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Abstract— The dependence of band-to-band tunneling in
p+-Si1−xGex /n+-Si1−xGex homojunctions on Ge fraction and
electric field is investigated in the range 2–3×108 V/m. Negative
differential resistance (NDR) in forward bias is observed for
each device with the highest peak tunneling-current density
of 8.2 kA/cm2 without any postannealing step. Reverse-biased
band-to-band tunneling, as relevant for tunneling field-effect
transistors, is also measured. Tunneling via junction defects can
mask band-to-band tunneling and the observation of NDR at
forward bias confirms negligible tunneling via those defects.
Both forward-biased and reverse-biased data are compared with
models versus electric field and Ge fraction.

Index Terms— Band-to-band tunneling (BTBT), chemical
vapor deposition (CVD), negative differential resistance (NDR),
SiGe, tunnel diode, tunneling field-effect transistor (TFET).

I. INTRODUCTION

BAND-TO-BAND tunneling field-effect transistors
(TFETs) are promising for ultralow power applications

because the operation of low supply voltage can be enabled by
their steep subthreshold slopes [1]. While silicon TFETs with
subthreshold slopes <60 mV/decade have been demonstrated,
the drive current is low because of the low band-to-band
tunneling probability of electrons due to the large bandgap
energy of silicon [2]. High drive current can be achieved
by replacing silicon with Si1−x Gex alloys because of the
smaller bandgap energy in Si1−xGex alloys [3]. In addition,
a steeper subthreshold slope was suggested by increasing the
germanium fraction in a SiGe TFET [4].

To improve the performance of the SiGe TFETs, a careful
calibration of SiGe band-to-band tunneling (BTBT) such as the
effects of Ge fraction and doping concentrations is required.
Previous papers on tunneling in SiGe/Si heterojunctions have
not related the BTBT to the electric field [5], [6] or addressed
the role of junction defects on BTBT [7]. Furthermore, there
is no report on tunneling in the SiGe/SiGe homojunctions.

In this paper, we study BTBT at forward bias and reverse
bias in epitaxially grown p+-SiGe/n+-SiGe tunneling diodes
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by varying the Ge fraction and boron concentration. Negative
differential resistance (NDR) at small forward bias, a critical
indication of BTBT [8] is observed for each device. A peak
tunneling-current density of 8.2 kA/cm2 at room temperature
is also reported, the highest among all Si-based tunneling
diodes grown by chemical vapor deposition (CVD) so far. We
also discuss the effects of junction defects on the tunneling
current and use NDR at forward bias to confirm that the
observed current is dominated by BTBT rather than defect-
assisted tunneling (DAT) [9]. The sets of experimental data at
forward and reverse biases are compared with models versus
Ge fraction and electric field to serve as a baseline calibration
for device modeling programs.

In this paper, we first introduce the epitaxial growth and
fabrication of SiGe-based tunneling diodes in Section II. Then
we discuss BTBT at forward bias with a model comparison in
Section III. In Section IV, we discuss the reverse-biased data
and modeling, followed by a brief conclusion in Section V.

II. EXPERIMENT

The device structure of the experimental p+-SiGe/n+-SiGe
homojunction diodes is shown in Fig. 1(a). Initially, SiGe
layers are epitaxially grown by rapid thermal chemical vapor
deposition (RTCVD). Before loading into the reactor, the
heavily doped n-type Si (001) substrates of ρ ∼ 0.003 � cm
are cleaned by H2SO4:H2O2 (2.5:1) for 15 min followed
by diluted HF (1:50) for 1 min. Those wafers are then
heated to 950 ◦C in a hydrogen (H2) carrier for 5 min to
remove the residual oxide before the epitaxial growth started.
Dichlorosilane (SiH2Cl2) and diluted germane (GeH4) in H2
(0.8%) are the precursors for SiGe growth. Diluted phosphine
(PH3) and diborane (B2H6) in H2 (100 ppm) are used for
the in situ doping. After high-temperature baking, an n+-
SiGe layer is grown followed by the deposition of p+-SiGe
layer by fast switching of the dopant gases. The diodes of Ge
fractions of 0.14, 0.21, and 0.27 are grown at 625 ◦C with the
total thicknesses of 50, 66, and 40 nm, and the diode of Ge
fraction of 0.35 is grown at 575 ◦C with a thickness of 30 nm.
The thicknesses of p+ and n+ layers for each Ge fraction
are given in Table I. The layer thicknesses, Ge fraction,
and doping concentrations are determined by secondary ion
mass spectrometry (SIMS) [for example, see Fig. 1(b) for a
Si0.79Ge0.21 tunneling diode]. The expected critical thicknesses
of the metastable SiGe films on Si for those four diodes of Ge
fractions of 0.14, 0.21, 0.27, and 0.35 are 450, 180, 80, and
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Fig. 1. (a) Device structure of SiGe tunneling diodes and (b) Ge, B, and P
concentrations in a Si0.79Ge0.21 tunneling diode measured by SIMS.

TABLE I

LAYER THICKNESS OF P+-SIGE/N+-SIGE DIODES

Ge Fraction (%)
Thickness of

p+-SiGe Layer (nm)
Thickness of

n+-SiGe Layer (nm)
14 33 17
21 44 22
27 24 17
35 15 15

35 nm, respectively [10]. Thus, we expect that those films
are biaxially compressively strained, pseudomorphic to the
Si substrates. Finally, square mesas are dry-etched with an
area of 25 × 25 μm2. The Ti/Al is deposited on top of the
mesas and bottom of the wafers as ohmic contacts for electrical
measurement.

III. FORWARD-BIASED BAND-TO-BAND TUNNELING

A. Kane’s Model on Tunneling

In a tunneling diode, both n-type and p-type bulk regions
are degenerately doped, so the Fermi level is pushed into
the conduction (valence) band in the n-type (p-type) region.
Therefore, at small forward biases, electrons in the conduction
band in the n-type region can tunnel through the barrier to
the valence band in the p-type region. As the bias increases,
lowering the band on the p-type side, more empty states in the
p-type valence band are provided at the same energy levels of
electrons in the n-type conduction band, leading to increased
tunneling current. When the voltage is raised further, the
valence-band edge at p-type side falls below the conduction-
band edge at n-type side, so electron tunneling from the
n-type conduction band to the p-type valence band is no

Fig. 2. Room-temperature J –V curves of p+-n+-Si0.73Ge0.27 tunnel diodes
with three different boron concentrations at a fixed phosphorus level of 1.0 ×
1020 cm−3.

longer possible. Thus, there exists a voltage range where
the tunneling current decreases, leading to NDR. The NDR
feature in forward bias is widely used as a confirmation of
the BTBT. The tunneling probability strongly depends on the
bandgap energy and the electric field. A classical model of the
BTBT in forward bias was proposed in [11]. The analytical
expression of the peak tunneling-current density at forward
bias is presented in [12] as follows:

Jpeak,FB = em∗

2π2h̄3 exp(−π
√

m∗E3
g/2

√
2eh̄Efield) · E⊥

2
· D

(1)

E⊥ = 4
√

2eh̄|Efield|
3π

√
m∗Eg

(2)

D ≡
∫

[ fc(E) − fv (E)] ·
[

1 − e
−2Es

E⊥
]

d E (3)

where m∗ is the effective mass of electrons in semiconductors,
Eg is the bandgap energy, Efield is the electric field in the p-n
junction, E⊥ is a measure of the range of transverse momen-
tum, D is the effective density of states, fc(E) and fv (E) are
the Fermi-Dirac distribution functions of electrons in the con-
duction band of n-type bulk region and in the valence band of
p-type bulk region, and Es is the smaller of En and E p, that
are the electron or hole energy measured from the edges of
the conduction band or the valence band. In practice, D is
evaluated using the expressions derived in [11]. Following
Fair’s work on Si Zener tunneling [13], we use m∗ = 0.33 m0,
where m0 is the free electron mass, throughout this paper for
the calculation of BTBT current density.

B. Experimental Results

Experimentally, we first study the effect of electric field
on BTBT by changing boron concentration (NA: 1.7–5.1 ×
1020 cm−3) with a fixed phosphorus level of ND ∼ 1.0 ×
1020 cm−3 in Si0.73Ge0.27 tunneling diodes. NDR is clearly
seen for all diodes (Fig. 2), a confirmation of BTBT and the
high material quality for those devices [14]. As the boron
concentration increases, the peak current in forward bias,
J peak,FB, increases due to a higher electric field and a reduced
tunneling barrier. The peak voltage is shifted to a larger value
because of the series resistance. The series resistance of those
devices is dominated by the spreading resistance in the Si
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Fig. 3. Room-temperature J –V curves of p+-n+-Si1−x Gex tunnel diodes
(x = 0.14, 0.21, 0.27, and 0.35).

substrate. Thus, the shift of peak voltage would depend only
on the peak current (density), which increases with the boron
level. A J peak,FB of 8.2 kA/cm2 is achieved, which we believe
to be the highest reported for all Si-based tunneling diodes
grown by CVD.

Next, to study the effect of Ge fraction, strained SiGe
tunneling diodes of four different Ge fractions are grown and
fabricated. The I–V curves are shown in Fig. 3 with NDR
clearly observed for each diode. As the Ge fraction increases
from 0.14 to 0.35, J peak,FB increases from 0.03 to 8.2 kA/cm2,
because of the reduced bandgap energy. The shift of the peak
voltage with Ge fraction is also attributed to the presence of
series resistance.

To understand how the forward-biased BTBT current is
affected by SiGe bandgap energy, we use the empirical model
of bandgap in [15] based on their photoluminescence mea-
surements at 4 K, with a subtraction of 50 meV for the
difference between their measurements at 4 K and ours at
room temperature [16], to convert the measured Ge fractions
to bandgap energies as follows:

Eg(300 K) = 1.17 − 0.896x + 0.396x2 − 0.05 eV (4)

where x is the germanium fraction in Si1−xGex alloys. The
Ge dependence of forward-biased BTBT current is investigated
by plotting J peak,FB versus Ge fraction in Fig. 4(a). Using the
doping profiles measured by SIMS and assuming full activa-
tion of all dopants in SiGe by low-temperature CVD [17],
the associated electric field can be estimated by a device
simulator. The theoretical current density is calculated using
(1)–(4) and is compared with the experimental results. Good
agreement in peak current density between model predictions
and experimental data is demonstrated over three orders of
magnitude up to the level of 10 kA/cm2.

To isolate the effect of Ge fraction, the effect of different
doping profiles in samples at different Ge fractions must be
removed (e.g., NA is varied from 1.2 to 3.6 × 1020 cm−3

and ND is varied from 0.7 to 2.5 × 1020 cm−3). To do this
(Fig. 5), we use (1)–(3) to predict how the peak tunneling-
current density scales with the peak electric field and then
adjust the data points to reflect a single dopant profile at
different Ge fractions. First, we calculate the peak voltage
(Vpeak) and its electric field (Efield) by assuming perfectly
abrupt doping profiles [12] and no series resistance with a
single set of fixed doping levels of NA = 1.2 × 1020 cm−3

Fig. 4. (a) J peak,FB versus Ge fraction. Solid and open squares are
the experimental results and model predictions, respectively. The model
predictions include the actual doping profiles in each device. (b) J peak,FB
versus Ge fraction with a doping correction procedure in Fig. 5 to remove
the doping effects. Solid squares: the experimental data. Open squares: data
corrected to a single set of fixed doping levels of NA = 1.2 × 1020 cm−3

and ND = 0.7 × 1020 cm−3. Solid line: theoretical calculation using (1)–(4).

and ND = 0.7 × 1020 cm−3 for each Ge fraction. Then we
calculate the peak current density (J peak,abrupt) using (1)–(3).
Next, we use the actual doping profiles measured by SIMS to
calculate Vpeak and Efield using a device simulator. Then, we
calculate the peak current density (J peak,SIMS) using (1)–(3)
at that field. The ratio of these two current densities gives a
correction factor to be applied to the experimental data for
the adjustment of the doping levels for all Ge fractions, so
a comparison of data with a single set of doping profiles
(NA = 1.2 × 1020 cm−3 and ND = 0.7 × 1020 cm−3) can
be made. Then, we measure the I–V curves of the devices to
obtain Jpeak,measured and calculate the corrected peak current
density (Jpeak,corrected) by the relationship as follows:

Jpeak,corrected = Jpeak,measured· × Jpeak,abrupt

Jpeak,SIMS
. (5)

The experimental (Jpeak,measured) and corrected peak current
density (Jpeak,corrected) as a function of Ge fraction (solid and
open squares) and also a theoretical prediction for a single
set of doping levels (solid line) are shown in Fig. 4(b). For
Ge fraction of 0.14, Jpeak,corrected is larger than Jpeak,measured
because the actual doping profiles are not abrupt, resulting
in a smaller electric field and thus a larger tunneling barrier.
For higher Ge fractions, instead, Jpeak,measured are larger than
Jpeak,corrected because of the higher doping levels for those
diodes. No adjustable parameters are used in the correction
process. Significantly, there is good agreement between the
slope of the theoretical calculation of peak tunneling current
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Fig. 5. Correction procedure of peak current density (Jpeak) for each Ge
fraction to a single set of fixed doping levels.

Fig. 6. Schematic of band energy diagram of p+-Si0.73Ge0.27/n+-Si to
show the processes of band-to-band tunneling and defect-assisted tunneling
in reverse bias.

versus bandgap and data corrected to a single set of doping
levels. This confirms that Kane’s model can be used to pre-
dict the BTBT of p+-SiGe/n+-SiGe homojunctions at current
density up to the level of 10 kA/cm2 in forward bias.

IV. REVERSE-BIASED BAND-TO-BAND TUNNELING

A. Importance of NDR

The operation of TFETs relies on BTBT under reverse bias,
also known as Zener tunneling [18], [19]. Unlike NDR in
forward bias, there is no simple and clear feature in reverse
bias that can be used to confirm that the observed current is
due to BTBT. For example, defect states in the bandgap at the
junction can lead to DAT [9], in which an electron first tunnels
from the valence band of p-type region to a defect state in the
bandgap of depletion region and then tunnels from the defect
state to the conduction band of n-type region (Fig. 6). Because
each step of this process has a much lower tunneling barrier

Fig. 7. Room-temperature J –V curves of p+-Si0.73Ge0.27/n+-Si hetero-
junction tunneling diodes with three different annealing temperatures.

than the direct BTBT, the two-step DAT process can easily
swamp the BTBT. To probe the effect of the DAT process,
we examine tunneling in both forward and reverse biases in
p+-SiGe/n+-Si heterojunction tunneling diodes. They are not
fabricated by the in situ CVD doping technique, but by first
doping the Si substrates by ion implantation of phosphorus.
The implant doses of 5 × 1014, 7 × 1014, 1 × 1015, and
2 × 1015 cm−2 at energies of 15, 40, 80, and 120 keV,
respectively, are used to achieve a phosphorus concentration
∼2×1020 cm−3. The wafers are then annealed in the RTCVD
reactor (700–1050 ◦C) followed by the SiGe epitaxy with
the in situ boron doping. The boron level is 2 × 1020 cm−3.
A mesa process similar to that for the homojunction diodes
(in Section II) is used to fabricate the heterojunction
devices.

For a relatively low annealing temperature (700 ◦C), a fairly
high current with ohmic characteristics is observed at both
forward and reverse biases, with no hint of NDR (Fig. 7). At
900 ◦C annealing, a lower peak current with NDR at forward
bias is observed with a lower current in reverse bias as well.
We hypothesize that for the sample of 700 ◦C annealing, the
tunneling current in forward and reverse biases is dominated
by the DAT process because of the incomplete annealing of
the implanted damage, which swamped the true BTBT current.
The defect density (and thus the DAT process) is reduced
by 900 ◦C annealing so that NDR at forward bias and the
true BTBT current density could be observed. In the sample
annealed at 1050 ◦C, there is no NDR and current densities at
forward and reverse biases are much lower, probably because
the diffusion of dopants at 1050 ◦C reduces the junction
abruptness and the electric field. The main message is that
if NDR is not observed (e.g., at 700 ◦C), the observed current
in both forward and reverse biases has a large DAT component,
and it cannot be used as a true measure of the BTBT current.
Thus, we strongly suggest that to use revere-biased tunneling
data to calibrate the BTBT model, a demonstration of NDR at
forward bias is necessary to exclude the contribution of DAT
current.

B. Effect of Series Resistance

Zener tunneling (reverse-biased BTBT) is usually character-
ized at moderate doping levels (∼1018 cm−3). At such doping
levels, the current density is very low (∼10−4 kA/cm−2 [12]),
so the effect of series resistance can be ignored. For SiGe
TFETs, the operation at electric field >107 V/m is desired,
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Fig. 8. (a) Room-temperature J –V curves of Si0.73Ge0.27 homojunction
tunneling diodes with different mesa widths, (b) enlarged view of J –V curves
at small reverse biases of (a), (c) J peak,FB versus inverse of mesa width
(W−1), and (d) reverse-biased BTBT current density (J BTBT,RB) versus
(W−1) at V = −0.1, −0.3, −0.5, −0.7, and −0.9 V.

resulting in a high current level. Thus, the effect of series
resistance such as current crowding must be considered for
a precise calibration of the BTBT in SiGe tunneling diodes.
Guo et al. suggested that by scaling down the mesa width (W )
of the diodes the current crowding can be eliminated [20].
Therefore, we fabricated several Si0.73Ge0.27 homojunction
diodes with mesa widths of 50–0.35 μm by a combination of
photolithography and electron-beam lithography. The wafers
are the same as those used for the forward-biased BTBT study
in Section III. The current density at forward bias is shown in
Fig. 8(a) with clear NDR for each mesa width. Peak current
density versus the inverse of mesa width (W−1) is also shown
in Fig. 8(c). The average of Jpeak,FB is 1.73 kA/cm2 and
the deviations are within ±5%, which shows the negligible
contribution of the leakage current via the mesa edges [21].
In reverse bias, the current density approaches constant levels
as the mesa width decreases [Fig. 8(b) and (d)]. Because NDR
is clearly seen at forward bias and the effect of series resistance
is eliminated by scaling down the mesa width, we believe that
the plateaus of the current density that are shown in Fig. 8(d)
are the true BTBT current densities in reverse bias.

C. Comparison of Experimental Data and Model

We now seek to present the BTBT in reverse bias as a
function of Ge fraction and electric field for device designers
to model the TFETs and related devices. Similar to the peak
current density at forward bias, the reverse-biased BTBT
current (J BTBT,RB) also strongly depends on the electric field
and bandgap energy. An analytical form of J BTBT,RB in
reverse bias based on Kane’s model was presented in [13]
as follows:

JBTBT,RB =
√

2m∗e3 EfieldV

4π3h̄2√Eg
· exp

⎛
⎝

−4
√

2m∗E3
g

3eh̄ Efield

⎞
⎠ (6)

Fig. 9. J BTBT,RB/V in reverse bias versus electric field for SiGe BTBT.
Symbols are the experimental data and multiple lines are the theoretical
predictions based on (4) and (6). Inset: an enlarged view at high electric
fields (2–3 × 108 V/m).

Fig. 10. J BTBT,RB/V at reverse bias versus Ge fraction at Efield
∼ 2×108 V/m. Squares are the experimental data, error bars are the resulting
variations of J BTBT,RB by the horizontal error bars in the electric field
(Fig. 9), and the solid line is the model prediction.

where V is the applied voltage. The electron tunneling prob-
ability depends on the tunneling distance. In a semiconductor
p-n junction, the tunneling distance is inversely proportional to
the peak electric field [11], so log(J BTBT,RB) in (6) depends on
the inverse of the electric field. The parameter of J BTBT,RB/V
is plotted versus electric field (Efield) for different Ge fractions
in Fig. 9, along with theoretical calculations based on (6). As
in forward bias, the measured SIMS doping profiles and the
device simulator are used to calculate the peak electric field for
all devices. The horizontal error bars in electric field, which
result from a deviation of ±15% in the doping levels, are also
presented.

At small electric fields (< 1 × 108 V/m), (6) predicts that
JBTBT,RB/V arises sharply with Efield. On the other hand,
as the electric field increases further, J BTBT,RB/V increases
much more slowly. For example, at low fields (Efield =
5 ×107 V/m), J BTBT,RB/V of Si0.73Ge0.27 (Fig. 9, solid line)
increases by a factor of 2×105 as Efield increases by 60%. At
Efield = 2 × 108 V/m, however, it only increases by a factor
of 30. Our data of reverse-biased tunneling-current density at
Efield > 2×108 V/m, which is between 3 and 1000 kA/cm2 V,
are in close agreement with the model predictions (see the inset
in Fig. 9). This is fortuitous as our data points of J BTBT,RB/V
are three to five orders of magnitude higher than those for Si
BTBT at low electric fields (<1 × 108 V/m) [13], [22], where
(6) is conventionally applied.
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To isolate the effect of bandgap energy, J BTBT,RB/V versus
Ge fraction at Efield = 2 × 108 is shown in Fig. 10 by
extrapolating between the points in Fig. 9 along with the
model of (4) and (6). The ±6% uncertainty in the peak electric
field is used to estimate the error in BTBT current. Within an
uncertainty in current that is introduced by the uncertainty in
electric field, the results show that (4) and (6) can be used to
model the dependence of J BTBT,RB on the Ge fraction. More
complete modeling might include the effect of heavy doping
on bandgap energy, and the effect of strains on the effective
density of states and the effective mass of electrons in SiGe
alloys, which are not considered in this paper.

V. CONCLUSION

A quantitative study of the BTBT in forward and reverse
biases in p+-SiGe/n+-SiGe homojunctions was presented. We
observed a high peak tunneling-current density of 8.2 kA/cm2

in a Si0.65Ge0.35 diode, which we believed to be the highest
among all Si-based tunneling diodes grown by CVD. Through
eliminating series resistance, a reverse-biased BTBT tunnel-
ing current density in a Si0.73Ge0.27 tunneling diode up to
∼ 1000 kA/cm2 at −1 V was achieved. The observation of
NDR in forward bias was crucial for establishing that the true
BTBT current dominates the current in the reverse bias and
not the DAT current. A comparison of experimental data with
Kane’s model was presented, which showed a close match in
both forward and reverse biases. This experimental verification
of the models enables device designers to predict the depen-
dence of the tunneling current on germanium fraction and can
be used in device simulators to predict the performance of
TFETs and other relevant devices.
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