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Chemical vapor deposition based sulfur passivation using hydrogen sulfide is carried out on both
n-type and p-typeSi(100) wafers. Al contacts are fabricated on sulfur-passivated Si(100) wafers
and

the

resultant

Schottky

barriers

are

characterized

with

current-voltage

(I-V),

capacitance-voltage (C-V) and activation-energy methods. Al/S-passivated n-type Si(100)
junctions exhibit ohmic behavior with a barrier height of less than 0.078 eV by the I-V method
and significantly lower than 0.08 eV by the activation-energy method. For Al/S-passivated
p-type Si(100) junctions, the barrier height is ~0.77 eV by I-V and activation-energy methods
and 1.14 eV by the C-V method. The discrepancy between C-V and other methods is explained
by image-force induced barrier lowering and edge-leakage current. The I-V behavior of an
Al/S-passivated p-type Si(100) junction remains largely unchanged after 300°C annealing in air.
It is also discovered that heating the S-passivated Si(100) wafer before Al deposition
significantly improves the thermal stability of an Al/S-passivated n-type Si(100) junction to
500°C.
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I. Introduction
Among the many techniques for surface passivation on Si, thermal oxidation of Si provides
arguably the best-quality passivation [1-3]. Si nitride (SiNx) by plasma-enhanced chemical vapor
deposition is widely used in Si photovoltaic solar cells for both surface passivation and
antireflection [4,5]. A recent development in surface passivation for Si solar cells is Al oxide
(Al2O3) by atomic layer deposition, in which the negative charges provide excellent passivation
for p-type Si surface [6,7]. Although these techniques have been proven effective, the insulating
layers prevent metallization on the passivated surface for electrical contacts. The concept of
“valence-mending” was proposed by Kaxiras to terminate dangling bonds on the Si(100) surface
[8]. A valence-mended Si(100) surface by a single atomic layer of sulfur (S) or selenium(Se) has
led to record-low and record-high Schottky barriers. Tao et al. reported an record-low Schottky
barrier of 0.08 eV for an Al/Se-passivated n-type Si(100) junction using molecular beam epitaxy
(MBE) for passivation [9]. Although the quality of MBE passivation is superior, its high cost and
low throughput prevent its practical applications. Song et al. demonstrated a record-high
Schottky barrier of 1.1 eV for an Al/S-passivated p-type Si(100) junction using solution
passivation [10]. The solution method is advantageous on cost and throughput, but the quality of
solution passivationis far inferior to that of MBE passivation. This is evidenced by the poor
thermal stability of the record-high Schottky barrier [10] and prevents its practical applications.
Chemical vapor deposition (CVD) is considered as the best candidate for valence-mending
passivation, which provides good passivation quality, low process cost and high throughput.
Furthermore, CVD allows both sides of a wafer to be passivated simultaneously when the wafer
sits upright. CVD also allows valence-mending passivation of Si(111) surface such as textured
Si(100) wafers with (111) facets in Si solar cells. The dangling bonds on Si(111) points
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perpendicular to the surface at one dangling bond per surface atom, which requires Group VII
atoms such as fluorine or chlorine (Cl) to terminate. Group VII precursors such as hydrogen
chloride (HCl) are readily available for such a CVD process.
In this paper, CVD-based sulfur passivation is carried out on both n-type and p-type Si(100)
wafers. Al contacts are fabricated on S-passivated Si(100) wafers and electrical characterization
of the Al/S-passivated Si(100) junctions is performed. The barrier height of Al/S-passivated
n-type Si(100) junctions is found to be significantly lower than that of Al/Se-passivated n-type
Si(100) junctions using MBE passivation. For Al/S-passivated p-type Si(100) junctions,
capacitance-voltage measurements suggest a barrier height of 1.14 eV, which is larger than the
bandgap of Si.

II. Experimental details
For the experiment, 4-inch n-type Si(100) wafers with ~1×1016 cm–3 phosphorous doping
and p-type Si(100) wafers with ~2×1016 cm–3 boron doping were used. The wafers were first
cleaned in 2% hydrogen fluoride (HF) for 30 s and subsequently dried with nitrogen. The wafers
were then loaded into a CVD reactor through a load lock. The pressure of the reactor was
pumped to a base vacuum of 2×10–8 Torr and then the temperature of the reactor was ramped up
to 750°C. Sulfur passivation was carried out by introducing high-purity hydrogen (H2), HCl and
hydrogen sulfide (H2S) into the reactor. The flow rates of H2, HCl and H2S for passivation were
10 sccm each. H2 serves as the carrier gas and also helps clean the surface. HCl plays a critical
role in removing surface contamination such as metals from the Si wafer. H2S is the sulfur
precursor for valence-mending passivation of Si(100) surface. During passivation, the
temperature of the reactor was ramped down from 750°C to 150°C, and HCl, H2S and H2 were
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sequentially stopped around 150°C. The wafer was unloaded when the reactor temperature was
below 100°C.
After passivation, Al contacts with thickness of 100 nm and diameter of 216 m were
deposited on the wafer by electron-beam evaporation at a base vacuum of 5×10–6 Torr through a
shadow mask. The shadow mask contains hundreds of holes, allowing many Al/Si junctions in
one experiment to obtain reliable and averaged results. With good-quality passivation, the
measured results are fairly consistent. For this reason, one Al contact was randomly chosen for
all the electrical measurements presented here. Al was also deposited on the entire backside of
the wafer as the back contact. Although the back contact is Schottky, the large area of the back
contact (105 times larger than the front contact) makes it possible to characterize the front Al/Si
junctions without the Schottky effect from the back contact. In some cases the Al/S-passivated Si
junctions were characterized through two adjacent Al contacts on the front side, which is
equivalent of measuring two back-to-back Schottky junctions. Only one pair of Al contacts was
randomly chosen for all the measurements presented here. For comparison, Al contacts were also
fabricated on Si(100) wafers from the same batch but without sulfur passivation. These control
wafers were cleaned in 2% HF for 30 s which provided H-passivated surface. Current-voltage
(I-V), capacitance-voltage (C-V) and activation-energy measurements were performed to
determine the Schottky barrier height. For low Schottky barriers (Al/S-passivated n-type Si(100)
junctions), activation-energy measurements were carried out between 77 K (liquid nitrogen) and
room temperature (300 K). For high Schottky barriers (Al/S-passivated p-type Si(100)
junctions), the temperature range in activation-energy measurements was 300 K to 400 K.
To determine if edge-leakage current was present in Al/S-passivated p-type Si(100)
junctions, Al contacts with various diameters were deposited on a S-passivated p-type Si(100)
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wafer by electron-beam evaporation through a shadow mask. The diameters of the Al contacts
were from 600 m to 1,200m. Al was also deposited on the backside of the wafer as the back
contact, and I-V measurements were performed between a front Al contact and the back Al
contact. To determine the thermal stability of sulfur passivation, Al/S-passivated p-type Si(100)
junctions were annealed on a hotplate in air for 30 s at 300°C, and their I-V behaviors before and
after annealing were compared. For Al/S-passivated n-type Si(100) junctions, the deposition of
Al contacts was performed at a substrate temperature of 220°C in the electron-beam evaporator.
Their I-V behaviors immediately and 47 days after fabrication, and then annealed on a hotplate
in air for 30 s at different temperatures from 300°C to 500°C, were compared.

III. Resultsanddiscussion
A. Al/S-passivated n-type Si(100) junctions
By terminating dangling bonds on the Si(100) surface, a low Schottky barrier close to 0 eV
is expected between Al and n-type Si [11]. Figure 1 shows the I-V characteristics between two
adjacent Al contacts on S-passivated n-type Si(100) surface at different temperatures. The I-V
characteristics between two Al contacts on a control n-type Si(100) wafer without sulfur
passivation is included for comparison. It is noted that the I-V characteristics of a very low
Schottky barrier can be overshadowed by a high series resistance. At room temperature,
impedance spectroscopy indicates a practically constant series resistance of ~31 , which
prevents the calculation of the Schottky barrier height. In this case, I-V measurements of two
back-to-back Schottky junctions at low temperatures are proposed as the most effective method
to evaluate the barrier height [12]. As shown in Fig. 1, the I-V characteristics is linear at
temperatures as low as 100 K, suggesting a very low Schottky barrier. The thermionic emission
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model describes the I-V relationship of a Schottky junction as:

I  Aeff A**T 2 e  qB / kT [e q (V  IR ) / nkT  1]

(1)

where Aeff = 3.66×10–4 cm2 is the effective area of the contact, A** is the effective Richardson
constant, B is the zero-bias barrier height, k the Boltzmann constant, T the absolute temperature,
q the electron charge, V the applied voltage, R the series resistance and n the ideality factor.
Assuming the effective Richardson constant A** is 120 A/cm2·K2 for n-type Si, a barrier height

Bn of less than 0.078 eV is obtained by simply fitting the I-V relationship at 100 K with the
thermionic emission model. This barrier height is in agreement with our previous report for
MBE-based Se passivation, 0.08 eV [9]. For comparison, the barrier height measured for Al
contacts on a control wafer without sulfur passivation is 0.39 eV. This is higher than the
S-passivated sample but lower than the historical value for Al on n-type Si, 0.72 eV [13]. The
discrepancy with the historical data is partially attributed to the high edge-leakage current in our
samples, which will be discussed later in this paper.
Activation-energy measurements of an Al/S-passivated n-type Si(100) junction under
different bias were performed from 77 K to 300 K to confirm the low Schottky barrier. As shown
in Fig. 2, the activation-energy method yields positive slopes, indicating a very low Schottky
barrier. With a reasonable barrier height, the slope in an I/T2 versus 1/Tplot is negative. A
positive slope was observed in activation-energy measurements of a very low Schottky barrier
[9]. In that case a positive slope appeared near room temperature. In Fig. 2 a positive slope
occurs down to 77 K, suggesting a significantly lower Schottky barrier than our previous report,
0.08 eV. With the low Schottky barrier, the C−V method does not work.

B. Al/S-passivated p-type Si(100) junctions
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Figure 3 shows the I-V characteristics of an Al/S-passivated p-type Si(100) junction at
different temperatures from 300 K to 400 K. The I-V characteristics for an Al contact on a
control p-type Si(100) wafer without sulfur passivation is included for comparison. Assuming the
effective Richardson constant A** is 30 A/cm2·K2 for p-type Si, a barrier height Bp of 0.77 eV is
obtained by fitting the I-V relationship at 300 K with Eq. 1, along with a series resistance of 29
 and an ideality factor of 1.4. The series resistance mainly comes from the resistance of the Si
wafer and the non-unity ideality factor may be attributed to the limitations of the thermionic
emission model in high barrier measurements [14]. The barrier height on the control sample is
0.59 eV, which is in agreement with the historical value for Al on p-type Si, 0.58 eV [13].
Figure 4 is the activation-energy measurements on an Al/S-passivated p-type Si(100)
junction under different bias between 300 K and 400 K. Under forward bias of 0.2 V, the barrier
height determined from the slope is 0.78 eV, which is in good agreement with the value obtained
from I-V measurements. It is noticed that the barrier height is 0.70 eV under reverse bias of –0.2
V. This low value may be attributed to image-force lowering when the junction is under reverse
bias.
The barrier height can also be determined with C-V measurements, in which the capacitance
of a sample is determined through the measured impedance using a suitable equivalent circuit
[15]. However, it has been shown that C-V measurements with a single alternating-current (AC)
frequency often produce inaccurate results, and multiple-frequency measurements should be
used to account for series resistances [16]. In this paper, impedance spectroscopy between 500Hz
and 1MHz was employed to extract accurate C-V curves. Figure 5 shows the reactance spectra of
an Al/S-passivated p-type Si(100) junction under different direct-current (DC) bias, in which the
time constant at each DC bias produces a maximum in negative reactance at its characteristic
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resonant frequency. The sample has two space charge regions, as the back contact is Schottky as
well. Under forward bias, however, the front contact is in depletion and the back contact is in
accumulation. The reactance spectra are dominated by the front contact. Therefore, the maxima
in Fig. 5 yield the C-V curve and thus the barrier height for the front Al contact [15]. The
capacitance is extracted from the maxima using the following equations [15]
𝑅 = −2𝑋𝜔𝑅

C

1

R R

(2)
(3)

where X is the reactance and R is the resonant frequency.
It is noted that the DC voltage applied in the C-V measurement is divided between the
series resistance and the space charge region of the Schottky junction, and only the voltage drop
in the space charge region should be used for C-V measurements. However, with the series
resistance at ~30  and the current in the 10–7 A/cm2 range, the voltage drop on the series
resistance is negligibly small. A plot of 1/C2 versus corrected DC voltage is presented in Fig. 6.
The extracted doping concentration of the wafer is ~2.2×1016 cm–3, in agreement with the wafer
specification (2×1016 cm–3). Although sulfur can act as a donor in Si [17], the extracted doping
concentration and the straight line in Fig. 6 show no sign of sulfur diffusion into the Si wafer.
The extrapolated intercept with the voltage axis is 0.98 V, which represents the amount of surface
band bending or surface potential s with zero bias on the junction. For p-type Si with 2.2×1016
cm−3 doping concentration, the energy difference p between Fermi-level Ef and valence band Ev
in the bulk is ~0.16 eV. With Bp = s + p + kT/q, the flat-band Schottkybarrier height Bp for
Al/S-passivated p-type Si(100) junctions is thus 1.14 eV. This value is a little higher than our
previous report, 1.1 eV, for an Al/p-type Si(100) junction with solution-based sulfur passivation
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[10]. As the bandgap of Si is 1.12 eV at room temperature, this value suggests that
larger-than-bandgap Schottky barriers are possible.
The apparent 1.14 eV Schottky barrier raises several questions. First of all, C-V
measurements resulted in a value much higher than I-V and activation-energy measurements,
1.14 eV versus 0.78 eV. Secondly, the reverse current density of Al/S-passivated p-type Si(100)
junctions is in the 10–7 A/cm2 range (Fig. 3), way too high for a 1.14 eV barrier. Finally, the
theoretical barrier height for Al/p-type Si junctions is 0.89 eV. This is calculated from the
bandgap of Si Eg, 1.12 eV, the electron affinity of Si s, 4.05 eV [18], and the work function of
Al m, 4.28 eV, through Bp = Eg+ s – m. These questions are discussed in the following
sections.

C. Dipole moment in S-passivated Si(100) surface
The discrepancy between the measured flat-band barrier height 1.14 eV by C-V and the
theoretical barrier height 0.89 eV may be attributed to the S–Si dipole moment in the
S-passivated surface. The change in barrier height due to surface dipole is given by [10]

 B 

qpN S

 r o

(4)

where o is the permittivity of vacuum, r is the relative permittivity of Si near the interface,
which is about half of the bulk Si permittivity [19], often taken as 4 [10, 20]. NS is the atomic
density of sulfur on the Si(100) surface. Assuming a complete monolayer of sulfur, NS is
6.78×1014 atoms/cm2. p is the dipole moment and can be written as

p  d

(5)

where  is the ionic character and d is the separation between the sulfur monolayer and the
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Si(100) surface, taken as 1.09 Å [10, 21]. Since the S–Si bond is largely covalent (less than 15%
ionic) [22], the ionic character  may be described by a revised version of Pauling's correlation
[23]

  0.16 X A  X B  0.035( X A  X B ) 2

(6)

where XA and XB are the electro negativities of the atoms involved. For sulfur, it is 2.58 and for
Si, it is 1.9. The calculated  is thus 0.12 e. On the S-passivated Si(100) surface, each sulfur
atom bonds to two surface Si atoms and vice versa, so for a single S–Si bond,  is 0.06 e. Using
the above parameters, the calculated  is 0.2 eV, which accounts for the discrepancy between
the measured flat-band barrier height and the theoretical barrier height.

D. Image-force induced barrier lowing
A 1.14-eV barrier should produce an extremely-small reverse current density in the range of
10–11 A/cm2. The actual reverse current density from I-V measurements is 3.9×10–7 A/cm2 at 300
K (Fig. 3). This discrepancy may be attributed to image-force induced lowering of the barrier and
the leakage current along the edge of the Al contacts. In our previous work [10], a barrier height
of 1.1 eV for an Al/S-passivated p-type Si(100) junction resulted in weakly-degenerate inversion
on the Si surface, and a 0.08 eV image-force lowering was concluded from a surface electric
field of 2×105 V/cm. In this work, the barrier height of 1.14 eV from C-V indicates stronger
inversion on the Si surface. The presence of this stronger inversion induces a higher electrical
field near the Si surface, resulting in more lowering of the barrier height. The electric field on a
surface of inversion can be written as [24]

ES  

2kT  q s n po 
F
,
qLD  kT p po 

(7)
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where npo and ppo are the equilibrium concentrations of electrons and holes in p-type Si. LD is the
extrinsic Debye length for holes and is given by

LD 

kT r  o
q 2 p po

(8)

where r is the relative permittivity of Si. Another abbreviation in Eq. 7

 q n 
q
q

 n 

F  s , po    e qs / kT  s  1  po  e qs / kT  s  1
 kt p 
kT
kT

 p po 

po 


(9)

where s is the surface potential, taken as 0.98 V from the C-V measurement. With these
parameters, a surface electric field ES of 1.57 × 106 V/cm is obtained. Such a high electric field
results in significant image-force lowering [24]

 

q ES
4 r o

(10)

The image-force lowering calculated is as high as 0.24 eV. This barrier lowering is experienced
by charge carriers moving across the interface in I-V measurements. It does not occur under flat
band where C-V extracts the barrier height [25]. This is why the barrier height from C-V is
higher than I-V and activation-energy measurements.

E. Edge-leakage current
The calculated image-force lowering above accounts for only part of the barrier height
difference between C-V and I-V measurements. Another reason for the higher-than-expected
reverse current density in the I-V measurement is the leakage current, which is caused by the
high electric field around the periphery of the Al contacts. If the reverse current is dominated by
thermionic emission (Eq. 1), it is proportional to the area of the Al contact, i.e. a quadratic
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relation between current and contact diameter. On the other hand, if the reverse current is
dominated by edge effects, it is proportional to the circumference of the Al contact, i.e. a linear
relation between current and contact diameter [24]. Figure 7 shows the reverse current of
Al/S-passivated p-type Si(100) junctions as a function of the diameter of the Al contacts from
600 m to 1,200 m. The reverse current increases neither linearly nor quadratically with the
diameter of the Al contact, suggesting that the reverse current is neither 100% edge leakage
current nor 100% thermionic emission current. However, the reverse current is more linear than
quadratic, indicating that it is largely edge-leakage current. The edge-leakage current produces a
larger reverse current and reduces the apparent barrier height in I-V measurements.

F. Thermal stability of sulfur passivation
The thermal stability of Al/S-passivated Si(100) junctions was determined by monitoring
their I-V behavior before and after annealing. Figure 8 shows the I-V characteristics of
Al/S-passivated p-type Si(100) junctions before and after annealing at 300°C for 30 s in air.
Before annealing the reverse current density at 0.5 V is 5.1×10–7 A/cm2. After annealing it
increases to 9.1×10–7 A/cm2. The relatively-small change in reverse current density suggests a
thermally-stable high Schottky barrier up to 300°C. This is in sharp contrast to the poor thermal
stability of the 1.1 eV barrier in our previous report [10], in which the high Schottky barrier
disappeared after annealing to just 150°C. The thermal stability of the metal/valence-mended
Si(100) junctions is due to the suppressed chemical reactivity of the Si(100) surface by
valence-mending passivation [26]. The better thermal stability by CVD suggests better
passivation quality over the previous solution passivation.
Figure 9 shows the I-V characteristics of Al/S-passivated n-type Si(100) junctions
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immediately and 47 days after fabrication, and then annealed at different temperatures from
300°C to 500°C. The junctions remain ohmic all the way to 500°C. One difference between these
samples and all other samples in this paper is that the deposition of the Al contacts is performed
at a substrate temperature of 220°C in the electron-beam evaporator. In our previous work it was
noted that there is a layer of adsorbate sandwiched between the valence-mended Si(100) surface
and the Al layer when the valence-mended sample is exposed to air (data not shown). The
oxygen in the adsorbate layer can react with the sulfur passivation layer at elevated temperatures
and damage the passivation. It is suggested that by heating the substrate, the adsorbates are
driven off from the surface and a cleaner Al/S-passivated Si(100) interface is obtained, leading to
significantly-better thermal stability.

IV. Conclusion
Surface states between Al and Si(100) surface are significantly reduced by CVD-based
sulfur passivation on both n-type and p-type Si(100) wafers. Al/S-passivated n-type Si(100)
junctions exhibit ohmic behavior with a barrier height of less than 0.078 eV by the I-V method
and significantly lower than 0.08 eV by the activation-energy method. For Al/S-passivated
p-type Si(100) junctions, the barrier height is ~0.77 eV by I-V and activation-energy methods
and 1.14 eV by the C-V method. The discrepancy between C-V and other methods is explained
by image-force induced barrier lowering and edge-leakage current. Further research is needed to
minimize image-force lowering and edge-leakage current in order to reduce the reverse current
density for the 1.14-eV Schottky junction. The I-V behavior of an Al/S-passivated p-type Si(100)
junction remains largely unchanged after 300°C annealing in air. It is also discovered that
heating the S-passivated Si(100) wafer before Al deposition significantly improves the thermal
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stability of an Al/S-passivated n-type Si(100) junction to 500°C.
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CAPTIONS
FIG. 1. I-V characteristics of Al/S-passivated n-type Si(100) junctions at different temperatures.
I-V characteristics of Al/n-type Si(100) junctions without sulfur passivation is included for
comparison.
FIG. 2. Activation-energy measurements of an Al/S-passivated n-type Si(100) junction between
77 K and 300 K and under different bias. The positive slopes indicate a very low Schottky
barrier.
FIG. 3. I-V characteristics of an Al/S-passivated p-type Si(100) junction at different
temperatures. I-V characteristics of an Al/p-type Si(100) junction without sulfur passivation is
included for comparison.
FIG. 4.Activation-energy measurements of an Al/S-passivated p-type Si(100) junction under
different bias. The smaller barrier height under reverse bias is due to image-force lowering.
FIG. 5. Reactance spectra of an Al/S-passivated p-type Si(100) junction under different DC bias
as a function of frequency. The bias conditions eliminate the effect of the back Schottky contact.
FIG. 6. C-V characteristics of an Al/S-passivated p-type Si(100) junction from impedance
spectroscopy. A barrier height of 1.14 eV is obtained, suggesting a larger-than-bandgap barrier.
FIG. 7. Reverse current of Al/S-passivated p-type Si(100) junctions as a function of Al contact
diameter. The largely linear relationship indicates significant edge-leakage current.
FIG. 8.I-V characteristics of Al/S-passivated p-type Si(100) junctions before and after annealing
at 300°C in air for 30 s. The junctions are thermally stable to 300°C.
FIG. 9. I-V characteristics of Al/S-passivated n-type Si(100) junctions immediately and 47 days
after fabrication, and then annealed at different temperatures. The Al contacts are deposited at
220°C.
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FIG. 1. I-V characteristics of Al/S-passivated n-type Si(100) junctions at different temperatures.
I-V characteristics of Al/n-type Si(100) junctions without sulfur passivation is included for
comparison.
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FIG. 2. Activation-energy measurements of an Al/S-passivated n-type Si(100) junction between
77 K and 300 K and under different bias. The positive slopes indicate a very low Schottky
barrier.
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FIG. 3. I-V characteristics of an Al/S-passivated p-type Si(100) junction at different
temperatures. I-V characteristics of an Al/p-type Si(100) junction without sulfur passivation is
included for comparison.
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FIG. 4.Activation-energy measurements of an Al/S-passivated p-type Si(100) junction under
different bias. The smaller barrier height under reverse bias is due to image-force lowering.
21

FIG. 5. Reactance spectra of an Al/S-passivated p-type Si(100) junction under different DC bias
as a function of frequency. The bias conditions eliminate the effect of the back Schottky contact.
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FIG. 6. C-V characteristics of an Al/S-passivated p-type Si(100) junction from impedance
spectroscopy. A barrier height of 1.14 eV is obtained, suggesting a larger-than-bandgap barrier.
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FIG. 7. Reverse current of Al/S-passivated p-type Si(100) junctions as a function of Al contact
diameter. The largely linear relationship indicates significant edge-leakage current.
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FIG. 8.I-V characteristics of Al/S-passivated p-type Si(100) junctions before and after annealing
at 300°C in air for 30 s. The junctions are thermally stable to 300°C.
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FIG. 9. I-V characteristics of Al/S-passivated n-type Si(100) junctions immediately and 47 days
after fabrication, and then annealed at different temperatures. The Al contacts are deposited at
220°C.
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