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AbstractÐAn n-well guard ring dual collector structure formed on an epitaxial substrate has been
characterized and simulated. The measured I±V characteristics have exhibited that a reduction of well
supply voltage from 5.0 to 1.0 V causes an increase in the escape current into the outer well by a factor
of about 14, while the base and inner guard ring collector currents are hardly changed. This will in¯u-
ence neighboring latchup susceptibility substantially. This experimental observation can provide a new
evidence of the published theory responsible for the escape current: the injected minority carriers ¯ow
through a quasi-neutral layer between the upper collecting plate and the bottom high/low junction
re¯ecting plate. Based on this theory actual epitaxial layer thickness can be extracted with low guard
ring voltages as well. Published by Elsevier Science Ltd. All rights reserved

1. INTRODUCTION

Minority-carrier well-type guard ring has been

intensively employed as one of the layout tech-

niques in order to overcome the latchup in CMOS

circuits[1]. Input/output areas of CMOS circuits

usually su�er from overstress of outside world es-

pecially in the worst noisy environment. Under

such circumstances the n+ contact regions in the

input/output regions act as minority carrier injec-

tors into the neighboring SCR-like structure, and

the amount of the injected carriers may exceed the

critical level required to trigger the neighboring

region into latchup. Therefore, well-type guard

rings surrounding the parasitic injectors are utilized

to collect these minority carriers injected into the

substrate, and hence to avoid latchup by bipolar

decoupling e�ect. The e�ciency of such guard rings

is greatly enhanced by an epitaxial layer grown on

a heavily-doped substrate[2]. Further study had

pointed out that such enhancement is due to Auger

recombination in the heavily-doped substrate[3].

The minority-carrier current injected from the para-

sitic emitter not only ¯ows laterally into the guard-

ring well sidewall but also transports vertically

down spreading over the whole high/low doping

substrate. The vertical component is further divided

into two components: the ®rst due to minority car-

riers injected into a sandwich layer between the

upper collecting plate and the bottom re¯ecting

plate, namely sandwich escape current Isan, and the

second due to those penetrating the high/low junc-

tion and then spreading out in the large, highly-

doped bulk as in the non-epi substrate, namely sub-

strate escape current Isub[4,5]. Furthermore, an ana-

lytic design model has been proposed to

quantitatively describe this behavior, and also used
to establish design guidelines of the guard rings[4±
6]. In addition, the characterization and modeling

of the guard ring structure at low temperature have
been studied as well[9,10]. As a whole, the previous
studies all concerns structural parameters of the
guard ring for enhanced latchup immunity, the

points of view in[4±6] all emphasize the guard-ring
width dependence of the escape currents. In fact,
the slope coe�cient of the guard-ring design model

in these results includes a depletion width term.
This implies that escape current is also a function
of the guard-ring well supply voltage and this well

bias can also control the escape current. Under
such circumstance's feasibility of guard rings with
di�erent power supply voltages still needs more
understanding and investigation. In this paper, a

6 mm wide guard ring has been characterized under
di�erent supply biases from 1.0 to 11.0 V to illus-
trate the well supply voltage e�ect on the escape

current. The accompanying simulation results help
to describe and analyze the experimental behaviors
in detail. These characteristics have also been used

to extract the real epitaxial layer thickness by utiliz-
ing the guard-ring design model.

2. EXPERIMENTS

The structure shown in Fig. 1(a) was the dual

square collectors surrounding an emitter region on
the epitaxial substrate. These two collector regions
were two n-wells fabricated by conventional n-well
polysilicon CMOS technology. The inner square
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collector was a 6 mm wide guard ring and the outer

one acted as internal circuitry. The lightly doped

epitaxial layer where all devices were fabricated was

grown on the heavily doped substrate. The doping

pro®le in depth direction measured by spreading re-

sistance is shown in Fig. 1(b). The outer n-well was

biased at 5.0 V and the guard ring bias was varied

from 1.0 to 11.0 V. The emitter was grounded and

substrate-emitter bias Vbe swept from 0.0 to 1.0 V.

Figure 2(a) shows the Gummel plots of the base

current Ib, the guard ring collection current Ic1 and

the escape currents Ic2 collected by the outer collec-

tors with the guard ring biases Vc1 ranging from 1.0

to 11.0 V. To check whether the wider depletion

Fig. 1. (a) The schematic cross section of a n-well guard ring structure on the p-epi/p+-substrate where
n+ emitter, inner and outer n-well collector are also shown. (b) the measured doping pro®le along the

depth direction for test structure illustrated in the upper part of the ®gure
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region around the inner guard ring interferes the

escape probability of the outer well around its side-

wall area, the cases of Vc1=Vc2 were also measured

and no signi®cant variation in any terminal current

was observed as compared with Vc2=5.0 V cases.

From the illustration Ib, Ic1 all remain the same

during Vc1 variation, but Ic2 decreases with the

increase of the Vc1 biases. Figure 2(b) shows the

escape currents as a function of Vc1 with the di�er-

ent Vbe values. When Vc1 initially decreases from

11.0 V Ic2 rises moderately, whereas with Vc1 smal-

ler than 7.0 V the increased amount of Ic2 appar-

ently becomes signi®cant, which will be discussed in

the following section. For Vc1 ranging from 1.0 to

11.0 V there is a diminishment of Ic2 by a factor of

60±40. Moreover, for Vc1 within 5 V in most real

applications 17 to 10 times rises in Ic2 are obtained.

The guard ring bias from 5.0 to 1.0 V is estimated to

have the same e�ect on the collection e�ciency as

that with an equivalent narrower guard ring, which

Fig. 2. (a) The Gummel plot of base, collector currents for test structure with guard ring width 6 mm.
The escape currents Ic2 are also measured with di�erent guard ring contact Vc1 bias from 1 to 11 V. (b)

the measured escape currents Ic2 as function of Vc1 for di�erent Vbe bias
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narrows 2.6 times the thickness of the sandwich
layer. This estimation will be explained in the next

section.

3. SIMULATIONS AND DISCUSSIONS

In order to con®rm the detailed behaviors inside

the structure, 2D device simulator TMA MEDICI
was utilized to simulate the above structure[7]. The
measured doping pro®le was inputted into MEDICI
directly as vertical doping data. The physical

models such as Auger recombination, concentration
dependent Shockley±Read±Hall recombination and

bandgap narrowing e�ect have been taken into
account. The simulator has been calibrated to ®t

the experimental I±V characteristics so as to pro-
vide accurate simulation predictions. Figure 3(a)

and (b) are the simulation results of the potential
distribution and magnitude of the electric ®eld

along the depth direction with the di�erent Vc1

values at Vbe=0.7 V. It's obvious that larger bias at
the guard ring contact produces a wider well de-

Fig. 3. (a) The simulated potential distribution along the depth direction at X-coordinate = 11.5 mm
with di�erent guard ring contact Vc1 bias at Vbe=0.7 V. (b) the simulated electric ®eld along the depth

direction with di�erent guard ring contact Vc1 bias at Vbe=0.7 V
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pletion width, namely a thinner quasi-neutral sand-

wich-layer thickness. Subsequently, the sandwich-

layer thickness can be modulated by the power

supply voltage at well Vc1. A wider reverse-bias de-

pletion width means that it is easier to sweep more

minority carriers across this ®eld region into the n-

well. The doping pro®le of the epitaxial sandwich

layer can be divided into two regions according to

Fig. 1(b): the ®rst changes linearly just below the

well bottom junction until 4.0 mm deep, and the sec-

ond, which can be assumed nearly uniform, slowly

increases from 4.0 to 6.0 mm depth, where the high/

low doping transition edge is clearly seen. The pro-

nounced variation of the ®rst part of the doping

pro®le gives rise to a larger built-in electric ®eld. In

addition to the larger built-in ®eld, depletion width

expands rapidly in the p-type epitaxial layer around

the region from 3.0 to 4.3 mm owing to the low

value of the ®rst part of the doping pro®le below

the n-well bottom, and consequently Ic2 reduces

rapidly with Vc1 increase in the range from 1.0 to

6.0 V as shown in Fig. 2(b). The electric depletion

region, which width is determined from 2D contour

plot by charge neutrality principle in MEDICI,

bounds on depth position about 4.4 mm deep with

Vc1 bias equal to 7.0 V as shown in Table 1. The

concentration in the second part of the doping pro-

®le becomes higher than the ®rst and more uniform

with the vertical distance deeper than 4.4 mm, as a

result the depletion width becomes slowly varied

with Vc1 larger than 7.0 V. Therefore Ic2 in Fig. 2(b)

with Vc1 above 7.0 V decays more gradually. The

above discussion is applicable to Vbe biases up to

the onset of the high-level injection region, i.e., Vbe

around 1.0 V region.

Figure 4(a) and (b) show the electron current

density along the vertical line located on the right

half of the guard ring well at Vbe=1.0 V for di�er-

ent Vc1 values. This vertical line is located at the

dashed line of the cross section in Fig. 1(b). In

Fig. 4(a) for vertical depth below 4.0 mm larger Vc1

bias produces less X-component ¯owing current

density implying large part of the escape current

collected by the outer n-well with low Vc1 bias.

From the above results the escape current Ic2 can

obviously be modulated by the guard-ring reverse-

bias voltage, and so this kind of operation provides

an alternative way for the regulations of the guard

ring performance in CMOS IC's. According to stu-

dies in[11,12], minority/majority carrier injection

from neighboring region several hundred mm away

can greatly degrade latchup hardness. The rise of
the escape current under low supply voltage oper-

ation will de®nitely a�ect neighboring latchup

immunity substantially. In Fig. 4(b) the Y-com-
ponent electron current densities slightly decrease

with respect to increased Vc1 in the heavily doped

substrate all along the depth direction. For the
region between 6 and 8 mm the Y-component cur-

rent densities become slightly larger for larger Vc1

value. This behavior becomes distributed all over
the guard ring well bottom when Vbe becomes lar-

ger as indicated in the simulations. This results

from the greater reverse-biased electric ®eld around
the n-well junction by larger Vc1 bias. This larger

®eld sweep minority carriers more easily from the

p-substrate into the n-well guard ring, hence larger
Y-component electron current densities collected by

the guard-ring well bottom are created. From the

simulation the electron current density distribution
along a horizontal line beneath the n-well also illus-

trates modulation by Vc1 and a reduction of one

order of magnitudes in the electron currents are
also observed. Therefore, both the above exper-

imental data and simulation results verify the evi-

dence that the escape currents are mostly composed
of the minority carriers injected into the sandwich

layer.

As mentioned in the previous studies[4,5], the

sum of Isan and Isub gives the escape current col-
lected by the outer n-well. A design model has been

developed for quantitatively describing the escape

current as the sum of the following two com-

ponents:

Isan � Ieff1exp

�
ÿ Wg

Leff1

�
Isub � ZIeff1exp

�
ÿ Wg

Leff2

�
,

�1�
where Ie�1=2qDnn*We�/p and Le�1=2(XepiÿXjd)/p.
The parameter n* is the e�ective carrier concen-

tration at the left end side of sandwich layer, Dn is

e�ective di�usion constant, We� is the e�ective per-
ipheral length of device, and Wg is the guard-ring

well width. Xepi represents the epitaxial layer thick-

ness and Xjd represents the distance from the semi-
conductor surface to the n-well depletion-region

bottom edge. In the Isub equation Le�2 is an empiri-

cal ®tted parameter, and Z represents capability of

Table 1. The depletion width comparisons among the 2D results of the Medici numerical simulations, calculations from the depletion
approximation by the linearly-graded assumption and uniform pro®le assumption

Vc1 (V) 1 2 3 5 7 9 11

DXjd (mm)
2D simulation 0.4 0.77 0.90 1.15 1.39 1.61 1.81
Linearly-graded
assumption

0.83 1.05 1.19 1.42 1.58 1.73 1.85

Uniform
assumption

0.78 1.10 1.35 1.74 2.06 2.34 2.59
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minority carriers penetrating the high/low junc-

tion[4,5]. From the Isan equation the increase of Xjd

results in decreased Le�1 and hence a decrease of

Ic2. In other words, the Vc1 well supply voltage is

an alternative measure to control the guard ring

e�ciency.

Based on the studies of previous work[5,6], the

Isub component is generally much smaller than the

Isan component especially for narrow guard ring

width cases. The e�ect of Vc1 can be estimated

solely by means of the Isan model with acceptable

accuracy for small Vc1 values, because the current

along the sandwich layer is more signi®cant for

small Vc1 values. The Vc1 swept from 11.0 to 1.0 V

leads to a rise in the escape current by about 50

times on the average as shown in Fig. 2(b). From

Equation (1) such a rise in the Isan value requires

the guard-ring width to be increased about four

times the value of (XepiÿXjd). In other words, the

e�ect of the Vc1 bias is equivalent to that of the

guard-ring width increase by four times the thick-

ness of the sandwich layer. In the test structure Xepi

is about 6 mm and average Xjd is about 4 mm, this

yields an increase in guard ring width by about

Fig. 4. (a) The X-component and (b) Y-component electron current density along the vertical line
located on the right half of the guard ring n-well. The positive sign indicates the current ¯ow direction
is right in X coordinate and upward in Y coordinate, the minus sign indicates left in X coordinate and

downward in Y coordinate
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8 mm. The Vc1 voltage ranging from 5.0 to 1.0 V

causes a rise of Ic2 by about 14 times, indicating

that the guard ring width should be widened by

about 2.6 times the thickness of the sandwich layer.

The thinner the epitaxial layer, the less area the

guard ring structure may consume.

The data points with low Vc1 values in Fig. 2(b)

exhibit signi®cant dependence on Vc1. This property

is feasible for extraction of the epitaxial-layer thick-

ness. Starting from Isan of Equation (1), Xjd can be

written as Xjw+DXjd where Xjw is the n-well metal-

lurgical junction depth, and DXjd, the depletion

width, is extended downward from the well metal-

lurgical junction of the guard ring bottom, which is

located at 3 mm deep. The term (XepiÿXjw) is then

written as DXepi, the Ic2 equation can be expressed

as follows:

Ic2 � Ieff1exp

� ÿWg

2�DXepi ÿ DXjd�=p
�
: �2�

Now DXjd should be expressed as a function of Vc1.

According to the doping pro®le shown in Fig. 1(b),

the epi-layer from the n-well junction to 4 mm deep

can be ®tted excellently with the linearly graded

pro®le[8]. Therefore Ic2 becomes

Ic2 � Ieff1exp

� ÿWg

2�DXepi ÿ CV 1=3
c1 �=p

�
, �3�

where C = (12es/qa)
1/3, a is the coe�cient of the lin-

early graded doping function. Here a equals

1.74�1019 cmÿ4, and C is calculated to be

1.66 mm Vÿ1/3. We have obtained the escape current

model as a function of Vc1. This equation is used to

®t the experimental data in Fig. 2(b) for the low

Vc1 region. The ®tting at Vbe around 0.9 V is still

able to give the precise doping information because

the concentrations of the injected minority carriers

in the epi-layer are still smaller than the back-

ground doping as indicated in the simulation. The

®tted results are illustrated in Fig. 5. The average

DXepi value extracted from the ®tted coe�cient is

2.7 mm. Adding the n-well junction depth 3.0 mm,

the epitaxial layer thickness is given to be 5.7 mm.

Note that this extracted value seems smaller than

9.5 mm reported in[6]. In fact, according to simu-

lation in the guard ring width variation part the

current ¯ow along the high/low junction transition

is still collected into the guard ring well, while in

the well supply voltage variation the current ¯ow

into the well is mostly restricted above high/low

junction transition as shown in Fig. 4(b). The dis-

crepancies above Vc1=7.0 V result from the domi-

nation of the current below the low-doping

transition edge of the high/low junction over the

Isan component. In such circumstances the design

model cannot describe the transition region beha-

viors precisely. To verify the linearly graded

assumption, the depletion width values DXjd from

the 2D simulation results, the linearly graded and

the uniform pro®le assumptions shown in Table 1

were substituted into Equation (2) for Xepi compari-

son. The same epi-layer thickness was obtained

from both the linearly graded assumption and 2D

simulation case. For the step pro®le case Xepi is cal-

culated to be 6.5 mm, which is larger than the actual

high/low junction depth. This con®rms the validity

of the linearly graded assumption. The above calcu-

lation is well consistent with the measured doping

pro®le shown in Fig. 1(b). Hence the extraction of

Xepi by means of the Isan model can give accurate

extraction for a speci®c structure. This also justi®es

the validity of guard-ring design model in

Equation (1). In addition, the design model is

Fig. 5. The comparison of calculation of the ®tted model with the experimental data as a function of
Vc1 for di�erent Vbe bias
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proved to be still feasible at the onset region of
high-level injection although it was primarily devel-

oped under low-level injection condition.

4. CONCLUSION

New observations on the well supply voltage
e�ect of the guard rings have been characterized

and investigated. By low power-supply voltage regu-
lation the escape currents increase at least an order
of magnitude. This result provides the experimental

evidence of the minority carriers injecting into the
sandwich layer and justi®es the feasibility of the
guard-ring design model. Such guard-ring bias has
the same in¯uence on the escape probability as the

guard ring does with its width increase four times
the thickness of the sandwich layer. In addition, the
escape current characteristics can be utilized to

extract the actual epitaxial layer thickness for a
device structure.
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