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CONDENSED MATTER
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Abstract The current-voltage (I–V) and capacitance-voltage
(C–V) characteristics of Ni/Cu/n-InP Schottky barrier diodes
are studied over a wide temperature range, from 210 K to
420 K. The I–V characteristics display anomalous thermal
behavior. The apparent barrier height decays, and the ideality
factor grows at low temperatures, and the series resistances
resulting fromCheung’s and Norde’s procedures are markedly
temperature dependent. The nonlinearity of the Richardson
plot and the strong temperature dependence of the Schottky-
barrier parameters indicate that the interface is spatially inho-
mogeneous. Plots of the zero-bias barrier height as a function
of 1/(2kT) points to a Gaussian distribution of barrier heights
with 0.90 eV mean height and 0.014 eV standard deviation.
When this distribution is accounted for, a Richardson of
6.5 A/(cm K)2 results, relatively close to the 9.4/(cm K)2

predicted by theory. We conclude that, combined with a
Gaussian distribution of barrier heights, the thermionic-
emission mechanism explains the temperature-dependent I–V
and C–V characteristics of the studied Schottky-barrier
diodes.

Keywords Ni/Cu/n-InP Schottky diode . Ideality factor .

Gaussian distribution . Barrier inhomogeneities

1 Introduction

Indium phosphide substrate semiconductors exhibit high
electron mobilities, large direct band gaps, high saturation
velocities, and large breakdown voltages, properties that
would favor the development of high-speed metal–semicon-
ductor field-effect transistors [1], electro-optical devices [2],
and laser diodes [3]. Nonetheless, the relatively small
Schottky barrier heights [4] at metal–semiconductor (MS)
interfaces restrict their application to low-barrier Schottky-
barrier diodes (SBDs), which are valuable as infrared de-
tectors in cryogenic engineering and as sensors in thermal
imaging [5, 6]. Motivated by practical and scientific consid-
erations, we are therefore interested in the transport proper-
ties of such diodes. Given the envisioned applications,
however, it is clearly insufficient to analyze their current–
voltage (I–V) characteristics at room temperature.

Electrical conduction mechanisms and technological as-
pects of MS structures have been examined by Rhoderick
[7] and Rideout [8]. Conduction in MS junctions is primar-
ily due to majority carriers, in contrast with transport in p–n
junctions, in which the minority carriers play a central role.
The technological importance of MS Schottky contacts has
drawn much attention to their current–voltage (I–V) and
capacitance–voltage (C–V) characteristics are of great inter-
est [9, 10]. Although the temperature-dependent electrical
properties of Schottky diodes have been intensively studied,
both theoretically and experimentally [11–13], the low tem-
perature behavior is only partially understood. The strong
thermal dependences of barrier heights and ideality factors
yield nonlinear Richardson plots in disagreement with
thermionic emission (TE) theory [14–17]. Also puzzling
are the nonlinear ln(Io/T

2) vs. 103/T plots, from the slope
of which the activation energy is obtained in TE theory.
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The nonlinearities indicate that the MS interface barriers
are inhomogeneous. Although clear identification of the
mechanisms responsible for the inhomogeneities is still
missing, it seems safe to assume that the barrier height
depends on the atomic structure at the interface. Among
the possible sources of inhomogeneity are therefore grain
boundaries, multiple phases, facets, defects, and the coexis-
tence of different phases [18–21].

The temperature-dependent characteristics of Schottky con-
tacts on n-type InP have received considerable attention
[22–26]. Cetin et al. [22] studied the temperature dependence
of the I–V characteristics of Au/InP SBD’s and found ideality
factors that decrease, while the barrier heights increase, upon
warming. Cimilli et al. [23] reported the I–V characteristics of
an Ag/n-InP SBD, which pointed to inhomogeneous Schottky
barrier heights in the temperature range 30–320 K, the barrier
height and ideality factor varying from 0.20 eV and 3.89 at
70 K to 0.61 eVand 1.18 at 320 K, respectively. The I–Vand
C–V characteristics of the same junction were studied by Soylu
et al. [24] in the 60–300 K range. The ideality factor of the
diode drops, while the zero-bias Schottky barrier height rises,
as a function of temperature. From the I–V–T and C–V–T
characteristics of another junction, Ni/Au SBD’s. Naik et al.
[25] found barrier parameters that vary significantly with tem-
perature. More recently, Reddy et al. [26] discussed the
temperature-dependent I–V characteristics of a Pt/Ti/n-InP
Schottky diode in the temperature range 200–440 K to show
that the experimental data are consistent with a gaussian dis-
tribution of barrier heights. From the estimatedmean value and
standard deviation, they inferred that the inhomogeneity is due
to potential fluctuations at the interface.

Here, we present a similar analysis of the forward bias I–
V and reverse bias C–V characteristics of Ni/Cu/n-InP
SBD’s in the 210–420 K temperature range. The study is
analogous to the work reported in [26]. We show that the I–
V characteristics have anomalous thermal dependence at
low temperatures and demonstrate that this deviation from
TE theory is quantitatively consistent with a random distri-
bution of barrier heights. Additional evidence in favor of
this interpretation is obtained when the barrier heights
obtained from the I–V characteristics are compared with
those extracted from the C–V characteristics.

2 Experimental Technique

The wafers in our study are liquid-encapsulated czochralski
(LEC)-grown undoped n-InP (100) 2 μm thick with carrier
concentrations in the 4.9–5×1015 cm−3 range. The wafers
were initially degreased with three organic solvents—tri-
chloroethylene, acetone, and methanol—by means of 5-
min ultrasonic in each step, to remove contaminants. They
were subsequently rinsed in deionized water, dried in N2

flow, and etched with HF (49 %)/H2O (1:10) to remove
oxides from the substrate. Ohmic contacts with 500 Å thick-
ness is formed by indium evaporation at 6×10−6 mbar
pressure on the rough side of each InP wafer. The wafers
were then annealed in a rapid thermal annealing system
at 350 °C for 1 min in high purity N2 ambient. Imme-
diately after that, they were inserted in the e-beam evap-
oration chamber. To form the Schottky contacts, metallic
Cu (200 Å) and Ni (300 Å) were evaporated through a
stainless steel mask with 0.7 mm diameter. The metal
layer thicknesses and the deposition rates, between 0.2
and 1 Å/s, were monitored with a digital quartz thickness
monitor (model DTM-10). The I–V and C–V characteris-
tics of the Cu/Ni/n-InP SBDs were measured in the range
of 210–420 K in steps of 30 K with a Keithley 2400 and
DLS-83D spectrometer. The device temperature was con-
trolled to ±1 K accuracy by a thermal controller DLS-
83D-1 cryostat.

3 Results and Discussion

3.1 Current–Voltage Characteristics

The techniques allowing measurement of MS barrier heights
can divided into four categories: current–voltage, activation–
energy, capacitance–voltage, and photoelectric methods. Our
procedure belongs to the first, most widely used category [7].
Figure 1 shows the semi-log forward and reverse bias I–V
characteristics of Ni/Cu/n-InP SBD in the 210–420 K temper-
ature range. As the temperature rises, the parameters of the
Ni/Cu/n-InP SBD extracted from the curves show well-
defined trends. The leakage current at −1 V increases from
2.76×10−8 to 1.98×10−3 A. In an ideal SBD, the forward-bias

Fig. 1 Current–voltage characteristics of Ni/Cu/n-InP SBDs at various
temperatures

14 Braz J Phys (2013) 43:13–21



current, due to thermo-electric conduction, would be given by
the expression [9]

I ¼ Io exp
q V � IRsð Þ

nkT

� �
1� exp

�q V � IRsð Þ
kT

� �� �
ð1Þ

with n=1. Here, RS is the barrier resistance and the pre-factor
defining the reverse bias saturation current is

Io ¼ AA
*
T

2
exp

�qΦbo

kT

� �
ð2Þ

where q is the electronic charge, Φbo is the zero-bias height, A
is the diode area, and A* is the effective Richardson constant.
For n-InP, the effective electronic mass ism*=0.078m0, where
m0 is the rest mass, and it results that A*=9.4 A/(cm K)2.

Equation (1) brings out the physics in I–V characteristics,
such as the ones in Fig. 1. Consider, for instance, the forward-
bias portion of those plots. In the zero-bias regime, the ratio
q(V-IRS)/kT is very small, and the right-hand side of Eq. (1) is
a linear function of the voltage. As the bias grows, the second
term within square brackets on the right-hand side of Eq. (1)
becomes negligible and the device enters the nonlinear
regime. Initially, the current is so small that the voltage drop
due to the barrier resistance, RS, i.e., the term IRS within each
of the two parentheses on the right-hand side of Eq. (1), can be
neglected. Governed by thermal activation, the current now
grows exponentially with the applied voltage, so that ln(I) vs.
V plots, such as those depicted in Fig. 1, are expected to
follow straight lines.

The current rises much faster than the voltage in this expo-
nential growth regime. For sufficiently high bias, therefore, the
potential drop IRS becomes comparable to V, the growth is
curbed, and the ln(I) vs. V plots show negative curvature as the
device progresses towards a quasi-Ohmic regime in which the
current must be approximately proportional to the applied bias,
to make the effective bias V–IRS in the numerator of the first
exponent on the right-hand side of Eq. (1) nearly constant, i.e.,
to insure that the effective bias grow only logarithmically with
the applied bias. As the forward-bias curves in Fig. 1 show, the
exponential growth, the negative curvature, and the quasi-
Ohmic regime are easily identified in experimental data. The
temperature dependence of the exponential rise is nonetheless
poorly described by Eq. (1) with n=1.

To improve the agreement with Eq. (1), it has become
traditional to release the constraint n=1 and let n be an
empirical parameter. The ideality factor n can be obtained
from the slope of the straight line in the exponential growth
region of the forward-bias ln(I) vs. V plot by means of the
following relation:

n ¼ q

kT

dV

d ln I

� �
ð3Þ

Applied to our data, this analysis yields the SBH Φbo=
0.52 eV and the ideality factor n=3.31 at 210 K, and Φbo=
0.70 eV and n=1.47 at 420 K. Figure 2 shows that Φbo

decays monotonically while the ideality factor grows, also
monotonically, as the temperature is reduced. There is clear
deviation from the ideal TE model.

Ideality factors substantially larger than unity are usually
due to secondary characteristics of the interface, such as
lateral inhomogeneities of the barrier height created by
interface defects. A distribution of barrier heights affects
the temperature dependence of the I–V characteristics, be-
cause the electrons are able to surmount the lower barriers
even at relatively low temperatures [24–26]. At such tem-
peratures, therefore, current transport will be dominated by
the flow through the low-barrier patches, and depending on
the distribution function, the effective barrier height—the
average height of the barriers allowing conduction—may be
a small fraction of Φbo. And the effective bias, that is, the
bias necessary to defeat the effective barrier height, is small-
er than V, a reduction that is mathematically equivalent to an
enhancement of the ideality factor. As the temperature rises,
more and more electrons have sufficient energy to overcome
the higher barriers, and the effective barrier height comes
closer to Φbo, while the ideality factor comes closer to unity.
Non-uniform thicknesses and interfacial charges are among
the defects that can introduce barrier inhomogeneities.

The barrier height can alternatively be obtained from the
temperature dependence of the saturation current. This be-
comes evident when Eq. (2) is rewritten in the form

ln
Io
T2

� �
¼ ln AA*

� �� qΦbo

kT
ð4Þ

The plot of ln(Io/T
2) versus 103/T, known as the conven-

tional Richardson plot, is therefore expected to be linear. As
Fig. 3 shows, however, only above 250 K do our experimental

Fig. 2 The difference between ideality factor and barrier height in Ni/
Cu/n-InP SBDs at different temperatures
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points follow a straight line, at temperatures associated with
relatively small ideality factors and relatively large barrier
heights. Similar results have been reported by several authors
[22–26]. From the slope of the dotted line in Fig. 3, an
activation energy of 0.62 eV is obtained. From the ordinate
intercept, we find A*=3.7×10−3 A/(cmK)2, surprisingly lower
than the calculated value of 9.4 A/(cm K)2. The bowing in the
Richardson plot also points to spatially inhomogeneous barrier
heights, i.e., to an interface consistent of low- and high-barrier
areas [14–17, 27–29]. A laterally inhomogeneous barrier may
even lead to temperature-dependent A* in Eq. (4), as shown by
Horvath [30].

Schmitsdorf et al. [31, 32] have proved that Tung’s
pinch-off model [12] leads to a linear relation between the
experimental zero-bias barrier height and the ideality factor.
That this result agrees remarkably well with our data is
shown by the least-square fit in Fig. 4. Extrapolated to n=
1, the straight line yields an ideal barrier height of approx-
imately 0.752 eV. The measured heights are smaller because
the barrier is inhomogeneous and the higher-barrier patches
are frozen out of conduction at low temperatures.

The series resistance RS can be computed by two different
procedures, both due to Cheung and Cheung [33], applied to
the forward-bias I–V characteristics beyond the exponential
growth range. Equation (1) then takes the simpler form

I ¼ Io exp
q V � IRSð Þ

nkT

� �
ð5Þ

From Eq. (5), two equalities can be derived, each of
which determines RS:

dV

d lnðIÞ ¼ IRS þ n
kT

q

� �
ð6Þ

and

HðIÞ ¼ V � n
kT

q

� �
ln

I

AA*T2

� �
ð7Þ

where H(I) is defined by the equality:

HðIÞ ¼ IRS þ nΦbo ð8Þ
Figures 5a and b plots dV/dlnI and H(I) versus I, respec-

tively, measured at the eight temperatures in our experiment.
Equation (6) predicts a straight line in the RS-dominant voltage
range, i.e., for voltages beyond the exponential growth range,
such that the second term within the parentheses in the expo-
nent on the right-hand side of Eq. (5) becomes non-negligible
and the I–V characteristics in Fig. 1 acquire negative curva-
ture. According to Eq. (6), the slope of the straight line is RS

and the y-intercept is nkT/q.
Once the ideality factor is determined from Eq. (6), the

right-hand side of Eq. (7) can be computed from the currents
and bias voltages measured in the RS-dominant regime.
Figure 5b plots H(I) as function of the current at each
temperature over a broader current range. According to
Eq. (8), each plot should be a straight-line with y-axis
intercept nΦbo. The slope should be equal to RS and can
checked against the series resistances obtained from Fig. 5a
to check the consistency of Cheung’s approach. Table 1
shows that the series resistances obtained from the H(I) vs.
I and the dV/dlnI vs. I plots are in good agreement at each
temperature.

Also tabulated are the barrier heights and ideality factors
obtained from Eqs. (6) and (8), respectively. As the temper-
ature rises from 210 to 420 K, the ideality factors decrease
from 4.01 to 1.75, the barriers grow from 0.56 to 0.73 eV,
and the arithmetic averages between the two values for RS at
each temperature decay from 959 to 85 Ω. While the barrier

Fig. 3 Richardson plot of ln(Io/T
2) versus 103/T for Ni/Cu/n-InP SBD Fig. 4 The zero-bias barrier height versus ideality factor for the Ni/Cu/

n-InP SBDs
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heights in the table, obtained from the downward curvature
region of the forward-bias I–V plots in Fig. 1, agree well
with the barrier heights in Fig. 2, obtained from the expo-
nential growth region of the same I–V characteristics, there
is significant difference between the n’s in Table 1 and in

Fig. 2. This discrepancy indicates that the ideality factor is
bias dependent, i.e., it changes with the voltage drop across
the interfacial layer, presumably because the charge of the
interface states is a function of the bias [34].

Norde [35] proposed yet another method to determine RS

when TE is dominant. While Cheung’s methods cover only
the region of the forward bias I–V plots characterized by
non-exponential growth, Norde’s procedure covers the en-
tire forward-bias region of I–V plots. Norde defined the
function

FðV Þ ¼ V

2
� kT

q
ln

IðV Þ
AA*T2

� �
ð9Þ

where I(V) is the current obtained from the experimental I–
V curve.

The function F(V) is expected to first decrease and then
increase as the bias voltage rises from the linear into the
nonlinear regime. Accordingly, in Fig. 6, the plot of F(V) as
a function of V for our diode shows a clear minimum at each
temperature. If Vmin is the bias at the minimum, then the
barrier height is given by the following expression [35]

ΦNorde
bo ¼ F Vminð Þ þ Vmin

2
� kT

q
ð10Þ

For non-ideal contacts (n>1), the series resistance RS is
given by the expression

Rs ¼ kT

qImin
2� nð Þ ð11Þ

where q is the charge and Imin is the current at the bias
voltage Vmin.

The series resistances extracted from the Norde’s plot,
ranging from 1,602 Ω at 210 K to 184 Ω at 420 K, are listed
in Table 2. The RS are also plotted as a function of the
temperature in Fig. 7, which compares them with the some-
what smaller series resistances obtained from Fig. 6. We have
no explanation for the distances separating the squares from
the circles and inverted triangles in Fig. 7, but note that similar

Fig. 5 Cheung’s plots of a dV/dln(I) versus I and b H(I) versus I for
Ni/Cu/n-InP SBDs

Table 1 Series resistance, ide-
ality factor and barrier height
values extracted with corre-
sponding voltages from forward
bias I–V characteristics by
Cheung’s method of the Ni/Cu/
n-InP SBDs in the temperature
range 210–420 K

T(K) dV/dlnI H(I)

Range (V) RS (Ω) n Range (V) RS (Ω) ΦHðIÞ
bo eVð Þ

210 0.0985–0.6425 942 4.01 0.9251–1.512 976 0.56

240 0.0861–0.6832 745 3.67 0.9385–1.706 777 0.62

270 0.0527–0.7476 570 3.32 0.9457–1.942 599 0.65

300 0.0297–0.5864 422 2.94 0.9581–2.507 451 0.68

330 0.0173–0.4308 303 2.61 0.9666–2.864 331 0.70

360 0.0166–0.3222 189 2.35 0.9782–3.394 215 0.71

390 0.0157–0.1937 116 2.06 0.9885–3.535 133 0.72

420 0.0051–0.1562 78 1.75 1.0351–3.616 92 0.73

Braz J Phys (2013) 43:13–21 17



discrepancies between series resistances obtained from
Cheung’s and from Norde’s procedures have often been
reported in the literature.

Whether calculated by Cheung’s or Norde’s methods,
the series resistance decreases markedly as the diode is
heated. The decay may be due to mechanisms respon-
sible for the temperature dependence of the ideality
factor, but it has been suggested that the large low-
temperature resistances may reflect a reduction in free-
carrier concentration [36].

3.2 Inhomogeneous Barrier Analysis

The abnormal behavior of the I–V characteristics of
SBDs has been attributed to barrier height inhomogene-
ity. This inhomogeneity can be modeled by a Gaussian

distribution P(Φbo) of barrier heights, with mean value Φbo

and standard deviation σo, represented by the expression
[7, 37]:

P Φboð Þ ¼ 1

σS

ffiffiffiffiffi
2p

p exp � Φbo � Φbo

� �2
2σ2

o

" #
ð12Þ

The current across a Schottky diode with barrier inhomo-
geneity is then given by the integral [28]

IðV Þ ¼
Zþ1

�1
I Φbo;Vð ÞP Φboð ÞdΦ ð13Þ

where I(Φbo,V) is the current across a barrier height Φbo at
bias voltage V, computed from ideal TE theory.

Equation (13) yields the following result for the total
current at forward bias V [9]:

IðV Þ ¼ AA*T2 exp � q

kT
Φbo � qσ2

o

2kT

� �� �

� exp
qV

napkT

� �
1� exp � qV

kT

� �� �
ð14Þ

with

Io ¼ AA*T2 exp � qΦap

kT

� �
ð15Þ

where nap and Φap are the apparent ideality factor and barrier
height, respectively. The apparent barrier height is given by
the equality

Φap ¼ Φbo T ¼ 0ð Þ � qσ2
o

2kT
ð16Þ

In the ideal case (n=1), the following expression can be
obtained:

1

nap
� 1

� �
¼ �ρ2 þ

qρ3

2kT
ð17Þ

Fig. 6 F(V)−V plots for Ni/Cu/n-InP SBDs at various temperatures

Table 2 Temperature dependent values of various experimental pa-
rameters obtained from I–Vand C–V measurements of the Ni/Cu/n-InP
SBDs

T (K) I–V ΦI�V
bo ΦC�V

bo Norde (Ω)
n (eV) (eV)

210 3.31 0.52 0.78 1,602

240 2.71 0.57 0.75 1,415

270 2.24 0.62 0.72 1,139

300 1.96 0.65 0.70 982

330 1.77 0.67 0.68 642

360 1.65 0.68 0.66 546

390 1.56 0.69 0.64 298

420 1.47 0.70 0.63 184

Fig. 7 Temperature dependence of the series resistances obtained from
various methods for Ni/Cu/n-InP SBDs

18 Braz J Phys (2013) 43:13–21



The Gaussian parameters Φbo and σo are linear functions
of the bias, i.e.,Φb ¼ Φbo þ ρ2V and σo=σo+ρ3V, where the
coefficients ρ2 and ρ3, which may be temperature depen-
dent, quantify the deformation of the barrier height under a
bias voltage. The typically small temperature dependence of
σo has often been neglected [28]. Section 3.3 will nonethe-
less show that attention to that temperature dependence is
necessary to explain differences between the physical pa-
rameters extracted from the C–V and I–V characteristics.

Given the similarity between Eqs. (2) and (15), Eq. (14) can
be fitted to the experimental I–V data by the procedures
described in Section 3.1. The resulting effective barrier
heightΦap and ideality factor nap should obey Eqs. (16) and (17).
The plot of Φap as a function of 1/2kTought to be a straight line,
the intercept and slope of which determine the Gaussian param-
eters Φbo and σo, respectively. Figure 8 applies this procedure
to our data, linear regression yielding Φbo ¼ 0:90 eVand σo=
0.0135V, respectively. From the intercept and slope of the plot
of nap as a function of 1/2kT, we obtain the voltage coeffi-
cients ρ2=0.156 V and ρ3=0.149 V, respectively.

The standard deviation gauges the barrier homogeneity.
Since σo=0.149 eV is not small in comparison with the
mean value Φbo ¼ 0:90 eV, we conclude that the interface
is significantly inhomogeneous. The potential fluctuations
associated with the inhomogeneity affect the low-
temperature I–V characteristics and in particular account
for the curved Richardson plots.

To account for the barrier inhomogeneities, Richardson’s
procedure must therefore be generalized. With this in mind,
we combine Eqs. (15) and (16) and write down the equality:

ln
Io
T2

� �
� q2σ2

o

2k2T 2

� �
¼ ln AA*

� �� qΦbo

kT
ð18Þ

which reduces to Eq. (4) in the limit σo→0.

In the conventional Richardson plot, ln(Io/T
2) is shown as a

function of 103/T. Equation (18) defines the modified Richard-
son plot, which depicts ln(Io/T

2)−q2σo2/2(kT)2 as a function of
103/T. A straight line is expected, the slope and the intercept of

which yield the mean Φbo and Richardson’s constant A*.
Figure 9 shows ln(Io/T

2)−q2σo2/2(kT)2 as a function of 103/T

for our data, from which we obtain Φbo ¼ 0:89 eV and
A*=6.54 A/(cm K)2, respectively, with no reference to the

temperature coefficients of the barrier height. The result

Φbo ¼ 0:89 eV is in good agreement with Φbo ¼ 0:90 eV,
obtained from Fig. 8, and the Richardson constant
A*=6.54 A/(cm K)2 is much closer to the theoretical
prediction A*=9.4 A/(cm K)2 for n-type InP than the result
A*=3.7×10−3 A/(cm K)2 from Eq. (4).

3.3 Capacitance–Voltage Characteristics

To analyze the experimental C–V characteristics have
employed the Schottky–Mott equation [9]

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q"SNdA2

2 Vbi � V � VTð Þ

s
; ð19Þ

where εS is the semiconductor dielectric constant, A is the area
of the Schottky diode,Nd is the concentration of ionized donor
atoms, Vbi is the built-in potential, VT(=kT/q) is a thermal
voltage, and V is the applied reverse bias. Equation (19) yields
the following expression for donor concentration:

Nd ¼ 2

q"SA2
� 1

d 1 C2=ð Þ dV=ð Þ
� �

ð20Þ

Fig. 8 The apparent barrier height Φap (closed circles) obtained from
I–V measurements as a function of inverse temperature and inverse
ideality factor 1/nap (closed squares) versus inverse temperature plots
for Ni/Cu/n-InP SBDs

Fig. 9 Modified Richardson plot, ln(Io/T
2)−q2σo2/2(kT)2 versus 103/

T, and its linear fit for the Ni/Cu/n-InP SBD according to a Gaussian
distribution of the barrier heights
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which determines the ionized donor concentration from the
slope of 1/C2 vs. V curve. The SBH Φbo

C−Vis related to the
built-in voltage Vbi by the following equation:

ΦC�V
bo ¼ Vbi þ kT

q
ln

NC

Nd

� �
ð21Þ

with

NC ¼ 2
2m*kT
� �3 2=

h3

 !
ð22Þ

where NC is the effective density of states in the InP conduc-
tion band and m*=0.078m0 is the effective electronic mass in
InP [9].

The voltage-axis intercept of the 1/C2 versus V curve de-
termines the built-in potential Vbi. Figure 10 displays 1/C

2 as a
function of V for our Ni/Cu/n-InP SBD in the temperature
range 210–420 K, the junction capacitance being measured at
1 MHz. The plots are linear because the interface states and
the inversion layer charge cannot follow the AC signal at
1 MHz and therefore make negligible contributions to the
diode capacitance. In the 0.0 to −2.0 V range the capacitance
grows with temperature. The donor concentration computed
from Eq. (20) is shown in Fig. 11 as a function of temperature.
The concentration growmonotonically with temperature from
Nd=1.78×10

15 at 210 K to Nd=3.34×10
15 cm−3 at 420 K.

The measured SBHs, which decrease from ΦC�V
bo ¼ 0:

78 eV at 210 K to ΦC�V
bo ¼ 0:63 eV at 420 K, are listed

in Table 2 along with the barrier heights extracted from
the I–V characteristics. In the same way that it describes
the strong temperature dependences of Φbo

I−V and n at
low T, the assumption of a Gaussian distribution of barrier
heights, i.e., Eq. (12), explains the differences between Φbo

I−V

and Φbo
C−V. The capacitance is insensitive to the standard

deviation σo of the barrier distribution and therefore centrally

determined by the mean band bending in the Schottky barrier
[14]. Since the currents are sensitive to the deviation, differ-
ences arises, fromwhich one can extract information on σo. To
this end, we assume that the square of the deviation varies
linearly with temperature, i.e., that σ2=σo

2−ασT, where both
σo and ασ are empirical distribution parameters that must be
extracted from the experimental data. The difference between
the barrier heights from the C–V and I–V characteristics is
then expressed by the following equality [14]:

ΦC�V
bo � ΦI�V

bo ¼ � qσ2
o

2kT
þ qaσ

2k
ð23Þ

Figure 12 plots ΦC�V
bo � ΦI�V

bo

� �
as a function of (2kT)−1.

According to Eq. (23), the slope of the resulting straight line
is σ2

o 2k= , and the y-axis intercept is aσ 2k= , which determine
the parameters σo and ασ. We find σo=0.152 eV and ασ=

Fig. 10 Experimental C−2–V characteristics of a typical Ni/Cu/n-InP
SBDs in the temperature range of 210–420 K

Fig. 11 Variation of donor concentration (Nd) with temperature of Ni/
Cu/n-InP SBD attained from reverse bias C−2–V characteristics

Fig. 12 The experimental ΦC�V
bo � ΦI�V

bo

� �
versus (2kT)−1 plot of the

Ni/Cu/n-InP SBD according to Gaussian distribution of barrier heights
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4.56×10−5 V2 K−1, the former in close agreement with the
result σo=0.149 eV from the plot of Φbo versus (2kT)

−1 in
Fig. 8 interpreted according to Eq. (16). The agreement
between the two independently computed deviations con-
firms that relatively strong potential fluctuations affect the
I–V curves at low temperature making the conventional
Richardson plot in Fig. 3 nonlinear.

To better understand the origin of such fluctuations, we
are currently studying the effects of annealing on the elec-
trical and structural properties of Ni/Cu Schottky contacts to
InP and plan to present results in a future report.

4 Conclusions

We have measured the I–V and C–V characteristics of
Ni/Cu/n-InP SBDs at eight uniformly spaced temperatures in
the 210–420 K range. On the basis of the TEmodel, we found
the I–V barrier heights to grow from 0.52 to 0.70 eV, while the
ideality factor decayed from 3.31 to 1.47 upon heating in that
temperature interval. The series resistances calculated by
Cheung’s and Norde’s procedures were found to decrease
upon heating. The thermal dependence of themeasured barrier
height and ideality factor was shown to be consistent with a
Gaussian distribution of barrier heights, an indication that the
barrier potential is spatially variable. An effective Richardson
constant A*=6.54 A/(cm K)2 was obtained from a Richardson
plot modified to account for the barrier inhomogeneity, a
result that roughly agrees with the theoretical value A*=
9.4 A/(cm K)2. The standard deviations of the distribution
computed (1) directly from the thermal dependence of the I–V
characteristics and (2) from the thermal dependence of the
difference between barrier heights obtained from the I–Vand
C–V characteristics showed very good agreement. We con-
clude that the physics of conduction in Ni/Cu/n-InP Schottky
barrier diodes is governed by thermal activation, mathemati-
cally described by thermionic emission theory. The seemingly
anomalous thermal dependence of the I–V characteristics is
due to spatial inhomogeneity within the Schottky barriers.
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