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Abstract-The RAPD structure is adopted to improve the electrical 
and optical performance of the photosensing device made of a-Si : H. 
Both the electron-injection n+-i-6p-i-pf and hole-injection p+-i-6n- 
i-n+ a-Si : H RAPD's are fabricated on the ITO-coated glass substrates 
by plasma enhanced chemical vapor deposition (PECVD) system. The 
photocurrent multiplication method is employed to study the multipli- 
cation factors and the impact ionization coefficients of the a-Si:H 
RAPD's. Since the electron-injection models have better performance, 
the relationships between the device dimensions and characteristics, 
such as I-V curves, optical gains, impact ionization rates, and excess 
noise factors are further studied and presented. An optical gain of 380 
can be obtained under a 5 pW He-Ne laser input light power and at a 
reverse-bias voltage of 14.5 V. The excess noise factor is 6.47 at a mul- 
tiplication of 33.46. The dynamic rise time of l ps has been observed 
under a 1.8 kQ load resistance. The hole and electron impact ionization 
rates ( p  and CY) can be expressed empirically by P ( E )  = 9.87 x lo4 
exp (-1.36 X 1 0 6 / E )  Em-' and a ( E )  = 6.34 X lo5 exp (-3.16 x 
105/E) cm-' for electric field E ranging from 5 x lo5 to 3.5 x lo6 
V/cm, respectively. Based on the results of this paper, the a-Si:H 
RAPD would be a promising a-Si : H device for the photosensing ap- 
plications. 

I. INTRODUCTION 
ECENTLY, several new photosensing devices made R of amorphous films, such as the a-Si : H phototran- 

sistors [ 11-[5], the heterojunction a-Si : H/a-Sic : H pho- 
totransistors [6], [7], and the a-Si : H/a-Sic : H superlat- 
tice avalanche photodiodes (APD's) [8], have been inves- 
tigated. These phototransistor structures are essentially an 
amorphous n-i-p-i-n multilayer. The photocurrent am- 
plification of the phototransistors is due to an induced bar- 
rier lowering at the base by the photogenerated holes, and 
this barrier lowering enhances the thermionic emission of 
electrons from emitter to collector in turn [9]. The pho- 
tocurrent multiplication by impact ionization can also be 
used to obtain signal amplification, and is demonstrated 
by the reported a-Si : H / a-Sic : H superlattice APD [ 81. 
The superlattice APD is made of step-like multilayers 
which form heterojunction potential barriers to spatially 
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confine the carrier ionizations within the narrow band-gap 
material. In this way, the ionization rate can be enhanced. 
Since, in the heterobarriers of a-Si : H/a-Sic : H super- 
lattice APD, the conduction band edge offset is larger than 
the valence band edge offset, it is seen that the electron 
impact ionization rate CY is enhanced more than the hole 
impact ionization rate P.  This dissimilar CY and P can re- 
duce the excess noise factor which is contributed from the 
avalanche process initiated by the electron injection 181. 

Since the low-temperature ( - 230°C) deposition of the 
a-Si: H film possesses a very abrupt change of doping 
profile which is impossible in single-crystalline material, 
the structure of a reach-through APD (RAPD), first de- 
scribed by Ruegg [ 101, is adopted and implemented with 
a-Si:H films. An a-Si:H RAPD has an nf-i-6p-i-p+ 
electron-injection structure. This structure has several de- 
sirable characteristics not present in the other structures. 
The tradeoff between the quantum efficiency and response 
speed can be accurately controlled by adjusting the width 
of the low-field absorption region. Photocurrent multipli- 
cation occurs primarily in the narrow high-field avalanche 
region. The wide, low-field drift region in the device pro- 
duces a much more gradual change in the multiplication 
with reverse bias voltage, which is desirable for practical 
applications. In addition, the device structure may pro- 
vide nearly pure electron injection regardless of the wave- 
length of the incident light, and since the electron has a 
higher impact ionization rate, good noise performance of 
the device is obtainable [ 111. 

In this paper, both a-Si : H electron-injection (n+-i-6p- 
i-p+ ) and hole-injection ( p+-i-6n-i-nf ) RAPD's fabri- 
cated on I T 0  coated glass substrates by using the PECVD 
system are described. Since the hole-injection structure 
has poor performance as expected, its properties are in- 
cluded only for comparison and calculating the hole mul- 
tiplication factor. The optical and noise performance, and 
the I-I/ characteristics of the electron-injection a-Si : H 
RAPD's with different device dimensions are described 
and discussed. 

11. DEVICE STRUCTURE AND FABRICATION 
Fig. l(a) shows a cross-sectional view of the device of 

the electron-injection a-Si : H RAPD. The device area is 
1.41 X cm2. The high-field undoped i-layer has a 
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Fig. 1. The schematic diagram for (a) cross-sectional view, and (b) en- 
ergy-band of electron-injection a-Si : H RAPD. 

width of 400 A normally as shown in the figure unless 
otherwise notFd. The width of this i-layer is adjusted from 
200 to 1000 A in order tv observe its effect on the device 
performance. The 4000 A width of the low-field absorp- 
tion undoped i-layer region is chosen to be larger than the 
penetration depth of the incident light, soo that pure elec- 
tron injection can be obtained. The 100 A lightly-doped 
p-layer is thin enough to let the electric field extend all 
the way from the high-field avalanche region to the low- 
field absorption region at an operating voltage greater than 
or equal to the reach-through voltage VR, which is smaller 
than the breakdown voltage of the high-field avalanche 
region. The applied voltage in excess of the V,, is dropped 
across the low-field absorption region. It is also expected 
that the electrons could travel at their saturation velocity 
in the low-field absorption region to obtain a short switch- 
ing time. The nearly constant capacitance obtained by 
C-V measurement near the bias point confirms the ab- 
sence of the depletion effect in the RAPD. 

Fig. l(b) illustrates the energy-band diagram of the de- 
vice under reverse bias. Radiation is incident onto the 
glass substrate and penetrates into the low-field absorp- 
tion region. The electrons photogenerated in the low-field 
absorption region are swept to the high-field avalanche 
region, where the impact ionization occurs. The photo- 
generated holes traverse the low-field region to the p+ 
contact. The holes generated by the electron impact ion- 
ization are presumed to have a low impact ionization rate 
and drift to the p+ contact as well. 

The deposition conditions of various a-Si : H films were 
the same as tho;e described in the previous reports [1]- 
[ 5 ] .  The 5000 A A1 metal film was deposited by using a 
thermal evaporator. The device is without antireflection 
coating on the glass surface. After fabrication, the device 
was packaged in a suitable fixture for various tests. 

111. DEVICE CHARACTERISTICS 
I-I/ Curves 

The I-V curves of the a-Si : H RAPD under dark, low, 
medium, and high incident light power are shown in Fig. 
2. The light source is a He-Ne laser and the laser beam 
intensity is controlled by a variable beam splitter and cal- 
ibrated by a photometer. The width of the avalanche re- 
gion is 400 A for the tested device. The avalanche effect 
can be clearly seen, since the photocurrent increases 
sharply for the reverse bias near the breakdown voltage. 
The photocurrent increases relatively slowly for the low 
bias range and the dark multiplied current is small. 

Fig. 3 illustrates the photocurrent as a function of the 
reverse bias voltage with the avalanche-region width as 
the parameter. The thinner the avalanche-region width is, 
the larger the photocurrent obtained, since, at the same 
reverse bias voltage, the higher electric field in the thinner 
avalanche-region width causes a higher avalanche multi- 
plication. The photocurrent increases noticeably and the 
breakdown voltage decreases as tbe avalanche-region 
width decreases. The normal 400 A width of the ava- 
lanche-region is based on the tradeoff between the break- 
down voltage and the obtainable photocurrent. 

Optical Gain 

fined as 
Generally, the dc optical gain of the device can be de- 

G E [(IPH - z D ) / q ] / ( P ~ n / h v )  

where I,, is the photocurrent under illumination, ID is the 
dark current, Pi, is the incident light power, hv is the en- 
ergy of the incident radiation, and q is the electron charge. 

Fig. 4 shows the optical gain as a function of incident 
light power PI, at different dark current for the a-Si : H 
RAPD. An optical gain of 380 at Pi, = 5 pW, VR = 14.5 
V,  ID = 10.8 p A  is obtainable. The optical gain depends 
on the reverse bias and the incident light power. The op- 
tical gain increases with increasing dark current (or re- 
verse bias). For the hole-injection a-Si: H RAPD with 
complementary structure, the optical gain is approxi- 
mately equal to one hundredth of that obtained for the 
electron-injection a-Si : H RAPD at the same test condi- 
tions. 

Increasing the width of avalanche region reduces the 
optical gain at a fixed dark current ID = 10 PA, as shown 
in Fig. 5 ,  since the electric field in the high-field ava- 
lanche region is reduced as its width is increased. 

All of the curves of the optical gain at a certain bias 
condition decrease with increasing incident light power; 
this is an unique feature of the majority-carrier photode- 
tectors [ 121. 

Spectral Response 
The spectral response was measured by illuminating the 

glass side of the device with a light beam emitted from 
tungsten lamp through a monochrometer. Fig. 6 shows 
the relative spectral response of the a-Si : H RAPD. Every 
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Fig. 2. The photo I-V curves of electron-injection a-Si : H RAPD's under 
various illumination levels. 
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Fig. 3.  The photocurrent versus reverse bias for electron-injection a-Si: H 
RAPD's with various widths of avalanche region. 
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Fig. 4. The optical gain versus incident light power for electron-injection 
a-Si : H RAPD's at various bias conditions. 
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Fig. 5 .  The optical gain versus incident light power for electron-injection 
a-Si : H RAPD's with various widths of avalanche region. 

curve in the figure is normalized to the incident light 
power of each wavelength. This relative response covers 
the wavelength from 420 to 780 nm. The spectral FWHM 
was measured to be about 200 nm. The peak wavelength 
of the relative spectral response shifts with reverse bias 
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Fig. 6 .  The relative spectral response of electron-injection a-Si : H RAPD's 
at various bias voltages. 

VR. When V, = 7 V,  the peak response occurs at 500 nm 
wavelength. The peak response shifts to 540 nm wave- 
length gradually as V, is increased to 13 V. For this RAPD 
device structure, since the light with longer wavelength 
can be absorbed at a deeper region away from the glass 
surface and near to the high-field avalanche region, so the 
spectral response of light with longer wavelength is en- 
hanced by the avalanche effect when the reverse bias is 
increased. 

Dynamic Response Speed 
The photoresponse speed was measured with a red- 

LED-RAPD photocoupler with a variable load resistance 
by monitoring the waveform of the photocurrent. The 
speed of response depends on the load resistance, internal 
resistance, junction capacitance, etc. Since the junction 
capacitance of this device is very small due to having a 
wide depletion region, the a-Si : H RAPD can provide 
high-speed performance. The measured rise time is about 
1 ps with a load resistance of RL = 1 kQ and increases to 
6 ps if the RL = 10 kQ. This is the highest response speed 
reported for an amorphous photosensing device. 

Multiplication 
The multiplication factor was calculated by linearly ex- 

trapolating the low-bias data of the dark current to the 
high-bias values and taking the ratio of the observed pho- 
tocurrent to the linearly extrapolated dark current at a cer- 
tain reverse-bias voltage [ 131. The incident light power 
emitted from the He-Ne laser was 5 pW. The calculated 
electron multiplication factor versus the reverse bias is 
shown in Fig. 7. The electron multiplication factor in- 
creases relatively slowly as the reverse-bias voltage ex- 
ceeds a certain voltage (around 11 V). This voltage would 
be the reach-through voltage VRT of the device, since the 
width of the low-field absorption region is larger and this, 
in turn, reduces the increasing rate of electric field with 
the applied reverse bias. The hole multiplication factor 
was obtained from the complementary device by using the 
same procedures. 
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Fig. 7. The electron multiplication factor versus reverse-bias for an elec- 
tron-injection a-Si : H RAPD. 

Impact Ionization Rate 
Since the RAPD structures can provide very pure elec- 

tron or hole injection, the well-known formula for the 
p-i-n diodes to derive a and 0 from the electron and hole 
multiplication factors [14] can be used to obtain cy and 0 
for the a-Si : H RAPD as a function of electric field which 
is approximately equal to VR/ W ,  where VR is the applied 
reverse bias and W is the width of avalanche region. The 
impact ionization rate ratio K = /3 /a can be obtained con- 
sequently. 

Fig. 8 shows a and 0 versus the electric field for the 
a-Si : H RAPD. a is larger than 0 over the entire field 
range. The data of a and /3 can be fit to the theoretical 
results presented by Wolff [15] approximately by 

a ( E )  = 6.34 x lo5 exp (-3.16 x 1 0 5 / E )  

P ( E )  = 9.87 X lo4 exp (-1.36 X 106/E). 

Excess Noise Factor 

theory [16], the excess noise factor can be expressed by 
For electron injection alone, in terms of McIntyre’s 

F = KM + (2  - 1 / M ) ( 1  - K ) .  

For hole injection alone, the above equation still applies 
if K is replaced by 1 / K .  The ratio K is assumed to be 
constant through the avalanche region. 

Fig. 9 shows the ratio K and excess noise factor F at M 
= 10 as a function of the avalanche-region width for the 
electron-injection a-Si : H RAPD. The relation between 
the ratio K and the width of the avalanche region W can 
be understood by the breakdown condition [17] 

In K / ( K  - 1) = aw. 

The ratio K decreases as the width W increases. The ex- 
cess noise factor F at M = 10 decreases when the width 
of avalanche region W increases, since the ratio K de- 
creases. 

The calculated excess noise factor as a function of mul- 
tiplication with ratio K as a parameter is shown in Fig. 
10. The ratios K = 0.143, 0.098, and 0.078 correspond 
to the avalanche-region widths W = 40, 60, and 80 nm, 
respectively. Clearly, increasing the width of avalanche 
region can reduce the excess noise at a certain multipli- 
cation level. The curve for K = 0.143 can be written as 
F ( M )  = M0.”. 
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Fig. 8 .  The ionization coefficients versus the electric field for a-Si : H 
RAPD’s. 
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Fig. 9. The impact ionization rate ratio ( P / ( Y )  and the excess noise factor 
(at M = 10) versus the width of avalanche region for electron-injection 
a-Si : H RAPD’s 
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Fig. 10. The excess noise factor versus electron multiplication with dif- 
ferent P/a  ratio as parameter. 

IV. CONCLUSIONS 
An electron-injection a-Si : H RAPD has demonstrated 

high optical gain, fast response speed, and a low excess 
noise factor and is a promising amorphous photodetector. 
The voltage-dependent characteristics of its relative spec- 
tral response will provide a wide range of flexibility in 
developing a photosensing device with wavelength selec- 
tivity, like a voltage-controlled color sensor. The higher 
optical gain under lower illumination level makes it a very 
sensitive amorphous photosensor for low-level light de- 
tection. 
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