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Abstract-A high-performance shallow junction diode formed 
with a stacked-amorphous-silicon (SAS) film is presented. Since 
the boundaries of stacked silicon layers and the polyhono sil- 
icon interface act as a diffusion barrier for implanted dopants, 
the junction depth of SAS emitter contacted diode is about 500 
A shallower than that of the as-deposited polysilicon (ADP) 
emitter contacted diode. The fabricated SAS emitter contacted 
diodes exhibited a very low reverse leakage current ( 5 1  
nA/cmZ at -5  V) and a forward ideality factor m = 1.001 over 
7 decades on a log scale. The reverse I-V characteristics were 
found to be nearly independent of the reverse voltage from the 
room temperature to 200"C, and it was also found that the 
leakage current was due almost completely to the diffusion cur- 
rent. The plots of the diode leakage current versus the perim- 
eter to area ratio showed that the periphery generation current 
only contributed a small portion to the total leakage. The pro- 
cessing temperature for the SAS emitter contacted p+-n diode 
can be as low as 600°C. 

I. INTRODUCTION 
0 use a highly doped polysilicon film as the diffusion T source to form a shallow junction and the contact has 

been widely investigated [1]-[21]. There are many ad- 
vantages in using the polysilicon film to form the shallow 
junction and the contact for bipolar transistors. They are 
1 )  it can avoid the metal spiking through the shallow p-n 
junction [3] ; 2) it significantly increases the switching 
speed and the packing density resulting from the self- 
aligned structure [4]; and 3) the polysilicon emitter tran- 
sistor (PET) exhibits a higher dc current gain than con- 
ventional transistors [4]-[7]. 

Some theories have been proposed to explain the origin 
of the enhanced current gain of PET'S [5]-[1O]. For ex- 
ample, Graul et al. suggested that the larger current gain 
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was attributed to the bandgap narrowing effect in the poly- 
silicon emitter [5]. DeGraaff and deGroot proposed that 
the inevitable interfacial oxide between the poly/mono 
silicon interface in the emitter region would act as a bar- 
rier for base minority carriers to tunnel into the polysili- 
con emitter region [6]. Ning and Isaac proposed a two- 
region model to attribute the small base current to a low 
mobility of holes in the polysilicon [7]. Neugroschel et 
al. experimentally demonstrated that the dopant segrega- 
tion at the poly/mono silicon interface played a dominant 
role in reducing the base current [SI. Recently, based on 
the impurity segregation at the poly/mono silicon inter- 
face, Ng and Yang [9] and Jalali and Yang [IO]  proposed 
a thermionic-diffusion mode, which includes a low-high- 
low junction that acts as a potential barrier to minority 
carriers to transport across the interface. The base current 
was thus reduced and resulted in a higher current gain. 
Although much research has been devoted to the studies 
of the physics and the metallurgical structures of the poly- 
silicon contacted devices, the exact nature of the poly/ 
mono silicon interface is not fully understood [4]-[ 151. 

It is generally recognized that the as-deposited polysil- 
icon (ADP) film has an anisotropic structure with its col- 
umnar grains perpendicular to the substrate [16]. Since 
the diffusivity of dopant along the grain boundaries within 
polysilicon are 3 to 4 orders of magnitude higher than in 
single-crystal silicon, dopants diffuse anisotropically and 
rapidly through the vertical grain boundaries, producing 
irregular morphologies at the polysilicon/oxide and the 
poly/mono silicon interfaces [ 161. This will cause a non- 
uniform junction and an unstable electrical characteristics 
of the ADP device [12]. In contrast, the amorphous sili- 
con (a-Si) is of a random structure and has no preferential 
grain orientation. It has no preferential path for impurity 
diffusion; hence a smoother a-Si /Si02 or ol-Si/Si inter- 
face and a shallower junction may be obtained [ 161, It has 
also been reported that the polysilicon film made from 
a-Si offers better device characteristics [ 131, [ 161. How- 
ever, recently, it has been reported that the a-Si film gives 
less uniform junctions and larger junction leakage cur- 
rents than does the ADP film [ 171. 

In the authors' recent paper [ 181, it was reported that a 
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high-performance polysilicon contacted n+-p shallow 
junction diode formed with a stacked-amorphous-silicon 
(SAS) film. Since the boundaries of stacked silicon layers 
and the poly/mono silicon interface act as a diffusion bar- 
rier for dopants, the junction depth of SAS emitter con- 
tacted n+-p diode is shallower than that of the ADP emit- 
ter contacted n+-p diode. The stacked boundaries can also 
serve as the natural grain boundaries of grains between 
polysilicon layers and limit the grain growth [19]; the av- 
erage grain size of the SAS film is much smaller than that 
of the ADP film [ 181, [ 191. Therefore, by referencing Park 
et al. [ 171, a much more uniform junction can be obtained 
for the SAS emitter contacted diode. Moreover, due to the 
stacked emitter structure, implanted dopants would seg- 
regate at the stacked boundaries during the diffusion pro- 
cess. The segregated dopants at each interface could cre- 
ate potential barriers to block the minority carrier transport 
[9], [IO], [ 181. The segregated dopants are also expected 
to saturate the boundary dangling bonds and improve the 
minority-carrier lifetime [14], [20]. The base current is 
therefore reduced. The fabricated diode exhibited a very 
low reverse leakage current (I 5 nA/cm2 at - 100 V, and 
I 1 nA/cm2 at -5 V), a very high breakdown voltage 
(2 100 V), and a forward ideality factor m I 1.05 over 
7 decades on a log scale [18]. In this paper, a systematic 
study of the characteristics of both the SAS emitter con- 
tacted nf-p and p+-n diodes has been done. To make 
comparisons, the ADP emitter contacted diode, the as- 
deposited amorphous silicon (ADA) emitter contacted 
diode, and the stacked-polycrystalline-silicon (SPS) emit- 
ter contacted diode were also fabricated during the study. 

11. DEVICE STRUCTURE AND PRINCIPLE 
The SAS emitter contacted n+-p diode is shown in Fig. 

l(a), where the stacked a-Si emitter is of three layers. 
The device was formed by depositing a-Si film in three 
consecutive steps with a low pressure chemical vapor de- 
position (LPCVD) system onto a p-type silicon wafer. The 
device was then arsenic ion implanted and annealed. Dur- 
ing the annealing stage, the amorphous films were crys- 
tallized into polysilicon, and at the same time, arsenic at- 
oms diffused through the polysilicon layers and into the 
substrate to form the nt-p junction. Because of the stacked 
layers, arsenic atoms also segregated at the grain bound- 
aries and at the interface of each a-Si layer, in addition 
to the poly/mono silicon interface [20], [21]. These seg- 
regated arsenic atoms produced potential barriers for in- 
jected minority carriers transport from the base into the 
polysilicon emitter region [9], [IO], [20]. As a result, the 
emitter minority carrier distribution would be the one 
shown in Fig. l(b) and the base injection current was re- 
duced [IO]. In Fig. l(b), the discontinuities at each 
boundary are due to the segregated-dopant induced poten- 
tial barrier for minority-carrier injection at each layer 
boundary [ 101. 

P- 
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(b) 
Fig. 1. (a) Cross-sectional view of the SAS emitter contacted n+-p  diode. 

(b) Emitter minority-camer distribution. 

111. EXPERIMENTAL PROCEDURE 
In this study, the SAS emitter contacted n+-p diodes 

were fabricated on p-type, (loo), 4-1 1.5 il cm wafers. 
The wafers were first thermally oxidized and patterned. 
On some of the SAS nf-p diodes, BF2 ion implantation 
was performed at 50 keV with a dose of 5 X cmP2 
to simulate the base doping level of a bipolar transistor. 
Prior to the a-Si film deposition, all wafers were dipped 
in a HF : H 2 0  (1 : 50) solution to remove the surface native 
oxide. oThe a-Si fi!ms with total thickness ranging from 
2000 A to 4000 A were then deposited in several steps 
on the wafers by using an LPCVD system at 550°C to 
form the stacked structure. The deposition pressure and 
(eposition rate were controlled at about 140 mtorr and 20 
A/min,  respectively. The taickness of each a-Si layer 
was about 500 A to 1000 A .  During the stacked-layer 
deposition, the chamber of the LPCVD system was not 
interrupted. After the first a-Si layer deposition, the SiH4 
gas was removed and replaced by an N2 gas to purge the 
LPCVD system for about a period of about 30 min. By 
using the same steps, the second and the third a-Si layers 
were deposited on the wafers. Since a little O2 may be 
existed in the N2 ambient, a layer boundary is formed be- 
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tween two adjacent a-Si layers. The arsenic implantation 
was performed at 120 keV with doses ranging from 8 X 
l O I 4  to 1 x 10l6 cmP2. To make comparisons, the ADP 
emitter contacted diodes were also fabricated in the same 
procedures except that the polysilicon film was deposited 
at 625°C in one step. The deposition pressur? and depo- 
sition rate were about 200 mtorr and 100 A/min ,  re- 
spectively. 

The SAS emitter contacted p + -n diodes were fabricated 
on n-type, (loo), 1.97-1.99 Q * cm wafers. The wafers 
were implanted with BF2 at 120 keV with a dose of 1 X 
10l6 cm-*. For comparisons, the ADP, ADA, and SPS 
emitter contacted p+-n diodes were also fabricated. After 
implantation, various annealing conditions were per- 
formed. Then the surface oxide was removed and a l-pm- 
thick aluminum film was evaporated and patterned into 
circular dots to provide the contact to diodes. Finally, all 
devices were sintered in an N2 ambient for 30 min at 
400°C. 

The I-I/ characteristics were measured by using an 
HP4 145B semiconductor parameter analyzer. The tem- 
perature dependence of the diode current was measured 
from room temperature to approximately 200°C on a ther- 
mal chuck to study the mechanisms of the junction leak- 
age. The impurity profiles were analyzed with a VG Ionex 
SIMS (secondary ion mass spectrometry) tool using an 
0: beam for boron and fluorine and a C: beam for boron, 
arsenic, and oxygen. 

IV. RESULTS AND DISCUSSIONS 
A .  SIMS Projles of Dopant Segregation 

In the authors' recent papers [18], [19], it was found 
that the boundaries between the stacked a-Si layers pro- 
vided not only a segregation sink but also served as a bar- 
rier to retard the diffusion of implanted arsenic atoms; 
multiarsenic segregation peaks could be observed in the 
SAS emitter contacted ni-p diode, while only one peak 
could be observed for the ADP emitter contacted nf -p  
diode. Moreover, the junction depth of the SAS emitter 
contacted diode was shallower than that of the ADP emit- 
ter contacted diode. Along with arsenic, the fluorine at- 
oms also segregated at each interface between various 
layers. These atoms are expected to saturate the boundary 
dangling bonds and improve the boundary surface states 
and the minority carrier lifetime [14], [20]. In this study, 
the dopant profiles of the SAS, SPS, ADA, and ADP 
emitter contact p+-n diodes will be analyzed as follows. 

Figure 2(a) shows the SIMS profiles of boron of the 
SAS (solid line), the SPS (dashed line), and the ADP 
(dotted line) emitter contacted p + -n diodes annealed at 
950°C for 35 min, respectively. The boron profile was 
analyzed by Csf primary beam. Figure 2(b) shows the 
SIMS profiles of boron of the SAS (solid line), the ADP 
(dashed line), and the ADA (dotted line) emitter con- 
tacted p+-n diodes annealed at 950°C for 25 min, respec- 

I -SAS Dlode 
POLY-SI-~-MONO-SI Diode 

I . . . 'ADP Diode 
I 

Junction Depth (pm) 

- SAS Diode 
ADP Diode 

. . . . . . .  ADA Diode 
__-_- 

5 

Junction Depth (Pm) 
(b) 

Fig. 2. (a) SIMS profiles of boron of the SAS (solid line), the SPS (dashed 
line), and the ADP (dotted line) emitter contacted p+-n diodes annealed at 
950°C for 35 min, respectively. The boron profiles were analyzed by an 
Cs' primary beam. (b) SIMS profiles of boron of the SAS (solid line), the 
ADP (dashed line), and ADA (dotted line) emitter contacted pt-n diodes 
annealed at 950°C for 25 min, respectively. The boron profiles were ana- 
lyzed by an 0: primary beam. 

tively. The boron profile was analyzed by an 0: primary 
beam. Three boron segregation peaks could be observed 
in both the SAS and SPS diodes, while only one peak 
could be observed for the ADP and ADA diode:. The 
junction depth of the SAS diodes are about 500 A shal- 
lower than that of the ADA and ADP diodes, but only 
slightly shallower than that of the SPS diode. This sug- 
gests that the stacked boundaries for the SAS and SPS 
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diodes provided not only a segregation sink but also served 
as a diffusion barrier of boron atoms. 
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B. I-V Characteristics 
Figure 3(a) shows the typical forward (solid line) and 

reverse (dashed line) I-V characteristics of the SAS emit- 
ter contacted p+-n diode. Although the dopant was only 
driven in at 600°C for 3 h, the diode exhibits an ideal 
forward characteristics with ideality factor m I 1.01 over 
7 decades on a log scale and a very low reverse current 
of approximately 0.8 nA/cm2 at -5 V. Figure 3(b) shows 
the plots of the reverse leakage current density (JR) at - 5 
V and the forward ideality factor m versus the annealing 
time for the SAS emitter contacted p+-n diodes annealed 
at 600°C. It is seen that almost all diodes have a very low 
leakage current (JR I 1 nA/cm2) and a nearly ideal for- 
ward characteristics (m I 1.02). 

Figure 4(a) shows the forward and reverse I-V char- 
acteristics of the SAS (solid line), ADP (dashed line), and 
SPS (dotted line) emitter contacted p + -n diodes annealed 
at 950°C for 35 min in an N2 ambient. Although all diodes 
exhibit nearly ideal forward characteristics (m I 1.005), 
the ADP diode has the largest forward current. This im- 
plies that the current gain of the pnp PET'S formed with 
the SAS and SPS films is larger than those formed with 
an ADP film. Moreover, both the SAS and SPS emitter 
contacted p+-n diodes have a very low reverse leakage 
current (I 0.5 nA/cm2 at -5V), while that of the ADP 
emitter contacted p+-n diode is about 5 nA/cm2. Figure 
4(b) shows the plots of the reverse leakage current at -5 
V versus the annealing temperature of the SAS, ADP, and 
ADA emitter contacted p+-n diodes respectively. It is seen 
that the leakage current of the SAS emitter contacted 
p+-n diode is less than that of the ADP and ADA emitter 
contacted p + -n diodes, especially for the lower tempera- 
ture annealing diodes. The reason diodes formed with SAS 
and SPS films exhibited a superior performance than those 
formed with ADP and ADA films may be due to the mul- 
tidopant segregation peaks resulting in potential barriers 
to block minority carriers transport [9], [ lo]  and to the 
segregated dopants saturating the dangling bonds and en- 
hancing the minority-carrier lifetime [ 141, [20]. 

2 5  
Lq 

C. Temperature Dependence of I- V Characteristics 
As mentioned previously, it has been proposed that the 

current of a PET may be mainly limited by the poly/mono 
silicon interface barrier and that the base current may be 
a combination of a thermionic and a drift-diffusion current 
[9], [ 101. In this study, the temperature dependence of the 
diode current was measured from room temperature to ap- 
proximately 220°C on a thermal chuck to determine the 
mechanism of the junction leakage. Figure 5(a) shows the 
Arrhenius plots of log, (Js/A*T2) versus 1 /Tfor  the SAS 
and ADP emitter contacted pf-n diodes have shown in 
Fig. 4(a), where J ,  is the saturation current density of 
diodes and A* is the Richardson constant [2 11. The barrier 
heights for minority carrier transport into polysilicon de- 
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Fig. 3 .  (a) Typical forward (solid line) and reverse (dashed line) I-Vchar- 
acteristics of the SAS emitter contacted pf -n  diode. The dopant drive-in at 
600°C for 3 h. (b) Plots of the reverse leakage current density (JR) at -5 
V and the forward ideality factor (m)  versus the annealing time for the SAS 
emitter contacted pf-n diodes annealed at 600°C. 

rived from these plots are 1.27 and 1.20 eV for the SAS 
and ADP emitter contacted p + -n diodes, respectively. 
These values are comparable to those reported in [9], but 
the SAS diodes have a little higher value than the ADP 
diodes. This higher value may be due to the additional 
dopant segregation peaks at the poly/poly silicon inter- 
faces. With the larger bamer height, it can be suggested 
that a PET formed by using the SAS film as a diffusion 
source may have a higher current gain. 

From the temperature dependence of the reverse I- V 
characteristics, the mechanism of the junction leakage 
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Fig. 4. (a) Forward and reverse I-Vcharacteristics of the SAS (solid line), 
the SPS (dashed line), and the ADP (dotted line) emitter contacted p+-n 
diodes annealed at 950°C for 35 min in an N2 ambient, respectively. The 
SIMS profiles were shown in Fig. 2(a). (b) Plots of the reverse leakage 
current versus the annealing temperature of the SAS, ADP, and ADA emit- 
ter contacted p+-n diodes, respectively. 

current may be determined [21], [22]. Figure 5(b) shows 
the typical temperature dependence of the reverse I-  V 
characteristics of the SAS (solid line) and ADP (dashed 
line) emitter contacted nf -p diodes [ 181, respectively. It 
can be seen that the reverse I-V characteristics of the SAS 
emitter contacted diode were nearly independent of the 
reverse voltage from the room temperature to 200°C. This 
implies that the junction region of the SAS emitter con- 
tacted diode is nearly defect free. The curves for the ADP 
emitter contacted diode, however, were somewhat depen- 
dent on the reverse-biasing voltage, especially at the lower 

180°C 
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____-________- - - -  ------------ 

2 4 6 8 10 
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(b) 
Fig. 5. (a) Arrhenius plots of log, ( J , / A * T * )  versus 1 /T for the SAS and 
ADP emitter contacted p+-n diodes, respectively. (b) Typical temperature 
dependence of the reverse I-V characteristics of the SAS (solid line) and 
the ADP (dashed line) emitter contacted n+-p diodes, respectively, 

temperature. Also, at the lower temperature ( T  I lOO"C), 
the junction leakage currents of the ADP diode were much 
larger than those of the SAS diode. This indicates that, 
for the ADP emitter contacted diode, the defect-induced 
generation current is more significant than that of the SAS 
emitter contacted diode. The activation energies de- 
duced from the temperature dependence of the reverse 
I-V characteristics were 1.13 eV and 0.937 eV for the 
SAS and ADP emitter contacted n+-p diodes [ 181, re- 
spectively. This implies that the reverse leakage current 
of the SAS emitter contacted diode was due nearly com- 
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pletely to the diffusion current outside the junction deple- 
tion region, while for the ADP emitter contacted diode 
the generation current in the depletion region and/or at the 
junction peripheral region plays somewhat an important 
role in contributing the reverse current. 

The above can also be seen by plotting the reverse leak- 
age current density of n+-p diodes of various areas mea- 
sured at -80 V versus the perimeter to area ratio ( P I A ) ,  
as shown in Fig. 6.  The reverse leakage current density 
JR is composed of two components, that is, the area com- 
ponent JRa and the periphery component JRp [23]: 

JR = JRa + ( P / A ) J R p  

where A is the area of the diode and P is the perimeter 
length of the diode. In Fig. 6, for the SAS emitter con- 
tacted diode, the slope for the plotted curve is much 
smaller than that of the ADP emitter contacted diode. That 
is, for the SAS emitter contacted diode, the periphery 
generation current only contributed a smaller portion to 
the total leakage. This suggests that for the SAS emitter 
contacted diode, the edge defects induced leakage current 
may be neglected. 

There are three possible reasons to explain the superior 
performance of both the SAS pf-n and nf-p diodes. 1 )  
The @-Si film is of a random structure and has no pref- 
erential grain orientation [ 161. It has no preferential path 
for impurity diffusion; hence, smoother a-Si /Si02 or 
a-Si/Si interface and a shallower emitter-base junction 
may be obtained [ 161. Moreover, the transmission elec- 
tron microscopy (TEM) micrographs of the surface and 
the cross section [ 181, [ 191 show that the grain size of the 
SAS diode is much smaller than that of the ADP diode. 
By referencing Park et al. [17], a more uniform junction 
may be obtained. 2) As mentioned in Section 11, the mul- 
tisegregation peaks of arsenic, oxygen, and fluorine at- 
oms at the poly/silicon and the stacked polysilicon inter- 
faces would act as the multipotential barriers to the 
minority-carrier transport [8]-[ 101. Also, the segregated 
arsenic, oxygen, and fluorine atoms would saturate the 
dangling bonds within the interface to reduce the surface 
recombination velocity [ 141, [20]. This consequently re- 
duces the base current. 3) The conventional and high res- 
olution TEM shows that the poly/mono silicon interface 
of the SAS emitter contacted diode is more liable to be 
broken up than that of the ADP emitter contacted diode 
[19], because the oxygen atoms of the interfacial oxides 
are liable to migrate to the grain boundaries [8]. In this 
study, the interfacial region of the SAS emitter contacted 
diode was nearly fully broken up and the maximum thick- 
ness of the epitaxial regrowth layer was about 260 A [ 181, 
[19]. This would cause an extended emitter region and 
reduce the gradient of the minority-camer distribution in 
the emitter [7]. This also reduces the base current. Hence 
it is believed that PET’S formed by using the SAS film as 
a diffusion source would have a better performance than 
those formed from the ADP film. 
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Fig. 6 .  Plots of the reverse leakage current density measured at -80 V of 
the SAS and ADP emitter contacted n+-p diodes versus the perimeter to 
area ratio, respectively. 

IV. CONCLUSION 
In this paper, we have presented a high-performance 

shallow junction diode formed by using an SAS film as 
the dopant diffusion source. The processing temperature 
for the SAS emitter contacted pf-n diode can be as low 
as 600°C. Since the boundaries of stacked silicon layers 
as well as the poly/mono silicon interface act as a diffu- 
sion barrier for implanted dopants, the junction depth of 
SAS emitter contacted diode is about 500 A shallower 
than that of the ADP emitter contacted diode. The SAS 
emitter contacted p+-n junction as shallow as about 0.06 
pm can be obtained. Due to the stacked emitter structure, 
the implanted dopants would segregate at the stacked 
boundaries and at the poly/mono silicon interface during 
the annealing process and subsequently cause multipoten- 
tial barriers to block the minority-carrier transport. More- 
over, the TEM micrographs revealed that the interfacial 
oxide layer was nearly fully broken up and the maximum 
thickness of the epitaxjal film aligned to the silicon sub- 
strate was about 260 A [18], [19]. This would cause an 
extended emitter region and reduce the gradient of the mi- 
nority-carrier distribution in the emitter [7]. The stacked 
boundaries can also serve as the natural grain boundaries 
of grains between polysilicon layers and limit the grain 
growth; the average grain size of the SAS film is much 
smaller than that of the ADP film [ 191. By referencing 
Park et a l .  [17], a much more uniform junction can be 
obtained for the SAS emitter contacted diode. Thus the 
base current was reduced. 

Both the SAS emitter contacted p+-n and nf-p diodes 
exhibited a very low reverse leakage current (I 1 nA/cm2 
at -5 V), a very high breakdown voltage (2: 100 V) and 
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a forward ideality factor m = 1.001 over 7 decades on a 
log ‘ characteristics Of the 
SAS emitter contacted diode were found to be nearly in- 
dependent of the reverse voltage from the room temper- 

to 2oooc’ and the derived activation energy was 
1.13 eV. This indicated that the diode leakage current was 
due mostly to the diffusion current. The plots of the diode 
leakage current versus the perimeter-to-area ratio showed 
that the periphery generation current only contributed a 
small portion to the total leakage. All of the above suggest 
that devices formed with the SAS structure provide a 
perior performance in the VLSI applications than does the 
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