Journal of the Korean Physical Society, Vol. 57, No. 6, December 2010, pp. 1970~1975

Correlation Between Barrier Heights and Ideality Factors of Ni/n-Ge (100)
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We computed the homogeneous Schottky barrier height (SBH) at ideality factor (n) = 1.0 of Ni/n-
Ge (100) Schottky diodes (SDs). The SDs were identically prepared by using resistive evaporation of
Ni on n-Ge (100). The SBHs and n of these diodes (24 dots) were calculated from their experimental
forward bias current-voltage (I-V') and reverse bias capacitance-voltage (C-V) measurements at
room temperature. Even though the Schottky diodes were identically prepared, the values of the
SBH from the I-V characteristics varied from 0.487 to 0.508 eV, the ideality factor varied from 1.34
to 1.53, and the SBH from the C~2-V characteristics varied from 0.358 to 0.418 eV. The Gaussian
fits of the experimental SBH distributions obtained from the C~2-V and the I-V characteristics
yielded mean SBH values of 0.401 + 0.015 and 0.503 £ 0.006 eV, respectively. Furthermore, a
homogeneous SBH value of approximately 0.535 eV was also computed from an extrapolation of a
linear plot of the experimental SBHs versus the ideality factors. The homogeneous SBHs, rather
than the effective SBHs, of individual contacts or mean values should be used to discuss the theories
and the physical mechanisms that determine the SBHs of SDs.
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I. INTRODUCTION

Metal-semiconductor (MS) interfaces are an essential
part of virtually all semiconductor electronic and opto-
electronic devices [1]. The physical properties of MS in-
terfaces are widely studied, both for their basic physi-
cal properties and for their technological applications to
electronic devices [2]. The MS structures are important
research tools in the characterization of new semicon-
ductor materials [3]. Their interface properties have a
dominant influence on the performance, reliability and
stability of devices [1,4,5]. A good MS contact is es-
sential for the successful operation of electronic circuits
and devices [6]. The electronic properties of the MS
contacts are characterized by their barrier height (BH).
The BH is the difference between the edge of the respec-
tive majority-carrier band of the semiconductor and the
Fermi level at the interface [7]. Although Schottky bar-
rier diodes (SBDs) have already been studied for more
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than fifty years, the fundamental mechanisms that de-
termine the BH are still not fully understood [8-11]. It
is only in the past decade that an inhomogeneous con-
tact has been considered as an explanation for a voltage-
dependent BH [12-16]. Boyarbay et al. [17] suggested
that the recent motivation for studying Schottky barrier
formation is due to the recognition that both electronic
and chemical equilibria have to be considered together
across a reactive interface between a metal and a semi-
conductor, as surface states and metal-induced states fail
to take into consideration the chemical equilibrium at
the interface. The chemical equilibrium will result in
an interfacial atomic rearrangement, interdiffusion, and
inter-metallic compound formation, which should have a
profound effect on the electronic equilibrium producing
the Schottky barrier [18]. Therefore, the BH is likely
to be a function of the interface atomic structure and
the atomic inhomogeneities at MS interface, which are
caused by grain boundaries, multiple phases, facets, de-
fects, a mixture of different phases, etc. [19-22].

The measured values of the Schottky barrier height
(SBH) in the published literature are vastly scattered
[1,4,5,8]. This may be due to the sensitivity of the Schot-
tky interfaces to preparation procedures and to different

-1970-



Correlation Between Barrier Heights and Ideality Factors --- — A. CHAWANDA et al.

techniques of measuring the BH [17]. In recent years,
studies of SBH inhomogeneities have been carried out
[16,19,23-30]. Frecouf et al. [23] reported on the influence
of a small patch with a low BH within the contact area
on the ideality factor and the essence of the contact area
size in this effect. Song et al. [16] reported that the BH
difference over the contact area was attributed to vari-
ations in the interfacial layer thickness and/or chemical
composition and to the non-uniformity of the interfacial
charges. Tung et al. [2,22,24,25] assumed lateral varia-
tions of the BH to model imperfect Schottky contacts.
They depicted larger ideality factors and smaller effec-
tive BHs when they increased the inhomogeneity of the
barriers. Some studies revealed that the experimentally
observed dependences of the effective BHs and ideality
factors of MS contacts could be explained by lateral inho-
mogeneities in the BH [27,30]. The correlation between
effective SBHs and ideality factors may be approximated
by using a linear relationship [17].

Although studies have been performed to investigate
the relationship between the effective BHs and the ideal-
ity factors of metal/Si diodes [2,17,31], and the reactions
of germanium (Ge) with nickel (Ni) [32-38], nothing
has yet been reported on the relationship between effec-
tive BHs and ideality factors from forward bias current-
voltage (I-V') and reverse bias capacitance-voltage (C-V)
characteristics of Ni/Ge Schottky diodes. In most pre-
vious studies of Ni/Ge, interest has been focused on the
formation and the morphology evolution of Ni on n-Ge
under rapid thermal annealing.

In this study, Ni Schottky diodes (24 diodes) were
fabricated on n-Ge (100) under experimentally identi-
cal conditions. Our purpose was to experimentally in-
vestigate the relationship between the effective BHs and
the ideality factors obtained from the forward bias I-
V and reverse bias C-V characteristics of the Ni/n-Ge
(100) Schottky diodes. The homogeneous BH value for
Ni Schottky contacts was obtained from the linear re-
lationship between the experimental effective BHs and
ideality factors. The rest of the paper is organized as
follows: In Sec. II, we briefly describe the experimental
procedure. Results and a discussion will be presented in
Sec. ITI. A summary of the work will be given in Sec. IV.

II. EXPERIMENTAL PROCEDURE

We used bulk-grown, (100)-oriented, n-type Ge, doped
with antimony (Sb) to a density of about 1.5-2 x 10'%
cm~? and supplied by Umicore. Before metallization, the
samples were first degreased and subsequently etched in
a mixture of HoOz (30%):H20 (1:5) for 1 minute. Imme-
diately after cleaning, the samples were inserted into a
vacuum chamber where AuSb (0.6%), 120-nm thick, was
deposited by resistive evaporation on the back surfaces as
Ohmic contacts. The samples were then annealed at 350
°C in Ar for 10 minutes to minimize the contact resistiv-
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ity of the Ohmic contacts [39]. Before Schottky contact
deposition, the samples were again chemically cleaned
as described above. Ni Schottky contacts were deposited
onto Ge wafers by using vacuum resistive evaporation at
a pressure of about 10~¢ Torr. The contacts were 0.6 mm
in diameter and 30-nm thick. The thickness of the metal
layer and the deposition rates were monitored by using
an INFICON XTC 751-001-G1 quartz crystal thickness
monitor. After the contact fabrication, the SBDs were
characterized by using I-V and C-V measurements at
room temperature.

III. RESULTS AND DISCUSSION

The BHs of the contacts were deduced from the I-
V' characteristics, which were analyzed by using the
thermionic emission model given by the following equa-
tion [5,9]:

)=t (2 1o (-2)]. 0

with

* 2 qq)B
IO—AATeXp( kT)’ (2)
where Iy is the saturation current derived from the
straight line intercept of the In(I)-V plot at V =0, V is
the forward bias voltage, T is the absolute temperature,
q is the electronic charge, k is the Boltzmann constant,
A is the effective diode area, and A* = 4wgm*k?/h3 is
the effective Richardson constant, 50 Acm-2 K-2 for n-Ge
[40], with m* being the effective mass for the electrons
perpendicular to the layer plane, mg the rest mass of the
electron, and ®p the zero bias effective SBH. From Eq.
(2), we have:

kT A*AT?)
dp=—In , 3
ot ( 2 3)

and n is the ideality factor, which can be obtained ac-
curately from the slope of the linear part of an In (I)
versus V plot, assuming pure thermionic emission can
be obtained from Eq. (1) as

_a _dv_
" T kT d(n1)’ )

which is equal to 1.0 for an ideal diode and usually has
a value greater than unit.

The measured I-V plots of the Ni/n-Ge (100) Schottky
barrier diodes at room temperature are shown in Fig. 1.
We performed least-squares fits of Eq. (1) to the linear
part of the measured I-V plots. From these fits, the
experimental values of Iy and n were determined from
the intercepts and the slopes of the forward bias In(1)
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Fig. 1. (Color online) Plot of the forward and the reverse
bias current-voltage (I-V') characteristics for the four selected
samples of Ni/n-Ge (100) Schottky diodes at room.
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Fig. 2. Plot of the experimental barrier heights versus
ideality factors of the Ni/n-Ge (100) Schottky barrier diodes
at room temperature.

vs. V plot at room temperature, respectively. Once I is
known, ®5 can be computed from Eq. (3). The effective
BHs for the diodes varied from 0.487 to 0.508 eV, and the
ideality factors ranged from 1.34 to 1.53, with standard
deviations of 0.06 eV and 0.064, respectively. As can
be seen from the data, the effective BHs and ideality
factors from the I-V characteristics varied from diode to
diode even though were identically prepared on the same
sample.

Figure 2 shows a plot of the effective BHs as a function
of the respective ideality factors at room temperature.
As can be seen from Fig. 2, there is a linear relationship
between the experimental effective BHs and ideality fac-
tors of the Schottky structures. The BHs become smaller
as the ideality factors increases. Giiler et al. [31] also
mentioned that higher ideality factors among identically
prepared diodes were often found to accompany lower
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Fig. 3. (Color online) Reverse bias C~2-V characteristics
for the four selected samples of Ni/n-Ge(100) Schottky struc-
tures at a frequency of 1 MHz and at room temperature.

observed BHs. This may be attributed to lateral barrier
inhomogeneities in SDs [1,25,30,41,42]. Such behaviors
of the BH and the ideality factor can be explained by
means of the bias dependence of the saddle-point po-
tential of an inhomogeneous BH [1,25]. Monch [4] also
proposed that interface defects induced during contacts
fabrication could exist, in addition to metal-induced gap
states (MIGS), and alter the BH. The defects give rise to
additional discrete levels in the band gap, and the Fermi
level is pinned to one of these levels, possibly quite far
away from the charge neutrality level [2]. The straight
line in Fig. 2 is the least-squares fit to the experimen-
tal data. A laterally homogeneous BH value of 0.535 eV
for the Ni/n-Ge (100) Schottky structures was obtained
from the extrapolation of the plot to n = 1.0. The ho-
mogeneous BHs, rather than effective BHs, of individual
contacts or their mean values should be used to discuss
theories on the physical mechanisms that determine the
BHs of MS contacts [27,43].

For a number of selected Ni/n-Ge (100) Schottky
diodes, the reverse bias C~2-V characteristics at 1.0 MHz
are depicted in Fig. 3. The plots of as C~2 a function of
reverse bias voltage are linear, which indicates the for-
mation of SDs [44] and a constant donor concentration.
In Schottky diodes, the depletion layer capacitance (C)
can be expressed as [5,9]:

1 2%-V) )
C? e, A2Np’

where A is the area of the diode, is the permittivity of
the semiconductor, is the carrier doping density, V is
the magnitude of the reverse bias, and is the intercept of
with the voltage axis and is given by

Vo=Vp —kT/q. (6)
The BH can be obtained from Fig. 3 as
CI)B(C—V):VD+‘/7L_A(I)Ba (7)
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Fig. 4. Distribution of barrier heights from the forward
bias I-V characteristics of the Ni/n-Ge (100) Schottky struc-
tures at room temperature.

where V,, is the energy difference between the bulk Fermi
level and the conduction band edge, Vp is the diffusion
potential, and A®p is the image force barrier lowering
and is given by [5,9]

4Fom 1/2
dmegeg

(8)

a0y = |

with E,, being the maximum electric field and being
given by
1/2
En = |:2(]]VDVO:| . (9)
€s€0
The capacitance-voltage BH values for the Ni/n-Ge (100)
diodes ranged from 0.358 to 0.418 eV.

Figure 4 shows the statistical distribution of BHs from
the forward bias I-V plots of the Ni/n-Ge (100) Schottky
barrier diodes (24 dots), and Fig. 5 shows the statistical
distribution of BHs from the reverse bias C~2-V plots of
the same diodes. The Gaussian distribution function was
used to obtain fits to the histograms. The probability of
SBH, P(®p), has the form [45,46]:

exp{(‘I’B—‘I’B)Q}, (10)

P(®p) 202

oV2T

where ®p is the mean value of SBH, ¢ is the standard
deviation, and 1/ ov/27 is the normalization constant.
The statistical analysis of the -V BHs reveals a mean
SBH value of 0.503 eV with a standard deviation of 0.006
eV. In the distribution of BHs from the reverse bias C'~2-
V characteristics at 1.0 MHz (Fig. 5) and statistical anal-
ysis yielded a mean BH value of 0.401 eV with a stan-
dard deviation of 0.015 eV. Due to the different nature
of the measurement techniques, BHs deduced from I-V
and C~2-V are not always the same [31]. Although, in
general, BHs from C-V measurements are higher than
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Fig. 5. Distribution of barrier heights from the reverse bias
C™2-V characteristics of the Ni/n-Ge (100) Schottky struc-
tures at 1 MHz and room temperature.
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Fig. 6. Distribution of ideality factors from the forward
bias I-V characteristics of the Ni/n-Ge (100) diodes at room
temperature.

BHs from I-V measurements, in our study, we obtained
I-V BHs that were higher than C-V BHs. Therefore,
further studies are needed to clarify these results.
Figure 6 shows the statistical distribution of ideality
factors from the forward bias I-V characteristics. A
Gaussian distribution function was used to obtain a fit
to the histogram. The statistical analysis of the ideality
factors yielded an average value of 1.422 with a stan-
dard deviation of 0.064. Our data clearly show that the
diodes have ideality factors that are considerably larger
than 1, the value determined by the image-force effect
only [1,5,9,16,46]. Therefore, these diodes are patchy
[4,27,30,47]. Ideality factors greater than 1.0 indicate
that the transport properties are not well modeled by
thermionic emission alone although the contacts remain
rectifying [48]. Explanations for the deviation of the
ideality factor from unit ranged from assumptions of a
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generation-recombination current in the space-charge re-
gion [5,8,17] to interface dielectric layers to field emission
[17] to thermionic field emission [49] due to secondary
mechanisms at the interface [30,50]. For example, inter-
face defects may lead to a lateral inhomogeneous distri-
bution of BHs at the interface, resulting in the presence
of a wide distribution of low-SBH patches and in ex-
cess current leading to a deviation from ideal thermionic
emission behavior at low voltages and temperatures.

IV. SUMMARY

Ni Schottky diodes (24 dots) on n-Ge (100) were fabri-
cated by using resistive deposition under experimentally
identical conditions. The BHs and the ideality factors
were obtained from the individual I-V characteristics of
the MS contacts. We showed that the BHs and the ide-
ality factors varied from diode to diode even though they
are were identically fabricated. A laterally homogeneous
BH value of 0.535 eV was obtained for the Schottky con-
tacts from the linear relationship between the I-V ef-
fective BHs and ideality factors. A statistical analysis
yielded a mean effective SBH = 0.503 £ 0.006 eV and
a mean ideality factor = 1.422 4+ 0.064 for these devices
from the [-V characteristics; a mean effective SBH =
0.401 £ 0.015 eV was obtained for these devices from the
C-V characteristics. Furthermore, experimental data for
the Ni/n-Ge (100) contacts were interesting experimen-
tal illustration of the theoretical predictions [27].
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