
IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 9, NO. 3, AUGUST 1996 455 

Bipolar Integrated Kelvin Test Structure 
for Contact Resistance Measurement 

of Self-Aligned Implantations 
Lis K. Nanver, Member, IEEE, Egberl 

Abstract-A Kelvin contact resistance test structure has been 
developed for accurate measurement of highly-doped, shallow 
n+ and p+ implantations, which are self-aligned to the con- 
tact window. Here the structure has been integrated, without 
additional processing, in a 30 GHz washed-emitter-base n-p-n 
bipolar process, for the purpose of monitoring the emitter contact 
resistance. Diffusion taps to the emitter have been made with the 
phosphorus collector-plug implantation. Phosphorus evaporation 
from the contact window during the anneal step and the low 
sheet resistance of the collector-plug implantation, together with 
the overall design of the test structure, assure a very accurate 
determination of the emitter contact resistance even in situations 
where complete junction isolation of the diffusion taps is not 
directly possible. Results are presented for the optimization of the 
emitter anneal cycle with respect to the emitter contact resistance. 

I. INTRODUCTION 
N bipolar transistors the emitter contact resistance usually I accounts for the bulk of the total emitter resistance: a device 

parameter which preferably should be low and reproducible. 
Particularly in high-speed processes with submicron emitter 
dimensions, the contact resistivity must be on the order of 
low7 Rcm2 to prevent the voltage drop over the emitter from 
limiting the device performance. Moreover, a reproducible 
emitter resistance is essential for keeping the emitter-base 
mismatch voltage sufficiently low. Determining the emitter 
resistance is, however, not straightforward. Several ac and 
dc techniques have been proposed for extracting the emitter 
resistance from measurements on the transistor itself [ 11-[6], 
but in modem high-frequency devices these techniques involve 
several measurements combined with a careful consideration 
of the parasitics and the region in which the transistor is 
operating. For parameter extraction purposes such efforts are 
warranted, but for process development and control a straight- 
forward reliable dc measurement, which can be performed 
on a routine basis, is needed. Several contact resistance test 
structures have been developed for this purpose; the most 
popular among these being the cross Kelvin resistor, the 
contact end-resistor, and the transmission line tap resistor 
[6]-[ 101. The Kelvin structure in particular offers measurement 
speed and unambiguity, but due to the nonideal geometry of 
the actual test structure, the measured value often includes 
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parasitic resistances which are many times larger than the 
actual contact resistance. It is then necessary to employ 
two-dimensional (2-D) computer simulations for evaluating 
the contribution of the parasitic resistances. Based on such 
calculations, a value for the actual contact resistance can be 
extracted [lo], [ l l ] .  

Within the limitations of a given IC-process flow, de- 
signing a suitable Kelvin contact resistance test structure 
can be problematic. This paper presents a Kelvin structure 
which can be used for accurately determining the contact 
resistance of heavily doped, shallow n+ and p+ implanta- 
tions which are self-aligned to the contact windows. The 
diffusion taps necessary for connecting the contact to the 
silicon are formed by deep implantations with low sheet 
resistances. In bipolar processes, suitable implantations are 
often present in the form of the phosphorus-implanted collector 
plug and the boron-implanted junction isolation. By using the 
collector-plug implantation, a Kelvin structure for measuring 
the emitter contact resistance has been integrated, without 
additional processing steps, in a 30 GHz washed-emitter-base 
(WEB) process [12]. The washed emitter is a shallow arsenic 
implantation, while the collector implantation is deep and 
not directly isolated by a p-region. A design of the Kelvin 
structure has been developed in which the parasitic resistances 
are drastically reduced and the incomplete junction isolation 
becomes unimportant. Thus, contact resistivities on the order 
of 10-7Rcm2 can be determined without correcting for the 
test structure geometry, giving a quick and sensitive means 
of evaluating the emitter contact resistance. Moreover, the 
principles used can also be applied in the evaluation of the 
contact resistance of other types of self-aligned structures, 
such as poly-emitters. 

Results are presented for the optimization of the emitter 
anneal cycle. The lowest contact resistance is achieved at 
anneal temperatures of 900-950°C. An undesirable increase of 
this value by more than a factor 2 is, however, found to result 
from unfavorable ramp-down or post-processing conditions. 
The corresponding change in sheet resistance is limited to an 
increase of less than 10%. 

11. PROCESSING 
The Kelvin contact resistance test structure was designed for 

compatibility with WEB processing. Fig. 1 gives a schematic 
representation of the process flow, showing a cross section of 
both the n-p-n and Kelvin structures. A 0.85 pm epitaxial 

0894-6507/96$05.00 0 1996 IEEE 



456 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL 9, NO. 3, AUGUST 1996 

JB+ /B+ JB+ IB+ IB+ IB+ 

C B E B C V3 contact V3 

(C) 

Fig. 1. Schematical representation of the WEB-n-p-n process flow including the formation of the Kelvin test structure. 

layer (doping 1.5 x 1017/cm3) is grown on an antimony 
doped buried layer. The p+ junction isolation, collector plug, 
extrinsic base and base-link implantations are then implanted 
through a 300 A thermal oxide. Following this, a surface 
isolation layer of 3000 8, low-stress-nitride is deposited at 
850"C, whereupon all contact windows are plasma etched in 
one mask step. With a resist mask, the emitters and all other 
n-type contacts are implanted with 7.5 x 1015/cm2 arsenic 
at 40 keV. The intrinsic base is implanted at 20 keV. After 
completing all implantations, the dopants are activated by a 
single thermal anneal for 30 min at 950°C. Then a wet dip 
etch step is performed to remove the native oxide, before the 
windows are contacted by sputtering AUl%Si. The metal pitch 
is 3 pm. 

The washed-emitter implantation is self-aligned to the con- 
tact window, so the diffusion taps in the Kelvin structure are 
not formed by the emitter implantation but by the collector- 
plug regions. These are implanted with 5 x 1015/cm2 phos- 
phorus at 180 keV to give a sheet resistance ps--ph = 17 R/O. 
Superimposing the contact on such highly doped regions 
would normally result in a low contact resistance. However, 
the measured contact resistance of the collector plug is much 
higher than that of the emitter contact, which gives a specific 
contact resistivity of pc = 3 - 9 x Rcm2 as opposed to 
p c  = 3.0 f 0.6 x lop7 Rcm2 for the emitters. This suggests 
that the contribution from the phosphorus is insignificant in 
the latter measurement. 

There are two plausible factors which are playing a role 
in effectively diminishing the phosphorus concentration at 
the contact window surface. First the peak of the collector 

plug implantation is at 0.3 pm compared to 0.04 pm for 
the emitter. This results in about five times lower chemical 
concentration of the phosphorus near the surface. Second, 
there is very efficient evaporation of both the phosphorus and 
arsenic from the washed emitter surface during annealing. The 
arsenic implantation is shallow with a chemical concentration 
near the surface of 8 x 102'/cm3, which is four times the 
active concentration. Thus, the inactive arsenic will readily 
replenish any dopants lost by evaporation from the surface. 
The pbosphorus concentration near the surface is near the 
active concentration level, which then effectively decreases 
due to evaporation. 

It is difficult to determine the exact doping levels at the 
surface by analytical techniques such as SIMS or spreading 
sheet resistance measurements, since these methods are in- 
herently inaccurate at the surface [ 131. Spreading resistance 
measurements show that at a depth of about 0.05 pm, the 
arsenic has a factor of 2 higher activation than the phosphorus. 
This does not explain the factor of ten difference in contact 
resistance, which then must be assumed to be due primarily 
to the evaporation process. The large spread in collector-plug 
contact resistance from run to run, and to a lesser degree 
over the wafer, may be caused by the influence of varying 
surface conditions on the evaporation process. A much smaller 
spread is seen in the measured arsenic contact resistance. It 
has not been possible to establish any correlation between the 
variations in the two contact resistances. This further supports 
the conclusion that the phosphorus doping concentration at 
the surface is too low to be of any significance for the emitter 
contact resistance measurement. 



NANVER et al.: BIPOLAR INTEGRATED KELVIN TEST STRUCTURE FOR CONTACT RESISTANCE 

I 

L 

pc = 3x1" cm2 

I 
I 
I 
I 
I 
I 
1 
I 
I 
I 
I 
l 
1 
1 
I 
I 
I 
I 
I 
I 
I 
1 
I 
f 
I 

1 1  
I 

I-,,-,r k .."------------ I 
1 

I I t --c. 21 

0.1 

Fig. 2. Top view of the Kelvin contact resistance test structure. Fig. 1 shows 
the cross section through section AA. 
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A top view of the Kelvin contact resistance test structure 
used in this work is shown in Fig. 2. A current I12 is forced 
between contact pads 1 and 2, and the voltage V34 is measured 
between contact pads 3 and 4. The measured contact resistance 
R~ is r61, [71 

(1) 
v34 RI, = -. 
I12  

The design of the structures differs from those of previously 
reported Kelvin structures in a number of ways. First, the 
n+-diffusion taps are not junction isolated, but are placed 
directly in the n-type epitaxial layer. The applied collector- 
plug implantation is deep and cannot directly be isolated by 
any of the available p-type implantations. In the situation 
shown in Fig. 1, some isolation is provided by the shallow, 
lightly doped base-link implantation and the depletion of the 
epi from the substrate. However, the design is such that this 
incomplete isolation does not affect the measurement. This 
result is discussed in more detail below. 

Furthermore, the design of the Kelvin structure provides 
high measurement accuracy. The emitter implantation is self- 
aligned to the contact window, so no overlap of the diffusion 
taps around the contact is required in the design. The evap- 
oration of the phosphorus is also self-aligned to the contact 
window so the low ohmic diffusion taps extend right up to 
the contact sides. After processing, the lateral out-diffusion of 
the phosphorus is approximately 0.2 pm. This is compensated 
by the overetching of the contact window, up to 0.1 pm, 
and the lateral out-diffusion of the arsenic of 0.1 pm. Thus, 

Fig. 3. Calculation of the resistance Rk as a function of specific contact 
resistivity for pa = 17 O/D. The solid lines are for L = 1 pm and the 
dashed lines for L = 10pm. 

if misalignment errors are not taken into account, the n+ 
region extends at most 0.2 pm around the contact window. 
In this region lateral current flow around the contact will 
give a voltage drop. The measured contact resistance has 
been demonstrated to consist of two components, a parasitic 
resistance Rgeom from this extra voltage drop, and the true 
contact resistance R,. The contribution of Rgeom is evaluated 
theoretically by the following calculation [8] 

where 6 is the width of the diffused layer around the contact, 
W, and W, are the widths of the diffusion taps in x and y 
direction respectively, and ps is the sheet resistance of the 
diffusion tap. 

For the case of W = W, = W, and a symmetric overlap, 
S = (W - L ) / 2 .  The present situation is simulated in Fig. 3, 
where R k  is calculated as a function of pc and S with 
ps = Ps-ph = 17R/O, for both a small ( L  = 1pm) and 
a large ( L  = 10pm) contact. For pc = 10-8f2cm2 and 
S M 0.2 pm, Rgeom is about the same size as the actual contact 
resistance. For pc above 10Wsflcm2 the correction is very 
small (less than 10%). For pc = 3 x lop7 flcm' the correction 
falls to 3% for L = l p m  and 5% for L = 10pm. The 
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Fig. 4. The emitter contact resistance versus the contact area. 

very low values of both 6 and ps are responsible for these 
small corrections. An example of the measured emitter contact 
resistance is shown in Fig. 4, where the contact resistance of 
the emitter implantation is plotted against the contact area A,. 
The extracted specific contact resistance of 3.2 x Rcm2 is 
low, and the theoretically predicted slope of -1 is displayed. 
For the large area contacts the importance of Rgeom increases 
and the measured points lie slightly above the theoretical line. 

Imperfect isolation of the diffusion taps will also give rise 
to stray currents in the region outside the taps, and thus, will 
also result in an overestimation of the true contact resistance. 
However, the Kelvin contact resistance test structures were 
fabricated on substrates with n-type epi-layers doped from 
3 x 1015/cm3 to 1.5 x 1017/cm3, and compared to devices pro- 
cessed directly on the substrate (p-type doping = lOI5/cm3). 
Both with and without the base-link implantation, which 
supplies some degree of isolation, no measurable differences 
were revealed. Two factors are important for achieving this 
result: not only is the sheet resistance of the diffusion taps 
very low, but the length of each tap is also kept as short as 
possible. For very long taps a substantial part of the current 
will flow through the epi and all correlation to the contact 
resistance is ultimately lost. 

Another advantage of keeping the diffusion taps short is that 
the voltage drop over the current taps is kept at a minimum. An 
effectively higher current can therefore be used for the contact 
resistance measurement. Particularly for very low contact 
resistances, this effectively increases the range in which a 
measurement can be performed accurately. For this purpose 
the current is also forced symmetrically from two sides through 
the contact window, thus halving the series resistance from the 
corresponding diffusion taps. A more even distribution of the 
current over the contact is therefore achieved. 

The voltage sensing taps are also designed symmetrically, 
so that voltage is sensed at two opposite sides of the contact. 
This gives some compensation for misalignment errors, which 
can be reduced by repeating the measurement with the current 
injection and voltage sensing terminals interchanged. In the 
presented data, the misalignment is no greater than 0.1 pm, 

which proves to have no significant influence on the measured 
data. Test structures with a designed misalignment of 0.4 pm 
show a 15% decrease in contact resistance if the shift is only 
in the y-direction and a 15% increase if the shift is in both 
the z- and the y-direction. These results agree well with the 
theoretical predictions for D-resistors [9], where the width 
(W)  of the diffusion taps is equal to the contact length ( L )  
irrespective of the width (6) of the diffused layer around the 
contact. 

IV. EMITTER ANNEAL CYCLE 

The Kelvin test structure has been used to optimize the 
emitter anneal cycle, which consists of a ramp-up to 950"C, 
a 30 min anneal at 950"C, and a controlled ramp-down to 
the temperature at which the wafers are subjected to rapid 
cool-down. Several ramp-up and ramp-down conditions have 
been examined with respect to the resulting emitter contact 
resistance and sheet resistance. The latter was measured on 
separately prepared wafers which were uniformly implanted. 
The results are compiled in Table I. 

During the ramp-up, enhanced transient diffusion of the 
implanted dopants may occur [14], but no influence of the 
ramp-up rate on the contact resistance was observed. Nor do 
other device parameters appear to have been influenced by 
either the ramp-up or ramp-down conditions. This suggests 
that the bulk emitter and base regions are determined by the 
950°C anneal interval. The ramp-down, however, is critical for 
the emitter contact resistance. At temperatures below 850°C 
the arsenic clustering rate exceeds the declustering rate, so a 
slow ramp-down will permit clustering to take place, while a 
fast ramp-down can freeze the electrical activation at the level 
attained at the higher temperature by not giving the clustering 
reaction sufficient time [ 151, [16]. Thus, ramp-down conditions 
ultimately determine the final level of electrical activation. Any 
high-temperature post-anneal processing step will also degrade 
the contact resistance. Results for extra temperature steps from 
5O&85O0C are included in Table I. A significant increase in 
the contact resistance can be observed for temperatures down 
to 600°C. While the sheet resistance only increases by a few 
percent, the contact resistance can, in the worst case, be more 
than doubled. 

Arsenic-implanted washed emitters can be fabricated with 
anneal temperatures down to 90OoC, below which the low 
arsenic activation and diffusivity prohibit the formation of a 
suitable emitter-base junction. Fig. 5 displays the contact re- 
sistance and sheet resistance of emitter implantations annealed 
at temperatures of 900-1000°C. While the sheet resistance 
decreases with increasing temperature, reflecting the increasing 
arsenic activation level, the contact resistance increases rapidly 
for temperatures above 950°C. This is understandable in view 
of the higher diffusivity which increases both the emitter depth 
and the arsenic evaporation rate from the surface. 

V. CONCLUSIONS 
Kelvin contact resistance test structures for accurately mon- 

itoring the emitter contact resistance have been developed by 
using the collector-plug implantation to form the diffusion 
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TABLE I 
CONTACT RESISTIVITY AND SHEET RESISTANCE OF ARSENIC IMPLANTATIONS GIVEN A 950°C 

30 MIN ANNEAL UNDER VARIOUS RAMPING AND POST-ANNEAL PROCESSING CONDITIONS 

rapid lrapid 170OoC30min 18.2*1.0 146.5h0.5 16.5* 1.0 140.1+0.5 

rapid rapid 6OOoC30min 4.4*0.6 44.3h0.5 4.0k0.8 38.5*0.5 

rapid rapid 5OO0C30min 4.1*0.6 43.5*0.5 3.0k0.6 37.7k0.5 

(1) slow ramp-up: the wafers are heated from 500-950°C at a rate of IO"C/min. 
(2) rapid ramp-up: the wafers are transported to the 950°C zone at a rate of 500 d m i n  (total 
time 2 min). 
(3) slow ramp-down: the wafers are cooled from 950-800°C at a rate of 5"C/min and then 
transported to the 500°C zone at a rate of 200 d m i n  (total time 5 min). 
(4) rapid ramp-down: the wafers are transported from the 950°C zone to the 500°C zone in less 
than 1 min. 

Anneal Temperature ( OC ) 

Fig. 5. The emitter sheet resistance (x )  and contact resistivity (0) versus an- 
neal temperature under rapid ramp-down conditions, with emitters implanted 
at 40 keV to a dose of 5 x 1015/cm2 (dashed lines) and 7.5 x 1015/cm2 
(solid lines). 

taps leading to the emitter contact. Even with incomplete 
junction isolation of the collector-plug implantation, good 

measurements were achieved. Several factors play a role in 
attaining this result: 

1)  The implantation to be monitored is shallow and more 
highly doped at the surface than the deep phosphorus 
collector-plug implantation. 

2) The contact is self-aligned to both the washed-emitter 
implantation and the phosphorus evaporation from the 
contact surface. 

3) The sheet resistance of the diffusion taps is factors lower 
than that of the surrounding epi. 

4) The diffusion taps are kept as short as possible. 
Furthermore, the symmetry of the structures and a high 

degree of tolerance to misalignment errors contribute to im- 
proving the measurement accuracy. 

With these Kelvin structures, the contact resistance of 
washed arsenic implantations was examined in a number 
of situations. The lowest contact resistance, (3.0 f 0.6) x 
low7 f2cm2, was achieved with final anneal temperatures of 
900-950°C under the condition of rapid ramp-down. This 
value is low enough to allow emitter scaling to submicron 
dimensions. However, degradation is observed if the annealed 
wafer is subjected to temperatures from 600-85OOC either 
during a slow ramp-down or in a post-anneal processing 
step. Under unfavorable conditions contact resistivities up to 
8.5 x Rcm2 were obtained, while the corresponding sheet 
resistances only increased by 10%. With anneal temperatures 
above 95OoC, the arsenic activation is substantially increased. 
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However, the contact resistance also increases due to the 
higher arsenic diffusivity, which enhances arsenic evaporation 
from the contact surface. 

This paper concentrates on the contact resistance of n+ 
arsenic implantations, but the same technique is also applicable 
to shallow p+ boron implantations. For example, in the present 
process the deep p+ isolation implantation ( 5  x lOX5/cm2 B+ 
implanted at 180 keV) is used as diffusion taps in a Kelvin 
structure for measuring the contact resistance of the base 
contact implantation (2 x 1014/cm2 B+ implanted at 20 keV). 
Boron very readily evaporates from the silicon surface, giving 
a contact resistivity of 2 ii 1 x Rcm2 directly to the p+ 
isolation implantation and 6 f 1 x lop6 Rcm2 to the base 
contact implantation. In conclusion, using deep low-ohmic 
phosphorus or boron implantations as diffusion taps provides 
a versatile method of designing Kelvin contact resistance 
structures for washed implantations. This method can no doubt 
be used in many other self-aligned structures such as, for 
example, poly-emitters. 
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