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Abstract

The transient photocurrent in amorphous silicon radiation detectors {n-i-n and forward biased

p-i-n) were analyzed. The transient photocurrents in these devices could be modeled using
multiple trap levels in the forbidden gap. Using this model the rise and decay shapes of the
photocurrents could be fitted. The decaying photocurrent shapes of the p-i-n and n-i-n devices
after a short duration of light pulse showed a similar behavior at low dark current density levels,
but at higher dark current density levels the photocurrent of the p-i-n diode decayed faster than
that of the n-i-n, which could be explained by the decreased electron lifetimes in the forward
biased p-i-n diode at high dark current densities. The transient photoconductive gain behaviors
in the amorphous silicon radiation detectors are discussed in terms of device configuration, dark

current density and time scale.

1. Introduction

Amorphous silicon (a-Si:H) has been investigated
as the material for radiation detection and has
shown the ability of detecting visible light, x-rays,
gamma-rays, charged particles and neutrons.[1-4)
As it is possible to fabricate the amorphous silicon
radiation detectors in pixel format on a large area
substrate, many efforts have been made to
produce large area radiation imaging devices
based on the two-dimensional amorphous silicon
radiation detector arrays.[2,5,6] The p-i-n
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configuration has been conventionally used as the
structure of the amorphous silicon radiation
detectors, and the basic principle involved in
radiation detection technique is to measure the
signal which is induced by the motion of the
charge carriers along the depletion field in the i-
region of the reverse biased p-i-n diode. In this
case, the maximum value of the photoconductive
gain which is defined as the ratio of the collected
charge to the number of interacted photons is
unity, that is, the amount of the collected charge
cannot exceed the amount of the photo-induced
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charge. By utilization of the photoconductive gain
mechanism, however, the signal size can be
increased. The photoconductive gain is usually
utilized in the steady state, and for normal a-Si:H it
takes hundreds of microseconds or a few
milliseconds to achieve steady state photo-
conductive gain. For radiation detection using a-
Si:H, a scintillator layer such as Csi(T) is usually
coupled to a-Si:H devices to convert the radiation
to visible light. As the fluorescence decay time of
Csl(T1) is about 1 psec, the duration of light
exposure is about 1 usec for a fast transit charged
particle or a gamma-ray, and a few milliseconds
for an x-ray exposure in medical imaging.
Therefore during the short duration of light
exposure from Csl{T]) in radiation detection, the
full photoconductive gain cannot be achieved. If,
however, a moderate gain can be obtained during
a short period of time, this photoconductive gain
mechanism may be utilized in radiation detection
using a-Si:H devices. Experimental results of the
photoconductive gain in a-Si:H p-i-n, n-i-n and n-i-
p-i-n devices in connection with radiation
detection were previously reported, and gains of 3
~9 for short pulses of radiation (<1 psec) and
gains of more than 200 for longer pulses (=1
msec) could be achieved.[7] In Fig. 1, experimen-
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Fig. 1. Comparisons of the Photoconductive Gains
in p-i-n Photodiodes and n-i-n Photo-
Conductors. The Thickness of the Devices is
14 am and 1 msec of Light was Exposed.
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tally obtained photoconductive gains of the n-i-n
and forward biased p-i-n devices for 1 msec of
light pulses are shown. In this paper, we discuss
the transient behavior of the photocurrent in a-
Si:H n-i-n and forward biased p-i-n devices so that
we can understand the similarities and differences
of the transient photoconductive gain mechanisms
in each type of the devices.

2. Theory

2.1. Primary Photocurrent and Secondary
Photocurrent

There are two types of photosensitive devices
made of insulating or semiconducting materials:
photoconductors and photodiodes. The typical
structures of these devices are schematically
shown in Fig. 2 (a) and (b). Usually, photodiodes
have a sandwich structure, and photoconductors
have a gap geometry with coplanar electrodes as
shown in the figure, but, sometimes, sandwich
structured photoconductors are also made. The
basic difference in these two devices is the type of
the contacts. The contacts in the photoconductors
are chmic, while photodiodes have blocking
contacts when those are reverse biased. Due to
this difference in the contact type, both the dark
current and the photocurrent behaviors in

Light Light
Transparent Metal electrode Metat electrode
electrode
/
Blocking contact Photocenducting Ohmic contact
(a) ®)

Fig. 2. Typical Structures of (a) Photodiode and (b)
Photoconductor. The Contacts of a
Photodiode are Blocking in Reverse Bias
While Those of a Photoconductor are Ohmic.
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photoconductors and reverse biased photodiodes
are quite different.

A blocking contact prevents injection of charge
carriers through it, hence the dark current in a
reverse biased photodiode is mainly due to the
thermal generation current in the bulk of the
device, and the maximum photocurrent is simply
limited by the optical generation rate therefore the
gain is limited to unity. The photocurrent in a
reverse biased photodiode is termed primary
photocurrent.[8,9] The flow of charge carriers in a
reverse biased photodiode is shown in Fig. 3 (a).
Amorphous silicon p-i-n devices are photodiodes
since in reverse bias the n- and p- layer prevents
injection of holes and electrons, respectively. The
maximum photocurrent density of a reverse biased
photodiode which is exposed to a uniform light
generating F electron-hole pairs per second per

unit volume is

J=qFd . 1)

® ®

Fig. 3. Schematic Representation of Photogenerated
Charge Carrier Flow in (a) Reverse Biased p-
i-n Photodiode and (b) n-i-n Photoconductor.
Circles with a Minus Represent Photo-
Induced Electrons and Circles with a Plus
Represent Photo-Induced Holes. Solid
Circles in a Photoconductor Represent
Injected Electrons from the Cathode. Note
that in a Photodiode Free Carriers are
Generated Only by Photon Interactions,
While in a Photoconductor Injection of
Carriers (Electrons in this Case) Enhances
the Photocurrent.

where q is the charge of an electron and d is the
thickness of the diode. In Eq. (1) the recombina-
tion of the charge carriers during their transit was
neglected, that is, a full collection efficiency was
assumed, which is a satisfying assumption when
the reverse bias is sufficiently high such that the
mean free path of the minority carriers is longer
than the diode thickness and both the majority and
minority charge carrier densities are low. The
photoresponse speed of a-Si:H photodiodes is fast
(less than 10 nsec) compared to that of photo-
conductors, but the signal is small, hence they are
suitable for high speed large signal measurements.

In photoconductors or forward biased photodio-
des, the contacts are ohmic, hence injection
current flows when a bias is applied. Due to this
injection current, the dark current in forward
biased photodiodes or photoconductors is much
higher than the corresponding reverse biased
photodiodes. The ohmic contacts can always
supply the current required by the photoconductor
and this mode of photocurrent is referred to as a
secondary photocurrent.[8,9] In this case,
whenever a charge carrier which is induced by a
photon reaches an electrode, it is replenished at
the other electrode. Therefore the photocurrent
keeps flowing until all the photo-induced carriers
disappear by recombination. Various cases of
secondary photocurrents are well described in
Reference 9. The transport mechanism of the
secondary photocurrent is schematically shown in
Fig. 3 (b), in which single carrier (electron)
injection is allowed as the device has the n-i-n
configuration. Usually, photoconductors or
forward biased photodiodes have a high photo-
signal but slow photoresponse and high dark
current, therefore their usage is usually limited to
low event rate or steady state measurements of
small signals. Derivations of the secondary
photocurrent and the photoconductive gain in
photoconductors are as follows. Consider a
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photoconductor which is made of an insulator or a
semiconductor with a single trap level and a single
recombination level as shown in Fig. 4. Assuming
electrons are the majority carriers and the
contribution of hole photoconductivity is
negligible, the continuity equations of electrons are

Dy g

dt Ta T, T

dnr_n/ n, ’ (2)
a 1, T

r rel

where n; and n, are the free and trapped electron
density, respectively, F is the optical generation
rate which is assumed constant, ., is the thermal
excitation time of trapped electrons, r,, is the
trapping time of free electrons in the conduction
band and ; is the recombination lifetime of free
electrons. ny/r, corresponds to the trapping rate
of free electrons by the single trap level, and n./z..,
is the thermal release rate of the trapped electrons
from the trap. In Eq. (2), free and trapped electron
densities are assumed to be spatially uniform, and
the thermal generation rate from the recom-
bination centers is neglected because the number
of electrons in the conduction band is mostly
determined by the injected electrons rather than
the thermally generated electrons. If we assume
that r, € r,;and 7, < 7, the solution of Eq. (2) is

n (1) = (3)

rlefr-eo{ )]s ap-enf-2]]

Electron traps

Recombination centers

Fig. 4. Schematic Energy Band Diagram of a
Photoconductor with a Single Trap Level
and a Single Recombination Center Level.
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where ., is the response time of the photocon-

ductor defined as

T,

T =57, @
Tlr

If there are no traps the response time is equal to
the recombination lifetime of electrons ;. If the

time of interest t is much greater than z,,, Eq. (3) is

reduced to
t
n,—(t)=FT1,:1—8Xp(—:):’ . (5)

Using Eq. (3), the secondary photocurrent density

can be derived as
d
qn,t( ) ©)

-4 {1 - exp(— ! ) + T—"[l - exp(— Lﬂ}
t Tres 7 Ty

where t, is the transit time of a free electron from
one contact to another. By dividing the secondary
primary
photocurrent in Eq. (1), the photoconductive gain

photocurrent in Eq. {6) by the maximu:

is expressed as
)
t
G = Gu{l - exp(— —’—) + &’—[1 - exp(~ ——ﬂ} .
Tlt: Tl Tf"

where G, = 7,/t, is the well known steady state

photoconductive gain which was originally derived
by Rose[9,10]. In steady state the ratio of r. to 7,

is equal to n/ny, hence the response time in Eq. (4)

lj Bias
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Computer

Sample

Fig. 6. Experimental System for the Measurement
of Photocurrents from Amorphous Silicon
p-i-n or n-i-n Device Samples. The Pho-
tocurrent was Directly Read by an
Oscilloscope via ac Coupling.
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can be expressed as
r, =g
res b, 8
n, 8
which is in agreement with Rose’s definition of
response time.[10]

2.2 Photocurrent in a-Si:H Photoconductors

Since a-Si:H has a distribution of trap levels in
the forbidden gap, simple expressions of the
continuity equations as in Eq. (2) are not adequate.
Assuming K levels of traps in the forbidden gap,
the continuity equations for a-Si:H photocon-

ductors are

dn L3 X n
_L=F+Z(_ni) _nIZ(_l_)_‘_.f_
dt T\ Ty T\ Ty T,
dn nf n

L i=12.K
da

vi  Frdj

9)

Of course it is not possible to solve these K+1 set
of differential equations analytically, but from the
current expression in Eq. (6), we can expect that
the rise of the photocurrent in a-Si : H photocon-
ductors may be approximated using multicompo-
nent exponentials. The expected photocurrent
density equation in a-Si:H photoconductors is

J,(t)=J,,(1—Za.-e""') : (10

where J,, = J,.G, is the photocurrent density at
steady state, t, is a response time which corres-
ponds to the i-th trap and a, is a weighting factor
which represents the influence of the i-th trap to
the photocurrent. The summation of ai is equal to
1. It is not easy to extract physically meaningful
information from e, due to the complexity of the
differential equations, but we may conjecture that,
based on the expression in Eq. (6), ai may be
related to the trapping time to the i-th trap. By the
same procedure, the decay of the photocurrent
density after shutting off the light can be expressed
as

J,(0= JoZa,.e""‘ . 1y

where J, is the photocurrent density at the
moment the light is shut off.

3. Experiment

Amorphous silicon p-i-n and n-i-n device samples
were fabricated using PECVD(Plasma Enhanced
Chemical Vapor Deposition) machine and all of
the samples had a sandwich structure. The i-layer
was 14um thick and p- and n-layer were 30nm
thick. These p-and n-layers provided chmic
contacts in forward bias which is essential for the
photoconductive gain as discussed in Section 2.1.

The photocurrents from p-i-n or n-i-n devices
were directly measured by an oscilloscope as
shown in Fig. 5. Using ac coupling, the dc dark
current could be separated from the photocurrent.
The RC time constant of the measurement system
was made long enough(> 1 sec) to prevent decay
of the photocurrent level. Data of the measured
photocurrent were stored in a computer which is
connected to the digital oscilloscope.

4. Results and Discussion

The measured photocurrent shape in a forward
biased a-Si:H p-i-n diode with 1 msec light pulse is
shown in Fig. 6 with the curves fitted by Eq. (10)
and (11), where a;, and r, were used as fitting
parameters. As shown in this figure, the
multicomponent exponential terms are adequate
to express the rise and decay of the transient
photocurrents in a-Si:H photoconductors or
forward biased photodiodes.

It has been experimentally shown that the
photocurrent, hence the photoconductive gain, is
recombination centers broadened[8-10}, therefore
and (b), the measured photocurrent shapes of the
a-Si:H n-i-n and forward biased p-i-n devices at
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two different dark current densities are compared.
At the same dark current densities, the initial
decay times of the p-i-n and n-i-n devices are
almost identical, therefore their photoconductive
gains are almost the same for the short light pulses
(order of gsec) at any dark current level. At higher
dark current levels, however, the photocurrent of
the p-i-n diode decays faster than that of the n-i-n
device for the longer time scales as shown in Fig.
7 (b), and this causes the photoconductive gain of
the forward biased p-i-n diodes to be less than that
of the corresponding n-i-n photoconductor at high
dark current density levels as shown in Fig. 1. This
decreasing decay time constant in the forward
biased p-i-n diode may be explained by the
decrease of the electron lifetime. As the forward
bias increases, the dark current density increases
due to the increasing amount of electrons and
holes by double injections from the contacts, and
correspondingly the quasi-Fermi energy levels of
the electrons and holes move toward the band
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Fig. 6. Photocurrent Shape in a Forward Biased
a-Si:H p-i-n Diode with 1 msec Light
Pulse. The Current is Normalized to the
Maximum Current at 1 msec. 3 V of
Forward Bias was Applied. Eq. (10) and
(11) were Used to Fit the Measurement.

edges since they are related to the free carrier
densities as

E -E, = len[ N J
n,

E,, - E, =len[N ) (12)
Py
where E. is the conduction band edge, E, is the

valence band edge, Er, and Ep, is the quasi-Fermi

energy level of electrons and holes, respectively,
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Fig. 7. The Decaying Photocurrent Shapes of n-i-
n and Forward Biased p-i-n Devices After
a Short Light Pulse at two Different Dark
Current Levels. (a) 2.2usec Light Pulse,
5.3 x 10 5A/cm®Dark Current Density. (b)
5usec Light Pulse, 2.4 x 10™°A/cm” Dark
Current Density
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N, and N, is the density of states at the conduction
band edge and valence band edge, respectively, ny
is the free electron density and py is the free hole
density. Accordingly, the demarcation levels also
move toward the band edges making the
recombination centers broadened[8-10], therefore
more recombination of electrons and holes occurs
and eventually the lifetime of the electrons is
decreased. Due to this decrease in the electron
lifetime, the photocurrent of the forward biased p-
i-n diode decreases at high forward biases, since
J.. in Eq. (10) is proportional to the electron
lifetime 7,. At low dark current density, however,
the increase of the value in the parenthesis in Eq.
(10) is more dominant than the decrease in Ji,
with the bias, therefore the photocurrent increases
with the bias, hence with the dark current density
as shown in Fig. 1. The decrease of the electron
lifetime and the photoconductive gain with the
increase of voltage in the forward biased p-i-n
diodes has also been found by others[11,12].

5. Conclusions

The transient photocurrent in a-Si:H n-i-n and
forward biased p-i-n devices were modeled and
analyzed. As the amorphous silicon has a
distribution of trap levels in the forbidden gap a
simple expression from a single trap and a single
recombination level model cannot fit the
measurements. Using the multiple trap level
model, the transient photocurrent could be
expressed with multicomponents of the
exponential terms and could successfully fit the
measured photocurrent shapes. The decay times
of the photocurrent in n-i-n and forward biased p-
i-n devices were almost identical in short time
scales but in the longer time scales the decay time
of the photocurrent in the forward biased p-i-n
diodes decreased as the dark current density was
increased, which was due to the decrease of the

electron lifetime. Therefore, the photoconductive
gains in p-i-n and n-i-n devices are almost the
same for the short light pulses (~ gsec), however,
n-i-n photoconductors produce higher gains than
corresponding forward biased p-i-n diodes for the
longer light pulses (~msec) at high dark current
densities. According to this study, when one wants
to make use of the photoconductive gain
mechanism of a-Si:H in radiation detection, either
of the n-i-n and p-i-n devices may be used for the
fast radiation detection, and n-i-n photoconductor
is a better choice than p-i-n photodiode when
detecting radiations of a rather longer duration
such as the medical x-rays.
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