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Characteristics of Photoconductive Gain
in Radiation Detection with a-Si:H Devices

H.K. Lee, K.S. Shinn

The photoconductive gain mechanism in amorphous silicon devices was investigated in connection
with applications to radiation detection. Various device types such as p-i—n, n-i-n and n-i-p-i-n struc-
tures were fabricated and tested. Photoconductive gain was measured in two time scales : one for short
pulses of visible light(<1/sec) which simulate the transit of energetic charged particles or r-rays, and
the other for rather long pulses of light(1msec) which simulate x-ray exposure in medical imaging We
used two definitions of photoconductive gain . current gain and charge gain which is an integration of
the current gain. We obtained typical charge gains of 3~9 for short pulses and a few hundreds for
long pulses at a dark current density level of 10mA/cm®. Various gain results are discussed in terms of
the device structure, applied bias and dark current density.

Key words : Photoconductive gain, Photocurrent, Photoconductivity, a-Si:H, p-i-n, n-i-n, n-i-p-i-n

INTRODUCTION

Hydrogenated amorphous silicon(a~-Si:H) p-i-n pho-
todiodes have been successfully investigated for appli-
cations to detection of visible light, x-rays, r-rays,
charged particles and neutrons[1-5]. In most cases,
amorphous silicon p-i-n photodiode is coupled to a
scintillator layer which converts the incident radiation
to visible light. These visible photons are then
absorbed by the. amorphous silicon p-i-n diode. The
usual way of operating an amorphous silicon p-1-n
diode to detect photons is to apply a reverse bias on
the diode and measure the signal which is induced by
the motion of the photo-generated charge carriers
along the depletion field in the i-region. The maxi-

mum number of charge carriers collected in a reverse

biased p-i-n diode is equal to the number of
photo-generated charge carriers, i.e., is equal to the
number of photons which had interactions in the
i-region of the diode, hence the maximum gain, which
is defined as the ratio of the collected charge to the
number of interacted photons, is unity.

The photoconductive gain mechanism in a-Si:H,
which is primarily due to hole trapping and subse-
quent charge neutralization, has been investigated
with various structures such as metal-i-metal, n-1-n,
p-i-n{under forward bias) and n-i-p-i-n, and photo-
conductive gains of more than a hundred for the
steady state photocurrent were reported(6-8]. Optical
imaging devices utilizing this gain mechanism, which
were based on Schottky diodes or n-i-n photoconduc-

tors with coplanar or sandwich structures, have been
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Fig. 1. Experimental system for photoconductive gain measurement. (a) for short LED pulses the conventional radiation
measurement system was used, and (b) for long LED pulses the photocurrent was directly read by the oscilloscope via ac

coupling

successfully made from a-SitH[9-11].

For radiation detection using a-SiiH, CsI(Tl) is
usually coupled to a-Si:H devices to convert the radi-
ation to visible, light, and the fluorescence decay time
of CsI(Tl) is about 1x sec[12]. Hence, the duration
of light exposure from CsI(Tl) is about 1u sec for
fast transit charged particles or y-rays, and a few
milliseconds for x-ray exposure in radiography. For
ordinary a-Si:H, it takes hundreds of microseconds or
even a few milliseconds to obtain steady state photo-
conductive gain{7]. Therefore, during the short period
of light exposure from CsI(Tl) in radiation detection,
the full photoconductive gain may not be achieved
with a-Si:H devices. If, however, a moderate gain
can be obtained during a rather short period, this
photocohductive gain mechanism may be applied to
radiation detection such as a single charged particle
or y-ray detection and medical x-ray imaging.

In this paper, we describe the experimental results
of the gain with a-Si:H p-i-n, n-i-n and n-i-p-i-n
devices for short periods of light pulses, and discuss
the behavior of the photocurrent in the transient

state.

EXPERIMENTAL

Test samples were fabricated using a PECVD(Plas-
ma Enhanced Chemical Vapor Deposition) machine,

which is a kind of deposition machines used in semi-
conductor processing, and all of the samples had
sandwich structure. The thickness of the i-layer were
1 ~30/m for p-i-n diodes, l1um for the thick i-layer
of n-i-p-i-n diodes and 14/ for n-i-n samples. The
thin i~layer in the n-l-p-i-n diodes was about 30 nm
thick, and the p-layer was about 15 nm -thick and
slightly doped(500 ppm of diborane) to suppress the
dark current without affecting the photoconductive
gain mechanism by recombination of electrons in the
p-layer(7]. The n- and p-layers of the p-i-n diodes
were thick enough to prevent tunneling of electrons
and holes in reverse biased condition, but thin enough
to let the visible light pass through. These layers pro-
vided ohmic contacts in forward bias which is essen-
tial for the photoconductive gain.

The measurements of photo-signals were performed
in two different time scales. In order to simulate the
transit of fast charged particles, an LED light pulse
of 0.2usec pulse width was used, and for the simula-
tion of x-ray exposure, 1~30umsec of LED light was
incident on the samples. The conventional experimen-
tal system for detecting a single particle was used
for the short pulse measurement, ang is shown in
Fig. 1 (a). The gain of a p-i-n diode was calculated
by dividing the photo-signal in forward bias by the
maximum signal in reverse bias, which was also used
to calculate the gain in n-i-n device which had the

same thickness and transparency as the corresponding
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Fig. 2. The maximum photocurrent in a 14um thick p-i-n
diode as a function of detector bias when 1 msec of lignt
is incident

p-i-n diode. For the long pulse measurement, the pho-
tocurrents from the sample devices were directly mea-
sured as shown in Fig. 1 (b). Using ac coupling, the
dc dark current could be separated from the photo-
current. the RC time constant of the system was
made long enough to prevent decay of the photocur-
rent level. The measured photocurrent was integrated
using a computer which is connected to the digital os-
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cilloscope, and both current gain and charge gain
were calculated by comparing the amplitude in for-
ward bias and in reverse bias as in the short pulse

-

measurements.
RESULTS

For a 1 msec light pulse, the photocurrent obtained
with a 14ym thick p-i-n diode is shown in Fig. 2.
The photocurrent is normalized to the maximum value
in reverse bias to show the gain. To achieve a unity
gain In reverse bias, the detector bias should be
higher than the depletion bias which is defined as the
required reverse bias for full depletion of the i-region.
More than 200 V was needed to obtain the unity
gain in reverse bias with this diode, while the unity
gain could be achieved with about 1.5 V in forward
bias. The photocurrent increased almost linearly with
the applied forward bias and reached its maximum
value of 17 at 13 V; the. gain decreased at higher
forward bias as discussed in the next section.

For a lmsec light pulse, the current gain of the
n-i-n device is compared with those of the p-i-n
diode(same thickness) in Fig. 3 (a) and (b) as func-
tions of the detector bias and dark current density,
respectively. At low biases the gain in p-i-n diode is
higher than that of n-i-n, but at higher biases the
gain of the p-i-n diode decreases while that of the
n-i-n keeps increasing and at 100 V the gain is 110.
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have the same transparency

—309—-



ol Fahs# A 18 31, # 3 5, 1997

100.0 RAALAL BRI AL SL B AL S AL B B AL

T

100 L

1.0 Tt =1 MsEC

Photoconductive charge gain

Tt = 2 msec
— W Tx=5msec

st

YT

01 b 4t L{lli_ Laatod lJIIJj I Ll“li A J.L) LIIJ Lbild
1.0E-7 10E6 1.0E5 10E4 10E3  1.0E-2
Dark curent denslty (Vo)
(a)

1000.0 F T TT!]‘ITI} LI ‘rﬂHl T IT“I“' LI |1YIH] T I_T—”“

- : : : : k|

F - - -4

I ni-n B

£ | i ]

2 1000 : =

o 3

. 3 »*3

= s 3

o - 4
=

b ] 1
@

é 100 E‘ """ *‘_

o r 3

3 L 3
b=

o L 4

8 A ,

8 - q

2 10 e anae =

o £ ~ 3

3 O Tw=2msec ]

i : : —B—  Te=5msec 1

01 dood, i}i“i i AJJJHJ] Lo beodd aiiki Al A iidl ‘I_TTVAJJ_L

1.067 1.0E-6 1.0E5 1.0E-4 1.0E6-3 1.0E-2
Dark current density (A/on)
(b)

% 4. 14 ym T p-i-n BOO|LRKZL n-in AT HolAM S YMEYUT (dark current density )| 2 Photoconductive &
3l 0|59 sl Tmsece| g AMRSINI, MF O|SH BIXE Aag BRI Ut

Fig. 4. Photoconductive charge gains in 14 gm thick p~i-n photodiodes and n-i-n photoconductors as functions of dark cur-
rent density. Imsec of light was exposed. Similar behaviors as in the current gains are seen

While the gain behavior of the p-i-n and n-i-n devic-
es are different when plotted as a function of bias as
in Fig. 3 (a), they showed similar dependences on
the dark current density at low dark current density
levels as shown in Fig. 3 (b). The gain of the n-i-n
device was found to be proportional to J.*% where J,
is the dark current density. From these results, the
photoconductive gain is mainly determined by the
dark current density rather than the applied bias, and
at low dark current densities, the gains of “the p~i-n
and n-i-n device of the same thickness were the
same for the same dark current densities. The charge
gains of a 14 gan thick p-i-n diode and a same thick-
ness n-i-n photoconductor for 1lmsec light pulses are
shown in Fig. 4 (a) and (b) as functions of dark
current density with various integration times. Due to
the long decay time of the photocurrent after shut-
ting off the light, the charge gain is higher for a
longer integration time in both p-i-n and n-i-n devic-
es. The behaviors of the charge gain in p~i-n and
n-i-n devices are very similar to those of the current
gain described above. The maximum charge gain in
the p-i-n diode for 5msec of integration time was
about 20 at a dark current density of 0.5 tmA/cm?
and for the same integration time a charge gain of
260 could be achieved with the n-i-n photoconductor
at a dark current density of 6. mA/cm? The charge
gains in the n-i-n photoconductors were proportional

to J4% where a¢=0.56~0.63.

The n-i-p-i-n diodes showed similar gain behavior
as the n-i-n devices, because it is basically an n-i-n
device with a very slightly doped p-layer which is
thin and located close to one end of the device, hence
the overall properties are similar to the n-i-n device
except that it has the polarity of operation bias.

The gains of 14 g thick p-i-n and n-i-n devices
for short light pulses(0.2x sec) are shown in Fig. 5 as
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Fig. 5 The charge gains of p~i-n and n-i-n devices for 0.
24 sec of light pulse. The integration time was controlled
in the shaping amplifier.
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functions of dark current density with two different
shaping amplifier integration times. Due to the long
decay time of the photocurrent, longer integration
time produced higher gains. For short light pulses, the
behavior of the p-i-n and n-i-n devices were almost
dentical to each other for the same dark current
densities. A similar behavior was also found with the
n-i-p-i~n diode. The maximum gains obtained with
our best samples at a dark current density of 10mA/
cm’ were 6 and 9 for integration times of 1xsec and

5p sec, respectively.
DISCUSSION

For an insulator or a semiconductor with a single
trap level, the transient photocurrent can be express-

ed as[13]
I(t) = qFdAG (1-¢ ') (rise),

I(t) = qaldAG, et (decay), (D)

where, q is the electron charge, F is the generation
rate of photon induced electrons per unit volume, d is
the thickness of the device, A is the area, G, is the
steady state photoconductive gain defined as r/t, r is
the lifetime of the majority carriers, t, is the transit
time of the majority carriers across the device and r,
is the response time which is defined as rn,/n;, where
n; and n, is the free and trapped majority carrier
density, respectively. Since amorphous silicon has,
however, a distribution of trap levels in the forbidden
gap, a single exponential term cannot express the rise
and decay shapes of the photocurrent, and
multicomponent exponentials are needed to fit the
shape of the time response[14]. For amorphous sili-
con photoconductor, the transient photocurrent can be

written as

I(t) = I..{1~30a, e *"™) (rise),

I(t) = Ian Za, "' (decay), (2)

where, 1., is the photocurrent at steady state, 7, is a
response time which corresponds to the i-th trap and
a, is a weighting factor which represents the influ-
ence of the i-th trap to the photocurrent. The sum-
mation of a; is equal to unity. In Fig. 6, the photocur-
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Fig. 6. The phatocurrent shape of a p-i-n diode with a 1

msec light pulse. The current is normalized to the maxi-
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Eq. (2) was used to fit the measurements

rent shape with a 1 msec light pulse is shown with
the curves fitted by Eq. (2), where a, and r, were
used as fitting parameters. In order to find the char-
acteristics of the current decay, the photocurrents of
p-i-n and n-i-n devices after a short pulse of light
were measured and are compared in Fig. 7. At the
same dark current density level, the initial decay
times of the p-i-n and n-i-n devices are almost iden-
tical to each other, and this explains why their gains
are almost the same for the short light pulses. At
higher dark current density levels (Fig. 7 (b)), the
photocurrent of the p-i-n diodes decays faster than
that of the n-i-n devices in longer time scales. To ex-
tract more information about decay times in the long
time scales, the time taken to reach 30% of the peak
photocurrent after a I msec of light exposure, Ty,
was measured with p-i-n and n-i-n devices and is
shown in Fig. 8. The decay time of the n-i-n increas-
es linearly with the detector bias while that of the
p-i-n decreases as the bias increases and is approxi-
mately proportional to the reciprocal of the detector
bias. The decreasing decay time constant may be ex-
plained by the decrease of the electron lifetime in the
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p-i-n diode. As the forward bias increases, the dark
current increases due to the increased number of
electrons and holes by increased double injections
from the contacts, and the quasi-Fermi levels of the
electrons and holes move toward the band edges mak-
ing the recombination centers broadened, hence more
recombination of electrons and holes occurs and even-
tually the kfetime of the electrons decreases. Due to
this decrease in the lifetime, the photocurrent of the
p-i-n diode decreases at high biases, since I,.. in Eq.
(2) 1is proportional to the lifetime. At low biases,

however, the decrease in the exponential terms with
the bias is dominant, hence the photocurrent increases
with the bias. The decrease of electron lifetime and
photoconductive .gain with the increased bias in p~i-n
diodes has also been found by others{8].

CONCLUSION

The transient photoconductive gain was measured
with p-1-n, n-i-n and n-i-p-i-n devices. For short
light pulses( < 1usec), the gain was almost the same
for all devices. For longer pulses (1 msec), n-i-n and
n-i-p~i~n devices showed higher gains than p-i-n. At
a dark current density level of ~10mA/cm? a gain
of 9 could be obtained for short light pulses and
gains of more than 200 could be achieved for long
pulses. Single charged particle or 7y-ray detection
using photoconductive gain mechanism is expected to
have higher noise level due to the higher dark cur-
rent density compared to the conventional methods of
radiation detection. This can be, however, minimized
by making pixel area small. Work is continuing to
obtain higher gains at lower dark current density lev-
els for the short light pulses.
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