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ABSTRACT 
The physical mechanisms responsible for gain degradation in lateral PNP bipolar transistors are 
examined experimentally and through simulation. The effect of increased surface recombination 
velocity at the base surface is moderated by positive oxide charge. 
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I. INTRODUCTION 
The lateral PNP BJT (LPNP) may be utilized in analog IC applications such as input stages, active loads, and 

current sources. Recently, research into the effects of ionizing radiation on the LPNP device has received a great deal 
of attention. This increased interest is due to recent work which shows that PNP transistors are responsible for early 
failures of some ICs at low dose rates [1-3]. This work utilizes experiments and simulations to explain the mecha
nisms responsible for radiation-induced gain degradation in LPNP transistors from the Analog Devices RF25 devel
opment process. 

In addition to a LPNP bipolar transistor, the RF25 process includes a substrate PNP (SPNP) transistor on the same 
integrated circuit. Since the LPNP and SPNP transistors reside on the same IC, they possess identical emitter struc
tures. The matching emitters and process flow of the LPNP and SPNP devices aid in the understanding of the mecha
nisms involved in the ionizing radiation-induced current gain degradation of the LPNP through comparison with the 
SPNP device. 

In this work, numerical simulation results1 for the RF25 LPNP and SPNP devices are used to identify and explain 
the gain degradation mechanism of the LPNP device through observations of changes in the base current. It will be 
shown that radiation-induced interface traps and radiation-induced positive trapped oxide charge combine to increase 
the base current sublinearly with total dose. 

II. DEVICE STRUCTURE 
The specific LPNP and SPNP bipolar devices which are studied in this work are part of the RF25 development 

process from Analog Devices, Incorporated, and their cross-sections are shown in Figs. 1(a) and 1(b). Each develop
ment integrated circuit includes two LPNP devices and one SPNP device. One LPNP device has an emitter geometry 
of 1.2 p:m x 1.2 Jim, and the other one consists of five parallel emitters which are 1.2 u.m x 1.2 (im each. The SPNP 
device has an emitter structure of 1.2 u,m x 1.2 u.m: Pertinent geometrical and process information is included in 
Table 1. 

The lateral devices presented in this work are different from lateral devices in older processes because they have 
heavily doped p-type emitters. The lateral PNPs considered here have an emitter doping at the surface on the order of 
lxlO 1^ cm"3, whereas typical lateral PNPs fabricated in older processes typically have an emitter doping at the sur
face on the order of l x lO 1 5 to Ix lO 1 6 cm"3 [4]. The difference between the lateral PNP transistors studied in this 
work and older lateral PNP processes is in the formation of the emitter. The emitter of the lateral PNP studied in this 
work is formed from a p+-polysilicon diffusion used to form the base contact of a vertical NPN BJT on the same 
integrated circuit. Since the p+-polysilicon is used as a contact, the polysilicon is doped very heavily, resulting in a 
heavily doped p-type emitter when diffused into the silicon. Alternatively, in older processes, the lateral PNP emitter 
was formed from the base diffusion of vertical NPN transistors. 

III. RESULTS 
Total dose effects on the LPNP devices from the RF25 technology have been presented in previous work [5-6]. 

Current gain degradation (current gain = IQI IQ) is due to an increase in base current while the collector current 
remains approximately constant. Figure 2 illustrates the increase in base current for various total dose values. Current 
gain degradation mechanisms considered in previous work for the general LPNP device included: (1) depletion of the 
p-type emitter; (2) recombination at the base surface; (3) electron injection into the emitter; and (4) surface hole 
depletion [5]. In this work, these four mechanisms are examined for the RF25 devices using simulation. The results 
show that only mechanism (2) is capable of explaining the degradation in these devices. Comparison with experimen
tal results confirms that increased recombination at the Si/Si02 interface over the base is responsible for the increased 
base current. 

As interface traps are introduced at the Si/Si02 interface due to ionizing radiation, the surface recombination 
velocity increases at the surface of the active base. This increase in recombination in the active base results in an 
increase in base current. However, for a given surface recombination velocity, positive oxide charge leads to reduced 
recombination. Positive oxide charge accumulates the surface of the active base and forces holes subsurface. The 
1 Simulation tools provided by Silvaco, International 



electron and hole concentrations become imbalanced as the surface is accumulated. The imbalance of electron and 
hole concentrations results in reduced surface recombination since recombination is maximum when the concentra
tion of electrons and holes are equal, according to SRH recombination. Thus, radiation-induced net positive oxide 
charge and increased surface recombination velocity combine in such a way that the two effects oppose each other. 

The opposing nature of the combined effects detailed above may be shown using results of numerical simulations. 
Simulations have been performed for the LPNP and SPNP devices according to the process flow for the RF25 devel
opment process. The current gain for the simulated LPNP and SPNP devices is 33 and 120, which is comparable to the 
experimental average values of 30 and 100. The characterization for the simulated and experimental LPNP and SPNP 
devices consisted of a Gummel sweep with the base grounded, the collector biased at -2.5 V, the emitter swept from 
0 to 1 V, and the substrate biased at -3.0 V (for the LPNP only). 

The effects of radiation-induced charge on the LPNP and SPNP devices are simulated by including: (1) a surface 
recombination velocity which represents the effect of the radiation-induced recombination centers at the Si/SiCh 
interface, and (2) a positive sheet charge at the oxide interface which represents the net charge in the oxide. On its 
own, surface recombination velocity merely scales the excess base current proportionately, as shown in Fig. 3. Excess 
base current, Alg, is defined as Alg = Ig- /##, where IB is the base current after irradiation and IBQ is the base current 
before irradiation. Figure 3 displays normalized Alg vs. Vgg for varying magnitudes of surface recombination veloc
ity. For reference, the experimental excess base current for a total dose of 100 krad(Si02) is included. Comparing the 
experimental excess base current with the various curves extracted from SPISCES, it is seen that the surface recombi
nation velocity does not accurately model ionizing radiation-induced excess base current. In order to precisely model 
excess base current, positive oxide charge must also be considered. Figure 4 is a plot of normalized Alg vs. V^g for 
varying oxide charge magnitudes and aconstant surface recombination velocity value of 1 x 10 4 cm/s. The magnitude 
of the density of charges is shown to be from 1 x 10" t o 5 x 10 1 1 cm"2, which is on the same order as that obtained 
through experimental measurements of capacitors from the RF25 process [5]. As positive charge is added to the 
oxide, the base current decreases and the slope of the excess base current shifts accordingly to coincide with the slope 
of the experimental excess base current. Thus, as positive charge is introduced into the oxide, recombination at the 
surface decreases, leading to a decrease in the excess base current for a given surface recombination velocity. 

Simulated and experimental results may be compared in order to demonstrate the validity of this model for LPNP 
degradation. Figure 5 is an SPISCES generated plot of normalized Alg vs. surface recombination velocity for the 
LPNP and SPNP devices. The LPNP device exhibits approximately five times the excess base current as the SPNP 
device. For comparison, Fig. 6 presents AIB vs. total dose for the LPNP and SPNP devices, and represents the 
experimental analog of Fig. 5. Experimentally, at doses above 10 krad(SiC>2), the LPNP device exhibits approxi
mately five times the excess base current as the SPNP device, in agreement with the simulations. The difference 
between the devices may be explained with the help of the device cross-sections in Figs. 1(a) and 1(b). The difference 
is that the current flows laterally under the oxide in the LPNP device, where it is affected most strongly by the 
increased surface recombination velocity, whereas the current flow in the SPNP device is vertical. 

The opposing nature of oxide charge and interface traps may be verified with the help of Fig. 7, which is a plot of 
AIQ VS. total dose. Notice from Fig. 7 that the excess base current increases sublinearly with total dose. The sublinear 
character results from the opposing effects of the oxide charge and interface trapped charge. The sublinear character
istics of the LPNP device studied in this work is in contrast to the superlinear results obtained for the vertical NPN 
device from Analog Devices' XFCB process [7-10]. The superlinear response of the NPN BJT is due to the multipli
cative effect of the positive oxide charge and interface traps. For both the LPNP and NPN devices, increased surface 
recombination velocity affects the base current in the same manner: surface recombination current scales with surface 
recombination velocity. However, positive oxide charge causes opposite effects in the LPNP and NPN devices. 
Within the NPN device, oxide charge depletes the base resulting in the condition where the electron and hole concen
trations are equal at the surface [8]. This condition, called the cross-over point, is where recombination is maximum. 
The cross-over point moves subsurface as positive oxide charge is added. For the NPN device, oxide charge is the 
dominant effect and the base current increases as exp(N 0 X

2). For the LPNP device, however, positive oxide charge 
does not lead to a condition favorable for increased recombination in the base region. Rather, introduction of positive 
oxide charge accumulates the base of the LPNP device, moderating the effect of the increased surface recombination 
velocity. This will be discussed further in the full paper. 



III. CONCLUSION 
For the RF25 LPNP device, the excess base current increases proportionately with the surface recombination 

velocity. Positive oxide charge, however, moderates the increase and changes the slope of the current-voltage charac
teristic. The introduction of oxide charge accumulates the active base surface and creates an imbalance between the 
electron and hole concentrations at the surface. Because recombination is maximum when the electron and hole 
concentrations are equal, accumulation of the active base leads to a reduction in the recombination rate for a given 
surface recombination velocity. These two opposing effects result in the sublinear increase in base current with total 
dose. 
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RF25 SPNP RF25 LPNP 
active base 
width (um) 1.0 2.6 
base surface 
dooinq (cm - 3 ) 1.0x10 1 6 1.0x10 16 
oxide 
thickness (nrm 600 600 
nominal gain 100-150 20-40 

\y ./oxide polysilicon • • • metal 
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Table 1. Relevant device parameters of the LPNP and SPNP 
devices from the RF25 technology. 

Figure 1. Cross section of the (a) LPNP and (b) SPNP 
devices from the RF25 technology. 



• prerad 
• 20 krads 
A 100 krads 
• 500 krads 

0.4 0.5 0.6 0.7 0.8 0.9 1.0 
V

E B < V > 

Figure 2. Base current vs. emitter base voltage for varying 
total dose at 167 rad/s for the LPNP device. Devices were 
irradiated with all pins grounded, which is worst gain for gain 
degradation. 
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Figure 3. SPISCES generated plot of excess base current vs. 
emitter base voltage for varying surface recombination 
velocity values. For reference, experimental excess base 
current is shown also. 
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Figure 5. SPISCES generated plot of normalized excess base 
current vs. surface recombination velocity. The simulated 
LPNP device shows five times more excess base current than 
the simulated SPNP device. 
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Figure 6. Normalized excess base current vs. total dose. The 
LPNP device shows five times more excess base current than 
the SPNP device. 
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Figure 4. Excess base current vs. emitter base voltage as a 
function of both surface recombination velocity and oxide 
charge. Oxide charge is varying while the surface recombina
tion velocity is set at l x 104 cm/s. 
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Figure 7. Normalized excess base current vs. total dose. The 
excess base current increases sublinearly with total dose. 


