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ABSTRACT Bipolar junction transistors (BJT) are widely used integrated devices for analog circuits. For
most of analog applications, the process variation and the match performance of BJT pairs are critical for the
circuit design. Vertical BJT device has advantages of current gain stability and high carriers collect efficiency
over lateral BJT device. This work investigates the process variation, mismatch characteristics and related
data distribution of 0.11 um process vertical BJT devices throughly. Experiment data indicates that bigger
devices have smaller electrical dispersion and better match characteristics than smaller devices of the same
type. The distribution of electrical parameters does not conform with the typical Gaussian distribution. The
standard deviation of the electrical parameter difference of matched device pairs is inversely proportional
to the square root of emitter area. Generally, the matching properties of 3.3 V BJT devices are better than
their 1.5V counterparts, the PNP BJT devices matches better than their NPN counterparts with the same
operating voltage and geometry size. The mismatch ratio is not located at the exact zero point but slightly
deviates from the center zero point. The die location does not show significant impact on the statistical
performance of vertical BJT devices. Electrical parameters of the same type and different bias point have
strong statistical correlations. These investigated properties of process variation and mismatch characteristics
is helpful for the analog circuit design which requires high accuracy matched vertical BJT device pairs.

INDEX TERMS Bipolar junction transistor (BJT), process variation, mismatch.

I. INTRODUCTION cost, electrothermal effects [10] and the poor compatibility

Throughout decades development of semiconductor technol-
ogy and integrated circuits (IC), bipolar junction transistor
(BJT) plays a key role in analog, radio frequency (RF)
circuits, high speed digital circuits and power control cir-
cumstances. The wide application of BJT benefits from its
excellent properties of high linearity, high switch efficiency
and high current gain [1], [2], [3], [4]. The heterojunction
bipolar transistors (HBT) have advantages over conventional
BJT devices like high injection efficiency, high speed and
low noise [5], [6], [7], [8]. While, it also suffers from its
drawbacks such as the interface quality [9], relatively high
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with Si CMOS technology. Thus, conventional BJT devices
has its own application occasions.

The physical implementations of integrated BJT devices
are lateral and vertical structures. Lateral BJTs suffers from
beta roll off effect at high and low collector current situation.
The current gain decays with low collector current physically
originates from the surface combination of these surface
carriers of base node of BJT [11]. Vertical BJT overcomes
this short back with its contact surface of emitter and base all
beneath the silicon surface. Thus, vertical structure is a prior
implementation for the BJTs with stable and high current
gain [12], [13], [14], [15].

Integrated manufacturing process has a poor absolute con-
formance and stability [16]. Some key electrical parameters
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of devices can varies by several or even several tens of per-
centages due to process variations. Roughly speaking, these
variations can be classified into 2 types: the interdie variation
between different dies and the intradie variation within the
same single die [17]. The interdie variation can be induced by
the wafer-to-wafer variation, the lot-to-lot variation and the
die-to-die gradient variation in the same wafer. The intradie
variation are caused by the random process fluctuation, the
gradient effects within die, the across chip linewidth varia-
tion (ACLV) and the across field linewidth variation (AFLV)
which induced by lithography [18], [19], [20], [21], [22].
Monitoring circuits are developed for the on-chip process
variation detection [23], [24].

If the performance of circuit highly relies on the absolute
feature values of a single transistor, the circuit will suffer
from the huge interdie variation. Thus, the performance of
a well-designed circuit depends on the differential value of a
matched pair. This kind of circuits becomes robust to interdie
variation and only relies on the much smaller differential mis-
match variation. The objective of matched pair to eliminate
interdie variation is depicted in Fig. 1. The match pair method
are widely used in analog circuits [3], [14] such as current
mirrors [25], band-gap voltage [26], sense amplifiers [27],
voltage dividers, fully differential analog circuits [28] and
feedback networks. Technical methods in circuit level are also
studied to eliminate the negative impact of mismatch issue in
analog circuits. A compensation method has been proposed to
eliminate the mismatch in sub-threshold current mirrors [29].
A ring oscillator (RO) based circuit has been designed to
detect the MOSFETSs’ threshold voltage variation [30].
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FIGURE 1. The intradie variation of a match pair transistors is much
smaller than the interdie of a single transistor.

The process variation and mismatch of MOSFET devices
have been studied throughly [16], [31], [32], even in
nano-scale process node [33], [34] and nanowire MOS-
FETs [35]. A simulation study has been performed to evaluate
the fin angle variation induced threshold voltage shift in
FinFET devices [36]. The process variation studies of HBT
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devices focus on their high-frequency figure of merits [37],
[38]. The modeling of process variation and mismatch issue
in circuit simulation is researched [39], [40], [41], [42], [43],
[44], [45]. Physics based BJT model has been developed for
the modeling of electrical behaviors of BJT devices [46], [47],
[48]. The base width modulation effect [49] and mechanical
stress effect [SO] of BJT devices has been studied. The NPN
BJT mismatch dependence on the devices’ layout orienta-
tion [51] has been researched.

This work investigates the process variations and mis-
match characteristics of vertical BJT device pairs. The aver-
age value, relative standard deviation and its distribution,
mismatch ratio and matched device pairs’ electrical param-
eter distribution, the influence of die location, the corre-
lations of different electrical parameters are presented and
discussed.

This article is organized as follows. In section II, the
experiment setting, devices’ properties and measured elec-
trical values are introduced. The properties of BJT devices
includes the layout, doping polar types, operating voltages
and geometry sizes. In section III, the statistical properties
of process variations and mismatch characteristics of BJT
devices including the data and distribution of deviation and
mismatch ratio are illustrated and discussed. The dependency
on die location and the correlations of different electrical
parameters are studied. The conclusion is given in section V.

Il. EXPERIMENT DETAILS

Tested vertical BJT devices were fabricated by 0.11 um
4-poly 7-metal low power embedded superflash process. The
diameter of based wafers are 200 mm. On wafer mapping test
was carried out by a Cascade machine which controlled by
the Nucleus software. Agilent 4156C parameter analyzer was
used for the electrical data measurement at room temperature.
The doping polar types, operating voltages, geometry sizes of
vertical BJT devices are listed in Table 1. There are 12 com-
binations of these 3 properties of vertical BJT devices. Each
type among 12 combinations of vertical BJT been designed a
matched pair in every single die.

TABLE 1. Properties of vertical BJT devices.

Properties Values
Doping polar NPN and PNP
Operating voltage Vcc 1.5V and 3.3V

A, =10 x 10um?, A, = 16 x 16um?
A, =5 x 5um?, Ap = 11 x 11um?
Ao = 2 x 2um?, A, = 8 x Sum?

Emitter size (A.) and
base size (Ap)

These devices are fabricated in 13 wafers namely #1, #4,
#5, #7, #8, #10, #11 in lot A140.1 and #7, #8, #9, #10, #11,
#12 in lot AO44.1. Each wafer has 30 dies, coordinates and
corresponding locations of these dies are illustrated in Fig. 2.
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FIGURE 2. The coordinates and corresponding locations of 30 dies in the
wafer.
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TABLE 2. Measured key electrical parameters of vertical BJT devices.

Symbol
3(0.6) and 3(0.7)
1,(0.6) and 1.(0.7)
1,(0.6) and 1,(0.7)
1.(0.6) and 1.(0.7)

Ve (10), Vpe (100)
and V},,(1000)

Quantity

the current gain at |V, =0.6 V and 0.7V
the emitter current at |Vp,| =0.6 V and 0.7V
the base current at |Vj,| =0.6 V and 0.7V

the collector current at |Vp,| =0.6 V and 0.7V
the base-emitter voltage

when the base current [}, satisfies
|I] =10nA, 100nA and 1000 nA

For NPN BIT devices, |Vpe| = +Vie, |Ip| = +Ip.
For PNP BJT devices, |Vie| = —Vie, |Ip| = —Ip.

To evaluate the process variation and mismatch, some key
electrical values of vertical BJT devices are measured, these
electrical parameters are listed as Table 2.

The physical structure and device layout of vertical BJT
devices are different from that of their lateral counterpart.
The cross section view and the layout of vertical BJT devices
are shown in Fig. 3. The PNP devices are constituted by P+
doped active area as emitter, N-type well (Nwell) as base
and P-type substrate (Psub) as collector. The NPN devices
are constituted by N+ doped active area as emitter, P-type
well (Pwell) as base and Nwell/deep Nwell (DNW) as col-
lector. For both 2 types of devices, the emitter junction and
collector junction are all constructed vertically beneath the
silicon surface. The emitter is surrounded by the base and
the base is surrounded by the collector, which is helpful
for the collector efficiency. The emitter is a small heavy
doped area at center, which surrounded by the base vertical
direction and by the shallow trench isolation (STI) in hori-
zontal direction. The outer circle are contacts that connect to
the collector which is Psub for PNP devices and DNW for
NPN devices.
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FIGURE 3. The cross section view and the layout of vertical PNP and NPN
BJT devices.

Ill. PROCESS VARIATION AND MISMATCH

There are total 12 kinds of BJT devices with 2 doping polar
types, 2 operating voltages and 3 geometry sizes. Matched
device pairs for each kind of BJT device are fabricated in
30 dies on each of 13 wafers which belongs to 2 lots. For each
single device and device pairs, we have measured 11 elec-
trical values which is listed in Table 2. Here we investigate
the average and relative standard deviation of all devices, the
electrical values’ distribution of different devices, the mis-
match ratios’ distribution of different devices, the statistical
dependency on the die locations, and the correlations between
different electrical values.

A. AVERAGE AND RELATIVE STANDARD DEVIATION

For these all 12 kinds of BJT devices, the average of
measured values are listed in Table 3. It can be seen that
the emitter current I, at emitter junction voltage Vp, =
0.7V is much higher than their counterpart when
Ve = 0.6V. The emitter junction turn-on voltage Vj, is
around 0.6-0.7 V. To estimate the turn-on voltage, the emitter
voltage Vp, when the base current of 10nA, 100nA and
1000 nA are measured and denoted as Vp.(10), V3.(100) and
Ve (1000). It indicates that the Vp, values of devices with
larger geometry size is smaller than that of devices with
smaller geometry size. The process induced deviation of
devices are also depends on the geometry size.

In Table 4, the relative standard deviations of turn-on volt-
age Vj, in percentage are illustrated. Roughly speaking, the
relative standard deviation of bigger device is smaller than
that of smaller device with the same operating voltage and
doping polar type. The relative standard deviation difference
between devices of A, = 10 x 10um? and A, = 5 x Spum? is
much smaller than the difference between A, = 5x 5um? and
A = 2 x 2um?. The standard deviation is mainly caused by
the random fluctuation issues of process and devices. This
random irregularity can be classified as peripheral variation
which is proportional to the perimeter of device and areal
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TABLE 3. The average values of all kinds of devices.

Vcc  Doping  A.(pm?) 1.(0.6) 1,(0.6) 1.(0.6) .(0.7)  I,(0.7) I.(0.7) Vbe(10) V4 (100) Ve (1000)
1.5 NPN 10 x 10 -0.266 0.0329 0.237 -12.57 1.46 11.20 0.559 0.621 0.683
1.5 NPN 5x5 -0.0729 0.00935 0.0644 -3.46 0.403 3.10 0.593 0.655 0.717
1.5 NPN 2x2 -0.0146 0.00208 0.0127 -0.690 0.0816 0.617 0.635 0.698 0.761
1.5 PNP 10 x 10 0.175 -0.0614 -0.116 8.34 -2.89 -5.51 -0.543 -0.603 -0.664
1.5 PNP 5x5 0.0480 -0.0170 -0.0317 2.30 -0.808 -1.52 -0.576 -0.637 -0.698
1.5 PNP 2x2 0.00967  -0.00362  -0.00620 0.462 -0.170 -0.300 -0.617 -0.678 -0.739
33 NPN 10 x 10 -0.293 0.0279 0.268 -13.82 1.25 12.66 0.564 0.625 0.687
33 NPN 5x5 -0.0786 0.00783 0.0717 -3.75 0.344 3.45 0.598 0.660 0.722
33 NPN 2x2 -0.0152 0.00170 0.0137 -0.723 0.0689 0.663 0.640 0.703 0.766
33 PNP 10 x 10 0.175 -0.0614 -0.116 8.34 -2.89 -5.51 -0.543 -0.603 -0.664
33 PNP 5x5 0.0541 -0.0172 -0.0377 2.59 -0.819 -1.81 -0.576 -0.637 -0.697
33 PNP 2x2 0.0109 -0.00372  -0.00735 0.521 -0.175 -0.354 -0.617 -0.677 -0.738
The unit of voltage is V and the unit for current is pHA.
TABLE 4. The relative standard deviation of turn-on voltage V.
0.002+

Vee Doping  A.(um?) | Vj(10)  Vj(100) V. (1000)

1.5 NPN 10 x 10 | 0.1037 0.0921 0.0826

1.5 NPN 5x5 0.1132 0.1009 0.0908

1.5 NPN 2x2 0.1577 0.1442 0.1351

1.5 PNP 10 x 10 | 0.1013 0.0910 0.0829 s 09

1.5 PNP 5x5 0.1037 0.0912 0.0815 5

1.5 PNP 2x2 0.1256 0.1139 0.1053 k-

33 NPN 10 x 10 | 0.0964 0.0855 0.0780 3

33 NPN 5x5 0.0987 0.0880 0.0803 g ~0.002

33 NPN 2x2 0.1241 0.1099 0.1037 S

33 PNP 10 x 10 | 0.1000 0.0893 0.0813

33 PNP 5x5 0.0985 0.0890 0.0802

33 PNP 2x2 0.1146 0.1033 0.0949

The values of table is in percentage (%).

variation which is determined by the area of device. Most of
random fluctuation issues are areal variations, which can be
modeled by [14]

k

S=m_ | ——.
2Aactive

ey
where s and m is the standard deviation and average value of
electrical parameter of devices with the active area A ;¢sive, the
coefficient k relies on the physical origin of process variation.

B. ELECTRICAL PARAMETERS’ DISTRIBUTION

The standard deviation can reflect the process deviation to
some extent. While this single value is inadequate to describe
the distribution of electrical parameters. Thus, it is essential
to illustrate the detail data distribution of devices’ electrical
parameters. Fig. 4, 5, 6 and 7 are the mean deviation distribu-
tion of turn-on voltage Vj, for different types of BJT devices
with varies geometry size.

The mean deviation is the deviation of each statistical value
from the average value. The mean deviation distribution of all
devices does not obey the typical Gaussian distribution. The
distribution curve is not a single peak value in average value,
but 2 local peak values located at both sides of center average
value for 2 types of bigger devices. Most of these deviations
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FIGURE 4. The turn-on voltage Vj, distribution of 1.5 V NPN BJT devices.
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FIGURE 5. The turn-on voltage Vp, distribution of 1.5 V PNP BJT devices.

falling within the range of £0.002 V. The deviation of devices
with emitter area A, = 10 x 10um? and A, = 5 x 5um? are
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FIGURE 6. The turn-on voltage Vj, distribution of 3.3 V NPN BJT devices.
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FIGURE 7. The turn-on voltage Vj, distribution of 3.3 V PNP BJT devices.

nearly the same, while the deviation of devices with emitter
area A, = 2 x 2um? is much higher than their larger counter-
parts. This is agree with the relative standard deviation values
listed in Table 4. Another phenomenon should be mentioned
is that for NPN BIJT devices, these electrical parameter data
with positive mean deviation is more concentrated that that of
negative mean deviation; for PNP BJT devices, things are on
the contrary. In other words, for both types of BJT devices, the
turn-on voltage Vp, data with higher absolute current value
tend to be more concentrated.

It is observed that this two peaks distribution can be
roughly expressed as the sum of 2 Gaussian density function.
In Fig. 8, the distribution density of Vj.(1000) values of
3.3V NPN devices with A, = 10 x 10um? are fitted as the
sum of 2 Gaussian functions with different expected values
(m1 and wo), standard deviations (o1 and 07) and appropriate
weight ratio (A1 and Ap).
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FIGURE 8. A two Gaussian distribution fitting of the turn-on voltage Vj,
(@Ip =1000 nA) of 3.3 V NPN BJT devices.

C. MISMATCH RATIO
As is mentioned before, to avoid the high absolute process
variation of interdie and even intradie, matched devices pairs
are designed to improve the performance of analog circuits.
To evaluate the mismatch of vertical BJT devices, each device
in this work has its matched device at nearby location. There
is one pair of matched devices in each die for every kind
of BJT devices with specified operating voltage, doping
polar type and geometry size. Thus, there are 30 x 13 =
390 matched pairs for each kind of BJT devices.

The standard deviation of 2 closely placed matched tran-
sistor pair o (AP) is inversely proportional to the square root
of transistor’s active area [52], [53], [54]

o (AP) = —@ .
% Aactive
where a,, is a process-dependent fitting constant and Ageive
is the active area. For BJT devices, the active area A,sive 1S
taken as the emitter area A,.

Fig. 9 illustrates the relationship between the standard
deviation of Vp, (10) and the emitter active area A,¢sive. It can
be seen that the standard deviation of Vp, (10) is inversely
proportional to the square root of emitter active area A csive-
This is agree with the linear relations in (2). Fig. 9 also tells
that for vertical BJT devices with the same geometry size,
BIJT devices with operating voltage Vcc = 1.5V is worse
than that of Ve = 3.3V, NPN type BJT mismatch is worse
than PNP type.

The standard deviation can roughly evaluate the degree of
mismatch dispersion. The detail data distribution is essential
for the mismatch distribution morphology study. Fig. 10 and
Fig. 11 are scatter and spectral density curves of mismatch
data.

In Fig. 10, each device pair is denoted as device A and
device B of the same kind. The horizontal axis is the turn-on
voltage Vj, of device A at the base current || = 100nA.
The vertical axis is the same value of device B. Graphs (a),
(b) and (c) are for 1.5 V NPN devices with different emitter
area. Graph (d) is for 1.5 V PNP devices with emitter area

(@)
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FIGURE 9. The turn-on voltage (@|/p| =10 nA) mismatch ratio
dependency on the inverse square root of active area Ag¢ive-

Ae = 10 x 10um?. For perfectly matched device pairs, all
data should fall on the centerline B = A. Actual measured
data spreads around this centerline. We define a minimum
number ¢, this € satisfies (3) for all matched device pairs of
the same kind.

e o

Thus, all data are falling on the region between parallel lines
B = (1+£¢) - A. For 1.5 V NPN devices, the ¢ values
are 0.73%o, 1.7%0 and 5.7%o for different geometry sizes.
It indicates that devices with larger geometry size has better
matching performance than smaller devices of the same type.
For 1.5 V PNP devices with A, = 10 x IO;Lmz, the €
value is 0.66%yo, which is smaller than 0.73%0 of 1.5 V NPN
device with the same active area. This is agree with the trend
in Fig. 9.

The Fig. 11 is the mismatch ratio distribution for 4 types
of devices with A, = 10 x 10um? and A, = 2 x 2um?. The
mismatch ratio § for device pair (A, B) is defined as

__ differenceof Aand B
"~ averageof Aand B

B—A
B+A

“

For each graph in Fig. 11, the left half is for NPN devices and
right half for PNP devices. Compare (a) and (b) or (c) and
(d), one can see that the mismatch of smaller geometry size is
much worse than bigger devices of the same type. Compare
(a) and (c) or (b) and (d), one can see that the mismatch
ratio dispersion of 3.3 V devices is slightly better than 1.5 V
devices with the same doping type and geometry size. In each
graph, one can see that the Vj, mismatch ratio for higher
current is better than that of low current. It also indicates that
the mismatch ratio dispersion of NPN devices are worse than
that of PNP devices. One thing also should be mentioned is
that the peak value of mismatch ratio distribution curve is not
located at zero, but slightly deviate from zero.
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FIGURE 10. The scatters of turn-on voltage Vp, (@ |/p| =100 nA) of
matched BJT device pairs.
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FIGURE 11. The turn-on voltage mismatch ratio distribution of different
BIT device pairs.

D. DIE LOCATION

The statistical and mismatch dependency on device properties
are studied. It is also essential to investigate their relationship
on the die location. Fig. 12 illustrates the average value (in
V), standard deviation (in mV) and mismatch ratio (in %o)
of Vpe(10) of 1.5 V NPN BIT devices with emitter area
A, = 10 x 10um?.

Fig. 12 (a) shows that the average values of V,(10) have
no significant statistical relationships on the die location on
wafer. On this specific graph, 2 center dies (-1, 0) and (0, 0)
tends to get medium value of Vp.(10); the dies that neither
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FIGURE 13. The correlations of different electrical parameters of 1.5 V
NPN BIT devices with Ae = 10 x 10um?2.

central nor peripheral tends to get a higher value of Vj.(10);
and the peripheral dies that far from the center is more likely
to get a lower value of Vj,.(10).

Fig. 12 (b) and (c) tells that the standard deviation and the
mismatch ratio of Vp.(10) both have no significant statistical
relationships on the die location. Compare graph (b) and (c),
it can be found that the deviation from average value and the
mismatch ratio of matched pairs has no necessary statistical
connection. The lowest deviation and the highest mismatch
ratio belong to the same die (1, 1). The highest deviation and
a medium mismatch ratio overlay on the die (2, -1). The die
(-2, -1) has the lowest mismatch ratio but a medium value of
deviation.

E. CORRELATIONS OF ELECTRICAL PARAMETERS
Hereto the statistical and mismatch characteristics of cer-
tain electrical parameter are discussed, especially the turn-on
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voltage V. Fig. 13 gives the correlations of some different
electrical parameters of 1.5 V NPN BJT devices with emitter
area A, = 10 x 10um?.

Fig. 13 (a) indicates that the turn-on voltage Vp, at base
current [, = 10nA and I, = 100 nA conforming to a perfect
linear relationship. The subgraph (b) tells that the turn-on
voltage Vj.(10) has no obvious correlation with the emitter
current /,(0.6). The subgraph (c) indicates that devices with
higher positive Vp.(10) deviation is more likely to have a
lower 1,(0.7) value. Similarly, the subgraph (d) shows a weak
positive correlation between the absolute value of 1,(0.6) and
1,(0.6).

IV. CONCLUSION

The process variation and mismatch characteristics is critical
for the performance of analog circuits. This work studies the
process variation, mismatch ratio and related data distribution
of 0.11 um process node vertical BJT devices throughly.
It is found that devices of smaller geometry size have greater
statistical dispersion; the distribution of data deviation does
not conform with the typical Gaussian distribution but can
be roughly expressed as the sum of 2 Gaussian distribution
with proper weight ratio. For both NPN and PNP type BJT
devices, the turn-on voltage data of higher absolute current
value are more concentrated. The mismatch values’ standard
deviation of vertical BJT devices with different geometry
size is inversely proportional to the square root of their
emitter area. Roughly speaking, the match performance of
higher operating voltage devices are better than that of lower
operating voltage and PNP BJT devices’ matching are better
than their NPN counterparts. The peak of mismatch ratio
distribution is not exactly located at zero. The die location has
little impact on the statistical properties of devices. The same
type of electrical parameters of different bias have significant
statistical correlations. This work is meaningful for analog
circuits which requires accurate match properties of vertical
BIT device pairs.
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