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Abstract 
Charge collection in hydrogenated amorphous silicon (a-

Si:H) radiation detectors is improved for high LET particle 
detection by adding thin intrinsic layers to the usual p-i-n 
structure. This buried p-i-n structure enables us to apply 
higher bias and the electric field is enhanced. When irradiated 
by 5.8 MeV a particles, the 5.7 nm thick buried p-i-n detector 
with bias 300V gives a signal size of 60,000 electrons, 
compared to about 20,000 electrons with the simple p-i-n 
detectors. The improved charge collection in the new structure 
is discussed. The capability of tailoring the field profile by 
doping a-Si:H opens a way to some interesting device 
structures. 

I. INTRODUCTION 

Hydrogenated amorphous silicon (a-Si:H) has been 
investigated as a possible alternative for radiation detector 
material for high energy physics experiments, medical 
imaging, material and life science studies [1,2,3,4]. Since a-
Si:H is prepared by decomposition of SiH4 gas in glow 
discharge on low temperature substrates, large area detectors 
can be easily fabricated at low cost. The disordered Si-Si 
network makes the material less sensitive to radiation-induced 
damages, which can be annealed at low temperature 
subsequently. Doping is done by mixing a boron or 
phosphorus containing gas such as B2H6 or PH3 to the S1H4 
during the glow discharge deposition: under these condition, 
abrupt composition changes are possible. Although its 
material parameters such as carrier mobility, life time and 
defect density are less attractive than those of crystalline 
silicon, there are various applications in which the above-
mentioned advantages of a-Si:H outweigh its less attractive 
material parameters. 

A-Si:H radiation detectors with simple structures such as 
Schottky or p-i-n diodes have been fabricated and tested with 
charged particles, X-rays and Y rays. Our efforts have been 
focused on making thick a-Si:H layers to increase the energy 
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deposition by incoming radiation in the material, while 
maintaining the carrier transport properties. It has been shown 
that electrict field can extend in thick a-Si:H layers up to 40 
um [1]. The highest reverse-bias applicable to these diodes is 
limited by the onset of the low-frequency "pop-com" type 
noise[l,2]. This highest bias per unit length of a-Si:H layer 
ranges from about 5 to 20 V/um. Therefore, 50 urn layers 
with the present-quality a-Si:H cannot be fully-depleted unless 
this noise is suppressed. Also, wide variation in this highest 
bias is observed even among samples made from a single 
deposition run. 

We have recently fabricated a novel type of a-Si:H radiation 
detector which enables us to apply higher bias before the onset 
of the popcorn noise. The device structure and its properties 
are described in the next section. 

n . BREAKDOWN AND BURIED P-I-N 
STRUCTURE 

The "pop-com" noise is possibly due to the micro-plasma 
breakdown in the vicinity of the diode surface or the p/i 
interface where the field strength becomes maximum. Any 
material inhomogenity close to the surface creates very high 
local fields and avalanche multiplication of carriers takes place. 
The high carrier density caused by the avalanche quenches the 
high local field and the avalanche diminishes. If this 
hypothesis of the micro-plasma breakdown in the vicinity of 
the surface is correct, the "pop-corn" noise can be suppressed 
by either improving the material homogeneity or displacing 
the maximum field region away from the surface. We have 
decided to take the latter approach and developed a new 
structure. Intrinsic layers and lightly-doped layers were 
successively deposited to make a structure consisting of glass 
substrate/Cr/0.03-n+/0.3-i/0.03-n/5-i/0.03-p/0.3-i/0.03-p+/Cr. 
Numbers are thickness of each layer in um; the top Cr 
electrode is a disk of 3mm in diameter. The dopant gas 
concentrations for the lightly-doped layers are determined from 
the preparation conditions to give a proper dopant density[5]. 
The fixed charge-center densities in the lightly-doped layers and 
the intrinsic layers under bias are estimated to be 3x10' 7 cm"3 
and 6-8xl0 1 4 cm~3, respectively. The electric field profile is 
obtained by solving the Poisson equation in each layer and 
connecting the solutions at each layer boundary. Figure 1 
shows schematically the device structures and field profiles of 
(a) the simple p-i-n diode and (b) the buried p-i-n diode. All 
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the measurements on the buried p-i-n structure reported later in 
this paper are obtained Dy these 5.7 \im thick diode. 

Figure 2 shows the noise characteristics of this buned p-i-
n diode and a lypical p-i-n diode for comparison as measured 
with a low noise charge-sensitive preamplifier (Tennelec TC-
170) and a quasi-Gaussian shaping amplifier (6.4 usee peaking 
lime) connected to diodes. This p-i-n diode is 16 |im thick and 
has a 3 mm diameter Cr disk top electrode. The onset of the 
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arbitrary as the bias at which the noise exceeds three limes ihe 
minimum noise level, and conducted a systematic study of the 
breakdown bias. Results are shown in Fig.3. The p-i-n 
diodes are all 16-17 |im thick with a 3 mm diameter disk Cr 
top electrode made from a single deposition run. This 
distribution for p-i-n diodes is a representative one for different 
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Fig.2 Noise characteristics of the conventional p-i-n diode and 
the buried p-i-n diode. The onset of the "pop-corn" noise is 
largely suppressed by the new structure. 

(b) 

Fig.l Schematic drawings of the diode structure and the field 
profile under the depletion approximation for (a) the 
conventional p-i-n diode and for (b) the buried p-i-n diode. 

"pop-corn" noise is around 17 V/|xm for the p-i-n diode. For 
ihe 5.7 (jm thick buried p-i-n diode with the same contact area, 
the initial decrease of the measured noise with bias is caused 
by the spread of the depletion layer. This noise level is higher 
than that of the p-i-n diode, reflecting the larger delta noise 
caused by its larger capacitance [6]. The increase of the noise 
between 100V and 200V is due to the slow increase, of the 
reverse current. Finally, the rapid noise increase occurs at an 
average field about three times larger than that in the 
conventional p-i-n diodes. For both cases, the sudden noise 
increase is not associated with the reverse current which keeps 
on increasing slowly with bias even beyond the onset of the 
popcorn noise. lis steady increase with bias is probably due 
to the barrier lowering by the image charge at the contacts 
(Schotlky effect). 

The onset of this breakdown varies even among samples 
made from a single deposition ran for both the p-i-n and buried 
p-i-n structures. We defined the breakdown bias somewhat 
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Fig.3 Variation of the breakdown bias per unit length of 
diodes. 

thickness samples, too. The buried p-i-n diodes are the ones 
described above. This comparison clearly shows that the new 
structure is effective in suppressing the onset of the low 
frequency noise. 

As independent evidence for the near-surface breakdown 
phenomenon, we conducted the following experiment. It is 
known in a-Si:H that defects (dangling bonds) are created 
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thermally above a certain temperature where hydrogen atoms 
terminating unpaired Si bonds become mobile. These defects 
are located in the middle of the band gap and they release 
electrons under bias to become fixed positive space charges, 
which can be estimated by the time of flight (TOF) experiment 
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the mid-gap states were still releasing electrons, although 
slowly. The field profiles before and after heating at each 
breakdown bias are calculated from each Nd* and shown 
schematically in Fig.4(b). The maximum fields for both 
cases coincide approximately. 

It has been recently reported that making the p layer thicker 
in the p-i-n structure allows one to apply high bias on a-Si:H 
diodes [9]. Although the detailed behavior of the noise and 
the reverse-current are not shown in [9], it is likely that a thick 
p layer works as a buffer layer to move the maximum field 
point away from the metal contact as in the case of our buried 
i-p layer. 

m. CHARGE COLLECTION IN THE BURIED 
P-I-N DIODE 

Figure 5 shows the results of pulsed light measurements. 
Strongly-absorbing pulsed light (X=510nm, 3nsec wide) 
incident on either side of the diode simulates the transport of 
one type of the photo-generated carriers [10]. The onset of the 
hole signal and the electron signal saturation indicate that the 
field extends all the way through the diode at an average field 
slightly higher than 20V/|im. This average field is higher 
than that of simple p-i-n diodes because additional bias is 
needed to deplete the buried doped layers. A uniformly-
absorbing light pulse (X=760 nm, 0.S iisec wide) simulates 
energetic charged particles and the tendency of signal saturation 
at high bias indicates that the charge collection efficiency is 
not perfect but moderately sufficient 

Fig.4 (a) Noise characteristics of a 12 um thick p-i-n diode 
before and after heating at 300 °C for 10 minutes, (b) Field 
profiles at each breakdown bias before and after the heating. 

[7]. This fixed charge-center density denoted as Nd* 
determines the field gradient under the depletion 
approximation. We heated a 12 |im thick p-i-n diode to 300 
°C for 10 minutes to double this defect density. The noise 
characteristics and Nd* are monitored before and after the 
heating. Figure 4 (a) shows the noise characteristics. Nd* 
was about 4x10'^ cm~3 before and 8x10*4 cm'3 after the 
heating. These numbers are smaller than what we have 
reported earlier [8] because the TOF measurements were done 
within 5 minutes after the bias application when the defects at 
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Fig.5 Pulsed light measurements on the 5.7 fim thick buried 
p-i-n diode. 

When detecting high LET particles such as a particles 
from radioisotopes with the conventional p-i-n diodes, the 
signal size increases with bias but not with the detector 
thickness. The typical signal size produced by 6 MeV a 
particles is 20,000 electrons at the highest bias applicable for 
layers of different thickness. This low signal has been 
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attributed to carrier recombination in the plasma column 
created by the a trajectory [2,3,11]. 

The buried p-i-n device was exposed to 5.8 MeV a 
particles from a Cf-249 source in vacuum and the signal size is 
shown in Fig.6 as a function of reverse-bias for three different 
incident angles of a particles. The peaking time is fixed at 
6.4 iisec for this measurement. For normal incidence, the 
collected charge exceeds 60,000 electrons at a bias of 300V. 
The signal size at 200V is about 20,000 electrons and agrees 
with the results of the conventional 5 \im p-i-n devices. The 
rauo of the collected charge for oblique incidence to that for the 
normal incidence is larger than the factor l/cos0, where 6 is 
the incidence angle. This fact leads one to believe the 
existence of carrier recombination loss [11]. This ratio 
decreases with average field higher than 35V/pjn and 
approaches the expected value of the path increase factor 
( l /cos8) . This is the expected behavior when the 
recombination loss becomes smaller with higher field strength, 
lis observation has become possible with the high electric field 
achieved by this buried p-i-n structure. To measure how fast 
carriers are collected following the a particle passage, the 
signal size was recorded with different peaking times (0.2,0.4, 
0.8, 1.6, 3.2, 6.4 u.sec). Results are plotted in Fig.7. 
Charge collection is improved only slightly by choosing 
longer pe3king time. 
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Fig.6 5.8 MeV a particle detection with the 5.7 \im buried p-
i-n diode described in the text. Incident angle of the a 
particles are set to 0°, 46°, and 72° with respect to the diode 
plane normal. 

IV. ANALYSIS OF a PARTICLE DETECTION 

We attempt to develop a simple model which takes into 
account both "plasma erosion" and carrier recombination 
following an a particle transit through a fully-depleted a-Si:H 
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Fig.7 5.8 MeV a particle detection with the 5.7 |xm buried p-
i-n diode described in the text. The signal size for different 
peaking times (0.2, 0.4, 0.8, 1.6, 3.2, 6.4 p.sec) are shown. 
The charge collection is enhanced only slightly by choosing 
longer peaking time compared to shorter peaking time. 

diode. Since Fig.7 shows no significant sign of the ballistic 
deficit, carrier loss during the transport is assumed to be 
neglegible. 

The plasma erosion process in crystalline silicon has been 
modeled by many authors who analyzed the fission fragment 
detection by surface-barrier type silicon detectors and more 
recently by groups working on the bit-inversion error caused 
by energetic particle passage in digital integrated circuit chips. 
The model by Shur [12] assumes that the plasma column 
around the particle track is eroded by charge sweep-out at the 
column surface where the carrier density is at the level of the 
substrate doping and hence the external field is at its normal 
level. Carriers have to move to the surface by arnbipolar 
diffusion since the external field is shielded inside the plasma 
column. Another source of the erosion current as modeled by 
Seibt et al. [13] comes from the space charge limited current 
(SCLC) from the end of the plasma column initially located at 
the end of the track or the end of the detector layer whichever is 
shorter. The column length becomes shortened with time by 
the SCLC. In both cases, the time derivative of the linear 
carrier density N is proportional to the time. Since the 
diffusion is slow in a-Si:H, the SCLC is the dominant 
contribution to the plasma erosion. 

Second, we consider carrier density change due to the 
volume recombination inside the plasma column. Following 
the treatment by Ad'.er et al. [14], the time derivative of the 
volumetric carrier density n is proportional to n^. Convening 
n into N requires a detailed knowledge of the radial carrier 
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distribution. Instead, we simply assume an uniform carrier 
distribution inside the column radius r s. 

When both effects are taken into account, the line carrier 
density is given by the solution of the special case of the so-
called Riccati differential equation, which can be solved 
numerically. In addition to the uniform radial carrier 
distribution, the external electric field is assumed uniform 
throughout the detector for simplicity. The column radius r s 

is the only filling parameter used and rs=2.3 um gives a good 
fit to the normal incidence case in Fig.6. The carrier density 
vanishes at approximatly 80 ns, 35 ns and 15 ns for field 
strengths of 1X105, 2X10 5, 5X10 5 V/cm, respectively. 
These plasma limes are consistent with Fig.7 which shows no 
significant ballistic deficit with peaking times as short as 200 
ns. But the use of a more realistic value for the column 
radius r s such as 0.1 um overestimates the recombination 
loss. 0.1 Jim is the maximum range of the most energetic 
delta electrons created by the 6 MeV a particle passage. This 
may be explained by the presence of the "latent period" during 
which carriers are too hot to recombine with each other as 
discussed in [15] and/or the assumption of the uniform carrier 
distribution inside the plasma may be too crude. 

V. CONCLUSION 

A novel structure of a-Si:H radiation detectors is fabricated 
by inserting two lightly-doped thin layers into the 
conventional p + - i -n + diode. This p+-i-p-i-n-i-n+ structure 
decreases the electric field at the metal contacts and retards the 
onset of the micro-plasma breakdown thus permitting the use 
of higher electric fields. Consequently, the charge collection 
efficiency from 5.8MeV a particles is improved by a factor of 
three compared to the conventional p + - i -n + diodes. This 
buried p-i-n structure should also be beneficial in the detection 
of lower LET particles due to the faster response expected by 
the higher field in the bulk of the i layer. 

The capability for tailoring the field by inserting doped 
layers or a-Si alloys with different band gaps opens a way to 
some interesting devices. For example, controlled avalanche 
multiplication may become possible in the central intrinsic 
layer when it is sandwiched by heavily-doped layers and 
separated away from the metal surfaces to avoid the micro-
plasma breakdown. Thicker a-Si:H layers may become fully-
depleted by adding thin p layers into the intrinsic layer which 
reverse the field gradient in these added layers[16]. Superlattice 
avalanche structures that take advantage of the band 
discontinuity at hetero-junctions [17] becomes promising 
when the properties of a-Si based alloys such as a-SiC:H and 
a-SiGe:H are improved. These future devices will take 
advantage of the unique feature of the a-Si:H preparation 
technique, namely, the capability of making very abrupt 
changes in material composition. 
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