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Abstract: The device structures, operation prin- 
ciples, optoelectronic characteristics, performance 
comparisons, and possible applications for various 
a-Si : H/a-SiC : H phototransistors and avalanche 
photodiodes are reviewed. Although these devices 
are made of amorphous semiconductors, its 
majority-carrier transport properties can tactfully 
avoid gap-state and defect related minority-carrier 
transport problems, and obtain good perform- 
ances. Also, each of these devices has the distinct 
advantage of meeting the requirements of different 
practical applications. The unique and distinct 
advantages of these a-Si: H/a-Sic: H devices are 
first, a variety of peak response wavelengths are 
achievable by changing the composition or the 
well-to-barrier widths of the superlattice, secondly, 
a large-area-detector image sensor can be made 
on a glass substrate; and thirdly, the low- 
temperature of the amorphous films ( - 250°C) 
possesses a very abrupt composition change and a 
doping profile, which are impossible in the single- 
crystalline semiconductors. 

1 Introduction 

Recently, there has been a remarkable advance in both 
the physics and technologies of amorphous semicon- 
ductors. Their significant properties, such as the excellent 
photoconductivity and the mass-producability of large- 
area nonepitaxial growth on any substrate material, have 
attracted much attention as a new optoelectronic 
material. Tremendous research and development efforts 
have been made in areas including thin-film growth 
mechanism, improvement of the deposition process, 
device design and fabrication etc.. These new areas have 
opened up some new application fields such as the low- 
cost solar cell and the thin-film transistor (TFT). In the 
last few years, the applications of amorphous devices 
have extended to the light-emitting diode (LED), electro- 
photoreceptor, photoscanner, charge-coupled device 
(CCD) etc. [l-21. The photosensing devices to be 
described in this paper are different from the conven- 
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tional amorphous p-i-n photodiode or photoconductor. 
These amorphous devices not only have optical gain, but 
also possess other good optoelectronic characteristics. 

The a-Si:H and a-SiC:H films in the devices to be 
described were deposited by using the Anelva model 
PED301 radio-frequency capacitance-coupled parallel- 
plate plasma enhanced chemical vapour deposition 
(PECVD) system. This system can deposit various films 
at a low temperature of about 250°C. Also, by varying 
the combination of input gases, this system can deposit 
multilayer thin-film continuously. With this kind of depo- 
sition system, it is easier to obtain the abrupt interface of 
materials and step junction of dopings for amorphous 
semiconductors, and hence, the amorphous semicon- 
ductor superlattice (SL). During the fabrication process, 
the substrate temperature was kept at 250°C and the 
chamber pressure was 1 torr. The RF power was 40 W 
for the undoped a-Si:H film, whereas it was 50 W for the 
heavily doped a-Si : H film and 30 W for the undoped and 
doped a-SiC:H films, respectively. The silane gas (75% 
H, + 25% SiH,) was employed to deposit the a-Si:H 
films. The a-SiC : H layers were grown by the plasma 
decompositon of a gas mixture (45% SiH, + 55% CH,). 
For doped a-Si:H and a-SiC:H films, the diluted phos- 
phine (1% PH, + 99% H,) and diborane (1% B,H, and 
99% H,) were used as the dopants for n-type and p-type 
layers, respectively. The deposition rates of a-Si: H and 
a-SiC:H films were 1.67 and 0.67 A/S individually. The 
band-gaps for the intrinsic a-Si:H and a-SiC:H are 
approximately 1.8 and 2.25 eV, respectively. When these 
two materials form a step heterojunction, the conduction 
and valence band discontinuities (AEc and AEv) are 0.35 
and 0.1 eV, respectively. 

All of the amorphous photosensing devices to be 
described in this paper were fabricated on the I T 0  
(indium-tin oxide) coated glass substrate. The incident 
light penetrates the transparent glass and IT0 electrode 
and is absorbed in the device interior. The other elec- 
trode of the devices is thermally evaporated A1 film 
with a thickness of 5 W A .  The device area is 
1.41 x cm2, except when noted otherwise. All of the 
devices are without antireflection coating on the glass 
surface. 

2 

Fig. 1 shows the schematic cross-section of an a-Si:H 
phototransistor (PT) [3-51. As compared to the device 
structure of the conventional crystalline silicon (c-Si) npn 
bipolar junction transistor, the most evident difference is 
that there are two intrinsic a-Si:H layers of thickness d ,  

Device structure, operation and characteristics 
of PT 

IEE PROCEEDINGS-J, Vol. 138, No.  3, J U N E  1991 



and d ,  which are interpolated into the amorphous base- 
emitter and base-collector pn junctions, respectively. 
These two i-layers are used to promote the operation 
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Fig. 1 Schematic cross-section of a-Si: H P T  

voltage of the device and to reduce its leakage current. 
d ,  = 3000 A, and is chosen by compromising the obtain- 
able optical gain and the amount of light absorption. d ,  
is chosen to be shorter than the Debye length of the base 
region, so, the entire base and both its sides, i.e. the i- 
layers, are completely depleted of free carriers at any bias 
condition. The ratio of d ,  and d ,  approximately deter- 
mines the ratio of voltages across the two amorphous 
p-i-n junctions when the external bias V,, > 0 is applied. 
The n+-layer at the collector forms an ohmic contact to 
the I T 0  electrode [&7]. 

Figs. 2a and b illustrate the schematic energy-band 
diagram of PT under equilibrium and normal operation 
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Fig. 2 
a Under equilibrium condition 
b Under normal bias (VcE z 0) and illumination 

Schematic energy-band diagrams of a-Si: H P T  

(Vc- > 0), respectively [2, 6, 71. As can be seen in the 
Figures, a triangular potential is formed between the n+- 
emitter and n+-collector electrodes owing to the thin p +  
base region being depleted of free carriers. The total 
current of the device under dark or illumination for 
V,, > 0 consists of an electron current, a hole current, 
and an additional generation-recombination (g-r )  current. 
The dark electron current is due to the electrons tra- 
versing the triangular barrier by thermionic emission and 
then drifting down the barrier toward the collector. The 
dark hole current is essentially a diffusion current in the 
quasi-neutral emitter region. The dark g-r current 
includes a recombination current in the emitter i-layer, a 
generation current in the collector i-layer, and a recombi- 
nation current in the thin base region. When light is inci- 
dent on the glass substrate side and penetrates into the 
collector i-layer, the electron-hole pairs are generated. 
The photogenerated electrons drift down to the collector. 
The photogenerated holes drift down to its base valley 
and are partially accumulated in this valley. The accumu- 
lated holes (minority carriers) will neutralise the static 
negative charges in the base region and reduce the tri- 
angular potential barrier height. This induced barrier- 
lowering increases the electron (majority carrier) and hole 
current exponentially. The amount of this barrier- 
lowering can be estimated by using the principle of 
detailed balance, i.e. the photogenerated hole flux ( A 4 L ,  
where A is the device area), recombines at a rate of the 
collector hole recombination current ( I r c )  and is balanced 
by the hole current injected into the emitter ( I , , )  and the 
hole recombination current in the base (I&) and emitter 
( I re )  regions. These hole recombination currents in the 
emitter, base and collector regions can be estimated by 
the g-r  mechanism in each region individually. In the 
normal case, I , ,  and I , ,  are negligible, since they are the 
excess hole recombination currents in emitter and collec- 
tor regions, respectively. So, A 4 L  = I , ,  + and the 
amount of barrier-lowering (A4J  can be approximately 
expressed as [8] 

where V, z dlVcE/(d,  + d2) ,  P is the total amount of 
excess holes per unit area in the base region under equi- 
librium. I ,  is the hole saturation current (for the dark 
hole current which diffuses across the quasi-neutral 
region of the emitter). z, is the effective hole lifetime in 
the base, and is presumably due to band-to-band and 
capture-emission processes via traps. The electron and 
hole currents, and hence the total current and the photo- 
current gain can be calculated after the amount of A 4 L  is 
estimated [SI. 

The main characteristics of the photosensing devices 
include photo I-V curves, optical gain, response time, and 
spectral response etc. In general the DC optical gain G 
can be expressed as [9] 

= - ld)/ql/(pin/hv) 

where I ,  is the photocurrent under illumination, I d  the 
dark current, Pi, the incident light power, hv the energy 
of incident photon, and q the electron charge. For conve- 
nience, the He-Ne laser was used as the light source 
(wavelength A = 6328 A) during the measurements of 
optical gain and photo I-V curves. The optical gain is 
dependent of the bias voltage and incident light power 
level. An optimum bias is needed to obtain the highest 
optical gain, All of the photosensors described in this 
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paper are majority-carrier devices, so the optical gain 
increases with the decreasing Pin. 

The response time (t,) of the described photosensing 
devices was measured by illuminating the device with a 
light pulse emitted from a commercial LED (with a 
response time of 90 ns, a peak wavelength at 650 nm, and 
a full-width-half-maximum (FWHM) = 100 nm) excited 
by a square voltage wave, and monitoring the waveform 
of the collector current for the inverter-connected photo- 
sensor with a variable load resistor RL. After obtaining 
the switching times, to, and to<,,. the response time t ,  = 
(ton + torrC(2 was calculated. t ,  is interrelating to the junc- 
tion capacitance and load resistance, and is also affected 
by the stray capacitance and the internal resistance of the 
device. 

The relative spectral response of the devices was mea- 
sured under a tungsten lamp through a monochrometer 
on the collector side. The incident wavelength ranges 
from 400 nm to 800 nm, covering all of the wavelengths 
of visible light. 

For an a-Si:H PT, the peak optical gain is 12. The 
response time t ,  = 30 pus. The a-Si:H PT is the first 
amorphous device with gain and has a simple structure. 
There are two alternative device structures derived from 
this simple PT. One is to omit the emitter n+ layer and 
use A1 film to form a Schottky barrier emitter with the 
i-layer [6], the other is to omit the collector n-layer, 
retaining .the n+ layer to form an ohmic contact with 
I T 0  [SI. These two alternative devices have a similar 
operation principle and performance. 

3 HPT 

The schematic cross-section and the energy-band 
diagram under Vc- = (VI + V,) > 0 for an a-Si:H/ 
a-Sic: H heterojunction phototransistor (HPT) are 
depicted in Figs. 3a and b, respectively. In HPT, the 
emitter and base are made of the wide-gap a-SiC:H, 
which provides a more effective barrier to accumulate 
more photogenerated holes at the base. So, the A&L 
increases, hence the electron current over the barrier, and 
the optical gain is improved [1&12]. 

The basic HPT has two alternative structures with 
similar performance. One is to replace the collector n+ 
a-Si: H layer by a wide-gap n+ a-Sic : H layer to increase 
the amount of light absorption by the optical window 
effect [ll].  The other is to use the narrow-gap a-Si:H 
material in the thin base region to increase the amount of 
accumulated holes and then A&L. However, in this case, 
the conduction band has an electronic potential spike 
which disturbs the electron current, so, a suitable thick- 
ness of the thin a-Si:H base region should be chosen to 
increase the optical gain [13]. 

As compared to PT, the HPT has a higher optical gain 
(40), a shorter response time (10 p), and particularly an 
interesting spectral response. Figs. 4a and b show the 
normalised spectral responses ranging from 400 to 
800 nm, varying with different collector i-layer thickness 
d ,  and with different V,, bias, respectively. As can be 
seen in Fig. 4a, when the d ,  thickness increases from 
2000 A to 7000 A, the peak response shifts from 5500 A 
to 6500 A, and the FWHM also becomes narrower. This 
is because of the longer absorbing path in the d ,  region 
which especially favours the long-wavelength light. When 
the bias voltage V,. increases from 1 to 7 and 13 V, the 
peak response shifts from 620 to 540 and 440 nm, respec- 
tively, as can be found from Fig. 4b. Both the thickness- 
dependent and voltage-dependent characteristics can be 
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related to the field strength. As shown in Fig. 4b, the rela- 
tive response at the shorter wavelengths increases with 
the increasing field strength, whereas the relative 

em1 tter 120A 
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col lector 

---' glass 
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Fig. 3 
operation for a-Si: Hla-Sic:  H H P T  

Cross-section view and energy-band diagram under normal 

U Cross-section view b Energy-band diagram 

response at the longer wavelengths changes only slightly, 
which can be explained by the improvement of recombi- 
nation loss and carrier collection efficiency under a 
higher electric field. Both of the voltage-dependent and 
thickness-dependent photo I-V characteristics provide 
the flexibility for designing a voltage-controllable colour- 
sensitive photodetector [lo, 121. 

4 

To improve the performances of the PT and HPT 
further, the intrinsic a-Si:H/a-Sic: H superlattice (SL) 
structures have been applied to the amorphous HPT and 
PT in their undoped collector light absorption regions, 
and are named as an a-Si : H/a-Sic : H superlattice hetero- 
junction phototransistor (SHPT) and an a-Si: H/a-Sic: H 
superlattice phototransistor (SLPT), respectively. The a- 
Si : H/a-Sic : H heterojunction has a AE" < AEc , hence 
the electron impact ionisation rate (a) is larger than the 
hole impact ionisation rate 0. Therefore, the SL struc- 

Application of SL in PT and HPT 
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ture in the collector region could promote the electron 
multiplication and improve the optoelectronic character- 
istics of the amorphous HPT or PT, especially at a 
higher V,, bias near the breakdown voltage [18-201. 

1 

0 
Q, 

C 

2 

0 

which in turn weakens the impact ionisation in the SL 
and increases the device internal resistance. Based on a 
compromise between the optical gain and the obtainable 
breakdown voltage, an optimum S = 2000 A. The rela- 
tive spectral response of the SHPT has two peaks for a 
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Fig. 4 
H P T s  
a With different collector thickness 
b With different V, ,  voltage applied for normal operation 
v,, = 4 v 
-d2=7000A 
~ ~ d ,  = 2ooO A 
0 v,, = 1 v . v,, = 7 v 
A V,, = 13 V 
d ,  = 3 0 0 0 A  

Normalised relatiue spectral responses of a-Si: Hla-Sic:  H 

Figs. 5a and b illustrate the schematic cross-section 
and the simplified energy-band diagram, respectively, 
under normal operation (VcE > 0) for SHPT. As shown in 
Fig. 5 4  in addition to the SL structure, the collector 
region, near the base, has an intrinsic a-Si:H layer with 
thickness S .  In the SL structure, the thickness of the 
a-Si:H well (t,) is 80 A and that of the a-SiC:H barrier 
( t b )  is 120 A. The period number N = 10. It is found that 
the shapes of photo I-V curves for SHPT are much like 
those of a typical c-Si phototransistor. The optical gain 
can be as high as 78. The response time is only 4.1 ps. 
Hence, the SHPT operating in normal mode can be used 
as an optoelectronic linear amplifier and digital switching 
device. The thickness S can also be used to adjust the 
device breakdown voltage. When the thickness S 
increases from 500 to 3000 A, the device breakdown 
voltage (at a dark current I ,  = 100 pA) increases linearly 
from 22 to 40V. When the thickness S is smaller, the 
amount of light absorption in SHPT is smaller. Other- 
wise, a larger thickness S results in a smaller electric field, 
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Fig. 5 
a-Si: Hla-s ic :  H SHPT 
a Device structure 
b Band diagram 

Device structure, and band diagram under normal operation for 

moderate V,, voltage around 1OV. The main peak 
response at 560 nm is probably due to the effective band- 
gap of the a-Si:H/a-SiC:H SL (E, = 2.1 eV). The sub- 
peak near 640 nm may be corresponding to the band-gap 
of the a-Si:H (E, = 1.8 eV) layer with thickness S in the 
collector region. Increasing the V,, voltage shifts the 
main peak toward a shorter wavelength and reduces 
the evidence of the sub-peak [17]. 

If the n+ a-SiC:H (200A) base and the intrinsic 
a-Si:H layer with thickness S in SHPT are replaced by 
the n(350 A) - 4200 A) - p(100 A) a-Si:H layers, then the 
emitter junction becomes a homojunction and the SHPT 
changes to the above-mentioned SLPT. The SLPT has a 
higher internal electric field at similar V,, bias levels, as 
compared to SHPT. So, the electron multiplication is 
stronger and the optical gain is hi her [17]. 

In SLPT, the selected t b  = 80 X and t ,  = 50 - 500 A. 
Both the optical gain and the breakdown voltages of 
SLPT increase with the increasing t, . The reason is that 

229 



the drift-time and the energy of electrons in the well 
increase with the increasing t,, this, in turn, leads to an 
increase of the electron impact ionisation probability and 
then an increase of optical gain. Also, the optical gain of 
SLPT increases with the SL period number from 5 to 15, 
under the same incident light power level and dark 
current order. This result can be explained by the follow- 
ing argument. With a good interface quality of SL, 
increasing the period number leads to an increase in 
multiplication factor, hence an increase of the optical 
gain. The maximum optical gain obtained is 287 for 
SLPT with t b  = 80 A, t ,  = 400 A and N = 10. The peak 
spectral response of SLPT shifts from 540 to 480 nm 
when the V,, bias increases from 1 to 4 V .  The peak 
response wavelength for SLPT also shifts to the shorter 
wavelength when t ,  decreases from 500 to 75 A. There is 
no sub-peak in the spectral response of SLPT, since 
SLPT has a higher internal electric field in the collector 
region which reduces the surface recombination effect a t  
the I T 0  interface [17]. 

An amorphous semiconductor can also be used to fab- 
ricate a rectifying diode. Except for the conventional p-i-n 
diode, by using the heterojunction bulk barrier, a uni- 
polar diode (HEBUD) can be fabricated to provide the 
rectifying function [ 141. In HEBUD, a sawtooth-shaped 
conduction band is obtained by periodically adjusting the 
composition of intrinsic a-Si, -, C,:H in which the 
carbon content is graded. The sawtooth-shaped conduc- 
tion band is an asymmetrical potential barrier and has a 
property similar to that of the Schottky barrier having a 
rectifying function. Preliminary results show that the 
design principle is feasible, the device is fully depleted and 
stable. A switching time of 15 p s  and a propagation delay 
of 9 p s  are obtained. But, under forward bias, the diode 
ideality factor n = 2.89 and 3.12, respectively, for the con- 
duction band having 3 and 5 sawtooth-shaped barriers. 
These measured ns are higher than the values obtained 
from a good Schottky barrier diode. The HEBUD can be 
operated at a low voltage or with multiple barriers for 
high voltage application. The unipolar nature of the 
device suggests a possible application of this device to 
high-speed circuits. Moreover, HEBUDs with the capa- 
bility of barrier-height tailoring should be useful in many 
applications [21]. 

5 Comparison of phototransistors 

Optimum operation of various amorphous photo- 
transistors needs a suitable choice of V,, bias, load resist- 
ance, and incident light power level etc. For the purpose 
of comparison, the optimum performances of the various 
amorphous phototransistors mentioned are listed in 
Table 1. The advantages and possible applications for 

Table 1 : Performance comparison of various a-Si : H/ 
a-Sic: H phototransistors 

Amorphous Optical Response time Features 
phototransistor gain (ps) 

PT 12 30 Simple structure, 
first amorphous 
device having gain 

comparable in gain 
to c-Si PT 

curves, 
high BV,,,, linear 
amplifier 

adjustable optical 
gain 

H PT 40 10 colour-sensitivity, 

SHPT 78 4.1 Best photo I-V 

SLPT 287 6.2 Highest and 

various amorphous phototransistors are also noted in 
Table 1. 

6 APD 

Based on the study of the amorphous phototransistors, 
to improve the performance of the photosensing device 
with 2 leads further, in analogue to the compound semi- 
conductor devices with SL, it is known that if SL is 
applied to the avalanche multiplication region of the ava- 
lanche photodiode (APD) or reach-through APD 
(RAPD), the optical gain and noise could be improved. 
This idea motivated the study of a-Si:H/a-SiC:H SL 
APD and RAPD. Actually, referring to the energy-band 
diagram of SHPT, as shown in Fig. 5b, if the emitter 
region of SHPT is replaced by a p +  amorphous semicon- 
ductor layer, a reverse-bias is applied to the resulting 
device, and the incident light is let onto this p +  layer, the 
electron-injection is still obtainable. Then, by employing 
the multiplication properties of SL, excellent photodiodes 
could be designed. 
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7 SAPD 

The schematic cross-section and the simplified energy- 
band diagram under a reverse-bias V, for electron- 
injection SAPD are depicted in Figs. 6a and b, 
respectively. As shown in Fig. 6a, the a-Si:H t ,  = 200 A, 
a-SiC:H tb = 280 A and the period number N = 10 for 
intrinsic SL. There are three alternative structures for this 
SAPD. One is that an intrinsic a-Si:H layer may be 
added between the n+ a-Si:H (500 A) and the SL region 
to increase the device breakdown voltage. The other is 
that the p +  a-Si:H (200 A) may be replaced by a p +  
a-SiC:H layer to enhance the effect of an optical window. 
Another is that, if p +  and n+ a-Si:H layers are inter- 
changed, then the device becomes the complementary 
hole-injection SAPD. The hole-injection SAPD has poor 
performance as expected. 

Ideally, for a good quality SL structure, the multiplica- 
tion factor per period (stage) is two. In practice, the 
multiplication factor per stage is 1 + r, where r is the ion- 
isation yield (the fraction of carriers ionizing per stage). 
The total multiplication factor of the SL structure 
M = (1 + [23], where N is the period number of SL. 
To obtain the electron and hole impact-ionization rates, 
c1 and p, by the conventional p-i-n diode formulas [24], 
both the electron- and hole-injection SAPDs with a com- 
plementary structure are fabricated, and their electron 
and hole multiplication factors are obtained by the 
photocurrent multiplication method. The obtained c1 and 
p can be approximately expressed by the empirical 
expressions [22] : 

u(E) = 8.34 x lo4 EXP (-2.0998 x 105/E) cm- ' 
p(E)  = 1.789 x lo4 EXP (-2.7910 x 105/E) cm-' 

for electric field E in volts per centimetre. When the elec- 
tric field E is increased from 2.08 x lo5 to 2.92 x lo5 
V/cm, the ratio K = u/p decreases from 6.5 to 5.05. This 
is the first observation of the ionization-rate ratio K in an 
intrinsic a-Si:H/a-SiC:H SL structure. A higher c1 and 
ratio could be achieved by tailoring the superlattice com- 
position and thickness. 

IEE PROCEEDINGS-J, Vol. 138, No .  3, J U N E  1991 



The SAPD has a maximum optical gain of 184. The 
response time is 4.5 ps.  The SAPD is promising in appli- 
cations of high-sensitivity and high-frequency switching 
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circuits [22]. 
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Depictions for  electron-injection a-Si: Hla-Sic:  H SAPD Fig. 6 
U Device cross-section 
b Energy-band under reverse-bias V, 

8 SRAPD 

Basically, the RAPD has independent light absorption 
and avalanche regions. This structure has several desir- 
able 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 and drift region. 
The photocurrent multiplication occurs primarily in the 
narrow high-field avalanche region. The wide, low-field 
drift region in the device produces a much more gradual 
change in the multiplication with the reverse-bias voltage, 
which is desirable for practical application. So, RAPD 
has high optical gain, high response speed and a good 
signal to noise ratio [28]. If the superlattice is applied to 
the avalanche region, the optoelectronic characteristics 
could be improved further [18-201. 

Figs. 7a and b illustrate the schematic cross-section 
and the energy-band diagram under reverse-bias V, for 
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an electron-injection a-Si : H/a-Sic : H SRAPD, respec- 
tively [26]. For the purpose of performance comparison 
and observation of the SL effects, an electron-injection 

P 
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Fig. 7 Structure and band diagram under VR for descriptions oj 
electron-injection a-Si: HJa-Sic:  H SRAPD 
a Structure 
b Band diagram 

a-Si: HRAPD with similar device dimensions is also fab- 
ricated. In this a-Si:H RAPD the avalanche region is a 
400 A intrinsic a-Si : H layer [27]. The hole-injection 
a-Si:H/a-SiC:H SRAPD and a-Si:H RAPD are also 
fabricated to obtain the hole multiplication factors. 

Fig. 8 illustrates the electron multiplication factors Ms, 
against the applied reverse-bias V, for the electron- 
injection a-Si:H/a-SiC:H SRAPD with N = 3 and 
a-Si:H RAPD. It can be seen from the Figure that the 
electron multiplication factors ( > 12) increase relatively 
slowly with increasing reverse-bias above certain voltages 
( -  10 V). These voltages could be the reach-through volt- 
ages of the devices. The electron multiplication factor of 
a-Si:H/a-SiC:H SRAPD is generally higher than that of 
the a-Si:H RAPD [26]. 

Since the avalanche process predominantly occurs in 
the high field region, the impact ionization rate a and 
for a-Si:H RAPD is estimated from the electron and hole 
multiplication factors using the well known formulas for 
p-i-n diodes [24]. In a-Si:H/a-SiC:H SRAPD, the ava- 

' 
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lanche region can be assumed to be only in the a-Si:H 
well layers, because the ionization threshold energies 
which are roughly proportional to the band-gap are 
much higher in a-Sic: H barriers than in a-Si: H wells. 
Then, the average a and p [29-301 can be shown to be 

2 
a 
x 

n 
n 
? 
a 

1 I! 8 bias voltage, 12 16 V 20 0 

Fig. 8 Multiplication factors against applied reverse-bias voltage for 
electron-injection a-Si: Hla-Sic:  H SRAPD and a-Si: H RAPD 
The average multiplication ( M )  and electron impact-ionization probability per 
period, P, for an a-Si : H/a-Sic : H SRAPD are shown also 

obtainable by these formulas also. The obtained average 
a and jl for a-Si:H/a-SiC:H SRAPD with N = 3 can be 
expressed approximately by the empirical expressions 
[26] : 

a(E) = 1.14 x lo6 EXP (-2.05 x 106/E)cm-' 

p(E)  = 1.66 x l o 5  EXP (-3.95 x 106/E) cm-' 

where E - VJW V/cm, and W is the width of the ava- 
lanche region. The impact ionization rate ratio ( K  = a/& 
is 10.02 at an electric field of 3.33 x lo6 V/cm for a-Si:H/ 
a-SiC:H SRAPD, and that for a-Si:H RAPD is 6.95 at 
the same electric field. This phenomenon demonstrates 
that the amorphous SL can be used to promote the K 
value. As compared to the a and B expressions for SAPD, 
these two equations are applicable in a higher electric- 
field range. Furthermore, since, in SRAPD, t ,  = 100 A 
and t ,  = 80 A which are smaller than those of the SAPD, 
so the SRAPD has a higher internal field and multiplica- 
tion factor under the similar reverse-bias level. To verify 
the obtained ratio K = a/B, the excess noise factor is cal- 
culated for electron-injection a-Si: H/a-Sic: H SRAPD 
from the noise spectral density measurements. The shot 
noise is the dominant one. The data of noise spectral den- 
sities are taken at a frequency of 40 kHz, which avoids 
the increase of noise in the lower frequency range [26]. 
For electron-injection alone, in terms of the well known 
McIntyre's theory [l8], the excess noise factor F can be 
written as 

F = K'M + (2 - 1/M)(1 - K') 

where K' = I/K, so, the ratio K can be obtained from the 
calculated F and the known M .  The obtained K is 11.29 
which is approximately the same as the one (10.02) 
obtained from the photocurrent multiplication method 

The excess noise factors calculated by using the above 
F equation as a function of the multiplication factor 

232 

C261. 

at a fixed K = 10.02 and 6.95, respectively, for a-Si:H/ 
a-Sic : H SRAPD and a-Si : H RAPD are shown in Fig. 9. 
The data for a typical c-Si RAPD are also included for 
comparison [31]. It can be seen from this Figure, that the 
amorphous SRAPD and RAPD have the higher Fs than 

t / 

I I  - 1 I ,  4 , I  

1 10 100 
mul t  i p l  i ca t ion  M 

Fig. 9 Calculated excess noise factors as a function of multiplication 
factor M for electron-injection a-Si: HJa-Sic:  H SRAPD, a-Si: H RAPD 
and c-Si RAPD 
The estimated Fe for the a-Si:H/a-SiC:H SRAPD is depicted also 

that of c-Si RAPD. But, for amorphous devices, SRAPD 
has a lower F than that of RAPD. The F value of 
SRAPD is also affected by the width of the high field 
avalanche region at a fixed operating bias. Experimen- 
tally, it is found that the K value increased and F value 
decreased with the increasing width of the high-field ava- 
lanche region [26]. 

The explicit formulas for the excess noise factor Fe and 
average multiplication ( M )  in double-carrier SAPD with 
electron injection, assuming the electron impact- 
ionization probability per period is less than one, are also 
used to calculate the Fe and ( M )  for a-Si:H/a-SiC:H 
SRAPD. The electron impact-ionization probability per 
period P = exp (fk a dz) - 1, where L is the length of 
each period. Using the average a and p obtained for 
a-Si:H/a-SiC:H SRAPD, the Fe and ( M )  estimated by 
using those explicit formulas [32] are shown in Figs. 8 
and 9, respectively. For the dashed portions of curves in 
the Figures, the calculated P is greater than one as shown 
in Fig. 8. The estimated ( M )  for a-Si:H/a-SiC:H 
SRAPD is slightly larger than M in the low bias range 
(P < 1) where the (M) formula is applicable. The differ- 
ence between F and Fe for the a-Si:H/a-SiC:H SRAPD 
is 0.62 .8 .  These discrepancies could be due to a-Si:H/ 
a-Sic : H SRAPD having a high electron impact-ioniza- 
tion probability which can lead to improved multiplica- 
tion and increased excess noise factor [33]. The theory of 
McIntyre [I81 is applied by considering the continuous 
multiplication region and is shown as F in Fig. 9 [26]. 

The a-Si: H/a-Sic: H SRAPD exhibited an optical gain 
of 506 and that for a-Si:H RAPD is 380. The optical gain 
of the a-Si:H/a-SiC:H SRAPD is the highest one among 
the amorphous photodetectors ever reported. Both of 
these devices have a to, time of 1 ps. It is also found that 
the optical gain increases with the reverse-bias due to the 
higher impact-ionization rates of the photogenerated car- 
riers. The optical gain and breakdown voltage of the 
a-Si : H/a-Sic : H SRAPD also increases with the well 
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thickness when it is varied from 80 to 120 A. But, the 
optical gain decreases if the number of SL periods is 
increased from 3 to 6. Increasing the well thickness would 
increase the electron energy by increasing its drift length. 
This, in turn, can increase the impact ionization probabil- 
ity, which increases the optical gain. But, when the well 
thickness or number of period is increased over a certain 
limit, the resulting reduction of high electric field in the 
undoped SL region reduces the obtainable optical gain. 
The a-Si : H/a-Sic: H SRAPD has high gain, high speed 
and low noise, so, it is a promising device for photo- 
detector application [26] .  

9 Comparison of APDs 

For the purpose of comparison, the optimum per- 
formance of various APDs are given in Table 2. The dis- 

Table 2: Performance comparison of various a-Si:H/ 
a-Sic: H avalanche photodiodes 

Avalanche Optical Response K = u//3 Features 
photodiodes gain time 

(us) 

SAPD 184 4.5 6.5 First reported K in 

RAPD 380 1* 6.95 Simple structure, 

amorphous SL 

high gain, high 
speed, tradeoff 
between quantum 
efficiency and 
response speed 

SRAPD 560 1* 10.02 High gain, high 
speed, low noise, 
comparable in 
noise to  c-Si RAPD 

* to,  only 

tinct advantage of each APD is also noted. It can be seen 
that the amorphous RAPD and SRAPD are the excellent 
devices for photosensing application. 

10 Conclusion 

This paper mainly describes the optoelectronic per- 
formances of seven amorphous photosensing devices, i.e. 
PT, HPT, SHPT, SLPT, SAPD, RAPD, and SRAPD. 
The PT has the simplest device structure and is the first 
proposed amorphous device with gain. The HPT pos- 
sesses the colour-sensitivity and may be used as a 
voltage-controlled colour-sensitive photodetector. The 
SHPT has the pretty photo I-V curves and could be used 
in optoelectronic analogue circuits. The SLPT has the 
highest optical gain among the various amorphous 
phototransistors. In the study of SAPD, the electron and 
hole impact-ionization rates, a and /3, are firstly presented 
for the intrinsic a-Si : H/a-Sic : H SL. The a-Si : HRAPD 
has a simple structure, and has a higher optical gain and 
a shorter response time than those of the various amor- 
phous phototransistors. The SRAPD has the advantages 
of high speed, low noise and the highest optical gain. 

The above-mentioned devices can be used in the opto- 
couplers and large-area electronic applications, such as 
image sensor etc. To match these devices with the specific 
application, the reliability of these devices, and some of 
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the other amorphous devices, such as LED and TFT, 
would be studied. 
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