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Current transport at Schottky barriers is of particular interest for spin injection and detection in semicon-
ductors. Here, electrodeposited Ni–Si contacts are fabricated and the transport mechanisms through the
formed Schottky barrier are studied. Highly doped Si is used to enable tunneling currents. I–V, C–V and
low-temperature I–V measurements are performed and the results are interpreted using tunneling theory
for Schottky barriers and recent models for spatially distributed barrier heights. It is shown that, contrary
to the case of lowly doped Si where thermionic emission dominates, tunneling is the dominant mecha-
nism for reverse and low forward bias for highly doped Si. An exponential reverse bias I–V behavior with
negative temperature coefficient is reported. An explanation can be found on the rapid decrease of the
reverse bias I–V slope with temperature predicted by Padovani and Stratton for thermionic field emission
in conjunction with the increase of the Schottky barrier height with temperature suggested for spatially
distributed barrier heights.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Spin injection from a magnetic metal into a semiconductor re-
quires spin conservation during the injection of the electrons. It
is particularly interesting because it allows the integration of mag-
netic devices with microelectronics. The conductivity mismatch
problem has been shown to prevent ohmic contacts from being
used for spin injection [1,2]. Instead, Schottky barriers (SBs) and
Ferromagnet (FM)/Insulator/Semiconductor contacts have been
used [3,4]. A FM/Si/FM spintronic device has been proposed by
Bratkovsky and Osipov using the SBs for injection and extraction
of spin polarized electrons [5]. A detailed understanding of the
transmission mechanisms in the SBs is required for the fabrication
of such devices.

Thermionic emission (TE) over a SB is believed to be unsuitable
for spin injection and detection because reverse bias electron
transmission occurs at energies well above the Fermi level [6]. Im-
age force lowering causes the top of the barrier to occur inside the
semiconductor rather than at the interface. Thus, electrons emitted
over the barrier are already well in the semiconductor where the
density of states is not spin-resolved. On the other hand, therm-
ionic field emission takes place at a lower energy. The electrons
still tunnel within the semiconductor [7] but from a vicinity much
closer to the metal, where spin-resolved density of states still ap-
ll rights reserved.
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plies and can provide spin-dependent transmission. Therefore,
thermionic field emission through Schottky barriers is promising
for spin injection/detection. This has already been demonstrated
in metal/GaAs structures in optical detection experiments [8].

Electrodeposited Ni–Si SBs with lowly doped Si (nSi) exhibit a
high quality Schottky barrier with very low leakage [9]. Analysis
using TE models has revealed a large SB height. In the work pre-
sented here electrodeposited Ni–Si contacts using highly doped
Si (n+ Si) to activate tunneling were fabricated and characterized.
The results are analyzed and compared with those of lowly doped
Si, with the thermionic emission theory and with the predictions of
Padovani and Stratton for tunneling through SBs [10]. The potential
of electrodeposited Schottky contacts for spin injection and detec-
tion is discussed taking into account forward and reverse bias
Thermionic field emission (TFE).

2. Thermionic and thermionic field emission

According to the thermionic emission theory for SBs the current
density (JTE) versus applied potential (V) characteristic is described
by the following equations [11]:

JTE ¼ JS;TE � e
V
Vt � 1

� �
ð1Þ

JS;TE ¼ A� � T2 � e�
/Bn
Vt ð2Þ

where JS,TE is the thermionic emission saturation current density, T
is the absolute temperature, Vt = kT/q (here q is the elementary
charge and k is the Boltzmann constant) and A* = 120m*/m
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(A cm�2 K�2) is the effective Richardson constant with m* and m
being the effective and the free electron mass respectively. /Bn is
the Schottky barrier height including image force lowering:

/Bn ¼ /B;0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q � Emax

4pes

s
ð3Þ

where /B,0 is the barrier height without image force lowering and es

is the dielectric constant of the semiconductor. Emax is the maxi-
mum electric field in the depletion region given by

Emax ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2q � ND

es
� ð/B;0 � V � n� V tÞ

s
ð4Þ

Here, ND is the semiconductor doping concentration and
n = Vt � ln(NC/ND). NC is the effective density of states at the bottom
of the conduction band.

Recent models for thermionic emission assume a spatial distri-
bution of the barrier height to take interface inhomogeneities into
account [12]. If /B;0 and rs are the mean value and the standard
deviation of the distribution respectively, the barrier height will
have a temperature dependence which can be described by the fol-
lowing equation:

/B;0 ¼ /B;0 �
q � r2

s

2 � k � T ð5Þ

Tunneling at Schottky barriers can occur either at the Fermi level
(field emission) or at an energy above Fermi level (TFE). For the Si
doping level and the temperature range used in this work, no signif-
icant field emission is expected [11]. Therefore, only TFE is consid-
ered in the analysis. The analytical expressions for forward (JTFE,f)
and reverse (JTFE,r) bias TFE current, as adapted from Padovani and
Stratton [10] are given below:

JTFE;f ¼ Js;TFE;f � e
V

E0 ð6Þ
JTFE;r ¼ Js;TFE;r � e

V
e0 ð7Þ

where
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Fig. 1. Room temperature J–V characteristics of electrodeposited Ni–Si contacts for nSi an
the SB height extracted from the forward bias of the Ni–nSi characteristic are also show
Js;TFE;f ¼
A� � T2 �

ffiffiffiffiffiffiffiffiffiffi
pE00
p

V t � coshðE00=V tÞ
� e�

/Bn
E0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/Bn � V � n

p
� Nc

Nd

� �Vt
E0
�1

ð8Þ

Js;TFE;r ¼
A� � T2 �

ffiffiffiffiffiffiffiffiffiffi
pE00
p

V t � coshðE00=V tÞ
� e�

/Bn
E0 �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
/Bn � V � cosh2ðE00=V tÞ

q
ð9Þ

E0 ¼
E00

tanh E00
V t

� � ð10Þ

e0 ¼ E00

E00=V t � tanhðE00=V tÞ
ð11Þ

E00 ¼
�h
2
�

ffiffiffiffiffiffiffiffiffiffi
Nd

m��s

s
ð12Þ
3. Experimental procedure

Ni–n+Si contacts were fabricated by electrodeposition on n-
type, h100i Si wafers with resistivity 0.01–0.02 X cm. For compar-
ison, Ni–nSi contacts were also fabricated. To avoid a large series
resistance in the latter case, the nSi was grown epitaxially on
highly doped Si wafers (n on n+). The n+Si resistivity was again
0.01–0.02 X m while the nSi resistivity was 0.9–1.0 X cm. A
20 nm thick layer of SiO2 was thermally grown on the front side.
Circular and square patterns of sizes from 0.1 mm to 1.5 mm were
transferred to the SiO2 layer by conventional lithography. Al Ohmic
back contacts were created by evaporation and annealing for
30 min at 450 �C in H2/N2 to allow for electrical measurements.
Subsequently, after a standard RCA cleaning step (Radio Corpora-
tion of America, H2O2/NH4OH followed by H2O2/HCl) and a 20:1
buffered HF dip for 30 s , electrodeposition of Ni directly on Si
was performed.

For electrodeposition, a Ni sulphate bath and an Autolab
AUT72032 potentiostat three electrode system with a Pt counter
electrode and a saturated calomel reference electrode were used
[13]. The deposition potential was �1.1 V (against the reference
electrode). A pulse of �1.7 V was applied for 0.4 s just before the
deposition stage to form a uniform Ni nucleation on Si which led
to smoother deposition [14]. A metal overlap structure was formed
−1 −0.5 0 0.5 1
ltage (V)
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at the edges suppressing the edge leakage currents. Hence, the for-
mation of a guard ring was not required for these SBs [15]. SBs with
Ni layer thicknesses from 200 nm to 400 nm were fabricated but
no variation of the SB parameters with thickness was observed.

I–V and C–V characteristics measurements were performed
using a Hewlett Packard 4155 A semiconductor parameter ana-
lyzer and a Hewlett Packard 4280 A, 1 MHz, C Meter/C–V plotter.
Low temperature I–V measurements down to 86 K were performed
using a Bio-Rad DL 4960 cryostat temperature controller.

4. Results and discussion

Room temperature current density (J) versus voltage (V) mea-
surements of a Ni–n+Si contact are shown as squares in Fig. 1.
For comparison, J–V measurements of a Ni-n on n+Si contact are
also shown (circles in Fig. 1). The use of n+ bulk Si for both cases
assured the same series resistance as it is apparent from the con-
cordance of the two experimental curves at forward bias higher
than 0.4 V.

For nSi, a high quality rectifying behavior is observed. Therm-
ionic emission can be assumed as the dominant transport mecha-
nism, since the lowly doped n layer suppresses tunneling effects.
By extrapolation from the exponential forward bias region, a SB
height value of Ub,0 = 0.76 V is obtained. Here, image force lowering
as described by Eq. (3) has been taken into account using the ND

value that corresponds to the resistivity of the n-Si. The fitting
characteristic is shown as a dashed line in Fig. 1. The theoretical
TE characteristic for the same Ub,0 without lowering is also shown
as a solid line in Fig. 1. The difference is more clear in the reverse
bias region, demonstrating the excess current that can be attrib-
uted to image force lowering for nSi.

For n + Si, excess current is evident in the reverse bias and in the
low forward bias, for voltages up to 0.3 V. This current increase
with doping concentration can be attributed either to the increase
of the Schottky barrier (SB) image force lowering effect or to tun-
neling currents through the barrier. Generation – recombination
effects can be ruled out since they decrease with increasing doping
concentration.
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Fig. 2. Low temperature J–V characteristics of an electrodeposited Ni-S
The image force lowering effect expected for the Ni–n+Si con-
tacts is given by Eq. (3), using the n+Si doping concentration
(2.1E18 cm�3) and the Ub,0 extrapolated from the forward bias of
the nSi curve (0.76 V). The resulting curve is shown as a dash-dot-
ted curve in Fig. 1. Although a significant J increase could be caused
by image force lowering, it is not enough to explain the excess cur-
rents for n+Si. The above considerations suggest tunneling as the
dominant transport mechanism at electrodeposited Ni–n+Si
contacts.

To further investigate this suggestion, low temperature mea-
surements were performed as shown in Fig. 2. These measure-
ments were taken with a temperature step of 10 K. For clarity,
only five curves are plotted in Fig. 2. In the forward bias, a minor
increase of J with T is observed. In the low reverse bias, J increases
with T as well. However, for temperatures below 250 K, at around
�1 V to �1.5 V a sudden slope increase is observed indicating a
switch of the dominant transport mechanism. For reverse bias lar-
ger than �1.5 V, the temperature coefficient becomes negative and
a cross-over region is observed.

Eq. (7) shows that the reverse bias TFE current JTFE,r has an expo-
nential dependence on the applied potential V, with a slope of 1/e0.
Given that e0 increases with increasing temperature (Eq. (11)), the
slope is higher for lower temperatures and hence, JTFE,r–V curves for
different temperatures may eventually give a cross-over point. For
voltages beyond this point the current will be higher for lower
temperatures. Therefore, the cross-over and negative temperature
coefficient observed in Fig. 2 are consistent with the predictions of
Padovani and Stratton for reverse bias TFE current voltage charac-
teristics [10].

This effect is not observed in the experimental results of Pado-
vani and Stratton. An explanation can be obtained by taking into
account the rapid decrease of the saturation current Js,TFE,r with
decreasing temperature suggested in Eq. (9). This effect increases
the voltage at which the cross over occurs beyond the range of
measurements. In contrast, electrodeposited Schottky barriers ex-
hibit a spatial distribution of the SB height which results in a
decreasing SB height with decreasing temperature [9]. Hence, the
TFE saturation current Js,TFE is kept in levels high enough to bring
the cross-over and negative temperature coefficient effects within
−1 −0.5 0 0.5 1
ltage (V)
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i contact for n+Si. The contact was circular with diameter 1.5 mm.
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measuring range. To further support the above arguments, the
experimental data are analyzed below, taking into account the
TFE theory and the spatial distribution of the SB height.

4.1. Forward bias

By extension of the forward bias linear part of Fig. 2, from 0.1 V
to 0.4 V, to the J axis, the saturation current density is obtained for
different temperatures. These measurements are plotted as filled
circles in Fig. 3. For comparison, corresponding data for nSi are
shown as open circles.

The increase of Js with temperature for n+Si is much smaller
than that observed for the nSi. This can be explained by comparing
the theoretical temperature dependence of Js for thermionic and
thermionic field emission as given by Eqs. (2) and (8). While
thermionic emission always gives a strong temperature depen-
dence, thermionic field emission can be much less temperature
dependent.

The experimental results for nSi suggest a spatial distribution of
the SB height. A good fit is obtained by using the model of Werner
and Guttler [12]. This fit is shown as a dashed line in Fig. 3. In anal-
ogy, a spatial SB height distribution can be assumed for the n+Si
contact and used in Eq. (8) for the thermionic field emission model.
However, the resulting large number of parameters (m*, ND, mean
SB height value /Bn and standard deviation rs) requires the inde-
pendent determination of some of them.

For this purpose, room temperature C–V measurements were
performed to determine ND and /Bn. The C–V dependence for SBs
is described by the following equation [15]:

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q�sND

2ð/B;0 � V � n� V tÞ

s
ð13Þ

An inverse square capacitance versus voltage characteristic is
shown as filled squares in Fig. 4. For low reverse bias (from �1 V
to 0 V) a straight line is observed. From the slope of this line the
Si doping concentration can be estimated. A value of 1.32
1018 cm�3 is obtained, corresponding to a resistivity of 0.019 X
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Fig. 3. Saturation current density versus temperature as extrapolated from Fig. 2, from 0.1
cm which matches the specification of the Si substrate used
(0.01–0.02 X cm). From its intercept on the voltage axis, the SB
height is calculated to be 1.19 V. This unusually high value can be
attributed to the high current observed for the Ni–n+Si contacts that
distorts the C–V curve. As TE predicts a straight line in this diagram,
this non-linear behavior confirms that this high current cannot be
explained by considering only TE.

To overcome this issue, the results of the thermionic emission
analysis of Ni–nSi SBs can be used [9]. From C–V measurements
of a Ni–nSi SB (shown as circles in Fig. 4), a SB height of 0.76 V is
obtained. This value should match the mean SB height /Bn of the
model of Werner and Guttler. Also, from low-temperature I–V
measurements, a standard deviation of 66 mV has been found.
Using the C–V measured value for ND and the nSi results for /Bn

and rs, the n + Si experimental data of Fig. 3 are fit by Eqs. (8)
and (5), using m* as the only fitting parameter. A fit shown as a
black line is obtained with m* = 0.05. This fit shows that the mod-
erate decrease of (JTFE,f) with decreasing temperature observed in
Figs. 2 and 3 is in agreement with the predictions for TFE through
a spatially distributed SB height. For bulk Si, the theoretical value
for m* in the direction of the tunneling current (transverse) is
0.19. The low fitting value for the effective mass is an indication
of crystal disorder at the Ni–Si interface as such a disorder can
drastically reduce the tunneling effective mass of electrons [16].
This fit is further discussed in Section 4.3, in comparison with re-
verse bias data.

While the domination of tunneling in reverse biased Schottky
barriers has been widely acknowledged, the identification of TFE
in forward bias is a novel result with particular importance. It
has been pointed out that SBs need to be reverse biased for spin
injection and detection, assuming domination of thermionic emis-
sion at forward bias [6]. Under this assumption a spin injection and
detection device with two SBs in series and a single type semicon-
ductor would not be possible. From our data, it emerges that the
excess low forward bias current can be attributed to thermionic
field emission through the SB. This corroborates experimental re-
sults showing spin dependent transmission at lowly forward
biased FM/GaAs SBs [17].
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V to 0.4 V. Results from Ni–nSi Schottky barriers [9] are also shown for comparison.
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4.2. Low reverse bias

For low reverse bias, the current density appears to increase lin-
early with applied potential. Using a linear model, a good fit is ob-
tained as illustrated in Fig. 5. The intersection of the fitting curves
with the J axis was set to zero. From this fit, the gradient can be
extrapolated. The resulting values are plotted in the inset of
Fig. 5. For low temperatures, the experimental results indicate a
transport mechanism with small temperature dependence. For
temperatures around 240 K a sharp peak of the temperature
dependence is observed. This increase could be attributed to the
activation of the high reverse bias mechanism (thermionic field
emission) in this region for temperatures higher than 200 K. A
physical explanation of this linear behavior could involve tunnel-
ing effects through interface trap states at the Ni-Si contact.

4.3. High reverse bias

The response for reverse bias higher than �1.5 V is studied by
extrapolation of its saturation current density from the interval



Fig. 6. Exponential fit of the high reverse bias J–V characteristics for different temperatures. For clarity, only the 100 K, 200 K and 300 K characteristics are shown. The lines
are linear extrapolations of the experimental data in the logarithmic scale. The extrapolated values of the inverse slope versus temperature are plotted in the inset.
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between �1.5 V and �2.5 V as shown in Fig. 6. The excellent fit
indicates that the high reverse bias current density increases expo-
nentially with reverse voltage, in agreement with the predictions
of thermionic field emission theory (Eq. (7)). The reverse bias slope
e0 = d(ln J)/dV and saturation current density Js,TFE,r can be extracted
from this fit.

The inverse slope (e0) versus temperature is plotted in the inset
of Fig. 6. e0 increases with increasing temperature. This is consistent
with Eq. (11). The temperature dependence of e0 leads to the cross-
over observed in Fig. 2.
50 100 150
10

−9

10
−8

10
−7

10
−6

Tempe

J s / 
T2  (

A
 c

m
−2

 T
−2

)

 

Reverse

Forward

J
s,TFE,r

 (

J
s,TFE,f

 (

Fig. 7. High reverse bias Js/T2 extrapolated as shown in Fig. 6, against T. The forward bias
bias TFE model is plotted without any fitting parameters.
The extrapolated saturation current density divided by T2 is
plotted against T in Fig. 7 (filled squares). For consistency, these re-
sults should be discussed in combination with the forward bias
analysis. Therefore, the forward bias extrapolated data are plotted
here for comparison (shown as filled circles in Fig. 7). It can be ob-
served that the forward and reverse bias Js follow similar trends.

The forward bias thermionic field emission fit as described in
the analysis of the forward bias is shown as a solid line in Fig. 7.
This corresponds to Eq. (8) with a temperature dependent barrier
height as described in Eq. (5). Using the same values for all param-
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eters, the reverse bias thermionic field emission saturation current
density is calculated from Eqs. (9) and (5). The result is shown as a
dashed line in Fig. 7. The pair of theoretical curves in Fig. 7 predict
that the forward and reverse bias saturation current densities fol-
low the same temperature-dependence trend. This is consistent
with the experimental results which indeed exhibit a similarity
analogous to the theoretical one. The qualitative matching of the
reverse bias measurements to the TFE predictions is a considerable
result as it is free of any fitting parameters. This is strengthened by
the matching of the ratio of separate, extrapolated forward and re-
verse bias results to the theoretical predictions which is also
achieved without any fitting parameters.

In the lower of temperatures appearing in Fig. 7 the validity of
TFE is expected to weaken as field emission is starting to appear.
Similarly, for the higher of temperatures in Fig. 7 thermionic emis-
sion is starting to play a role. This is the origin of the deviations
from TFE observed at the lower and the upper temperature limits
of the measurements.

5. Conclusions

In this work, current transport at electrodeposited Ni–n+Si con-
tacts was studied. The cross-over of reverse bias TFE current–volt-
age characteristics for different temperatures predicted by
Padovani and Stratton was experimentally demonstrated. The
cross-over results in a reverse bias region with negative tempera-
ture coefficient of the TFE current. This effect is a consequence of
the TFE theory for SBs which predicts a logarithmic current–volt-
age dependence in the reverse bias with slope that increases with
decreasing temperature [15]. In addition, the results presented in
this paper show tunneling domination at low forward bias. Such
SBs could be used in series for all electrical spin injection and
detection and research work toward this direction is underway.
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