleration, -mean-free time兲.
The elastic collision ensures that the initial velocity u2 after collision 2 is the
same as the final velocity v1 before the collision. The y-component velocity
direction 共whether it is positive or negative兲 is random after the collision.
While the average velocity along the field does not build up, there is a
buildup in the kinetic energy because the overall velocity builds up from v1
to v2 to v3 but v4 is smaller than v3 due to the fourth collision being unlucky.
共Note: The schematic illustration represents u1 = 1 at 45° to the x axis, and
a = 0.25 and  = 1 arbitrary units.兲

more probable than excitation from the localized states
within the mobility gap,1,14 Ec is assumed to be equal to the
band-gap energy Eg. We will distinguish between lucky and
unlucky elastic collisions. After a lucky elastic collision, the
velocity of a primary carrier has a positive projection on F,
and hence, the carrier gains energy from F after the scattering event. In contrast, after unlucky elastic collisions the
projection of a carrier velocity on F is negative. Figure 5
illustrates some particular chain of collisions. It is very unlikely that all events are lucky collisions.8 Thus, when building up a lucky carrier trajectory, it is necessary to consider a
fraction of unlucky collisions. The probability of acquiring
Ec is the product of the probability Pel共k , ku兲 to have ku unlucky events in the chain of k elastic scattering events 共characterized by el兲 and the probability Pie共k , m兲 to have m inelastic collisions 共characterized by ie and Er兲 in the same
chain. The calculations demonstrate a pronounced maximum
of the product Pel共k , ku兲Pie共k , m兲 for particular nonzero ku
and m values.8
The resulting IIC includes all possible combinations ku
and m that lead to acquiring Ec in the form8
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l共k兲

共2兲

where l共k兲 is the trajectory length in the field direction,
which is necessary to pass in order to acquire the ionization
threshold energy Ec. The ballistic Shockley model is a specific case of our LD model for ku = m = 0.
In the above theoretical description it was assumed that
charge carriers undergo elastic and inelastic scattering events
not affected by trapping and retrapping into localized states
in the band tails of the amorphous semiconductor. The reason
for this assumption is the following. It has been shown experimentally that charge-carrier mobility becomes deactivated, i.e., only weakly dependent on temperature at electric
fields well below the avalanche threshold. This has been
shown for both a-Se1 and a-Si: H.17 Therefore, one can conclude that trapping into band tails does not essentially affect
the carrier mobility at electric fields close to the avalanche
threshold. The deactivation of the carrier mobility by the
electric field can be considered as a precursor to the avalanche phenomenon, although not as the cause of this effect.
For instance, electron mobility in a-Si: H is deactivated at
high fields, while the avalanche phenomenon has not yet
been established for a-Si: H.
IV. APPLICATION OF THE LUCKY-DRIFT MODEL TO
THE CASES OF IMPACT IONIZATION IN a-Se
AND a-Si: H

In order to calculate the production of EHP we need to
specify material parameters Ec, Er, el, and ie. We start by
applying our model to a-Se, where impact ionization and
avalanche multiplication phenomena have been evidenced in
numerous experiments including the present study. The band
gap of a-Se has been reported to be 2.0–2.3 eV in previous
studies, the precise value depending on the type of measurement approach.25–28 For the present work we take the case
Ec = 2.3 eV, which is most difficult for the initiation of impact ionization. The phonon energy Er for a-Se is derived
from the Raman measurements performed in a separate experiment on the HARP target using a DILOR XY microRaman spectrometer, with a 647 nm red light from a He–Ne
laser in a backscattering geometry. The Raman spectrum is
dominated by a broad peak centered at 250 cm−1,which corresponds to Er = 31 meV, in agreement with previously published data.29 el and ie are considered in our model to be
free parameters chosen from the best fit to the observed F
dependence of the IIC. For a-Se the comparison between
measured and calculated IIC共F兲 is given in Fig. 3. Taking
el = 6 Å and ie = 72 Å leads to a reasonable fit to the experimental IIC共F兲 with, however, a greater slope of the theoretical curve compared to the experimental data. It is remarkable that the inelastic mean-free path appears larger by
an order of magnitude than the elastic one. The similar relationship between el and ie was assumed in Ref. 30 to explain the carrier mobilities in a-Se and a-Si: H. The greater
slope could be caused by two factors. First, we took Ec to be
the highest possible 共2.3 eV兲, whereas Ec can be as low as
2.0 eV and the ionization energy itself can be even lower

FIG. 6. Field dependence of the multiplication coefficient calculated using
Eqs. 共1兲 and 共2兲 for a-Si: H 共Ec = 1.8 eV, Er = 80 meV, el = 6 Å, and
ie / el = 12兲—dotted line and a-Se 共Ec = 2.3 eV, Er = 31 meV, el = 6 Å, and
ie / el = 12兲—solid line. The sample thickness d is assumed to be 10 m.
Inset: calculations for a-Si: H samples with thicknesses 50 and 0.36 m.

than the width Eg of the mobility gap. In fact, the impact
ionization of secondary carriers might need somewhat less
energy than Eg, if these secondary carriers are activated into
extended states from localized states within the mobility gap
as discussed previously.8 Second, we took the relaxation
lengths el and ie independent of F and energy.14 We, therefore, consider the agreement between the experimental data
and theory for a-Se in Fig. 3 as satisfactory, not wishing to
speculate on the precise magnitudes of the ionization energy
and field- and energy-dependent relaxation lengths.
Let us now consider conditions for impact ionization and
possible avalanche multiplication in a-Si: H. The width of
the mobility gap in a-Si: H is estimated as Eg = 1.8 eV.31 In
a-Si the optical phonon density of states has a maximum at
about 60 meV, while in a-Si: H it is dominated by a stronger
peak at ⬃80 meV. The latter is attributed to the hydrogen
local vibrational mode.32,33 Therefore, we assume Er
= 80 meV for a-Si: H. Taking these estimates for Ec and Er,
and leaving the values of parameters el and ie equal to
those established above for a-Se, we can obtain the F dependence of ⴱ for any a-Si: H sample thickness. Figure 6 shows
the calculated results for a d = 10 m thick a-Si: H layer
together with the results for the a-Se sample of the same d.
Remarkably, in a-Si: H the change of d from 10 to 50 m
does not affect the predicted threshold field Fth significantly
共Fig. 6, inset兲. As it is seen from Fig. 6, the LD model predicts a considerable shift of the threshold field for impact
ionization Fth in a-Si: H with respect to that in a-Se. While in
a-Se Fth ⬃ 80 V / m, Fth in a-Si: H is predicted to be above
⬃110 V / m, provided el and ie have the same values in
both materials. The difference between Fth in a-Si: H as compared to a-Se is apparently caused by the difference between
the phonon energies 共Er = 80 meV in a-Si: H; Er = 31 meV
in a-Se兲. Due to higher phonon energy in a-Si: H, the inelastic scattering processes limit the energy gain from F of the
primary charge carriers much more effectively than in a-Se.
Therefore, higher F is needed to achieve impact ionization in
a-Si: H even though the necessary ionization energy in
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a-Si: H is lower than that in a-Se. Thus, the results of our
calculations explain the lack of observations for the impact
ionization in a-Si: H at fields up to 100 V / m.
Avalanche multiplication phenomenon in a-Si: H has
been reported by Akiyama et al.20 at fields above 150 V / m
as shown in Fig. 4, although on very thin samples 共thickness
0.36 m兲. As it is seen from the inset in Fig. 6 for such a
thin a-Si: H sample the theory predicts ⴱ ⬃ 2 for F
⬃ 160 V / m. This is quite different from the measured result presented in Fig. 4, where ⴱ of 2 corresponds to
⬃200 V / m. However, in calculating F in a-Si: H in Fig. 4,
the applied voltage was assumed to drop across the i layer
共thickness of 0.36 m兲. After applying the correction for
voltage drop on the p-type a-SiC: H layer 共thickness of
0.14 m兲 the field corresponding to ⴱ ⬃ 2 becomes
140 V / m. This is quite close to the calculated value of
160 V / m for a-Si: H, however, still very large compared
with that in a-Se.

V. CONCLUSIONS

We present experimental data on the dependence of the
impact ionization coefficient on the electric field obtained on
two distinctly different types of a-Se device structures
共blocking and insulating兲 with different thicknesses. Despite
the difference between the studied structures, the dependences of the ⌱⌱C on electric field are similar. The results for
a-Se are interpreted using the recently proposed lucky-drift
model for amorphous photoconductors 共LD兲.8 The comparison between the theoretical and experimental results yields
quantitative estimates for the elastic and inelastic relaxation
lengths in a-Se. The analysis suggests that scattering processes for holes in a-Se are dominated by elastic scattering
events. The agreement between theoretical results and experimental data in a-Se can be achieved assuming that the
scattering length of holes due to the disorder potential is
about 6 Å, while the scattering length due to inelastic interaction with phonons is nearly 12 times larger. The energy
loss on inelastic phonon scattering of about 31 meV was
derived from Raman measurements. Based on the above parameters, the LD model predicts the launch of the avalanche
multiplication in a-Se at 80 V / m in excellent agreement
with the experimental results.
The application of the LD model allows us to answer the
intriguing question of why the avalanche multiplication occurs at practical electric fields in a-Se with a wide band gap
and rather low carrier mobility, and does not occur at these
fields in a-Si: H with a narrower band gap and much higher
carrier mobility. The analysis carried out in the frame of the
LD model allows us to conclude that the higher phonon energies in a-Si: H as compared to a-Se are responsible for the
less efficient gain of energy by the primary charge carriers in
the electric field. In fact, the energy gain is impeded by the
inelastic scattering processes. As a result, the impact ionization and avalanche multiplication can only be observed in
a-Si: H at much higher electric fields 共above 160 V / m兲
than in a-Se 共about 80 V / m兲. This agrees with the experimental results obtained so far and does not leave hope that

a-Si: H can compete with a-Se for practical use in avalanche
photodetectors.
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