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Abstract—This work examines the effect of iron as a contami- beam implantation. The unwanted ions can then be implanted
nate implant impurity on the characteristics of boron p™n silicon into the device.
ﬁ%oﬁgﬁiamsr?s'sﬁﬁ]segredOs‘ﬁ'g-ge Car?geigﬁie[r%gé Eloalftmtﬁes?rlljtrr%e- N Experimenters have successfully fabricated diodes utilizing
P ) PSII [5]-[7], which resulted in near ideal forward currents

duction of contaminant impurities. Here, a relevant database on " = -
iron contaminant effects was acquired through a controlled study With ideality factors<1.06 and leakage currents of 3-30 nA-

using conventional ion-beam implantation. Uncontaminated con- cm~2 at —5 volts. These diodes were fabricated in a variety of
trol diodes had leakage current densities of 6-9 nA-c™” at plasma processing systems, obviously subject to different types
—5 volts and ideality factors <1.05. Iron contaminated diodes 544 amounts of contaminates. To our knowledge, none of these

had increasing leakage current densities of 8-60 nA'CmZ»W'th experimenters established a correlation between increasing

increasing iron implant doses of 4x 10" to 4 x 10'* cm~? and ‘ .
ideality factors <1.07 over six decades of current, regardless of €vels of a contaminate and the performance of a diode.

dose. Now that the fabrication of devices using PSIl has been
shown possible, the next step is to determine the critical
ratio of undesired to desired impurities above which results in
devices that do not function adequately in comparison to those
with no significant contamination. We experimentally simulate
| INTRODUCTION the contamination of boronm silicon diodes, fabricated
plasma-based doping process, such as plasma sourgePSll, by introducing boron as well as the contaminate
ion implantation (PSIl) [1] is a process in which ampurity into the substrate using ion-beam implantation. We
negative high voltage is applied to a substrate immershdve chosen iron as the contaminate impurity since it is the
within a plasma, causing ions to be accelerated toward timost likely to be sputtered from the walls of a stainless steel
substrate. It has long been regarded as a possible alternati@euum chamber or wafer platform. In this work, however,
to classical ion-beam implantation, and research has been cen-are constrained to implant the iron and boron separately,
ducted concerning its use in semiconductor processing [2]-[8lhereas in PSII both impurities are implanted simultaneously.
The benefits of PSII include low-energy/high-dose implanth) order to examine the effects of PSIl as fully as can be
lower implant cost, large implant area, and the absence ddne while using ion-beam implantation, half the runs were
line-of-sight requirements. As device dimensions shrink aridbricated where the order of iron and boron implants was
shallower junctions become more important [6], [7], theseversed, and a comparison of the characteristics of the diodes
benefits are drawing more attention for use in integrated circoit both implant orders was made.
fabrication. However, a general concern revolves around theWe used |-V measurements and subsequent analysis to
implantation of unwanted contaminant ions into substratdgtermine the diode characteristics in the form of ideality
and the potential effect on device characteristics and yiefdctor, saturation current, generation rate of minority carriers,
Unwanted ions appear in the plasma due to the lack of a masimority carrier lifetime of holes, and reverse-bias leakage-
selection mechanism in PSIl, as compared to classical imurrent density.

Index Terms—Boron, impurities, ion implementation, iron,
leakage current.
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600 um atmosphere. Because of the presence of iron in the wafers,
—ANAA— a designated furnace, referred to as the “metal-annealing”
0.7 um l(_ l furnace, had to be used for the annealing of the metal-

contaminated wafers. One uncontaminated wafer from each

oxic g set was annealed in a high-purity process furnace, designated

as the “metal-free” furnace, to determine if the metal-anneal

3 furnace contributed any impurities to the substrate. Tha p

Hm Ié— -\ -)I junction depth was predicted to be3dn. Simulations using

500 pm Al+1%Si Ssuprem3 [9] also indicated that the post-anneal iron concen-
tration should be uniform throughout the wafer, due to the

high diffusivity of iron in silicon at elevated temperatures.

After the anneal, the wafers were cleaned, then 7806f

Fig. 1. Configuration of pn junction diode test structure. Al + 1% Si was sputter-deposited on the surfaces, followed
by aluminum etching to define the diode contacts. All wafers
TABLE | were then annealed for 30 min at 450 in a nitroger+ 10%
BORON AND IRON IMPLANT ORDER AND RANGE OF hydrogen atmosphere, to minimize interfacial traps.
IRON IMPLANT DOSE FOREACH EXPERIMENTAL RUN
Order of B Fe Ill. CHARACTERISTICS OFDIODES
. 2 2
implant _ (Ions/cnt) _ (lons/cm’) An HP4142B parameter analyzer was used to measure
Runl | B> Fe  4x10°  4x10%4x10” the 1=V characteristics for all diodes. In order to compare

the characteristics of the diodes, from wafer to wafer, the

15 10 14
Run2 | Fe>B  4x10 4x107-4x10 following parameters were calculated:

Run3 | Fe>B  4x10"°  4x107-4x10" n ideality factor;
s , » I, saturation current (A);
Rund | B> Fe  4x10 4x10°-4x10 7 generation rate of minority carriers (s);

T minority carrier lifetime of holes (s);

J  reverse biased leakage-current density (A=€jn
process variations as a result of sharing multiuse fabricationThe ideality factor and saturation current were calculated
tools. by plotting the natural logarithm of the measured current

The wafers used for the fabrication of all diodes were prima(7) versus the applied voltag¥, and extrapolating the
n-type silicon wafers, with(100) orientation, and resistivity ideal region of the curve to tha(7) axis. Taking the natural
of 1-1012-cm. After the wafers were backside implanted wittogarithm of the ideal-diode current equation gives
1 x 10% cm2 of phosphorus and cleaned, 50800f SiO,
was grown on the wafers. The wafer test structures consisted In(I) = In(Z,) + ¢Va/nkT 1
of 500 ;xm diameter circular diodes, with an area of 1.96
102 cm?. The diode contacts were 6Q0n in diameter and
located directly on top of the diodes as shown in Fig. 1.

Four runs were fabricated that all had boron implants
4 x 10 cm~2 using an energy of 60 keV and & Tilt.

where ¢ is the electronic charge, is the ideality factor,

k is Boltzmann's constant, an@’ is the temperature. The

(i)?tersection of this equation with tHe(I) axis islu(Z;). The

diode ideality factor was determined by finding the slope of the

As shown in Table I, the iron implant doses ranged from ?ﬁerve and equatlng It tq/nk_T, the §Iope of (1). To calculate_:
generation rate of minority carriers, we used the following

7 14 —2 H it
x 107 to 4 X 10 cm for the same |mplant Con_d't'ons'diode current density equations for a nonideal diode [11]:
Run 1 consisted of six wafers having iron implantation doses

between 4x 10°* and 4 x 10** cm~2 and where the boron j, = g[D, /7]t *n2 /N p(exp[gVa /kT] — 1) — qniW/21¢

was implanted into the substrates prior to the iron implant. )

Run 2 consisted of four wafers having iron implantation doses, 12/, 2

between 4x 10° and 4x 1044 cm~2 and where the boron /% = dDp/Tpl" (07 /Np)(explqVaa/nkT] - 1)

was implanted into the substrates after the iron implant. Run ~ + qniW/27r(exp[qV.a/2kT] — 1) 3)

3 consisted of eight wafers having iron implantation doses . ) .

between 4x10” and 4 x 10 ** cm™2. In run 3, the boron where the depletion widtht” is

was also implan_ted into the Sl_Jbstrates afte.r the iron implant.y, _ (2K ye0/q) (Vi — V) (N4 + ND)/(NAND)1/2 (4)

Run 4 was identical to run 3 with the exception that the boron

was implanted into the substrates prior to the iron implardnd whereJy is the reverse-biased current densify, is the

Two control wafers accompanied each run and were usedfasvard-biased current densit}p),, is the diffusion constant of

references in order to make a comparison of characteristiesle minority carriersy; is the number of intrinsic carriers,

between contaminated and uncontaminated diodes. Np is the number of majority carriers on the n-side of the
Following both implantation steps, the wafers were anneal@dction, V4 is the number of majority carriers on the p-side

for 180 min at a temperature of 1100C in a nitrogen of the junction, K, is the dielectric constant of silicor, is
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Fig. 2. Leakage-current density taken from |-V measurements at a reverse biaS wblts. Generation rate of minority carriers extracted from the
current equation. Error bars display within-wafer variance. Sets 1 and 4 had boron implants prior to iron contamination implants. Sets 2 and 3 had
iron implants prior to boron implants.

the permittivity of free space, and,; is the built-in voltage until iron doses of 4x 10'* cm~2 and greater were introduced.
across the junction. An exception was seen in two outlying points of run 2 at iron
Equation (2) is the reverse-biased current-density equati@lnses of 4x 10*% and 4x 10'* cm~2, which was possibly the
The first term on the right-hand side of (2) is the diffusiomesult of reworking run 2 at the sputter-deposition step of the
current of the diode. The second term is the current due to #ede fabrication process, where the aluminum was removed
generation of minority carriers in the depletion region, and #nd redeposited. Another exception was seen in MOSFET
dominates the diffusion current fdfs <0. By neglecting the studies by Pearcet al. [16], where they indicated leakage
diffusion term, the generation rate parametgrcan be solved cyrrent densities independent of iron dosages up o dor—2.
for by using the measured current density in (2). However, their reported leakage current densities were greater
Equation (3) is the forward-biased current density equatiofjhan 3000 nA-cm2, two orders of magnitude greater than
The first term on the right-hand side of (3) is the diffusiognat we report here, and the iron implantation was ipto

term. The second term is the current due to recombinatigm)e substrates at 90C, while our work was performed on
of carriers in the depletion region. For very low voltage%_type substrates at room temperature.

V4 < 0.2V, the recombination term dominates the diffusion Most of the wafers with iron doses in the range ok 4107
term. For sufficiently larger voltagesy0.5 V, the diffusion
term dominates, and by neglecting the recombination curr

:‘gr(i)s,i:\he rrnng;c;rl:%gaézﬁrexeggssgf fgesp Cv%i?l bbi Sgé\é%d by Qin and Chan [8], who produced plasma-dop&d pliodes
g ya. r with leakage current densities of 15 nA-chat —5 volts for

in the following equation to calculate the saturation current, . L 5 o
where A is the area of the diode ah iron contamination dose of 4 10 cm™2. Note that

in [8], SIMS was used to detect the iron contaminate which
I, = gA[D, /7] *n?/Np. (5) came from the wafer platform. The wafers with iron doses of

_ _ 4 x 10'* cm~?2 had larger leakage current densities ranging
The calculated saturation currents will then be compared wWighyy, 17-30 nA-cnt2. For an iron dose of 4¢< 104 cm—2

tot4 x 10*2 cm~2 had diodes with leakage current densities of
Htween 8 and 21 nA-crd. This is comparable to work done

the saturation currents obtained experimentally. the leakage-current density ranged from 31-60 nA-3min
work done by Vermeiret al, significant increases in leakage
IV. RESULTS AND DiSCUSSION current densities for contaminate dosek x 10*2 cm~2 were

The effects of iron in silicon have been examined previousSO seen in their copper surface-contamination study [17].
[12]-[15]. With various trapping levels reported throughouthe leakage current densities of the uncontaminated control
the band gap, we expected to see the leakage-current der@iggdes annealed in the metal-free furnace wefenA-cm2.
increase with increasing iron dose. Examining Fig. 2, thEhe leakage current densities of the control diodes annealed in
leakage-current density at5 volts was fairly constant for the metal-anneal furnace were& nA-cm 2. Although it may
iron-implant doses of 4x 102 cm~2 and less. In general, not be statistically significant, this could indicate that some
there were no significant increases in leakage-current densigidual levels of unwanted impurities were introduced into
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the iron-contaminated diodes during annealing in the metal- TABLE I

anneal furnace. In two of the four runs, iron was implanted SATURATION CURRENT [s AND IDEALITY FACTOR n FOR

. h f bef b The diodes modified in this w UNCONTAMINATED CONTROL DIODES DIFFUSED IN A METAL-FREE
Into the wafers before boron. The diodes mo _e S_ ay FURNACE AND IN A METAL-ANNEAL FURNACE, AND IRON
had leakage currents comparable to those diodes fabricated ContaminateD Diopes DIFFUSED IN A METAL-ANNEAL FURNACE

with boron implanted first. This led us to the conclusion that

for the purposes of implant doping with PSiII, the simultaneous metal-free | metal-anneal metal- "'e"‘"l
implanting of these impurities would yield similar leakage furnace |  furnace fufr':tfce ;;':ZZ‘;
current densme_s. . S L. L 0 1

The control diodes showed very little variability in the leak-gun 1
age current densities from run to run. The iron-contaminate@ncontaminated — — _ —
diodes, however, showed some run-to-run variability withFe contaminated — 2.5-44x10° | — | 1.04-1.06
no clear trend in deviation. This variation can well be aRun2 - -
result of fabrication inconsistencies due to sharing resourceg""”"t"m’."“’ed 1.0x10 1.5x10 © © | 103 1.0
. . . e contaminated — 1.8-9x10 — 1.04-1.07
in the multi-user clean-room facility. The wafer anneals wereg =5
confined to an anneal-furnace that is used for various metalycontaminated | 0.6x10"® 1.3x108 1.03 1.05
anneals, and therefore any number of additional impuritieFe contaminated — 1-2.2x10™" — 1.02-1.04
were possibly introduced as a result. R;no‘i cominated | Loxto™ L3x10™ Lot o3

1 i H H contaminate LUX DX o .
By using the reverse-bias current-density (2), and neglectlnge ontaminatod = L3 5x10 3 ] 104107

the diffusion term, we can solve for the generation rate of
minority carrierstg. The results corresponding to a given
generation rate are seen on the right-hand side of Fig. 2..In . . . . . .
conventional silicon processing, when the electron conce'rr}Qn c_ontaml_nant .eﬁECtS in“m junction diodes is a usefg_l
step in dealing with the concern over unwanted impurities

tration is around 1x 10'3-1 x 10'® cm~3, the values of } X X
7o were between 2-20ps [8], [18]. For the control diodes in PSIl. With the many benefits accessible through PSII,

annealed in the metal-free furnace, the valuespfranged which includg low-energy/high-dose implants, Iowgr imple}nt
from 109-13Qus. For the control diodes annealed in the meta?—OSt’. large implant area, and the _absence of Ilne-of-S|g_ht
anneal furnace, the values af ranged from 75-82:s. The requirements, attention shogld continue to be placed on its
iron contaminated diodes 4 x 10'> cm=2 had much shorter “5¢ " integrated circuit fabrication.

values ofrg which ranged from 11-4ps. These small values

of 7¢ for high doses of iron are similar to the generation rates ACKNOWLEDGMENT
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