






the junction leakage current density with the details reported
elsewhere.16 Figure 4 shows the noncontact Rs wafer maps
for the n+/p junctions enabled by MLD. Average Rs ∼
12 000, 3670, 3160, 825 Ω/0 are observed for the 900, 950,
1000 and 1050 °C spike anneals, respectively. This temper-
ature dependency is expected due to the higher diffusivity
and solubility of dopants (i.e., higher Q) at higher temper-

atures, which effectively results in higher free carrier
concentrations and lower Rs.

From the wafer-scale Rs maps, a modest standard deviation
of σ e 30% is obtained for all samples, except for the 900
°C spike annealed wafer (Figure 4). The large variation (σ
∼ 100%) in the Rs for the 900 °C spike wafer may be due
to the average measured Rs ∼12 00 Ω/0 being close to the
resolution limit of the noncontact Rs measurement set up.
Notably, clear rotational symmetry is observed in the Rs maps
for all samples with Rs being highly uniform (σ < 5%) within
each circular “ring” boundaries. This variation pattern is a
signature of the spatial imbalance in the power density of
the heater lamp,17 which may be expected since the annealing
tool used in this study was not designed for spike anneal
applications.18 Notably, the ring pattern is off-centered for
the 1050 °C wafer (Figure 4D) because the wafer was
misaligned from the center of the support substrate during
the annealing step, again indicative of the role of the
nonuniform heating in the observed Rs variation. Given that
Rs is highly uniform within each ring, we speculate that in
the future, a higher uniformity across the wafer may be
attained by MLD if a more sophisticated spike annealing
tool is used. This is an expected feature of MLD since the
dopants are deterministically positioned on the surface of
the wafer through a self-limiting monolayer formation
reaction, therefore, providing a high degree of control in the
uniformity of surface dopant coverage prior to the diffusion
step.

In order to compare our P-MLD processed n+/p USJs with
those achieved by other doping technologies, we complied
the literature reported Rs and xj values for phosphorus doped
junctions as depicted in Figure 5A.19-23 From the literature,

Figure 4. Noncontact sheet resistance (in Ω/0) wafer map for P-MLD samples with spike anneal temperatures of (A) 900, (B) 950, (C)
1000, and (D) 1050 °C.

Figure 5. (A) Sheet resistance (in Ω/0) versus xj for phosphorus-
doped Si samples reported in this work (by P-MLD) and the
literature (by conventional doping methods). The dot line shows a
simple constant source diffusion model (see Supporting Information)
for comparison purposes. (B) Dopant activation efficiency for
P-MLD samples as a function of spike annealing temperature.
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the smallest xj ∼ 13 nm at the background concentration of
5 × 1018 atoms/cm3 was reported with Rs ∼650 Ω/cm. To
the best of our knowledge, there is no previous report of
sub-10 nm n+/p USJs based on the phosphorus diffusion in
part because of the high diffusivity of P, highlighting the
elegance of MLD in achieving nanometer-scale junctions,
even for fast diffusing impurities. Notably, for xj ∼ 25 nm,
the Rs values obtained from MLD are comparable (within a
factor of ∼2) with those obtained by other conventional
doping methods (Figure 5A). Moreover, a simple, analytical
constant-source diffusion modeling (P in Si) was carried out
(Figure 5A) to further shed light on the MLD experimental
data (see Supporting Information for details). The experi-
mental values qualitatively fit the modeling trend, again
demonstrating the near ideal behavior of the MLD process.

From the SIMS and Rs measurements, the phosphorus
activation efficiency, η, was directly obtained for each
diffusion temperature (Figure 5B) in order to shed light on
the percentage of the incorporated dopants that are electri-
cally active. Specifically, Rs was estimated from the SIMS
profiles by eq 1 and then compared to the noncontact Rs

measurement values

Rs,SIMS
-1 )∫

0

xj

qµ(N)N(x)dx (1)

where q, µ, N, and x are the elemental charge, electron
mobility, dopant concentration, and depth, respectively. The
efficiency is then defined as η ) (Rs,SIMS)/(Rs,measurement). Figure
5B shows the extracted efficiencies of η ∼ 70% for spike
annealing temperatures g950 °C with η ∼ 30% for the 900
°C spike anneal. The discrepancy between the measured and
calculated Rs values may be attributed to some percentage
of the diffused dopants that are incorporated in sites other
than substitutional lattice sites.12 However, since in the MLD
dopants are introduced from the surface by an equilibrium
process, we expect the diffusion of dopants to be dominated
by the substitutional mechanism, resulting in nearly all the
incorporated dopants being electrically active. Therefore, we
speculate that the small discrepancy between the measured
and calculated Rs values arise from the uncertainty in the
SIMS profiles. This error is particularly magnified for the
900 °C wafer since the observed junction depth is only ∼2
nm for this sample, right at the resolution limit of SIMS.
The high η estimated from the data analysis is yet another
highly attractive feature of MLD since for device applica-
tions, only the electrically active contents are desirable with
other dopants inducing defects and/or junction leakage
currents.

Since organic molecular precursors are utilized as the
dopant source, carbon incorporation during the dopant
diffusion may be expected, which may enhance the highly
undesired junction leakage currents. Therefore, investigations
of C incorporation and the arising junction properties are
needed. However, SIMS measurements do not provide
accurate C depth profiling near the surface region due to the
atmospheric organic surface contaminants that is unavoidable
even if a premeasurement cleaning step is performed on the
samples.24 Instead, in order to directly characterize the effect
of potential carbon incorporation, the junction leakage current
density was measured by the noncontact, photovoltage

measurement. Figure S3 in Supporting Information illustrates
the leakage current wafer map for the n+/p junctions for
various spike temperatures. The average leakage currents of
∼0.13, 0.55, 0.11, 0.31 µA/cm2 were measured for the 900,
950, 1000, 1050 °C spike anneals, respectively. Notably, the
small leakage currents (<1 µA/cm2) are close to the
resolution limit of the instrument and attest to the high quality
junctions that are enabled by MLD. The results suggest that
carbon content incorporation may not be of a concern for
MLD, at least when considering the junction leakage
currents, which are smaller than the state-of-the-art USJs’
leakage currents.25

In addition to the n+/p junctions, we also investigated the
formation of p+/n USJs by boron-MLD with spike annealing.
From SIMS measurements, sub-2 nm junction depths (xj ∼
1 and 2 nm) are obtained for 950 and 1050 °C spike,
respectively (Figure S1 in Supporting Information), which
is close to the resolution limit of SIMS. The more shallow
junctions enabled at the same diffusion temperature for
B-MLD as compared to P-MLD is expected due to the lower
diffusivity of B. Since the B-MLD p+/n junctions are at the
molecular-scale, the Rs values were higher than ∼10 000 Ω/0
for all spike conditions and therefore out of the measurement
range of the noncontact photovoltage characterization tech-
nique. In the future, more advanced electrical and materials
characterization methods, such as local electrode atom probe
microscopy, need to be utilized to further study the amazingly
shallow p+/n USJs enabled by MLD.

In summary, we have demonstrated the wafer-scale
formation of n+/p and p+/n USJs by the combination of self-
limiting monolayer doping and the conventional spike
annealing. This approach is demonstrated on 4 in. Si wafers
with the junction uniformity limited by the temperature
homogeneity of the spike anneal tool. For phosphorus doping,
we report for the first time, sub-10 nm junction formation
(down to 2 nm - the SIMS resolution limit) with the
noncontact Rs measurements being consistent with the
predicted values from the dopant profiles. Additionally, we
find minimal junction leakage currents that are indicative of
high quality, defect-free USJs enabled by MLD. Notably,
besides nanoscale controlled doping for the contact extension
of future MOSFETs, this surface-doping technology also may
be highly applicable for the conformal and deterministic
doping of nonplanar nanoscale device structures, such as Fin-
FETs or nanowire-FETs.
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Details of SIMS measurements for P profiling 

The SIMS measurements reported for the  n+/p USJs were performed on the front side of 

the samples after the oxide caps were removed in HF.  The samples were then etched in standard 

clean solution (SC1, mixture of ammonia hydroxide / hydrogen peroxide / de-ionized water) to 

remove organic material before the analyses. The analyses were performed on the Physical 

Electronics ADEPT-1010. The P+
30

Si signal was monitored as negative ions under 500eV Cs
+
 

bombardment incident at 60°. Secondary ions were collected from the center 20% of a 400 µm x 

400 µm rastered area. Stylus profilometry was used to determine the depth of the craters and 

calibrate the depth scale. The P concentration was calculated using a relative sensitivity factor 

(RSF) determined from a standard sample. Importantly, the SC1 clean effectively removed the 

organic contamination that was interfering with the P signal. We noted that the SCI clean 

oxidized the Si surface but would not affect the SIMS measurement. The profiles obtained after 

the cleaning give a much valid representation of the P distribution.  

SIMS measurements for front-side depth profiling of P thru the oxide cap were also 

performed but the organic monolayer induces an additional sample charging just beyond the 

oxide/Si interface and this interference distorts the signals collected and makes the profiles 

invalid. Moreover, backside SIMS measurements were carried out as well; however, backside 

profiling requires the sample thinning down to 100nm in which imposes a huge technical 

challenge to obtain reliable profiles in USJs.  
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Figure S1. Boron monolayer doping characterization. A. Secondary Ion Mass Spectrometry (SIMS) 

profile of boron for different spike anneal temperatures. B. SIMS extracted boron dose versus junction 

depth (at a background of 5x10
18

 atoms/cm
3
) for different spike anneal temperatures.
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      In addition to the n+/p junctions, we also investigate the formation of p+/n USJs by 

boron-MLD with spike annealing. Figure S1 shows the SIMS profiles of diffused boron atoms in 

the junctions for both 950 and 1050
o
C spike. The profiles decrease sharply from low 10

19
 cm-3 

on the surface to the junction. We extracted xj~1.5, 2.1 nm and Q~5.3x10
11

, 9.7x10
11

 B 

aomts/cm
2
 for 950, 1050ºC spike anneals, respectively (Fig. S1B). This trend is expected and 

arises from the enhanced diffusivity and solubility of B in Si at higher diffusion temperatures. 

We note that the SIMS profiles and junction depths attained here are at the resolution limit of 

SIMS analysis which may create some uncertainties in the exact accuracy of the profiles. 

The SIMS measurements here were done similar to the ones of n+/p USJs. Front-side 

depth profiling of B was performed after the oxide caps were removed in HF. The analyses were 

carried out in the Physical Electronics ADEPT-1010.  The 
11

B signal was monitored as a positive 

ion under 650eV O2
+
 bombardment incident at 45°. The analysis chamber was backfilled with a 

high partial pressure of O2 to reduce ion yield variations at the beginning of the profile. 

Secondary ions were collected from the center 20% of a 400 µm x 400 µm rastered area. Stylus 

profilometry was used to determine the depth of the craters and calibrate the depth scale. The B 

concentration was calculated using a relative sensitivity factor (RSF) determined from a standard 

sample. Again, both front-side profiling thru the oxide cap and back-side profiling were also 

explored but same challenges came up similar to the ones of n+/p USJs.  
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Activation efficicency (ηηηη) calculations 

From SIMS profiles, assuming all the dopants are fully activated, the Rs,SIMS can be 

estimated by dividing the profile into many thin slabs. Each Rs,slab can be calculated as the 

Equation S1
S1

, 

         Eq. S1 

    

 

 

 

 

 

 

where ρ, x, q, N and µ are the resistivity, thickness, elemental charge, dopant concentration, 

carrier mobility of the slab, respectively. The Rs,SIMS can be found by summing all the resistance 

of the slabs,                            . This Rs,SIMS can then be compared to the measured Rs in order to 

determine the activation efficiency,                          .  

For example, Rs,SIMS was determined to be ~600 Ω/□ from the SIMS profile of the n+/p 

1050
o
C spike anneal. Also, Rs,measurement was found to be ~850 Ω/□ in the corresponding SIMS 

measured region. This way, the activation efficiency can be estimated as ~71%,                          .   
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Figure S2. Phosphorus profile of the constant-source diffusion model (No~3x10
20 

cm
-3

 and D~8x10
16

cm
2
 

s
-1

). 

For the constant-source diffusion, the dopant profile can be determined by the equation,   

, where No, D and erfc are the surface concentration, diffusion 

coefficient and complementary error function, respectively. For example, Figure S2 illustrates 

the modeled profile for the phosphorus diffusion in silicon at 900
o
C for increasing diffusion time 

with the surface concentration (No) of ~3x10
20 

cm
-3

 and the diffusion coefficient (D) of 

~8x10
16

cm
2
 s

-1
. Each corresponding junction depth, xj, can be determined at the baseline of the 

background concentration as 5x10
18

 atoms/cm
3
. Then the sheet resistance, Rs, of each xj, can be 

calculated using the Equation S1. As a result, the correlation between the Rs versus xj for the 

constant-source diffusion model can be obtained. 
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Non Contact Junction Leakage Measurements 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. Non-contact junction leakage (in µA/cm
2
) wafer mapping for P-MLD samples with 

spike anneal temperatures of (A) 900
0
C, (B) 950

0
C, (C) 1000

0
C and (D) 1050

0
C.     
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