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ABSTRACT

"Boron deactivation by pairing with contaminants and boron compensation are studied in
-silicon-wafers from various IC manufacturing processes using the SCP method. Dissociation
energies of pairs formed due to noble metals contamination in HF chemistries are the same
independently of the noble metal and correspond to the one of B-H pairs. This suggests that
metals are not directly responsible for the doping change but enhance hydrogen contamination
into the silicon during HF cleaning. Hydrogenation during SC1 clean, RCA clean, and plasma
etching is responsible for boron deactivation by pairing phenomenon. Copper contamination
introduced into Si during thermal oxidation compensates initial boron doping by formation of
stable complexes.
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INTRODUCTION

Silicon doping can be accidentally modified during IC manufacturing by contaminants
coming from processes or even from clean room air. For example, it is well known that very
high levels of boron are emitted from boro-silicate glass which constitute the HEPA filter and
that volatile species of phosphorus coming from H;PO4 bath can be encountered in the case of
exhaust failures. Many other contaminants can affect the silicon doping by presenting
donor/acceptor properties or by their ability to neutralize the dopants by creating B-X pairs.

In this paper, the doping change of boron-doped silicon wafers, due to the effects
mentioned above, is studied using the Surface Charge Profiler (SCP) method which enables
one to measure the near-surface doping characteristics. The goal of this study is to carry out
investigations on boron deactivation/reactivation phenomena and foreign donor levels in the
sub-surface region by measuring the dissociation energies of B-X pairs (Ea) and the diffusion
coefficient of doping species (Dx). This work continues previous investigations performed in
the same field [1}, [2].

EXPERIMENTAL

The SCP is a non-contact, non-invasive method based on the surface photovoltage (ac-
SPV) induced by a low intensity modulated light. It measures the surface depletion layer
width (W) and the surface recombination lifetime (ts) from analysis of the in-phase and
quadrature components of the ac-SPV signal. Under inversion conditions (i.e. high positive
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charge on p-type Si surface), W reaches its maximum value Wmax, allowing one to calculate
the net average active doping (Nsc) within the depletion layer using the relationship (1) [3].

Wmax
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where q is the elementary charge, k is Boltzmann’s constant, T is absolute temperature, &g; is

the dielectric constant of the silicon, and n; is the intrinsic carrier concentration in the silicon

at temperature T. Maps of near surface doping are obtained on entire wafers in their

equilibrium state. The light intensity used in the SCP method is low enough to prevent

dissociation of dopant-contaminant pairs. One can find detailed presentation of the SCP

method and applications in references [1, 2, 4, 5, 6] and references therein. The specific use of
~ the"SCP method for doping measurements is presented in reference [7].

The tests described below were performed at LETI facilities on boron-doped polished
wafers (CZ, <100>, 4" or 8" diam., 14-22 or 7 Q-cm) straight out of various IC fabrication
processes. For dissociation energy measurements, wafers were annealed on a hot plate in
clean-room ambient air, = 0.5 °C regulated, and then rapidly cooled on a cold plate. The
condition of inversion necessary for doping measurement was achieved by a 2 min 1% diluted
HF dip. The active boron concentration in the near surface region was compared to the
nominal doping of each wafer, Nb. This reference value is Nsc as measured by SCP after a HF
dip and a full boron reactivation performed under a 10 min 230°C annealing. Nb agrees well
with the wafer supplier specification value and with Hg C-V or MOS C-V measurements
performed at LETT using a SSM-495 system (bulk doping). W, Nsc, and vs data presented in
this paper were measured with a commercial system (SCP 7200) from QC Solutions Inc.

RESISTIVITY CHANGE INDUCED BY B-H PAIRS

The properties of hydrogen in semiconductors are of technological interest, offering
advantages for device fabrication such as defects passivation, or for Silicon On Oxide wafer
fabrication using hydrogen implantation. On the other hand, hydrogen can false doping
measurements rendering electrically inactive dopants. The evidence of hydrogen as
omnipresent and highly chemically reactive, even at room temperature, has motivated
intensive investigations in the following fields: passivation of defects such as surface states,
grain boundaries, dislocations [8], hydrogen-dopant complexes [8, 9, 10, 11], acceptor-H-Si
and donor-H-Si structure model [12, 13, 14], and neutralization of deep levels [8, 9, 15]. In
previous studies, the hydrogen-dopant complexes were analyzed from capacitance-voltage
measurements of MOS capacitors and Schottky diodes using samples intentionally
hydrogenated. In contrast, this work was done using production wafers measured with in-line

monitoring equipment.
Feasibility of the SCP method:
The starting point for this study is the measurement of the dissociation energy of B-H

pairs: Ea.1). The active doping of as-received wafers is about four times lower than Nb. The
initial boron deactivation has been identified as neutral B-H complexes [1, 16, 17]. Hydrogen
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can be introduced during wafer fabrication, especially during polishing and cleaning steps.
Here, Eap.i) is determined to be 1.34 = 0.07 eV (see figure 4) and agrees well the value Eag.
H) = 1.28 = 0.03 eV established by [11]. Our results also confirm those of P. Roman et al. [1].

Figures 1 and 2 show the recovery of the bulk doping after thermal annealing of as-
received wafers. The initial neutral B-H complexes thermally dissociate and follow a first-
order kinetic with the following limitations:

a) The annealing time (ta) should be low enough to prevent the deficiency of B-H pairs i.e.
about 45 min at 95°C, 5 min at 125°C, and 2 min at 140°C as one can see in figure 2.

b) ta should be high enough to limit measurement errors due to the competition between
thermal dissociation and additional hydrogen contamination and pairing. See the slight decay
“of the curve in figure 1 for 15 min annealing between 70°c and 90°C. The first part of
dissociation rate curves in figures 2 and 5 was voluntary avoided for this reason.
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Figure 2: First-order kinetic of
H-B pairs dissociation.

Figure 1: Boron reactivation after
thermal annealing.

Additional hydrogen contamination coming into Si from the surface during annealing,
handling, and measurement could explain the additional deactivation shown at 75°C in figure
1. Indeed, it has been reported that after thermal dissociation of B-H pairs, the released
positively charged atomic hydrogen drifts under the electric field present in the space charge
region and builds up in the underneath bulk (see doping profiles in [11]). Then, the surface
dopant concentration remains stable with storage time [1], showing that H" swept away into
the bulk cannot come back into the surface space charge region. This effect agrees with results
from J. Pankove [9] showing that competition between trapping and bond breaking is
responsible for a maximum hydrogenation of the sub-surface at about 90°C.

Conditions a) and b) were verified for all our measurements. In figure 2, data for only
some annealing temperatures (Ta) are presented, for sake of clarity. The boron reactivation
rate is plotted with a logarithmic scale. The straight lines represent the least-square fits to
these data in the linear part (respect of conditions a) and b)) according to equation (2):

[BX]=[BX]oexp(-ta/td) 2
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td=tdeexp[Ea/(kTa)] 3)

where [BX]=Nb-Nsc is the concentration of inactive boron following the anneal, [BX]o=Nb-
Nsc, is the initial concentration of inactive boron, and td is the dissociation time constant
determined from the fit. The a priori unknown species associated with boron are here labeled
X. The temperature-dependent values of td satisfy the relation (3). The above limitations
added to a possible non-perfect inversion state after the HF dip and to the hot plate
temperature uncertainty lead to a 2% error level in the worst case, on td used in Arrhenius
plots. Then this error is taken into account to calculate the Ea uncertainty.

Hydrogenation during cleaning steps:
1) SCl1inRCA:

A conventional full RCA clean (SC1 + SC2) gives an active near surface doping about
four times lower than in the bulk. SC2 clean alone is not responsible for this, while boron
deactivation during SC1 clean is shown in figure 3 with W higher than initial Wmax value.
According to relationship (1), Wmax increases with a decay of the net average doping.
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Figure 3: Near-surface doping deactivation during contaminated HF dip and SC1 clean,
W higher than initial Wmax value.

Figure 4 shows the Arrhenius plots of as-received wafers and of wafers first annealed 10
min at 230°C in order to reactivate boron and then cleaned in a conventional SC1 (10 min
70°C, NH4OH-0.25/H,0,-1/H;0-5). Data from [1] and [2] are also shown on the graph for
comparison. The straight lines represent the least-square fits to the experimental data
according to equation (3). Using the slope of these lines, Ea is determined as 1.24 = 0.10 eV
for SC1 cleaned wafers. This value enables us to identify atomic hydrogen. The second
experiment demonstrates that not only is the polishing of CZ wafers responsible for Si
hydrogenation [16, 17] but conventional cleaning processes are also.
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Figure 4: Arrhenius analysis of td for B-H pairs formed during CZ wafer fabrication and SC1 clean.

2) HF clean:

Monitoring of noble metals in HF is critical because of their detrimental effect on device
yield and performance. As an alternative to slow and expensive conventional spectroscopic
methods such as ICPMS (Inductively Coupled Plasma Mass Spectroscopy), AAS (Atomic
Absorption Spectroscopy), or TXRF (Total X-Ray Fluorescence), the SCP method has been
investigated [2]. It was concluded that near surface doping is deactivated during HF dip when-
noble metals deposit onto the wafer. The SCP sensitivity to surface doping was used from an
industrial point of view. Monitoring of HF bath purity was demonstrated using SCP on
production wafers right out of the bath with a detection limit as low as 1ppb of noble metals in
1% HF. Figure 3 shows Nsc decay in contaminated HF bath via W measurements higher than
the initial Wmax value, and no effect on W during clean HF dip. Before each treatment (SC1,
SC2, CARO (10 min, 130°C, HS04-3/H,05-1) + 1% HF, or CARO + 10ppb Ag spiked 1%
HF), the doping was reactivated under thermal annealing: Nb=6.6E14 at/cm’ corresponding to
Wmax=1.05 pm.

Thermal reactivation of Nsc after contaminated HF dip was studied. All wafers were
annealed for 10 min at 230°C before HF treatment for boron reactivation and Nb measured at
this step. The first-order kinetic of boron reactivation was verified. The case of copper is
given as an example in figure 5. Figure 6 shows the value of Ea determined after deactivation
during a 10 min 20°C dip in 1% HF spiked with 10ppb Ag, 100ppb Cu or 100ppb Pd. :

Ea as measured by SCP or by the conventional C-V method [10] is the sum of the
surface dissociation energy of B-X complexes and the activation energy for diffusion of X
away from the space charge region. Each X species has is own dissociation and diffusion
energies. For example, Ea for B-Cu and B-Fe pairs are 0.63eV [18] and 0.25 eV [19]
respectively and the diffusion of metals in Si can be several orders of magnitude different,
depending on the species [20]. Since the same behavior of boron reactivation is reported here
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whatever the noble metal responsible for doping deactivation, it is highly unlikely that noble
metals are directly paired with boron. Furthermore, Ea determined here is close to the
experimental value for B-H pairs. This result suggests that metals are not directly responsible
for the doping shift, but enhance hydrogen contamination into Si during HF cleaning. We
confirm here results presented in [2]. The possibility of Si bulk contamination with noble
metals from the HF dip was investigated on copper contaminated wafers using LPD-AAS. No
trace of contamination was detected.
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Figure 5: First-order kinetic of Figure 6: Arrhenius analysis of td for
B-X pairs dissociation for Cu. B-X pairs formed during contaminated HF.
3) Causes of b ation during cleanings:

Whatever the type of wet cleaning used in IC manufacturing, H' is present. According
to the results presented here, the Si surface can be proton-proof or not depending on the
surface chemical state. In HF solutions, the Si surface is terminated by very stable H-Si
complexes [8] which represent an electropositive barrier to cations such as H'. The poor
hydrogenation of the HF treated substrates could therefore be explained by electrostatic
reasons. In contaminated HF, noble metals oxidize the bare silicon since they have a higher
electrochemical potential than SiH/H,SiFs [21]. This effect leads to a metal deposition under
zero oxidation degree and to an anisotropic dissolution of the silicon. The deposited noble
metals could represent electrostatic gates where H' can diffuse to the bulk silicon. This
phenomenon would explain the fast hydrogenation observed in the case of HF contaminated
with noble metals. On the other hand, the oxidant cleaning processes leave a chemical oxide
terminated by hydroxyl groups. The surface presents therefore an electronegative aspect,
enhanced by a high pH. This effect could explain why H' can diffuse into the silicon bulk
during oxidant cleaning, more efficiently in the case of SC1 rather than in acidic solutions

such as CARO and SC2.

Hydrogenation during plasma etch:

Doping deactivation during plasma etch is well known. Belkacem et al. [22]
demonstrated that atomic hydrogen is generated from residual H,O traces during plasma. Then
H contaminates Si leading to boron compensation by pairing. Figure 7 shows the W map ofa
boron-doped wafer after SiO; partial etching. The initial oxide was 6000A thick. The process






