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Abstract 
Radiation induced gain degradation is compared as a knction of dose rate and emitter doping. Devices with lightly 
doped emitters degrade more rapidly with dose, but the damage mechanisms are otherwise similar. 
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I. INTRODUCTION 
Ionizing radiation may cause failures in ICs due to gain 

degradation of individual devices. The base current of irradiated 
bipolar devices increases with total dose, whle the collector 
current remains relatively constant. This results in a decrease in 
the current gain (p=Ic/IB). Lateral PNP (LPNP) transistors 
typically exhibit more degradation than vertical PNP devices at 
the same total dose, and have been blamed as the cause of early 
IC failures at low dose rates [ 1-41. 

Radiation-induced changes in bipolar device characteristics 
are caused by generation of net positive oxide trapped charge, 
and an increase in surface recombination velocity due to 
formation of interface traps. The effect of the radiation-induced 
damage is most severe at the surface of the device. This leads to 
increased degradation in the LPNP devices, where the current 
travels along the surface near the Si/SiOz interface. The oxide 
charge causes an accumulation layer to form below the Si/SiOz 
interface in the n-type base, whereas a depletion region forms 
below the interface of the p-type emitter. Surface recombination 
increases in depleted regions and is reduced in accumulated 
regions. In LPNP devices with heavily-doped emitters, surface 
depletion in the emitter is slight and degradation is due almost 
entirely to increased surface recombination in the base. 

LPNP devices previously studied in detail [1,5,6] had 
emitter doping in the neighborhood of 1 x 10’’ cm-’, but devices 
currently being used in most space applications have more 
lightly-doped emitters. The degradation of the devices of the RF- 
25 process of Analog Devices was examined previously using 
analytical modeling and two-dimensional simulations [ 1 3. 
Schmidt et al. showed that the interface traps introduced at the 
Si/SiOz interface resulted in an increase in base current. 
However, the net positive charge in the oxide moderates this 
increase by accumulating the base and reducing surface 
recombination. In general, the positive charge also causes the 
emitter depletion region to extend into the p-type emitter. This 
causes increased surface recombination at the oxide interface 
over the emitter, as illustrated schematically in Fig. 1. 

Ths is the same effect that occurs in the base region of 
irradiated NPN devices [7-111. The amount of this depletion 
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Figure 1. Cross-section of the emitter base junction illusbating 

depletion and accumulation regions in the presence of positive oxide 
charge 

depends on emitter doping; for heavily doped emitters the 
increase in depletion-region width is v;rtually nonexistent. On 
the other hand the lightly doped stmctures have a substantial 
extension of the depletion region into the emitter. 

It is important to understand the dlfferences in total-dose 
response between devices with heavily- and lightly-doped 
emitters in order to compare different technologies and evaluate 
the applicability of proposed low-dose-rate hardness-assurance 
methods. This paper addresses these differences by comparing 
two different LPNP devices from the same process: one with a ~ ~ 

heavily-doped emitter and one with a lightly-doped emitter. 
Experimental results demonstrate that the lightly-doped devices 
are more sensitive to ionizing radiation and simulations illustrate 
that increased recombination on the emitter side of the junction 
is responsible for the higher sensitivity. 

II. EXPERIMENTS AND SIMULATIONS 
The two LPNP devices studied in t h s  work were from the 

PolarMOS3 process from VTC, whch is a Complementary 
BiCMOS process. The emitter and collector of the heavily- 
doped-emitter LPNP transistors are created from the same 
implant and diffusions used to form the sourceidrain regions of 
the accompanying MOSFETS. The emitter and collector of the 
lightly-doped LPNP transistors are formed from the base 
diffusion of an NPN device in the process. The two devices are 
otherwise identical as illustrated in Fig. 2. 
The heavily-doped emitter structure was doped at IOzo cmJ(P+ 
LPNP) and the lightly doped emitter was doped at lo’* cm-’(p- 
LPNP). Both devices are created on top of the same foundation 
where the base doping is 3 ~ 1 0 ’ ~  cmJ. The devices are 
cylindrically symmetric about the emitter. 

The emitter diameter is 2.4 pm with a junction depth of 
0.45 pm. The oxide thickness over the neutral base is 400 nm 
with a neutral base width of 2.6 pm. The “channel” between the 
emitter and the collector is due to the threshold-adjust implant 
for the MOSFETS. This implant is fully depleted at zero bias 
conditions and becomes inverted as the emitter-base junction is 
forward biased, creating an n-type base. The extended field plate 
for the emitter contact helps invert the surface of the neutral base. 
No effect of this implant on the device electrical characteristics 
was seen in the simulations described here. 

The devices were irradiated in a CO-60 source at the 
University of Arizona at 1 rad(Si)/s, 0.1 rad(Si)/s, 0.05 rad(Si)/s, 
and 0.01 rad(Si)/s. The devices had all pins grounded during 
hadlation and were exposed to a total dose of 200 
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Figure 2. Device cross-section 



had@). The Gummel plots for the devices were obtained with 
the substrate at -3V, the collector at -2.5V, the base grounded, 
and the emitter swept from OV to 1V. 

Simulated device current-voltage characteristics were 
obtained using ATLAS from SILVACO. In the simulations, net 
oxide charge (N0J and surface recombination velocity (SRV) 
were varied in a systematic matrix with No= r q n g  from 0 to 
5x 1 0l2 cm-' and SRV ranging from 0 to 1 O6 cm/s. 

III. RESULTS 
The current gain is plotted vs. emitter-base voltage (Vm) in 

Fig. 3 for both device types. The devices with the lightly-doped 
emitters started with lower gains and also suffered more 
degradation with total dose. The lower initial gain was due to 
increased back injection from the base to the emitter. The reason 
for the enhanced degradation is explored in more detail below. 
Both device types examined here showed enhanced degradation 
at the lowest dose rates, similar to the devices studied earlier 
from the Analog Devices RF25 process [7]. The increase in 
A(l /p)  at the lowest dose rate examined here is approximately 2 
times greater then at the highest dose rate for both device types. 
This dose-rate dependence will be discussed in more detail in the 
full paper. 

The radiation-induced gain degradation was due primarily 
to increased base current, as illustrated in Fig. 4. The P- LPNP 
devices initially had hgher base current than the Pi- LPNP 
devices, because the low emitter doping results in more-back 
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Figure 4. Experimental base current comparison 

injected camers from the base. In addition to the increased base 
current, there was a slight decrease in collector current with total 
dose. The collector currents in both device types were initially 
similar, aside from a slight bend-over in the P- LPNF devices at 
hgh biases due to high-level effects. The decrease in collector 
current due to irradiation was identical in both devices, because 
of the similar base doping levels. This decrease of collector 
current is due to an increase in the recombination of carriers 
along the surface of the device, mainly in the neutral base. 

The mechanisms responsible for the gain degradation in 
both device types were examined using two-dimensional 
simulations. The surface recombination velocity and positive 
oxide trapped charge were varied in order to accurately match the 
pre-irradiation experimental Gummel plots. Figure 5 shows that 
the simulated device characteristics closely match the 
experimental characteristics when N,,= 5x 10'' cmS and SRV = 0 
cm/s, whch are physically realistic values for t h ~ s  technology. In 
Fig. 5, the filled symbols represent the simulated characteristics, 
and the empty symbols represent the experimental pre-irradiation 
data. The agreement is excellent except at hgh bias levels in the 
P- LPNF device, which shows a bend-over due to high contact 
resistance in the lightly-doped emitter and collector. 

Figure 3. Experimental current gain comparison between the two VTC 
parts at a dose rate of 0.1 radk 
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The simulations were used to study the relative effects of 
net oxide charge and surface recombination velocity in the two 
device types. Figures 6 and 7 show that increasing surface 
recombination velocity increases the magnitude of the base 
current, while increasing the net oxide charge changes the slope 
of the ZTvs.-V,, curve. In the base region, these two mechanisms 
oppose each other, but in both device types, the dominating 
effect is the increase in surface recombination velocity. In the 
devices with lightly-doped emitters, there is a larger increase in 
base current with increasing surface recombination velocity. %s 
is due to the larger extent of the emitterhase depletion region on 
the emitter side of the junction. 

Increased positive oxide charge reduces the excess base 
current (for a given surface recombination velocity) in both 
device types. However, the benefit is less in the lightly-doped 
devices because, in addition to accumulating the base, the 
positive charge also depletes the emitter. The net effect of the 
oxide charge is still beneficial in the lightly-doped devices, 
because the increased recombination in the emitter is not 
sufficient to make up for the decreased recombination in the 
base. T h s  is because the emitter doping is geater than the base 
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Figure 6 .  Excess base current vs. emitter-base voltage at No,=2x10” 
ern-’ plotted with increasing SRV 

doping, even in the lightly-doped devices. These effects are 
illustrated in Fig. 8, using simulated structure files. The 
important areas to observe w i h  the device are the Si/SiOl 
interface over the emitterhase depletion region and the surface of 
the neutral base. This figure shows the recombination rate as a 
function of position, with “hot” colors indicating regions of hgh 
recombination. Jn this figure, Nox = 2x 1 01’ cm-’ and SRV=1 x 1 Os 

cm/s. Note that in the lightly-doped device, the recombination in 
the emitter is much higher than it is in the heavily-doped device. 
This is the main reason responsible for the higher degradation in 
the lightly-doped device. 

w. CONCLUSIONS 
This work shows that the heavily and lightly doped emitters 

react similarly with ionizing radiation, but the details of the 
degradation are different. The VTC devices do show a similar 
dose rate effect to the Analog Devices ADRF LPNP 
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where the lowest dose rates show the most degradation. Also the 
devices with lightly-doped emitters degrade more rapidly with 
total dose because of the increased effect of radation-induced 
charge on the emitter side of the depletion regon. Both device 
types degrade rapidly as the surface recombination velocity 
increases, and the degradation is moderated by increased net 
positive oxide charge. Because of h s  similarity, it is probable 
that test methods developed using devices with heavily-doped 
emitters may apply to older technologies with lightly-doped 
emitters. 
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