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Abstract—Doping reaction of diborane BHg on Si(100)
substrates in an atmospheric pressure chemical vapadeposition
(APCVD) system has been studied in terms of dopamptrofile and
junction depth as a function of gas source exposureSince
effective p’-type doping is achieved within few nanometers from
the surface, the characterization of these extremelultra-shallow
junctions requires to supplement the experimental dta obtained
by secondary ion mass spectrometry (SIMS) with prass
simulations, capacitance-voltage profiling and sheeresistance
measurements. This approach can overcome the limitans of low
depth resolution due to the conditions of the surfee analytical
technique and provide more insight into the mechasims involved
in the doping process.

Index Terms—Boron, capacitance-voltage measurement,
chemical vapor deposition (CVD), junction depth, seondary ion
mass spectrometry (SIMS), sheet resistance measurent.

I. INTRODUCTION
S vertical dimensions of semiconductor devicesdtiatige

less than 30 nm, although more aggressive depthlutemn

conditions have been demonstrated to be used ifof74ub-

10-nm B-doped layers. However, Oréizal. [8] have recently
proposed a technique based on a capacitance-valizgjag

profiling to determine with high accuracy very sbal and

abrupt surface boron profiles, providing great adages
compared to destructive and complex analytical negles
such as SIMS. Therefore, combining data from botdyical

and electrical measurement techniques can resultarnin
improved characterization of the ultra-shallow jimes and
provide a better understanding of the phenomenaliad in

the doping process.

In this work, we report on the application of measwent
techniques to further characterize the B adsorption Si
during B,Hg surface reaction doping. In particular, secondary
ion mass spectrometry (SIMS), capacitance-voltawdilipg
and sheet resistance measurements have been useddgare
B profiles and to determine the junction depth athe
electrical activation of dopant in the surface lwdwped
silicon.

sub-10-nm scale, new challenges are imposed both to

doping technologies and measurement techniqueacfarrate
and reliable characterization of dopant profilesl gumction
depths. Future doping technology could mainly bierfedm
surface reaction methods [1], such as molecularlapping
(MLD) [2], rapid vapor-phase direct doping (RVD)][3hat
do not suffer from limitations of traditional impitation and
offer good controllability of impurity concentratioto form
ultra-shallow junctions. In an earlier paper, wevéhaalso
presented a novel doping process that forms bodsoraed
layers on the silicon surface [4]-[5]. By decompiosi of

diborane BHg in an atmospheric pressure chemical vapq

deposition (APCVD) system at 700 °C, effective Bpitig of
the silicon substrate within few nanometers is exdd and
this results in high-quality and extremely ultraktw p*-n
junctions.

On the other hand, for such nm-deep junctions azb@n

measurement techniques to characterize the dopofiepare
also required. Harringtoret al. [6] have illustrated the

capabilities of 2-keV-@ secondary ion mass spectrometr

(SIMS) for B profiling and the limitations for jution depths
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Il. SECONDARY ION MASS SPECTROMETRY(SIMS)

N-type 2-5Qcm Si(100) wafers have been used as the
substrates. After a treatment with conventionahigieg and
HF dipping, anin-situ thermal cleaning step has been
performed in H ambient at 900 °C for 30 min in order to
remove native oxide on the silicon surface. Thebpimne
B,Hg is introduced into the APCVD reactor chamber with
hydrogen as the carrier gas. The exposure hasdaggad out
at 700 °C for times varying from 1s to 10 min. Hinan order
b get an accurate SIMS signal from the surfac&p@nm-
thick layer of amorphous silicon has been sputteredoom
temperature on the samples after the boron depositi

The boron profiles have been analyzed by using\2®g"
primary ions with an incident angle of 45°, andytaee shown
in Fig. 1. Although the analysis conditions can eyaily
provide accurate measurement of B dose, the depgtiution
for such ultra-shallow junctions is insufficienti particular,
%he exponential decay of boron profiles in the sualbs has
been suggested to be caused not by diffusion afdyut by
the knock-on effect of the oxygen ions during Slisigalysis
on the B atoms [6], [9]. The impact of SIMS cascauging
on ultra-shallow junction formed with a low energgn
implantation has been demonstrated to significaafigct the
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profile tailing. In fact, the expected depth of A at a boron The agreement between measured and simulated at#tares
concentration of 1§ cm?® differed from the value of ~ 12 nm that the profile tailing induced by the oxygen paimy ion
obtained from SIMS analysis [6]. It is interestitmynote that beam might dominate the experimental profiles.

the latter depth is similar to the SIMS value forpBofile

formed after 1 s deposition. However, both theeaxtly short

exposure time and the relatively low processingpemature Ill. CAPACITANCE-VOLTAGE MEASUREMENT
(700 °C) would not be able to determine such a diféysion The diffusion of B into the substrate has been etuze
into the Si substrate. monitored by a capacitance-voltage profiling teghei that

ot uses an abrupt® buried layer to profile the tail of B-doped

10 y y T y y y y layers at the wafer surface, as described in [8kchAematic
cross-section of the test structures is shown @ Bi The
1023} 1 epitaxial n-p-n" layer stack has been grown artype 2-5
/_\ 1g Qcm Si(100) substrate. Shallow trenches have bemnefi to

isolate the structures with and without B depogitibhen an
LPCVD TEOS oxide surface isolation layer has been
deposited in which the contact windows to be trbatéh a B
deposition were plasma etched with soft landinghenSi. The
B,Hg exposure has been carried out at 700 °C for 30 Thia

1 B-treated contact windows were directly covered &y
Al/Si(1%) PVD metallization and contact to the regring

4 structure has been then opened and metallized: Bdtek-side
metallization and front-side metal patterning, @ #C alloy
step in forming gas has been performed.

B concentration [cm™]
)
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Depth [nm] Schottky contact B deposition

Fig. 1. Boron SIMS profiles for 1 s to 10 minHE exposure at 700 °C. The \ ( | \ ( |
samples are covered with 100 nm PMDSi. The point of peak B 1 ! A L

concentration is moved to 100 nm in all cases. e — ! j
%
_ 4

Finally, assuming a similar knock-on effect induaadthe "»
B atoms, 2-keV-BF implantations with an incident angle of r‘]’ /]
45° and doses similar to the as-deposited B ldyave been [ L 4
simulated with Taurus TSUPREMM software [10]. The [ i e — T

comparison of corresponding B profiles is showFim 2.

2 A Ll ]
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silicon oxide epitaxial layer B-doped layer metal
----------- 1sBdep -emeeeeee 55 B dep . . . .
Fig. 3. Schematic cross-section of the test arest fabricated for the
A T 2 keV BF," impl. —o— 2keV BF,"impl. capacitance-voltage doping profiling technique [8].
10 (3.84 x 10" cm?) (4.22 x 10" cm?)

In Fig. 4, the measured profile of tipé-n-p-n* structure
with B deposition is compared to that oEp-n" with the
Schottky contact. The difference in depth (~ 10 mamfirms
that the diffusion of B atoms into the substrataeagligible at
the processing temperature of 700 °C. In additemen after
such a long BHg exposure, the measured value is smaller than
the SIMS depth for 1 s B deposition, and this fartiiustrates
the limitations of the analytical technique.

(b)

B concentration [cm?)

160 80 100 120 140 160
IV. SHEETRESISTANCEMEASUREMENT
Depth [nm]

Fig. 2. Impact of SIMS knock-on effect on B prefiiailing: comparison of A valuable parameter for the characterization efdoping

as-deposited B-layer profiles after 1 s (a) and(8) 8,Hs exposure at 700 °C profileg is the sheet resistanee _|n fQCta Since the B Con.tent
with BR," implantations, simulated under comparable SIMSiit@ns. determined by the SIMS analysis might differ frame carrier

concentration,ps can indicates the electrical activation of
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10 The test structures have been designed with a amnst
radius rg, = 68.5 um to the center of th@" channel and
varying the distanc&V (= 5, 6, 8, 10, and 14m) between

B deposition source and drain. Therefore, to extract the shesistance a
= g 700 °C - 30 min ghlom differential measurement technique can be apptiesiminate
= parasitic series resistance components. A lingaroxgmation
O, can be made since the conditigp » W is satisfied [11]-[12].
b2l The total measured resistance is thus given by
Q
QO 107} Schottky contact P
RT = RS + RD + Rboron—layer= K+ 2 =—W (1)
\ Tlep
where Rs and Ry represent the source and drain contact
10'® . . . resistances, respectively, which are assumed hereet
100 150 200 250 300 constant. As shown in Fig. 6, the linear dependemtdhe
Depth [nm] spacingW is observed, angs can be determined by the slope

Fig. 4. C-V doping profiles measured from the @bmi* buried layer to

Schottky contact and a 30 min B deposition at 00 °

of the line interpolating the measured data. Thhs, sheet
resistance for B-layer formed at 700 °C for 10 1giri.04 x
10* Q/sq.

dopants. A large variety of the current state-ef#ént non-
penetrating/non-contacting tools have been invatyin [7]

for sheet resistance measurement. However, both t
complexity of these techniques and still their tations for '5}'
few-nm-deep junctions can make these methods antite.
On the other handys can be directly determined by uslngcc
differential electrical measurements on ring testictures, 8
whose schematic cross-section is shown in Fig. Be T &
structures consist of two concentric ring contaxts regions
which act as source and drain. These regions heee formed
with a high dose B implantation into thetype 2-5Qcm
Si(100) substrate followed by long thermal anneglmorder
to reduce both the contact and sheet resistanceatienhe
metal. The resistive “channel” path between soame drain
is then provided by the B-layer that has been degbsas
described above, and results are reported belovedoples
with 10 min exposure time.
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Fig. 6. Total resistanc@r as function of source-drain spaci\g The sheet

rch

L substitutional.

fact,

resistances of the B-layer deposited at 700 °C for 10 minxtacted from
g the slope of the line interpolating the measured.da

T Although the SIMS doping concentrations exceedbibr®n

E { solid solubility of ~ 2x 10" cm® at 700 °C, the sheet
resistance measurement indicates that the incdrporaf B

W atoms into the substrate appears to be not corplete
the corresponding boron selo
determined fromps with bulk silicon mobility of 50 ciVs is

source and drain
regions

silicon oxide B-doped layer

Fig. 5. Schematic cross-section of the ring té&stctures fabricated for the

sheet resistance measurement.

metal

1.2 x 10" cmi®, which is lower than 9.1& 10" cm® from
SIMS data [5].

Finally, this method in combination with an Hi@eaning
step and HF dipping, which can be performed after B
deposition, provides further insight into the juont depth.
The removal of the resulting ultra-thin cleaningdexhas been
measured to significantly increase the sheet eswist In
particular, for exposure time shorter than 5 miagthchannel
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B-layer is substantially removed. These resultsfimanthat
our B deposition process is suitable for formatdémm-deep
junctions in silicon.

V. CONCLUSION

In summary, we have applied different measuremeH¢!

techniques to characterize the extremely ultraksivap’™-n
junctions formed by B adsorption on Si duringHB surface
reaction doping in terms of dopant profiles ancction depth.

It has been shown that due to the large amounepbsited
B atoms in our CVD process a SIMS profile does gige
sufficient depth resolution to be able to isolateether there is
B diffusion into the substrate. In fact, the knamk-effect of
oxygen ions dominates the experimentally measuredigs.
On the other hand, accurate measurement of jundémth is
achieved with a dedicated capacitance-voltage Iprofi
technique that confirms effective boron doping ¢tcwr within
10 nm from the silicon surface for longHg exposure time.
Finally, measurement of the sheet resistance has bsed to
determine the electrical activation of dopants he tas-
adsorbed B-layers, which is mainly limited by thelic
solubility at the processing temperature.
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