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Abstract - Interface states at metal-semiconductor or 

semiconductor-semiconductor interfaces in ultra-thin layers 

deposited on nanometer-deep p+nsilicon junctions that are 

contacted by metal, can be beneficial for suppressing the 

injection of majority carriers from the bulk. The effect is 

more pronounced as the p+n junction depth becomes smaller 

and it dominates the electrical characteristics of 

ultrashallow junctions, as, for example sub-10-nm deep pure 

boron (PureB) diodes. The properties of the perimeter of 

such an interface play a critical role in the overall electrical 

characteristics. In this paper, a TCAD simulation study is 

described where nanometer-deep p+n junctions have an 

interface hole-layer that forms an energy barrier at the 

semiconductor-semiconductor interface. The suppression of 

bulk electron injection is analyzed with respect to the 

barrier height and the p+n junction depth. Perimeter effects 

are investigated by 2D simulations showing a detrimental 

impact on the parasitic majority carrier injection from the 

bulk in structures with nanometer deep p+n junctions. 

Other than employing a guard ring, reduction of the 

perimeter effects by shifting the position of the metal 

electrode was considered. 

I. INTRODUCTION 

The properties of metal-semiconductor or 
semiconductor-semiconductor interfaces define the 
electrical characteristics of many semiconductor devices. 
An example is given bymetal-semiconductor devices 
where the Schottky-barrier height is solely defined by the 
atomic structure of the interface [1], [2]. Bipolar 
transistors with a polysilicon (poly-Si) emitter also make 
use of the interfacial properties of the poly-Si/Si transition 
for suppressing the minority carrier (hole) injection from 
the base into the emitter[3] and increasing the current 
gain. In poly-Si emitters, the physical mechanisms 
governing the minority carrier transport are mainly 
affected by the formation of a thin oxide layer at the poly-
Si/Si interface or the recombination of the minority 
carriers via interface states for devices without a 
deliberately grown oxide layer [4]. On the other hand, the 
hetero-emitter-like behavior of phosphorus doped poly-Si 
emitters is exploited to form a barrier both in the valence 
and conduction band which can suppress the hole 
injection from the base[5]. Apart from a band offset, in 

heterostructure devices the interface states can be filled 
with electrons or holes thus bending the band significantly 
[6], [7]. Other mechanisms which impact the carrier 
transport and where the interface can play a role include 
tunneling to and from interface states and tunneling 
through barriers formed at the interface[8]. 

It can be assumed that the interface properties in the 
pure amorphous boron (PureB) devicesare responsible for 
the exceptional electrical characteristics of these 
devices.A potential barrier at the PureB/Si interface is 
formed due to an interface hole-layer [9] and suppresses 
the electron injection from the bulk.While being CMOS 
compatible [10], the PureB deposition technology allows 
the formation of a nanometer-deep p+n junctions [11]. 
Such a shallow p+n junction depth is expected to suffer 
from a large electron injection from the bulk, which would 
increase the saturation current density to the values larger 
than 10-14 A/µm2, as found in Schottky-like devices [12]. 
However, in PureB diodes the saturation current density is 
measured to be lower than 10-19 A/µm2[10], [12] and is 
comparable to the saturation current density of devices 
with deep-diffused pn-junctions. The presence of an 
effective blocking mechanism is also confirmed by the 
high effective emitter Gummel number measured in pnp-
transistors where PureB layers are incorporated in the 
emitter region [10], [12]. The effective blocking 
mechanism of the PureB layers is a subject of ongoing 
research, which also yielded the wide-bandgap model of 
the PureB layer [13]. However, this model is made 
obsolete since the latest ellipsometry measurements 
yielded an optical bandgap lower than that of Si with 
values similar to the ones reported for amorphous boron 
layers [14], [15]. 

The efficient suppression of the majority carrier 
injection from the bulk by an interface blocking 
mechanism, as is the case for the PureB devices, can be 
deteriorated by the perimeter effects. Photodiodes 
fabricated with PureB layers deposited at either 400° C or 
700° C without the guard ring (GR) show several orders 
of magnitude higher currents in the forward regime than 
the PureB diodes where the GR is added to the periphery 
[16]. This behavior is also attributed to the inherent 
properties of the PureB layers and the interface to Si. The 
PureB/Si interface is terminated at the perimeter, which This work was supported by the Croatian Science Foundation under 

contract no. 9006. 
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Figure 1.  Cross section of a 1D test structure with simulated doping 
concentration profile. 
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Figure 2.  Simulated energy band diagram (VD = 0 V and yj =10 nm) 
illustrating the formation of the potential barrier due to the interface 

hole-layer with NI = 5×1012 cm-2. Band diagram of the device with an 
ohmic contact is shown for reference. 
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allows a higher injection of electrons. The Al pits cannot 
be formed at the periphery since it is shown that the PureB 
servesas a diffusion barrier for pure Al deposition [17]. 
Moreover, the use of the Al saturated with 1-2 % of Si can 
completely prevent the formation of the pits. 

In this paper, a pure Si test structure is proposed with 
the interface hole-layer which islocated in a several 
nanometers deep p+ region of a p+n-junction diode. This 
structure is used to analyze the impact of the perimeter on 
the potential barrier formed by an interface hole-layer 
which is responsible for suppression of the electron carrier 
injection. The impact of both oxide interface charge and 
the oxide layer thickness on the termination of the 
interface region at the perimeter is examined. Methods for 
eliminating detrimental perimeter effects are proposed. 

II. SUPPRESSION OF ELECTRON INJECTION BY AN 

INTERFACE HOLE-LAYER 

The impact of aninterface hole-layer located in the p+ 
region of a p+n-junction diode is analyzed on a pure Si test 
structure based on the material, geometrical and doping 
parameters found in PureB devices. The PureB layer can 
be used as an abundant source for diffusion of boron into 
the Si and the junction depths from sub-10 nm to several 
hundreds of nanometersare attainable by controlling the 
annealing time and temperature[10]. The thickness of the 
PureB layer is set by the duration of the diborane (B2H6) 
gas exposure and thegrowth rate of the PureB layers is 
found to be equal to 0.4 nm/min for adeposition 
performed at 700° C[11]. Depending on the application of 
the devices, PureB layer thickness is varied between 10 
nm and 2 nm, while even the latter allows a complete 
coverage of the Si surface [11]. The concentration of 
carriers in the PureB layers is not yet measured, while the 
concentration of holes in amorphous boron layers 
fabricated using different deposition techniques is  found 
to vary in the range between 1016cm-3[18]and 1018 cm-

3[19].Other properties such as bandgap[14], [15], 
mobility[19] and affinity of the PureB layers are neglected 
for simplicity and the default Si values are used. 

The test structure is defined and simulated in 
Sentaurus Device [20] TCAD software. In simulations,the 
p+region, corresponding to the as-diffused boron, is 
Gaussian with peak concentration, Np+, at the surface of 
1019 cm-3andpn-junction depth, yj, varied between 1 nm 
and 500 nm defined at a background concentration of 1015 
cm-3. The interface region is defined between the bulk-Si 
region and the low-doped top-Si layer which has a fixed 
thickness, tpt, of 5 nm. The doping of the top-Si layer, Npt, 
equals 1018 cm-3 and is set to model the hole concentration 
measured in amorphous boron layers[19]. The total 
thickness of the simulated structure is 10 µm. The cross-
section of the simulated structure is depicted in Fig. 1 and 
the doping profile of the structure with yj = 10 nm is 
shown for reference. The top-Si/bulk-Si interface is also 
indicated. 

In diodes with shallow p+n-junctions, the properties of 
the metal contact such as work-functionare important for 
the behavior of the device. In our simulations, we usedan 
aluminum metal contact with work-function of 4.1 eV 
[20]. The band alignment and the formation of the Al/Si 
barrier follows the Schottky model for contacts [3] while 

the thermionic emission model is used to account for the 
carrier transport over the barriers [20].The simulations are 
also performed using the Schottky-barrier lowering model, 
together with the tunneling of the carriers to the anode 
contact[20]. Fermi-level pinning at the Schottky contact 
was neglected. For comparison, some of the simulations 
are performed using an ideal ohmic contact to Si. The 
electron and hole lifetimes in the Shockley-Read-Hall 
model equal 10-3 s to account for the low saturation 
current density characteristics typical of PureB 
photodiodes [10], [12].  

A potential barrier for electrons is formed by a 
negative fixed charge at the interface with concentration 
NI. The negative charge attracts holes, which then form an 
interface layer of holes that bends the band and forms a 
potential barrier at the interface. In Fig. 2, the band 
diagram of a device with an Al/Si contact and having a 
potential barrier formed by a fixed interface charge 
ofNI = 5×1012 cm-2 is compared to the band diagram of the 
device without this barrier. The band diagram is plotted 
for the device with yj = 10 nm at forward diode voltage 
VD = 0 V. For reference, the band diagram of the device 
with an ideal ohmic contact is also shown. An increase of 
the potential barrier due to the hole-layer at the interface is 
clearly seen to be capable of suppressing the electron 
injection 

We analyzed the impact of the parameters of the 
device such as yj and NI on the suppression of the electron 
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(a) 

 
(b) 

 
Figure 3.  (a) Current-voltage characteristics of the simulated structure 
for yj between 5 nm and 500 nm for the device with Al/Si contact and 
ideal ohmic contact to Si. (b) Extracted electron and hole saturation 

current density with respect to yj. 
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Figure 4.  Electron and hole saturation current density for devices with 

an Al/Si contact with respect to the interface charge concentration 
responsible for the formation of the potential barrier. Devices with 

yj = 5, 10, 20 and 50 nm are shown. 
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Figure 5.  Cross section of a 2D test structure used to analyze the impact 
of perimeter effects on the potential barrier at the interface. 
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injection by simulating the current-voltage characteristics 
of the diode. Simulated current-voltage characteristics of 
the devices with an Al/Si contact without the interface 
hole-layer (NI=0) are shown in Fig. 3a. For yj< 20 nm, the 
Al work-function lowers the potential barrier for 
electronsand a large electron current can flow, dominating 
the total diode current. However, for yj > 20 nm a barrier 
is formed which can suppress the electron injection and 
the diode current is defined by the hole current. For the 
device where an ideal ohmic contact to Si is defined, there 
is no impact from the Al work-function and a barrier 
capable of suppressing the electron injection is formed 
even for yj = 5 nm. The saturation current density of both 
electrons, ISe, and holes, ISh, is extracted with respect to yj 
and is shown in Fig. 3b. For yj> 150 nm, the ISe of the 
device with Al/Si contact is equal to the ISe of the device 
with the ohmic contact to Si. 

In the simulatedpure Si test structure, the suppression 
of the electron injection from thebulk is achieved by 
introducing a large concentration of holesat the interface. 
The potential barrier formed in this way can lower the ISe 
of the diode to become comparable or lower than ISh. 
Electron and hole saturation current densities are extracted 
for devices with Al/Si contacts and anNI interface charge 
that is assumed to be at the top-Si/bulk-Si interface. The 
results are shown in Fig. 4. For the device with yj = 10 nm, 
an NI larger than 6×1012 cm-2 is needed to lower ISe below 

the ISh values, whereas for deeper pn-junctions, those 
values are even lower. 

III. IMPACT OF PERIMETER EFFECTS ON THE 

POTENTIAL BARRIER AT THE TOP-SI/BULK-SI INTERFACE 

In order to study the perimeter effects, we performed 
2D simulations in Sentaurus Device [20]. The cross 
section of the 2D structure is depicted in Fig. 5. The 
simulated device is 2 µm wide, whereas the intrinsic diode 
width is set to 1 µm implying that the top-Si layer and the 
p+ regionare equally wide. The Gaussian profile of the p+ 
region extends laterally with a factor of 0.5. The whole 
perimeter is covered by oxide with thickness tox. The part 
of the top-Si region can also be covered by oxide which is 
defined by parameter dox. In this way, the aluminum 
contact is removed from the edge of the intrinsic diode. 
The default value ofdox is 0 meaning that the aluminum 
covers the whole intrinsic diode region. The concentration 
of positive oxide interface charge [21]is defined as Nox. 

The perimeter effects can impact the potential barrier 
formed at the interface due to the 2D distribution of 
charge. Also, if the positive oxide interface charge is 
located in the vicinity of the interface hole-layer or if the 
oxide layer is sufficiently thin, electrons are accumulated 
at the oxide/Si interface. These electrons compensate the 
charge in the hole-layer thus leading to a decrease of the 
potential barrier. At the same time, the accumulated 
electrons form a channel which can steer the electron 
current towards the already lowered potential barrier thus 
increasing the electron injection. The electron and hole 
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(a) 

 
(b) 

 
Figure 6.  Electron and hole saturation current density of a 2D device 

for junction depths of yj = 10 nm, 20 nm and 50 nm and NI = 1013 cm-2, 
2×1013 cm-2 and 5×1013 cm-2 with respect to (a) oxide/Si interface 

charge, Nox and (b) oxide thickness, tox. 
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Figure 7.  Band diagram of the intrinsic diode and at the edge of the 
intrinsic diode region indicating a lowering of the potential barrier. 
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Figure 8.  Electron and hole saturation current density of a 2D device 

with respect to the (a) peak concentration of the GR region; (b) distance 
between the aluminum contact and the edge of the intrinsic diode, dox. 
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saturation current density for junction depths of yj = 10 
nm, 20 nm and 50 nm and NI = 1013 cm-2, 2×1013 cm-2 and 
5×1013 cm-2 with respect to the oxide/Si interface charge, 
Nox is shown in Fig. 6a. The impact of the oxide thickness 
on ISe and ISh for the same yj and NI is shown in Fig. 6b. 
For the device having yj = 10 nm and NI = 1013 cm-2, the 
perimeter effects start to considerably increase ISe for 
values of Nox> 7×1011 cm-2 or tox< 5 nm which can then 
dominate the diode current.The lowering of the barrier due 
to the perimeter effects is analyzed by plotting the band 
diagram of the intrinsic diode and the band diagram at the 

edge of the intrinsic diode, which is shown in Fig. 7. The 
barrier lowering, ∆EB, for the simulated device with 
parameters indicated in Fig. 7 is found to equal 0.17 eV. 
In reality, both the oxide/Si interface charge and thin 
oxide participate in deteriorating the barrier at the 
perimeter of the device, while the 3D effects found at the 
sharp corners of devices with rectangular layout can 
further decrease the barrier. 

Elimination of the perimeter effects is performed by 
means of GR formation at the edge of the intrinsic diode 
or by increasing the distance between the aluminum 
contact and the edge of the intrinsic diode. Both methods 
can lower the increased electron saturation current density. 
In our simulations, the GR region has a Gaussian doping 
profile with the junction depth of yjGR = 300 nm defined at 
a bulk doping concentration of 1015 cm-3. The Gaussian 
profile extends laterally with a factor of 0.5. The peak 
concentration of the GR region, NpGR, is located at the 
surface (y=0 nm). The impact of the NpGR on successful 
elimination of the perimeter effects is analyzed and shown 
in Fig. 8a. The 2D device is defined having yj = 10 nm, 
NI = 1013 cm-2, Nox = 5×1011 cm-2, tox=2 nm and dox = 0 
nm. The results show that the peak surface concentration 
of such a GR region needs to be higher than 3×1018 cm-3 
in order to efficiently decrease ISe to be lower than ISh. On 
the other hand, increasing the distance between the 
aluminum contact and the edge of the intrinsic diode 
lowers the ISe significantly. The aluminum sink electrode, 
which originally decreases the barrier for electrons in 
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devices with nanometer deep pn-junctions is thereafter 
moved away and is not subjected to the perimeter effects. 
The extracted ISe and ISh for a device with yj = 10 nm, NI = 
1013 cm-2, Nox = 5×1012 cm-2, tox=300 nm and no GR 
region are shown in Fig. 8b. The parameter dox for which 
ISe is lower than ISh needs to be larger than ≈15 nm. This 
also sets the lower limit at which the perimeter effects can 
efficiently be suppressed.  

IV. CONCLUSION 

In this paper, we analyzed the impact of a layer of 
holes at an interfacelocated in the p+ region of p+n-
junction diodes on the suppression of electron injection 
from the bulk. The layer of holes causes the formation of a 
potential barrier capable of reducing the otherwise large 
electron saturation current density found in devices with 
Al/Si contacts having a shallow pn-junction depth lower 
than 20 nm. For a device with an Al/Si contact with a 
junction depth of 10 nm and the thickness of the top-Si 
layer of 5 nm, an electron saturation current density lower 
than 10-18 A/µm2 can be achieved for an interface hole-
layer with a concentration larger than 6×1012 cm-2. 

The perimeter effects in devices employing a layer of 
holes can have detrimental effects on the suppression of 
the electron injection. Both interface oxide charge and thin 
oxide layers can lower the potential barrier and form a 
channel at the oxide/Si interface steering the electrons 
toward the lowered barrier at the edge of the intrinsic 
diode. These perimeter effects can be even more 
pronounced at the edges ofdevices having a circular or 
rectangular layout due to 3D effects. In the devices where 
a GR is employed, the perimeter effects can be efficiently 
suppressed. In this paper the peak doping concentration of 
the GR needed to suppress these effects for the simulated 
structure is found to be larger than 3×1018 cm-3. At the 
same time, if part of the intrinsic diode is covered with 
oxide thus increasing the distance between the aluminum 
contact and the perimeter, the perimeter effects can be 
eliminated. The distance that the aluminum contact must 
be shifted with respect to the edge of the intrinsic 
diodecan be as low as 15 nm.  

REFERENCES 

[1] R. T. Tung, “The physics and chemistry of the Schottky barrier 
height,” Applied Physics Reviews, vol. 1, no. 1, p. 011304, Mar. 
2014. 

[2] R. T. Tung, “Recent advances in Schottky barrier concepts,” 
Materials Science and Engineering: R: Reports, vol. 35, no. 1, pp. 
1–138, 2001. 

[3] S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd 
edition. Hoboken, N.J: Wiley-Interscience, 2006. 

[4] I. R. Post, P. Ashburn, and G. R. Wolstenholme, “Polysilicon 
emitters for bipolar transistors: a review and re-evaluation of 
theory and experiment,” IEEE Transactions on Electron Devices, 
vol. 39, no. 7, pp. 1717–1731, 1992. 

[5] M. Kondo, T. Kobayashi, and Y. Tamaki, “Hetero-emitter-like 
characteristics of phosphorus doped polysilicon emitter transistors. 
Part I: band structure in the polysilicon emitter obtained from 
electrical measurements,” IEEE Transactions on Electron Devices, 
vol. 42, no. 3, pp. 419–426, 1995. 

[6] W. G. Oldham and A. G. Milnes, “Interface states in abrupt 
semiconductor heterojunctions,” Solid-State Electronics, vol. 7, 
no. 2, pp. 153–165, Feb. 1964. 

[7] H. Kroemer, “Heterostructure Devices: A Device Physicist Looks 
at Interfaces,” in Electronic Structure of Semiconductor 
Heterojunctions, vol. 1, G. Margaritondo, Ed. Dordrecht: Springer 
Netherlands, 1988, pp. 116–149. 

[8] A. G. Milnes and D. L. Feucht, Heterojunctions and metal-
semiconductor junctions. Academic Press, 1972. 

[9] L. Qi and L. K. Nanver, “Conductance Along the Interface 
Formed by 400 °C Pure Boron Deposition on Silicon,” IEEE 
Electron Device Letters, vol. 36, no. 2, pp. 102–104, Feb. 2015. 

[10] L. K. Nanver et al., “Robust UV/VUV/EUV PureB Photodiode 
Detector Technology With High CMOS Compatibility,” IEEE 
Journal of Selected Topics in Quantum Electronics, vol. 20, no. 6, 
pp. 306–316, Nov. 2014. 

[11] F. Sarubbi, T. L. M. Scholtes, and L. K. Nanver, “Chemical Vapor 
Deposition of α-Boron Layers on Silicon for Controlled 
Nanometer-Deep p + n Junction Formation,” Journal of Electronic 
Materials, vol. 39, no. 2, pp. 162–173, Feb. 2010. 

[12] F. Sarubbi, L. K. Nanver, and T. L. M. Scholtes, “High Effective 
Gummel Number of CVD Boron Layers in Ultrashallow p+n 
Diode Configurations,” IEEE Transactions on Electron Devices, 
vol. 57, no. 6, pp. 1269–1278, Jun. 2010. 

[13] T. Knežević, T. Suligoj, A. Šakić, and L. K. Nanver, “Modelling 
of electrical characteristics of ultrashallow pure amorphous boron 
p+ n junctions,” in MIPRO, 2012 Proceedings of the 35th 
International Convention, 2012, pp. 36–41. 

[14] U. Kuhlmann, H. Werheit, T. Lundström, and W. Robers, “Optical 
properties of amorphous boron,” Journal of Physics and 
Chemistry of Solids, vol. 55, no. 7, pp. 579–587, 1994. 

[15] A. Hori, M. Takeda, H. Yamashita, and K. Kimura, “Absorption 
Edge Spectra of Boron-Rich Amorphous Films Constructed with 
Icosahedral Cluster,” Journal of the Physical Society of Japan, 
vol. 64, no. 9, pp. 3496–3505, Sep. 1995. 

[16] L. Qi, “Interface Properties of Group-III-Element Deposited-
Layers Integrated in High-Sensitivity Si Photodiodes,” PhD thesis, 
TU Delft, 2016. 

[17] A. Šakić, V. Jovanović, P. Maleki, T. L. Scholtes, S. 
Milosavljević, and L. K. Nanver, “Characterization of amorphous 
boron layers as diffusion barrier for pure aluminium,” in MIPRO, 
2010 Proceedings of the 33rd International Convention, 2010, pp. 
26–29. 

[18] Y. Kumashiro, T. Yokoyama, and Y. Ando, “Thermoelectric 
properties of boron and boron phosphide CVD wafers,” in 
Thermoelectrics, 1998. Proceedings ICT 98. XVII International 
Conference on, 1998, pp. 591–594. 

[19] K. Kamimura, M. Ohkubo, T. Shinomiya, M. Nakao, and Y. 
Onuma, “Preparation and properties of boron thin films,” Journal 
of Solid State Chemistry, vol. 133, no. 1, pp. 100–103, 1997. 

[20] Synopsys, Sentaurus Device User Guide. Mountain View, CA, 
USA: Synopsys, 2016. 

[21] F. Li and A. Nathan, CCD Image Sensors in Deep-Ultraviolet: 
Degradation Behavior and Damage Mechanisms, 1st edition. 
Berlin ; New York: Springer, 2005. 

 

76


