Modeling of leakage mechanisms in sub-50 nm  p*-n junctions
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High leakage currents of ultrashallow junctions formed by B diffusion out of solid-phase epitaxially
grown CoSj contacts grown from Co/Ti bilayers on Si are explained by the Shannon contact model.
Depending on implant condition, the diodes behave either-asdiodes or Schottky diodes with
barrier height enhanced by tigetype diffusion. Diodes implanted withB™ at 7.5 keV and 1¥

cm 2 dose show leakage current near 100 nAam-5 V and behave like idegd-n junctions after

a 900 °C, 30 s postimplant anneal. Diodes implanted at 3.5 keV withctd 2 dose or at 7.5 keV

with a 10 cm ™2 dose display higher leakage currents and other characteristics like Schottky diodes.
Further analysis of the Shannon contact model shows that thermionic emission leakage current of
Schottky-like diodes may limitp-n junction scaling: with p-type doping concentrations of
10-10*° cm™3, the Shannon contact model predicts that a 20—3(@rgpe junction depth below

metal contacts is necessary to keep leakage at acceptable levels. A capacitance—voltage method is
suggested for finding the minimum junction depthmh junctions. © 1996 American Vacuum
Society.

I. INTRODUCTION cult, but has been shown possible with standard processes by
reducing the RTA thermal cycle. Junctions of 10-50 nm have
In upcoming generations of metal—oxide—semiconductopeen shown using P and As diffusishand junctions of 60
field-effect transisto(MOSFET) devices, it is expected that nm have been shown with boron dop&ntReducing the
improvements in performance and speed will be made by thgoron junction depths below 60 nm by standard processes
scaling down of device dimensions. Controlled reduction ofrequires further reduction of the thermal budget, and an even
critical device dimensions has become a major thrust in demore difficult tradeoff between lateral and vertical junction
vice manufacturing. For some device parameters, like gatdepth, sheet resistance, contact resistivity, and reverse junc-
oxide thickness, it has been acknowledged that fundamentgbn leakage currents. Dopant incorporation by implantation
scaling limits are being approached: a linear reduction of thend thermal activation, diffusion from a gaseous source, and
thickness parameter cannot be done and still maintain matefiffusion from a doped thin film are all subject to this com-
rial and device reliability. For the diffused source/drain junc-promise. One process investigated to circumvent the diffi-
tions, no such limits have been acknowledged, as makingulty is the use of CoSias a dopant source. The CgSi
junctions below 50 nm in junction depth that even approachiopant source technique has two advantages: the dopant is
fundamental limits has been difficult. implanted into the silicide, so there is no residual implant
The reduction of shallow source/drain junction diffusion damage in the silicon, and lower thermal cycles can be used
length is a critical problem in sub-micron MOSFET devices,for diffusion. In addition, duringp™ diffusion, boron in the
where short-channel effects like drain-induced barrier loweroSj, segregates at the Cgf8i interface, promoting the in-
ing cause the threshold voltage to be a function of both apeorporation of B in the Si near the interface.
plied voltage and lithographically defined channel length.
Reproducible reduction of these effects is achieved by keept. EXPERIMENT
ing the effective channel length as long as possible. Although
reduction of the lateral source/drain diffusion junction depth
is essential for threshold voltage control and reproducibility,
its scaling has historically been less aggressive than the scal-
ing of minimum feature size. This has been due to the diffi-
culty in controlling the thermal budget in furnace annealing| @ Vet bepositon | b) Sikidation Repic ) ) '8" implantation ) Posiamosn Repid
steps where significant diffusion occurs during heating and . l l l l l l Cosiy
cooling of the large thermal mass of the furnace. ”///////",/////// CoSe
Since the advent of rapid thermal annealif®TA) sys- . ! 3 Si0, i .
tems, shallow junction scaling to around 100 nm has become
feasible. Sub-100 nnp™ junctions have even been made

with boron!? whose large diffusivity in Si is greatly en- ) . f . fowia) f
: : . 1. Schematic drawing of Cosiliode process flow(a) deposition of 15
hanced In the presence of residual damage caused hy tﬁg Co, 2 nm Ti bilayer(b) solid-phase epitaxial growth of CaSh 900 °C,

dOP?-nt impllantafcion steps used to introduce thg dopan';. R%O s RTA,(c) implantation of boron into silicide, an) second RTA step at
ducing the junction depth to 60 nm and below is still diffi- 900 °C, 30 s, to diffuse boron out of silicide.

The devices described here are epitaxial GpSsi/n-Si
diode structures. Epitaxial CoStontacts(50 nm thick are

n-Si n-Si n-Si CoSiy
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[Il. MODELING OF ULTRASHALLOW p*-n

10°

JUNCTIONS
A. Shannon contact modeling of  /V characteristics
02| Schottky _ Whenn-type dopants are used for shallow junction fabri-
- cation, sufficient dopant activation can be achieved in a
,_owEne,gy (3.5keV B, 101 cm?) short, low-temperature thermal cycle due to the high solid
'|||III|II|' . y

solubility and moderate diffusivity afi-type dopants like As
and P in Si. Shallown™ junctions often exhibit tunneling
leakage in the reverse bias regfbhas the shallow junction
depth is coupled with a high concentration of activated dop-
| ant. A shallow, highly doped junction causes large electric
High-E (7.5keV B, 10'S cm2) fields in the junction depletion region under reverse bias.
This leads to significant tunneling current when the substrate
doping is high, as in MOSFET channel regions.
108 | . For p-type doping, the only dopant with high solubility is
rapidly diffusing B, for which a shallow junction depth is
usually tied to low activation in standard process sequences.

Low-dose (7.5keV B, 10" cm?)

106

Leakage current density (A/cm?)

1010 After 900°C post-implant anneal In this case, the junctions may not behave as igealjunc-
0 1 2 3 4 5 tions, but rather as Shannon contdctsschematic drawing
Reverse Bias Voltage (V) of the band diagrams and sources of current for the four

likely current mechanisms is shown in Fig. 3. The Shannon
Fic. 2. Reverse-biased current density—voltag®)( curve for diodes im- contact is a Schottky metal-semiconductor contact with a
planted with boron after 900 °C postimplant anneal, showing Schottky-likeparrier height enhanced by a thin layer of Si doped oppo-
behavior of diodes implanted at a low-dose or low-energy condition andgjie |y, 1 the substrate under the metal. At the point where the
orders-of-magnitude variation in leakage current among samples. The high- . . .
energy, high-dose sample has the lowest leakage, about 100 HA/cm p-n junction becomes shallow enough to be described as a

Shannon contact, its leakage increases rapidly.

A schematic of the Shannon contact doping profile and

formed in local oxidatiofLOCOS oxide patterns on 8—12 band diagram is shown in Fig. 4. The thinlayer of thick-
Q) cm n-type Si as shown in Fig. 1. A sputter-deposited bi-ness,d, is assumed here to have a constant doping profile
layer of 15 nm Co and 2 nm Ti is followed by a rapid ther- with net dopant concentratioN,, for simplicity. If image
mal solid-phase epitaxy step. The silicide is then used as #orce lowering of the barrier is ignored and tpelayer is
dopant source for boron. Boron is implanted into the silicidefully depleted, the thermionic emission barrier height is the
at 3.5-7.5 keV implant energy and #010'® cm 2 dose.  sum of the barrier height of the metal contachtSi plus the
The naming conventions of the specific samples to be disesnhancement due to thelayer:
cussed are summarized in Table I. The details of the process- _
ing sequence were described previodsiReverse-biased Pp(V)=Pgot ARV, @
current density-voltageJ(V) characteristics are shown for where the enhancemeitd is a function of thep-layer dop-
the diode samples after 900 °C annealing nRTA in Fig.  ing, junction depth, substrate doping, temperature, and ap-
2. Orders-of-magnitude variation is observed in the reversglied voltage. In this work, thebg, used is the zero-bias
leakage currents despite secondary ion mass spectroscoPpSh to n-Si barrier height of the epitaxial CoSmaterial
(SIMS) and spreading resistance profile data indicating thatised, which was measured at 0.72 eV from the JoShi
significant quantities of B are present under the silicide forSchottky diodes described in the preceding section.
all the samples. For comparison, Schottky diodes were made In this model, when the-layer doping and thickness be-
in the same silicide processing sequence but without the Bome high enough, the total barrier heightnti will satu-
implantation and annealing steps. In Fig. 2, the low-energyate. Saturation occurs when the band bending between the
and low-doselV curves show similar curve shapes but largep-Si andn-Si reaches its maximum valugy—®,—®, at
differences in leakage magnitude from the Schottky diodgéhermal equilibrium, wheré, is E.—E; in the quasineutral
curve. These shallow-n junction characteristics lead to the n-type substrate and, is E;—E, in the quasineutral region
description of the CoSidiodes as Shannon contattshere  of the diffused layer. When the barrier height saturates, holes
the small amount ofp-type dopant present effectively in-
creases the Schottky barrier height and decreases the barrier
height-dependent thermionic emission current observed. Dir,; | Energy and dose of boron implant.
odes made by dopant out-diffusion at 900 °C havayer$

about 4—80 nm thick with peak doping of ¥810?° cm ™3, Sample High energy Low energy Low dose
The models presented in this article will investigate the prop- mpjant energy 75 keV 3.5 keV 7.5 keV
erties of junctions like these as a function of substrate and implant dose 18 cm™2 10" cm 2 10" em 2

surface layer doping.
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potential
energy

a) Thermionic b) pn junction ¢) Tunneling
emission current

Fic. 3. Band diagrams and sources of reverse-biased leakage current in three types of ju@tiSohottky/Shannon contact leaks due to thermionic
emission of electrons from metal inteSi, (b) p-n junction diode leakage is due to both hole and electron generation in the junction depletion region and
minority carrier diffusion across junction, afd tunneling leakage in reverse bias consists mostly of electrons from valence band tunneling into valence band

on then-type side. The parabolic barrier used is shown. Ohmic contacts are assumed at the silicide/Si inte(facntb(c).
qVv
layer can no longer be assumed fully depleted. This is one Jsc=A*T? ex KT eXF{ﬁ
measure of when the device begins to behave like-@a
junction. The barrier height enhancement is calculated fronwhereA* is the effective Richardson constant foitype Si,
Poisson’s equation, assuming complete depletion of the suR52 Alcm” K?). As shown in Ref. 7, for moderate doping

face layer. Assuming that the surface potentiabjg and the  levels, the magnitude of the current density is sensitive to

potential in the bulk isPg,— (Vg —V), the total depletion Vvery small changes in the junction depth. A small, 5 nm
width W is found: thickness variation causes a factor of 1000 increase in leak-

age at—3.3 V of a 30 nm junction with junction doping of
@) 10" cm 2 and background doping of ¥cm 3. At the point
where the barrier height saturates, when the band bending
has reached its maximum, the thermionic emission leakage
drops to the pA/crhlevel according to this model.

To determine how shallow a junction can be tolerated at
different doping levels, the leakage current density is plotted
as a function of thep-layer thickness for varying-layer
(3)  doping concentrationN,, with substrate doping of b
%in Fig. 5@ and 13® cm 3 in Fig. 5b). The figures
how the thresholg@-type material thickness to make a low-
akagep-n junction when the substrate doping increases,

-1

begin to build up in the area of the peak potential, and the F<_qq)B(v))
— : 4

265 A 1/2
= 14+ —2

dNp Np

whereVyg, is the built-in potential as described in Fig. 4. The
increase in barrier height is then described by
g (Np

AD(V)= 2ee (N—A (W—d)2—2Npd(W—d)+ NAdZ) :

W(V)= (Vg—V)+d?

The current density—voltage characteristic of the Shannofi™
contact is dominated by thermionic emission current, like
Schottky contact, but the enhanced barrier height is used i
the current equation:

3 a) Np=10"% em® b) Np=10"8 cm®
107
Ny in cm® Np in om™®
&
5t T
@ S R 1018
. 5x
ND-NA g < 108
o % 101°
No 25
.g © 5x10™®
P——— X € N
o[}
d w g2
=]
Na F3
barrier height
saturation limit
10-12
0 20 40 60 o] 20 40 60

FiG. 4. Schematic drawing of the Shannon contact band diaggdrg, is d, p-layer thickness (nm)

the barrier height of the Schottky diodwith no p-type doping layer at

zero bias.gA®(V) is the voltage-dependent enhancement in the effectiveFic. 5. Variation in the simulated thermionic emission current density at
barrier height due to the dopant profile shown in the insitandNp are —3.3 V reverse bias with an increase in thickness and doping gf tager

net dopant concentrations after compensation. under CoSij contact for substrate doping &) 10*® cm ™3 and(b) 10*® cm 2,
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Boron layer doping concentration (cm™) < -—
Fic. 6. Position of fabricated CogSilevice parameters in Shannp# junc- 0 ) )
tion phase space. The boundary line gives the thickness and dopingpf the 0 106 dg 2x10®
layer to drop the thermionic emission current to 1 nAicifihe substrate Junction depth, d, incm

dopingNp=10"° cm 3.

Fic. 7. Variation of the 1C? graph(shown in inset interceptV; with in-
o . _~ creasing junction deptt for constant diode dopintl,=2x10' cm 2 and
and the large sensitivity of the current to changes in dopingbackground doping, =10 cm™3. The graph shows the gradual increase

As N, decreases from>610'® to 10'® cm™3, the layer thick-  in the intercept as the dopant dose in Si increases and the fall in intercept
ness required to drop the leakage below 1 n&jcarstandard Vhen thep-n junction criterion is reached.
figure of merit for shallow junction leakage, doubles. Ac-

cording to this model, a shallow junction abutting a MOS—d.ﬁ d] K he thermionic leak
FET channel region with doping near £acm 2 requires iffused layer necessary to keep the thermionic leakage cur-

more than 25 nm of material dopeck%G8 cm™2 or more to rent of a junction below 1 nA/cfaIn a junction meeting this
avoid thermionic emission leakage. If activation abové®10 crlterlon_, the leakage currer_1t. IS QOmmat_ed oy junction )
cm 3 is possible, a 15 nm layer may be sufficient to meet thddeneration current. The position in the diagram of the GoSi

leakage requirement. If image force lowering is considered?ric’dlesykthiCknESS and'dqpinghdata 'colr:r'ela;esT\éer}/ well with
the required junction depths are larger. e leakage characteristics shown in Fig. 2. The low-energy

and low-dose samples with high leakage and Schottky-like
characteristics are located in the region where thermionic
emission is the dominant leakage mechanism. The high-
Ideal p-n junction leakage current includes the contribu- energy sample with leakage current density near 100 nA/cm
tions of diffusion current and space-charge generation curat —5 V is located above the cutoff line, in the region where
rent. For most practical diodes, generation current is the limdiffusion and generation dominate, and can be described as a
iting quantity, as the carrier generation and recombinatiorp-n junction.
lifetimes are determined by difficult-to-avoid, process-
induced deep-level centers frpm heavy metal conta'mlna.tlorb CV characteristics
crystal damage, and mechanical stresses near the junction In
a real diode. The total, ideakn junction current is given by The Shannon contact behavior of the shallow diodes is
also observed in capacitance—voltage measurements, where
Jon=Jgii+J :qnz(i \/§+ i&) + M the presence of the depletpeype layer makes the depletion
pn ' gen '"\Np 5 Nad’ T region larger, and the capacitance smaller, than expected for
a Schottky contact. Such capacitance—voltage measurements
whereD,, andD,, are the diffusivity of holes and electrons, have been used to monitor the progression of dopant into
respectively, andl’ is the quasineutral width of the layer. ~ Semiconducting material, by observing the increase in the
The depletion widthV used for the calculation is the Shan- V-axis intercept of the © versusV diagram after increas-
non contact depletion width when the barrier height enhancdng thermal cycles? In this work, we suggest that looking
ment is small and the normakn junction depletion width ~ for the point wherev; , the V-axis intercept of the 0 plot,
when the barrier height saturates, 7,, andr are the leak- ~drops back to th@-n junction value is one way to identify
age limiting lifetimes discussed above. As this current varieghe p-n junction. The depletion width of the Shannon contact
very slowly with changes in junction depth and doping, theis given by Eq.(2). As C= e A/W, the intercept of the T?
p-n junction current in the following example is set to 1 plot occurs where ©?=0, when
nA/cr?. q
In Fig. 6, p-layer doping and thickness values obtained by  V,=Vg,+ — (No+Np)d?, (6)
spreading resistance profiling of the epitaxial Godibdes €s
are shown in the-n junction/Shannon contact phase spacewhere Vg, =®g,— ®,. The Schottky diode intercept is re-
This graph shows the critical values df, and d of the covered by settingd=0. V,; for the p-n junction is the

B. p-n junction/Shannon contact phase space
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of the p-n junction. The three lines show the dependence of
the diodes’ behavior on the total dose of dopant in the junc-
tion. Along each line in the plot, thp layer has a constant

-
<
&

Dose = 107 e rPwv— dose. Successive points on the lines in the direction of the
10 Dggfezg}ng";j ] arrow have increased junction depth and decreasing doping
Increasing d N, . The observation that increasidgand decreasind), is

the way to reduce the leakage for junctions formed with a
constant dose is another reason to limit shallow junction
scaling. Increasing the junction depth is more efficient for
reducing leakage. Observation of such an experimental curve
may be useful for finding the minimum drive necessary to
create a diode witlp-n behavior, where leakage current is
not so heavily dependent on and sensitive to changes in the
junction depth and doping.
Fic. 8. The relation between leakage current density and the intercept of the In Taple_ Il, the 1c? mtergepts and leakage behavior Qf
1/C? diagram,V; , shows leakage steadily decreasing\asncreases and the CoSj diodes are summarized. The results track well with
snapping back at thp-n junction condition. Successive points on the con- Fig, 8. The Iow-energy diode shows a barrier height higher
stant dose Iir_1es in the directio_n of the arrow h_ave increasihg junction deptlﬂhan the Schottky junction and reduced Ieakage. The low-
and d_ecreasmg dqplng, showing that increasing the junction depth is mos&Ose diode shows an increased barrier height but on average
effective for reducing leakage and makingpan junction. ’ !
no reduction in the leakage due to a very large spread in
leakage among the low-dose samples, as expected from Fig.
built-in potential of thep-n junction, which varies slowly for 5. The SIMS data of the best, lowest-leakage low-dose
N, in the degenerate doping regime, and varies from aroungamples showed that those had a similar dose but higher
0.75-0.85 V forN,=10%-10° cm 2 and N, =10" cm™3,  junction depth of B in the Si than the low-energy samfles.
like the diodes studied. The variation in intercepis shown  This correlates with the trend seen in Fig. 7, where deeper
in Fig. 7 for varying junction deptl. At d=0, the intercept junction depths are seen to be most effective for reducing
is at the Schottky value. Ad increases, the magnitude of the leakage. For the high-energy diode, the intercept has de-
1/C? curve increases but the slope remains constant so th@feased and the leakage has decreased further, showing it has
1/C? plot intercept increases, as shown in the inset of Fig. 7feached the-n junction regime.
line ii. The intercept increases until the barrier height satu-
rates. When the saturation point is reached, the slope of t
1/C? curve increases to the-n junction value, and the in-
tercept falls abruptly to thg@-n junction built-in potential New shallow junction fabrication technologies are first
(Fig. 7 inset, line ii). For layers thicker than this, the-n  tested on diode test structures like the Galtddes described
junction intercept will be constant. As shown in the inset ofin this article. For fabricating low-leakage diodes, high-
Fig. 7, however, if high enough voltage can be applied topurity wafers are used, which usually have substrate doping
deplete thep-type layer, the Shannon contact behavior mayof 10°~10'® cm™3. The substrate doping found in MOSFET
again be observed. devices may range from these low values in the vertical di-
Plotting the thermionic emission reverse leakage currentection under the junction to 16-10'® cm 3 in the lateral
of Shannon contacts as described by E).against the in- direction where the shallow junction meets the MOSFET
terceptV; leads to Fig. 8, where the variation of leakage andchannel regionN, may range from the solid solubility at
intercept is shown as the dopant dose in Si increases. Theeak annealing temperaturess B0*° cm 2 at 1100 °C, down
line shows the initial increase in the intercept and reductiorto levels only slightly greater than the substrate doping, if
in leakage current as the barrier height enhancement irannealing is done at low temperatures to minimize the diffu-
creases. When the barrier height saturates and the diode k&ien. As the doping can vary by a factor ofif a MOSFET
gins to act as @-n junction with a quasineutral region in the device, different current mechanisms may dominate in dif-
p-type layer, the intercept decreases to the built-in potentialerent locations, depending on the doping levels.

N

Dose = 3x10'2 em?2 "\

<
I3

Dose = 5x10'2 cm2

Leakage current density at -5V (A/cm?)

1012 s s L ) L s ) ) PR L L L L :
o 0.5 1.0 1.5 2.0

V;, 1/C3-versus-V plot intercept (V)

hlg. Tunneling contact/Shannon contact phase space

TaBLE Il. Summary ofCV andJV data of diodes.

Sample High energy Low dose Low energy Schottky
V;,CV 0.76 1.07 0.82 0.45
intercept(V)
Average leakage current 25 572 550 7000
density (uAlcm?)
Best leakage current 100 nA/cnt 22 uAlcm? 350 uAlcm? 2.3 mAlcnf
density
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until the substrate doping is abovei@m 3. Even so, the

w03 | - 32223313 ] thermionic emission leakage current is larger upjo=10'®
emission d=15nm cm 2 for aNp=4x10" cm 2 and up toN,=4x10"® cm™3
z, for Np=6%10'" cm 3. This simple model predicts that with
/ substrate doping dfl;=10"% cm 3, a low-leakage idegh-n
108 | Tunneling Current 1 junction characteristic cannot be achieved at all due to ther-

mionic emission and tunneling leakage currents. Channel
doping below X10' cm 3 is sufficient to drop tunneling
currents below the diffusion/generation levels in this simula-
tion. To avoid tunneling leakage and to maintain low-leakage
off-state characteristics of MOSFET devices, doping levels
in the channel region are limited by this value.

Typical generation current limit

Current density at -3.3V (A/lem?)

Barrier height saturation limit

10712

0 10'19 ox1019 IV. CONCLUSION

N, p-layer doping concentration (cm-3) The preceding analysis indicates that there are strict limits
on shallow junction depth and doping if junctions are to
Fic. 9. Variation in simulated current densities of three diode typesa8  behave like ideap-n diodes with low off-state leakage. The
ngﬁ°wg?%;2§éﬂ‘§§r§a§§§ l;);g;Ve tThuerml‘iJ:iccif::i::tiodnorcnlilggtsﬁmy:; e Shannon contact model has been used to provide a first-order
p—Igyegr doping is above that Ievei and the sgubstrate doping is high. eStI_mat,e Of_ the minimum junction depth of shallow source/
drain diffusions that can be used for low-leakage MOSFET
applications like dynamic memory. For shallower junctions,
it is important that the metal contact be kept away from the
Tunneling currents have been detected in reverse-biasgdnction, perhaps through the use of elevated source/drain
p-n junctions used in bipolar transistor emitter-base redionsstructures. For ultrashallow layers, the active doping con-
and simulated MOSFET channel regibnehere the doping centration should be maximized and be kept abov& 10
concentrations and peak electric fields are high. These cugm™2 to minimize thermionic emission leakage current, and

rents can be Significant in MOSFET channel regionS Whe%ubstrate dopmg must be kept be|owm17 Cm73 to avoid
the source and drain are reverse-biased. Expressions f@inneling leakage.

reverse-biased diode tunneling current have been calculated
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