HOT-CARRIER RELJABILITY OF BIPOLAR TRANSISTORS

David Burnett and Chenming Hu

Department of Electrical Engineering and Computer Sciences
University of California, Berkeley, CA 94720

ABSTRACT

Bipolar degradation is due to an excess forward base
current, Aly = DIZ1991%5, where a = 1/ng. This relationship is
perfectly consistent with CMOS hot-electron degradation models
except for a non-local high-field-effect correction. This model is
incorporated into a circuit reliability simulator and used to simu-
late the performance degradation of a BiCMOS inverter and a
differential pair.

1. INTRODUCTION

One concern for the reliability of bipolar transistors is the
reverse bias of the emitter-base junction which can result in the
degradation of the current gain [1-6]. This undesirable condition
occurs frequently in circuits when bipolar and CMOS transistors
interface, e.g., BICMOS gates, and when analog inputs feed into
bipolar devices, e.g., the input comparator of flash analog-to-
digital converters (ADCs) or the input of operational amplifiers
(op amps). One component in improving the performance of
bipolar transistors is the reduction of the extrinsic base resis-
tance, which is often achieved by the increased doping of the
extrinsic base region and through the self-alignment of the
heavily-doped emitter and extrinsic base regions. These
modifications result in a very large electric field and a significant
reverse current at the emitter-base junction. This is an undesir-
able combination under reverse bias because the large electric
field can create hot carriers that degrade the oxide around the
emitter edge, causing an increase in the forward base recombina-
tion current. The result is a decrease in the current gain which,
in turn, can limit the performance of the bipolar circuit. Fig. 1
shows the degradation of the B-Io characteristic due to constant
current stress. In this paper, we present a study of bipolar degra-
dation over a range of stress and measurement conditions. The
implications of the degradation upon circuit operation are
considered by simulating the increase in propagation delay of a
BiCMOS inverter and the shift in offset voltage of an emitter-
coupled pair.

The npn transistors used in this study were fabricated using
a self-aligned, polysilicon-emitter process [4]. The device cross-
section is shown in the inset of Fig. 2. The self-alignment of the
emitter and extrinsic base is achieved by using a thin oxide-
nitride stack to define the intrinsic area while blocking the
extrinsic-base implant. The dose used for the extrinsic base is
2X 10 cm™2, which is typical of the link-base dosage for high-
performance digital devices [7]. Fig. 2 shows the reverse I-V
characteristics at 300 K and 110 K. The large current at the
lower voltages can be associated with a tunneling current due to
the large electric field along the periphery [3-5]. The emitter-
base junction breaks down at approximately 5.4 V with the sud-
den increase in current being due to a large increase in avalanche
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multiplication. For the same reverse voltage, prior to significant
avalanche multiplication, the current at 110 K is about three-to-
four times lower than the 300 K value. This decrease results
from the increase in bandgap energy at 110 K, which causes a
decrease in the tunneling probability.
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Fig. 1. Degradation of B-I¢ characteristic with dc stress. The
solid lines are calculated using the Alg model.
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Fig. 2. Reverse emitter-base characteristics at 300K and 110K.



. CONSTANT-STRESS DEGRADATION

Because the damage from the reverse bias creates an excess
base current, the change in forward base current, Alg, is an
effective monitor for the degradation. From the dynamics of
bipolar device degradation [4]

Aly o f(tIe *7%Te) 1)

where f(x) = x°5, Or is the critical energy for device damage, 3.7
eV [8], t is the stress time, Iy is the reverse-stress current, and
Tg is the maximum electron temperature. Fig. 3 shows this
power-law dependence on accumulated stress time for different
values of dc-stress bias.
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In the heavily-doped emitter-extrinsic-base junction, the
band-to-band tunneling current is given as [9]

Iz e EmVR exp(-B/Ey) @

where Ey; is the peak electric field and Vy is the applied voltage.
Measured data yields an experimental value of B = 18 MV/cm
[10]. By neglecting the pre-exponential dependence of Iz on Ey
and Vg, I o exp(-B/Ey), which conveniently allows (1) to be
expressed as

0.5
Alp o [tIRI;rEM’kBTE] = (tI ]g)O.S 3)

where d = 1 + ¢rE\/kBTg. A general expression for Tg due to
a one-dimensional electric field, E(x), has been derived from the
energy conservation equation [11,12] as
dTg(x) L 2TE® _ 2gER) @
dx 5A 5k
having defined A as a hot-electron mean free path. Good agree-
ment between experimental MOSFET Ig and this model have
been obtained using A = 6.4 nm [12]. When E(x) remains con-
stant over several A, Tg(x) = (q/k)AE(x); however, when a large
gradient in E(x) exists, the peak Tg can be significantly less than
(@/KAEy. According to the local Tg model, i.e. Tg = (q/k)AEy;,
d =1+ ¢/qAB = 1.3. However, as observed from the Al data
of Fig. 4, d = 1.8. The data in Fig. 4 represent a two decade

range of I, and similar behavior was observed for other emitter
sizes and different technologies.
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Alp o (I381)03.

The observed d can be explained by using a non-local elec-
tron temperature model. As illustrated in Fig. 5, the tunneling
portion of the reverse I-V characteristic can be fit using (2) for a
linearly graded junction with a doping gradient of 6 X 102 cm™,
The solid line in Fig. 6 shows the electric field of the same junc-
tion with Vp =4 V. The highest probability for tunneling occurs
near the maximum electric field. By solving (4) for electrons
emerging from tunneling, Tg(x) can be derived in a simple,
closed-form expression and is shown by the dashed line in Fig.
6. The maximum value of kTg/qE) is found to be 0.39, which
yields d = 1 + ¢/0.39AqB = 1.8 in excellent agreement with the
experimental results. This is the most dramatic example of the
non-local effect ever observed because the high-field-region
width involved is many times smaller than in MOSFETs. An
excellent fit to the reverse current characteristic, as shown in Fig.
5, results by using Ey to calculate the band-to-band tunneling
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Fig. 5.  Reverse emitter-base characteristics. The excellent fit

to the experimental data results by using band-to-band
tunneling along with avalanche multiplication based on
non-local effects.
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emitter junction by using a linear junction with
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current, given by (2), and then using the peak value of Tg from
(4) to calculate the avalanche multiplication factor.

By measuring Alg at different values of collector current
density, J, Al is found to follow a power-law dependence on J¢
as Alg o J&, where a = 0.6. J@ provides the exponential depen-
dence of the non-ideal base current on Vpg, J& e VeV
where the non-ideality factor, ng = 1/a, is 1.7 in these devices.
With the variables of t, I, and J., Alg can be modeled as
ATy = DIZS 192193, as illustrated in Fig. 7. The solid lines in
Fig. 1 show that the inclusion of the Alg model in the current
gain calculation provides good agreement with the measured
current gain degradation.

ITL. EFFECT OF TEMPERATURE AND
INTERFACIAL LAYER

The degradation of I for constant-current stress at 300 K
and 110 K is shown in Fig. 8. (The device measurements after
stress are performed at the same temperature as the stress.) The
rate of degradation, measured at Jo = 0.1 uA/umz, is about four
times larger at 110 K than at 300 K for the same reverse-stress
voltage and about ten times larger for the same reverse-stress
current. The increase in Alg and the rate of degradation at 110
K is consistent with the increased severity of hot-carrier damage
in MOSFETs at low temperatures [13,14]. Our results indicate
that the functional dependence of Alg is valid down to 110 K.
Fig. 9 shows the agreement between the modeled and experimen-
tal B degradation at 110 K.
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functional form of the Alz model remains valid with
D =0.25, a=0.36, b = 0.92, and ¢ = 0.58 used to pro-
vide the fit shown.

The base current in polysilicon-emitter devices depends sub-
stantially upon the interface between the polysilicon and silicon
substrate. To explore the reliability of devices with different
interfacial layers, we have fabricated wafers with intentional
interfacial layers. The wafers received the same processing as
those previously described except at the step prior to polysilicon
deposition. At this time the wafers first had a thin (= 15 &)
rapid thermal oxide (RTO) grown on the silicon surface. Some
wafers then received a short nitridation in an ammonia ambient
(RTO/RTN). After this step, polysilicon was deposited. As seen
in Fig. 10, the devices with an intentional interface exhibited a
much greater peak B. This is expected because the interfacial
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Fig. 10. P-Ic characteristics for devices with different inter-

faces between the poly-emitter and monocrystalline-
silicon. (Ag = 20X20 pm?)

167

10°® , : . ——
Ag = 20X20 um?
] NORMAL |
VR
— 1078} RTO/RTN
<C
—
o
< 1 0—9 | RTO _
10710} |
-111 NN i i . N
10" 10° 10' 102 10® 10* 10°
TIME t [s]

Fig. 11. Al for the devices with different interfaces. The RTO
and RTO/RTN devices show much less degradation for
the same stress voltage than the devices without an
intentional interface.
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Fig. 12. Reverse I-V characteristics for the normal and
RTO/RTN devices. (The RTO’s reverse characteristic
is very similar to that of the RTO/RTN device.)

layer impedes the flow of the holes from the base to the emitter.
Fig. 11 shows the Alg characteristics for the different wafers for
a reverse-bias of 5.2 V. The RTO interface results in Alg degra-
dation two orders of magnitude less than a clean interface, while
the RTO/RTN interface is over an order of magnitude less. This
improvement in Alg can be explained by considering the reverse
I-V characteristic shown in Fig. 12. At a given reverse voltage,
the RTO/RTN (and RTO) devices have a much smaller reverse
current than the normal devices, and therefore less damage is
produced.



IV. CIRCUIT RELIABILITY SIMULATION

In order to determine the impact of the hot-carrier degrada-
tion upon circuit performance, an expression for the degradation
due to time-varying stress signals has been developed. From the
dc-stress equation, Alg = DJ& I!'{ t°, a quasi-static expression for
Alg due to a time-varying I, is [15]

c
Al = DAyAR* ™V [ # of cycles)- [ 1w dt| (5)
1 cycle

by using Jo = (IS/AE)eV‘“‘/VT and by assuming that the reverse

current is the same for each cycle. (5) is compatible with the
non-ideal base current term of the SPICE Gummel-Poon model
and can therefore be used to simulate the effect of the degrada-
tion on circuit performance.

In order to determine the impact of the bipolar transistor
degradation upon BiCMOS circuit performance, a typical BiC-
MOS inverter, as shown in the inset of Fig. 13, was simulated
[15]. The base-emitter junction of Q1 can become reverse
biased when the output undergoes a high-to-low transition. The
emitter-base reverse current of Q1 was calculated for a cycle of
operation at 100 MHz by monitoring the emitter-base voltage of
QI of a cycle and using a typical reverse I-V characteristic. Fig.
13 shows the simulated emitter-base reverse voltage and current
of Q1 at 300 K and 110 K for a worst-case Ve of 5.5 V. The
reverse-stress current at 110 K is seen to be almost an order of
magnitude smaller than the 300 K current. This decrease results
primarily from the decrease in reverse current at 110 K from 300
K for a given reverse voltage. Also, the output voltage swing at
110 K is reduced because the built-in voltage is larger; hence,
the maximum reverse voltage across the base-emitter junction of
Q1 is decreased.
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Fig. 13. Simulated transient reverse voltage and current of the

emitter-base junction of Q1 at 300K and 110K with
Cp=2pfand Vec =55 V.
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By incorporating (5) into the non-ideal base current term of
the GP model, we simulated the increase in the low-to-high pro-
pagation delay (tp ) resulting from the Alg degradation. The
results of Fig. 14 show that after 10 years of operation with
CL =2 pf, tp y degrades by about 7% from 440 ps (while the
peak value of B degrades by 70% from 60) at 300 K and by
about 3% from 680 ps (while the peak value of B degrades by
13% from 8) at 110 K. The improvement in the tp i percentage
degradation at 110 K over 300 K is not unexpected since the
sensitivity of tppy on Alg is reduced due to the much smaller Bg
at 110 K. Furthermore, tp iy degrades less for Cp, = 1 pf than 2
pf because smaller values of Cp reduce the degradation signal
that occurs each cycle.
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Fig. 14. Simulated degradation of tp;y with increasing time of
operation for a BICMOS inverter at 100 MHz.

Another circuit subject to reverse stress signals is the
differential pair of the input comparator in flash ADCs. A typical
emitter-coupled pair circuit is shown in Fig. 15a. For flash
ADCs to operate properly, it is imperative that the linear region
of the differential pair exhibit very little offset. An offset vol-
tage can occur due to reverse-bias stress if the voltage drop
across the base resistance (internal and external) from Alg
becomes comparable to Vr. This is illustrated in Fig. 15b for a
stress of 4.6 V applied to Q1 and with Rg = 200 Q. The amount
of offset can be reduced by either reducing the stress signal or
by reducing J, which corresponded to Vg = 0.8 V in the simu-
lation. The reverse stress also creates an additional offset in the
input current which is very undesirable in circuits, such as op
amps, where low input offset currents are desired.
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Fig. 15. (a) Emitter-coupled pair circuit. (b) Simulated degra-
dation of the output characteristics of the emitter-
coupled pair.

Y. SUMMARY

In this study, we show that the excess base current, Aly,
varies in a power-law manner with J¢, Iy, and t. The I depen-
dence results from a significant non-local effect in electron tem-
perature that occurs at the periphery of the emitter due to the
narrow depletion width. A quasi-static model of the degradation,
suitable for SPICE circuit simulation, is presented and used to
simulate the degradation of a BICMOS inverter and differential
pair circuit. The simulation of an advanced BiCMOS process
indicates a degradation in the low-to-high propagation delay of
7% at 300 K and 3% at 110 K after 10 years of operation with
CL=2pf and Vcc =5.5V. For emitter-coupled pair circuits,
the base current degradation can create a voltage drop across the
base resistance resulting in an additional offset voltage com-
ponent.

With the modeling methodology presented here, one can
predict the effect of varying the emitter-extrinsic-base junction
doping profile on circuit reliability. First, one would simulate
Ey versus Vpg. From this result, Tg(Vgg) and In(Vgp) are cal-
culated and the circuit degradation simulated.
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