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Abstract - Pure amorphous boron (PureB) deposition on Si is
used to fabricate ultrashallow low-saturation-current p*n-
like diodes even at process temperatures where the boron is
not expected to diffuse into the bulk Si. It has been proposed
that the bonding of the B atoms to the Si creates a monolayer
of fixed negative charge that attracts holes to the interface. In
this paper, an investigation using semiconductor simulation
tools is performed starting from an all-Si test structure where
suppression of electron injection from an n-Si bulk was
achieved by introducing a large concentration of negative
fixed charge that attracts holes to the interface between a
thin-film top-layer and the bulk. This introduces a barrier
which lowers the electron saturation current density of the
simulated diode to become comparable to or lower than the
saturation current density of holes injected into the bulk. The
material properties of the top-layer such as electron mobility
and tunneling mass, bandgap and electron affinity are
individually varied from default Si-values to values typical
for amorphous boron layers indicating that a critical
concentration of negative fixed charge is always needed for
suppression of the electron injection.

Keywords — pure amorphous boron, PureB, negative fixed
interface charge, carrier injection, ultra-thin-layer, TCAD

I.  INTRODUCTION
In advanced CMOS and other nanoscale silicon device
technologies, the fabrication of junctions with

appropriately shallow junction depths, low leakage current
and low series resistance, remains challenging. Monolayers
could be used as a doping-source activated by thermal [1]
or laser [2] annealing which inevitably increases the
junction depth. Thus the fabricated diodes then function as
conventional p-n diodes. In contrast, a pure boron layer
(PureB) deposited in an anode region on the Si provides
attractive p'n-like diode characteristics that are comparable
to those of conventional deep junctions, albeit for junction
depths of only a few nanometer. To our knowledge, the so-
called PureB technology is the only example of diode
fabrication with deposited dopant atoms where these are
not driven into the Si. Depositions down to 250°C using
chemical-vapor deposition (CVD) or down to 400°C using
molecular beam epitaxy (MBE) offer back-end-of-the-line
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(BEOL) CMOS fabrication of

photodiodes [3], [4].

compatibility  for

In addition to the electron blocking power that such a
layer would give, PureB diodes fabricated as photodiodes
with PureB-only light-entrance windows have also shown
a very high stability with respect to high-dose irradiation
with beams such as extreme-ultraviolet (EUV) light and
low-energy electrons that carry so much energy with them
that they readily degrade oxide interfaces. This, together
with the nm-shallow distance to the radiation sensitive Si
layer, has led to a rapid commercialization of PureB
detectors for monitoring low-penetration depth beams such
as those used in advanced lithography and electron
microscopy systems [5], [6], applications for which also
PureB single-photon avalanche diode (SPAD) detectors
with low dark count rate [7] are under development.

At present, the physical mechanism behind the
attractive PureB diode behavior still needs to be fully
understood. Based on extensive experimental material, it
has been proposed that a monolayer of acceptor states
formed at the interface by B-to-Si bonds, is responsible for
creating a layer of fixed negative charge that can maintain
an interfacial hole layer [3], [8], [9]. Measurements have
confirmed that the conductance along the PureB-Si
interface is high even for deposition at 400°C where no
doping of the bulk Si is expected [10]. From bipolar
transistor measurements with PureB emitters, it was
concluded that the concentration of holes at the interface
would have to be larger than 10'* cm™ to be able to explain
the very low base current, i.e., very high electron blocking
power [9].

Most of the PureB material parameters are not well-
known while material parameters of other boron layer
depositions may vary depending on the fabrication method.
To understand the impact that a negative interface charge
has on the /-V characteristics of the fabricated diodes, we
have already modeled PureB devices assuming an all-Si
test structure. Suppression of the electron injection from
bulk was achieved by assuming a large concentration of
negative fixed charge between the Si top-layer and the bulk
[3]. In this work, we vary the material properties of the top-
layer such as mobility of electrons, bandgap and electron
affinity to values typical for amorphous boron layers. A
critical concentration of negative fixed charge is always



found to be necessary to explain the rectifying junctions
formed by interfacial charge layers.

IL.

Amorphous boron is a semiconducting material whose
bandgap can significantly vary depending on the exact
processing conditions. Hydrogenated amorphous boron
films reported in [11] have an optical bandgap in the range
between 1.4 eV and 1.7 eV with photoconductivity as low
as 10 S/cm. These bandgap values are consistent with the
values reported in [12] where the hydrogenated amorphous
boron films were heat treated at 400°C for 200 hr which
caused a decrease of the optical bandgap from 2.19 eV to
0.9 eV. The decrease of the bandgap is attributed to the
reduction of the hydrogen content in the films [12].

MATERIAL PROPERTIES OF AMORPHOUS BORON

Amorphous boron films prepared with different
deposition techniques consistently showed lower bandgap
than that of Si with variations in the measured value. The
electrical bandgap of boron films grown by MBE was
found to be 0.6eV as measured by the electrical
conductivity method [13]. Kuhlmann et al. [14] reported an
optical bandgap of ~ 0.75 eV for the several um thick
amorphous boron evaporated films. Electron-beam
deposited amorphous boron films with thicknesses between
100 nm and 200 nm showed optical bandgaps of 0.5 eV
[15]. Due to the presence of crystallization during the
deposition of the amorphous layers, the bandgap could
increase to values specific for a more ordered system such
as a-rhombohedral boron or f-rhombohedral boron which
have optical bandgaps of 2 eV and 1.6 eV, respectively
[16]. This was also observed in [17] where the optical
bandgap increased from 1.05 eV to 1.4 eV with an increase
of the deposition temperature from 700°C to 900°C. One
source also reported a thermal bandgap of bulk amorphous
boron of 1.3 eV which is higher than that of Si [18].

The conductivity of the amorphous boron layers was
found to be in the range from 10-3 S/cm to 10~ S/cm at room
temperature [13], [18]-[21]. Mobility and conductivity
measurements identified that the majority carriers in the
amorphous boron layers are holes [19]-[21]. This was also
confirmed by scanning tunneling microscope (STM)
measurement of a B-complex at the Si surface that places
the Fermi level near the valence band edge [22] which is
characteristic of p-type doped semiconductors. The values
of conductivity, mobility and doping concentrations that
have been measured for amorphous boron material in
various sources are listed here:

e Boron films grown by MBE had a conductivity at
300 K of 1.5x107° S/cm [13]. The thermal dependence of
the conductivity measured for the material [13] showed a
log(c) versus T-"* behavior characteristic of the Mott’s
variable range hopping (VRH) conduction [23].

e The solid source molecular beam deposited films
described in [19] had a conductivity in the range from =
103 S/em to = 10* S/cm for growth temperatures
between 200°C and 800°C, respectively. The measured
drift mobility at room temperature was approximately
10 cm?/V's while the concentration of holes was very low
to be consistent with the measured low conductivity and
ranged from 5.5x10"° cm™ to 3.5x10"3 cm.
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e Golikova showed an increase of the conductivity
at room temperature from 1.6x10° S/cm to 10~ S/cm for
bulk and amorphous boron film samples, respectively
[20]. The films were produced by sputtering crystalline
boron on a quartz surface at 300°C-350°C with a
resulting film thickness less than 1 pm. The mobility at
room temperature was 2.2x10"' cm?*Vs while the
concentration of the carriers was not determined.

e In [21], a bulk amorphous boron sample was
measured and the conductivity was equal to 7.6
%107 S/cm. The measured mobility was in the range of
1x102-1x10" ¢m?Vs, while the doping concentration
was assumed to be approximately 10! cm™.

e Samples prepared by plasma assisted chemical
vapor deposition from boron trichloride gas (BCls) were
only amorphous to some extent since high temperatures
of 700°C-900°C caused the crystallization of the samples
to o-rhombohedral boron [17]. The measured Hall
mobility was between 5x1073 and 10"! cm?/ Vs while the
hole concentration was measured to be between 10'° and
10'% em™ [17].

e Time-of-flight measurements were performed on
boron samples with thicknesses between 1.2 pm and
1.6 um deposited on a silicon surface by an electron-
beam evaporation technique [24]. Substrate temperatures
were 200°C, 300°C and 350°C. From the measurements,
hole drift mobility values between 5x102 and
5x10' cm?/Vs were extracted while the electron drift
mobility was 3x10! ¢m?/Vs at room temperature. The
mobility decreased with decreasing temperature which
was explained by variable range hopping conduction.

Due to the difference in bandgap, amorphous boron
should form a heterojunction when deposited on Si. In a
simplified heterojunction model the band alignment
between two semiconductor materials is determined by the
electron affinity which can be modeled using Anderson’s
rule [25]. To the best of our knowledge, the electron affinity
of amorphous boron material has not been reported in the
literature. The electron affinity of the amorphous boron
material could be extracted from measurements of the
Schottky barrier height found for amorphous-boron metal
systems and applying Schottky—Mott rule [25]. In [26], a
gold electrode was contacted to amorphous boron films
forming a Schottky contact with a barrier of 0.43 eV. The
work function of gold is 5.1 eV [27] which gives an electron
affinity of 4.67 eV. Significantly lower affinity can be
extracted from a similar calculation based on the data of the
Schottky barrier height of copper to hydrogenated
amorphous boron [28]. The Schottky barrier height of a
Cu/a-B:H interface was measured to be 0.8 = 0.16 eV [28]
while the copper work function is 4.7 eV [27]. The affinity
of the a-B:H film can be calculated to be equal to 3.9 +
0.16 eV. The same authors also reported the conduction and
valence band offsets of the hydrogenated amorphous boron
films to silicon in an a-B:H/Si configuration [29]. The
conduction band offset of a-B:H/Si was found to be 0.15 £
0.16 eV while the valence band offset of the a-B:H/Si
heterojunction was equal to 0.15 + 0.1 eV [29]. The
conduction band offset variation led to the conclusion that
the affinity of the a-B:H layer could be equal to the values
measured for Si. In addition, the semiconductor work



function can also be used to construct a band diagram of a
heterojunction knowing the position of the Fermi level. The
semiconductor work function of polycrystalline boron was
found to range from 4.3 eV to 4.45 eV for the photoelectric
work function [27], [30]. If assumed that the Fermi energy
is very close to the valence band edge which is specific to
a highly-doped p-type semiconductor, one can find the
affinity in the same range as calculated for the a-B:H films.
The value of the effective density of states of boron is
important for the calculation of the Fermi level energy
inside the bandgap. The effective mass of holes in B-
rhombohedral boron was found to be close to o (" = mp)
[31] while the effective density of the valence states in
amorphous boron is 10%? cm™ [32].

An overview of the material properties of amorphous
boron found in the literature is presented for both bulk-
boron samples and samples where the boron is deposited in
the form of a thin film. The properties are summarized in
Table I.

III.

When contacted by p" implanted regions, PureB
devices can achieve [-V characteristics comparable to
conventional implanted p'n junction in terms of low dark
currents even for 1-nm thick PureB layers deposited at
temperatures as low as 250°C [3]. From the past
experimental PureB device results it appears that, when
metallized, the PureB thickness does not play a role for the
electron blocking effect if it is more than 2 nm and free of
weak spots that were sometimes identified in connection
with Si surface contamination before B deposition [3], [33].
The thickness does, however, present a significant series
resistance if it exceeds the tunneling thickness of about
3 nm because the pure boron resistivity is > 500 Q-cm [34].
Therefore, for advanced transistor applications it is
desirable to have as thin as possible a layer. For very thin
PureB layers less than 2 nm the electron injection current
was seen to increase by decades, giving Schottky-like
characteristics. Therefore, besides the effect of a negative
fixed interface-charge, the influence of the metallization is
also studied in the simulations.

ELECTRICAL MODELING

A. Model parameters and all-Si simulations

For the simulations, Sentaurus Device [35] TCAD
software was used. The basic all-Si test structure shown in
Fig. 1 was simulated for varying thickness of the deposited
top layer, fpg, representing the PureB. The total thickness of
the simulated n-type bulk-Si region was set at 500 pm with
constant doping 10'° cm?™. A fixed negative interface
charge, Ni, was defined between the bulk-Si and the top-
layer and varied between 10'° cm? and 5x10' cm™. The

TABLE 1. PROPERTIES OF AMORPHOUS BORON MATERIAL

Range Reference
Bandgap 0.5eV-1.7eV [11]-[18]

Conductivity 102 S/cm - 107 S/cm [13], [18]-[21]

Doping ~3x10"% cm>-10% em™ | [17],[19], [21]

. 1x10% ecm?/Vs - [17], [19]-[21],

Wity 10 cm¥Vs [24]

Affinity 4.67eV;3.9+0.16 eV [26], [28]
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top-layer parameters:
Bandgap: Egpg
Electron affinity: Xpg
Electron and hole
mobility: ppg
Electron tunnelling
mass: m,

tos |

Negative fixed
interface charge
N,

n-type Si substrate
105 cm

.

Fig. 1. Cross section of the simulated structure with indicated material
parameters of the top layer.

doping of the top-layer, Npg, was set to 10'® cm™ as has
been reported from experiments with amorphous boron
[17]. Boron diffusion into Si is neglected. An Al-metal
contact with a work function of 4.1 eV [35] was defined as
contact to the top-layer. Band alignment and formation of
the Al/top-layer barrier were chosen to follow the Schottky
contact model [25] while Schottky-barrier height lowering
was neglected. The thermionic emission model was
simulated [36] and non-local tunneling to the anode contact
was modeled [35] with tunneling mass for holes of 0.1%m,,
while tunneling mass for electrons, m., was varied from
0.1xmo to 0.8xmy, where mo denotes the electron rest mass.
Philips unified mobility model was applied [37]. Electron
and hole concentrations are governed by Fermi-Dirac
statistics. The material properties of the top-layer such as
mobility of electrons and holes, pps, bandgap, E.ps and
electron affinity, yps, are individually varied from default
Si-values to values typical for amorphous boron layers as
indicated in Fig. 1.

The I-V characteristics of the all-Si structure were
simulated and saturation current densities for electrons, /s,
and holes, Isp, have been extracted for N between 10'? cm™
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Fig. 2. (a) Electron and hole saturation current densities as a function of
N extracted for a device with an Al/top-layer contact and fpg = 0.2 nm, 0.5
nm, 1 nm, 2 nm, 5 nm and 10 nm. (b) Band diagram for N;=5x10"3 cm™
and fpg=0.5nm, ] nmand 2 nmat Vp=0V.



and 5x10'* cm? and are shown in Fig. 2a. For the same
concentration of negative interface charge, assuming an Al
contact to the top layer causes band bending which lowers
the barrier for electron injection as indicated in the band
diagram shown in Fig. 2b. The distance between the Al
contact and the PureB-Si interface, determined by the
PureB layer thickness, dominates the accumulation of holes
at the interface. Since the fpg changes the concentration of
holes at the interface, it is seen to have an impact on the
built-in electric field and depletion region in Si. In the
simulated all-Si test structure, suppression of electron
injection from the bulk was achieved by introducing a large
concentration of holes at the interface. The potential barrier
formed in this way can lower the /s. of the diode to become
comparable to or lower than /sp.

B. Electron and hole mobility in the top-layer

Default mobility of carriers in the top-layer and the bulk
Si was defined by the doping dependent Philips unified
mobility model which resulted in an electron mobility of 65
cm?/Vs and hole mobility of 44 cm?/Vs for Npg = 10'8 cm.
The mobility of holes in the top-layer was substituted for
values found in the literature for amorphous boron material
ranging from 10 cm?/Vs to 102 ecm?/Vs [17], [19]-[21],
[24]. For simplicity, the values of mobility for both the
electrons and holes were defined to be the same, upg, and
were set to the values of 1 cm?/Vs, 107! cm?/Vs and 1072
cm?/Vs. The simulations were performed for devices with
teg = 1 nm and 10 nm. Electron and hole tunneling masses
are 0.1xmy. The electron and hole saturation current density
as a function of N; for both structures and all the mobility
values are shown in Fig 3. For comparison, the /s of the
device with the default Si mobility of the top-layer is also
shown. The /s is the same irrespective of the mobility of
the top-layer. The top-layer is thin and electron saturation
current density is defined only by thermionic emission or
tunneling through the barrier and the impact of the low
mobility on the minority carrier diffusion can be neglected.

C. Electron affinity of the top-layer

PureB-Si represents a heterojunction and alignment of
the two types of semiconductor materials depends on the
affinity of each material as can be explained by Anderson’s
rule [25] which is used in the TCAD simulations. The exact
affinity of the PureB material has not yet been measured,
and the literature sources do not report the affinity of any
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Fig. 3. Electron and hole saturation current densities as a function of N,
extracted for the device with 75 = 1 nm and 10 nm for a top-layer having
an electron and hole mobility: default for Si, 1 cm*Vs, 10" cm?/Vs or
102 cm?/Vs.

amorphous boron materials. The affinity of (hydrogenated)
amorphous boron layers has been determined indirectly to
vary in the range between 3.7 eV and 4.7 eV [26], [28] as
discussed in Section II. Affinity of the top-layer, yps, is
therefore varied from default Si value which equals
approximately 4.1 eV [35] to the values of 3.7 eV, 3.9 eV,
4.3 eV and 4.5 eV. The bandgap of top-layer is defined
according to default Si value.

The simulations of Is. and Is, for the devices with fpg =
1 nm and 10 nm were performed and are shown as a
function of M in Fig. 4a. Simulations are performed for yps
=37¢V,39¢eV,4.1¢V, 43 eV and 4.5 ¢V while other
parameters have default Si values. For devices with #pp
=10 nm having the same N, the change of the affinity in the
top-layer changes the shape of the barrier since the
heterojunction formation impacts the concentration of
electrons and holes in both the top-layer and near the top-
layer/bulk-Si interface. The band diagram is plotted in Fig.
4b at V'p = 0 V for simulated structure with fpg = 10 nm, Ny
=2x10" cm? and ypp varied as: 3.7 eV, 4.1 eV and 4.5 V.
With an affinity of the top-layer lower than 4.1 eV, more
holes are found in the top-layer region and a higher barrier
is located in the top-layer. On the other hand, the hole
concentration on the bulk-Si side of the interface decreases.
The barrier in the bulk region also decreases which will
allow higher injection of electrons. For ypp lower than 4.1
eV, larger MV is needed to increase the barrier in the bulk-Si
side to ensure the same blocking of the electron injection
from the bulk. For ypg > 4.1 eV more holes are generated at
the bulk-Si side of the top-layer/bulk-Si interface and the
barrier for the electron injection is roughly the same as for
the default Si value of ypg.
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Fig. 4. (a) Electron and hole saturation current densities as a function of
N extracted for a device with #pg = 1 nm and 10 nm for the top-layer
having electron affinity, yps: 3.7 €V, 3.9 eV, 4.1 eV, 4.3 eV and 4.5 eV.
(b) Band diagram at V', =0 V for the simulated structure with fpg = 10 nm,
Ny =2x10" cm? and yp: 3.7 €V, 4.1 eV and 4.5 V.
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Fig. 5. Electron and hole saturation current densities as a function of N;
extracted for a device with: (a) fpg = 1 nm; (b) #pg = 10 nm. The bandgap
of the top-layer is varied as: default Si value, 0.9 eV, 0.7 ¢V and 0.5 eV.

D. Bandgap of the top-layer

A change in the bandgap of the top-layer, Egpp, causes
a discontinuity at the interface which will change the hole
concentration near the top-layer/bulk-Si interface. The
impact of the bandgap change on the suppression of
electron injection was simulated. The simulation results for
Is. and Is;, as a function of Ny of the structure with #pg = 1 nm
are shown in Fig 5a and for #pg = 10 nm in Fig 5b. All other
material parameters have their default values. The N
needed to decrease Is. to values below /s, was designated
as Ny. For fpg = 1 nm, Ny increases from 1x10'* cm™ for the
default Si bandgap of the top-layer to the values of 1.8x10'*
cm? for Egpp = 0.5 eV. For fpg = 10 nm the difference in Ny
is even larger and Ny increases from 2.4x10'3 cm™ for the
default Si bandgap of the top-layer to values of
1.6x10'* cm™ for Eepp = 0.5 €V. The band diagram at Vp =
0 V for the structure with g = 10 nm having N

1.5+

Energy (eV)

gPB"

[ default Si Electron
1.0 4 - - 09eV injection
- 0.7eV o
o
051 o N °

()
[eXo)
©
0ooe E

Al

10 s epth s nf).o

Fig. 6. Band diagram at V', = 0 V for the simulated structure with tp =
10 nm, N; = 2x10" ¢cm™ and Egpg: the same as in Si (=1.1 eV), 0.9 eV,
0.7eV and 0.5 eV.
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2x10"3 cm? is shown in Fig. 6 for varied bandgap of the
top-layer as listed in the figure. For low Egpp, the bulk-Si
near the top-layer/bulk-Si interface can be completely
depleted of holes. The decrease of the bandgap will reduce
the barrier seen by the electrons injected from the bulk.
Therefore, the Vi needed to set the same potential barrier
for suppressing the electron injection will be higher if the
top-layer has a bandgap narrower than the default Si value.

E. Electron tunneling mass

Besides the material parameters of the top-layer, the
tunneling mass of the electrons also affects the Is. of the
diode. The default values for both the electron and hole
tunneling masses were the same in the top-layer and in the
bulk-Si and by default equal 0.1xmo. When the barrier for
electrons, formed by the negative fixed charge, is
sufficiently high, the carriers can only be transported
through the barrier by tunneling. Increasing the electron
tunneling mass will lower the tunneling probability and /se
will decrease. The impact of the electron tunneling mass on
the electron saturation current density of the test structure
was simulated and the results for #pg = 1 nm and 10 nm are
shown in Fig. 7. The electron tunneling mass was varied as
0.1xmo, 0.3xmo, 0.5xmp and 0.8xmyp. All other material
parameters were set to the default Si values. The tunneling
component of the electron current starts to dominate the /s.
for values lower than 107'® A/um? and it does not affect the
critical concentration of the negative fixed charge needed
to lower /Is. below Isp. The hole tunneling does not affect
electron injection suppression and is only important for
transport of holes from the contact to the interface. Most
probably, tunneling is governed by VRH conduction
characteristic to amorphous materials [23]. However,
modeling of VRH is not supported by TCAD simulations.
To this end, tunneling of holes is simulated by assuming a
constant hole tunneling mass.

IV. CONCLUSIONS

The rectifying behavior of junctions formed by PureB
deposition is suspected to come from PureB-Si interface
where negative fixed charge is responsible for the
accumulation of holes. The thus formed barrier then stops
injection of electrons from the Si bulk lowering the dark
current of diodes where the PureB layer is deposited in the
anode region. The simulation study presented in this paper
confirms that a concentration of fixed negative charge
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Fig. 7. Electron and hole saturation current densities as a function of N,
extracted for a device with #pg = 1 nm and 10 nm for the electron tunneling
mass of: 0.1xmg, 0.3xmy, 0.5%my and 0.8xmy.



could be responsible for low saturation current densities of
PureB diodes if it is high enough. Material properties of the
boron layer may considerably vary with deposition
conditions and most of the PureB material parameters are
not well-known. An investigation where a large number of
material parameters of the ultra-thin layer were varied was
performed to gain insight into effectiveness of the barrier
formed by the negative fixed interface charge. The
variations in affinity, mobility, electron tunneling mass,
and bandgap all confirmed that a critical concentration of
negative fixed charge is needed to lower the /s. below the
Isn. Depending on the thickness of the layer, effective
suppression of electron injection is achieved for N; from =
10" em? to = 2x10' cm™2.
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