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Doping dependence of the barrier height and ideality factor
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Abstract

The barrier height and ideality factor of Au/n-GaAs Schottky diodes grown by metal-organic vapor-phase epitaxy
(MOVPE) on undoped and Si-doped n-GaAs substrates were determined in the doping range of 2.5� 1015–
1� 1018 cm�3 at low temperatures. The thermionic-emission zero-bias barrier height for current transport decreases
rapidly at concentrations greater than 1� 1018 cm�3. The ideality factor also increases very rapidly at higher

concentration and at lower temperature. The results agree quite well with thermionic field emission (TFE) theory. The
doping dependence of the barrier height and the ideality factor were obtained in the concentration range of 2.5� 1015–
1.0� 1018 cm�3 and the results are well described using TFE theory. An excellent match between the homogeneous

barrier height and the effective barrier height was observed which supports the good quality of the GaAs film. The
observed variation in the zero-bias barrier height and the ideality factor can also be explained in terms of barrier height
inhomogeneities in the Schottky diode. r 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Electrical transport in Schottky diodes on epi-
GaAs grown on n-GaAs substrates has been of
considerable interest for the past several years. For
electronic and optoelectronic devices made by
compound semiconductors, the Schottky contact
plays an important role in the performance of its
associated devices. The performance and reliability

of a Schottky diode is drastically influenced by the
interface quality between the deposited metal and
the semiconductor surface. Schottky barrier diodes
(SBDs) have been widely studied and many
attempts have been made to understand the
conduction mechanism across such Schottky
diodes. The knowledge of the conduction mecha-
nism across a Schottky barrier is essential in order
to calculate the Schottky barrier parameters and
explain the observed effects. Generally, the SBD
parameters are determined over a wide range of
temperatures and doping concentrations in order
to understand the nature of the barrier and the
conduction mechanism. Thermionic emission (TE)
theory is normally used to extract the SBD
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parameters [1–7], however, there have been several
reports of certain anomalies [4,7–9] at low
temperatures. The ideality factor and barrier
height determined from the forward bias cur-
rent–voltage ðI2VÞ characteristics on the basis of
the TE mechanism were found to be a strong
function of temperature and doping concentration
[5,9–20].

The ideality factor was found to increase with
decreasing temperature and increasing carrier
concentration. The increase in ideality factor with
decreasing temperature is known as the T0 effect
and was first reported by Padovani and Sumner
[2]. The Schottky barrier height (SBH), FI2V

measured by the I2V technique for TE decreases
with decreasing temperature and increasing doping
level, while the SBH FC2V measured by the
capacitance–voltage ðC2VÞ method remains con-
stant. The SBH determined depends on the
technique of measurement; typically, FC2V sig-
nificantly exceeds FI2V [16,21,22]. It has been
suggested that the product of ideality factor ðnÞ
and zero bias barrier height measured by the I2V
technique FI2V is closer to the measured FC2V

[16,23]. There is no scientific basis for such a
proposal [23], however. Just as for the ideality
factor, lowering of the SBH by image forces,
interface states, and thermionic field emission
(TFE) has frequently been invoked to explain the
doping-level dependence of FI2V [13,15,20]. Ex-
planations of the possible origin of such anomalies
have been proposed, taking into account the
interface state density distribution [17,24], quan-
tum-mechanical tunneling [3,24,25], image force
lowering [25], and most recently the lateral
distribution of barrier height inhomogeneities
[19,26–28].

In metal semiconductor field-effect transistors
(MESFETs), the performance improves as the
doping concentration in the channel is increased.
For a GaAs MESFET, gm is proportional to

ffiffiffiffiffiffi
Nd

p
;

where Nd is the doping concentration in the
channel. For digital circuits, in which enhance-
ment type MESFETs operate with the gate biased
in the forward direction, the barrier height must be
sufficiently high to allow an adequate voltage
swing. In this case, the forward bias gate voltage is
dependent on the barrier height and ideality

factor, which increases with the doping concentra-
tion. In the case of depletion type MESFETs, the
performance is determined by the reverse bias
voltage, which decreases very sharply with the
doping concentration. In our earlier work [29], we
showed that the reverse bias breakdown voltage
decreased below 2.8 V when the doping concentra-
tion increased to Nd > 1 � 1018 cm�3. Therefore,
there is a technological importance in studying the
barrier height and ideality factor as a function of
doping concentration. Even the low temperature
variations of barrier height and ideality factor with
doping concentrations are very important for low
temperature application of MESFETs. An attempt
is therefore made to present the forward bias I2V
characteristics of Au/n-GaAs Schottky diodes in
the low temperature range of 77–300 K and the
concentration range of 2.5� 1015–1� 1018 cm�3.
The doping dependence of the barrier height and
the ideality factor is discussed using TFE theory as
well barrier height inhomogeneities.

2. Method of analysis

In a Schottky contact, the forward bias I2V
relation obtained by using the TE theory is given
by [25]

I ¼ Isexp
q V � IRsð Þ

nkT

� �
1 � exp

�q V � IRsð Þ
kT

� �� �

ð1Þ

with

Is ¼ aA* *T2exp
�qFb0

kT

� �
; ð2Þ

where Is is the saturation current (A) at zero-bias,
a the diode area (cm2), A � � the effective
Richardson constant (A/cm2 K2), T the tempera-
ture ðKÞ; q the electronic charge (C), k is
Boltzmann’s constant (J/K), Fb0 the zero-bias,
barrier height (eV), V the forward voltage (V), n
the ideality factor, and Rs the series resistance due
to bulk and contact resistance (O). This expression
is based on a combined TE-diffusion theory
formulation of current flow in the diode. The
I2V measurements were made to determine the
saturation current IS from which the zero-bias
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barrier height, Fb0; was defined in terms of the TE
model, viz.,

Fb0 ¼
kT

q

� �
ln

aA* *T2

Is

� �
: ð3Þ

At a given temperature and for VX3kT=q;
the linear portion of the ln ðIÞ vs. V characteristic
was used to determine the saturation current ðIsÞ
by extrapolation to zero-bias. The ideality
factor was determined from the slope of the
same curve. Once Is is known, the barrier height
Fb0 can easily be determined from Eq. (3) at any
temperature for a given diode area a and
Richardson constant A�� (8 A cm�2 K�2 for n-type
GaAs [30]).

When TFE is responsible for current transport
at high doping levels, tunneling contributes to the
diode current and Eq. (1) is no longer valid [13].
The forward I2V characteristic in the presence of
tunneling (except at very low forward bias) is
described by the relation [25]

I ¼ Is exp
V

E0

� �
ð4Þ

with

E0 ¼ E00 coth
qE00

kT

� �
; ð5Þ

where E00 is the tunneling parameter (also called
the characteristic energy) [1,25]

E00 ¼
_
2

� �
Nd

m* es

� �1=2

; ð6Þ

where m�ð¼ momrÞ is the effective mass of elec-
trons, es ð¼ ereoÞ the permittivity of the semicon-
ductor, mo the electron rest mass, and Nd the
donor concentration in cm�3. Field emission (FE)
becomes important when E00bkT=q; whereas
TFE dominates when E00BkT=q; and TE is
crucial if E005kT=q: The ideality factor n is
related to E00 through the relation [25]

n ¼
qE00

kT

� �
coth

qE00

kT

� �
: ð7Þ

For a diode on low doped material, in which
tunneling is absent, nD1 (neglecting image force
barrier lowering). For TFE the relation between
the flat-band barrier height, F0 ð¼ FC2V Þ; the
zero-bias barrier height, Fb0 ð¼ FI2V Þ; and the

ideality factor, n; is given by [13]

Fb0 ¼
F0 þ Fn n� 1ð Þ

n
; ð8Þ

where Fn is the Fermi energy measured from the
conduction band edge. Hence, relations (6), (7),
and (8) can be used to estimate n and Fb0 as a
function of Nd: This approximation should be
reasonably accurate for nondegenerate material
but will be in error as the doping concentration
exceeds about 1� 1018 cm�3 [13].

The barrier height lowering and the increase in
ideality factor with decreasing measurement tem-
perature due to the image force lowering can be
understood from the following equations. The
barrier lowering due to the image force is given by
[31]

DFimf ¼
q3Nd

8p2e3s

� �
Fb0 � V � Fn �

kT

q

� �� �1=4

; ð9Þ

where

Fn ¼
kT

q

� �
ln

NC

Nd

� �

and V is the applied bias, and NC the density of
states at the conduction band edge (=4.7� 1017

(T/300)3/2 ).
In principle, the increase in ideality factor with

decreasing measurement temperature for all car-
rier concentrations might be due to image force
lowering and was checked using the relation [31]

1

nimf
¼ 1 � 1

4

q3Nd

8p2e3s

� �1=4

Fb0 � V � Fn �
kT

q

� ��3=4

:

ð10Þ

3. Experimental details

The Schottky diodes were fabricated on epitax-
ial undoped and Si-doped n-type GaAs films
grown on Si-doped (2� 1018 cm�3) n+-GaAs
substrates (1 0 0) 21 off towards the [1 1 0] direction
using metal-organic vapor-phase epitaxy
(MOVPE) and by evaporating Au under vacuum.
The epitaxial films were cleaned using organic
solvents and the oxide layer was removed using
HCl : H2O (1 : 1) prior to the Au Schottky contact
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formation. The back ohmic contacts were made
using an Au–Ge eutectic with an overlayer of Au.
Epitaxial n-type GaAs films of carrier concentra-
tions in the range 2.5 1015–1� 1018 cm�3 were used
for this study.

Room temperature I2V characteristics of the
diodes were checked using an automated arrange-
ment consisting of a Keithley source measure unit
(SMU236), an IBM 486 PC, and a probe station.
Diodes showing similar I2V characteristics at
300 K were mounted and bonded on a TO-39
header. Similar experiments were repeated on
several diodes to observe the repeatability of the
results. Low temperature I2V characteristics for
carrier concentrations of 2.5� 1015, 1� 1017 and
1� 1018 cm�3 were obtained in the temperature
range of 77–300 K using the automated setup
described above coupled with a cryostat. The
temperature was within 71 K during the data
acquisition. The carrier concentration and flat-
band barrier height were determined using the
reverse bias C2V characteristics measured at
1MHz on a HP4194A LCR bridge. Electrochemi-
cal capacitance–voltage (ECV) profiling further
confirmed the carrier concentration. The barrier
height and the ideality factor were simulated using
Eqs. (6)–(8).

4. Results and discussion

The current density vs. voltage ðJ2VÞ charac-
teristics of the Schottky diodes at concentrations
of (a) 2.5� 1015 cm�3, (b) 1� 1017 cm�3 and (c)
1� 1018 cm�3 are plotted as a function of tem-
perature in Figs. 1(a)–(c), respectively. The plots
exhibit a linear portion over 3–4 decades of
magnitude of current density. The diode ideality
factor n, the saturation current Is; and the zero-
bias barrier height Fb0 were determined using
Eqs. (1) and (3).

The zero-bias barrier height and ideality factor
are plotted as a function of temperature at three
different concentrations in Fig. 2. The plot shows
that the ideality factor increases with decreasing
temperature and that the change is more pro-
nounced below 150 K, whereas the zero-bias
barrier height decreases with decreasing tempera-

ture except at 2.5� 1015 cm�3. For this concentra-
tion, the barrier height first increases with
decreasing temperature up to 160 K and then
decreases. This apparent decrease in the zero-bias
barrier height below 160 K is similar to the
observations made by others on different types of
Schottky diodes [9,11,14,18,26,32]. The experi-
mental barrier heights and ideality factors, as well
as those simulated using two different models, are
shown in Table 1. From Fig. 2 it is seen that the
calculated curves, using Eqs. (6)–(8) with the
barrier height determined from C2V measure-
ment for each doping level, lie higher than the
measured value of Fb0; the opposite is true for the
ideality factor n: This may be partly due to the
neglect of the image force in the calculation, and a
further deviation may be caused by a thin film of
thermal oxide formed [33] on the samples during
the time elapsed between etching and deposition of
the diodes. However, calculated barrier height
using Eqs. (6)–(8) with the barrier height deter-
mined from C2V measurement along with the
barrier height lowering due to TFE and ideality
factor at doping concentration of 1� 1018 cm�3 fit
the TFE theory very well. The barrier height
lowering due to TFE is much more significant at
doping concentration of 1� 1018 cm�3 than at
lower doping level and hence, it has been added to
the calculated barrier height. Because the I2V
measurement technique is sensitive to the barrier-
lowering effect, the effective I2V barrier height is
dependent on the applied voltage and on the
doping level of the film. The barrier-lowering
mechanism includes the effects of the image force,
the effects of tunneling current through the
potential barrier, and an alteration of the charge
distribution near the interface [34].

4.1. Effect of image force

In order to understand the factors influencing
the lowering of the barrier height with increasing
concentration and decreasing temperature, the
effect of image force lowering was considered.
The value of DFimf using Eq. (9) is 13.85 meV for a
Fb0 of 0.89 eV at a carrier concentration of
2.5� 1015 cm�3; 34.6 meV for a Fb0 of 0.854 V at
a concentration of 1� 1017 cm�3; and 57.63 meV
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Fig. 1. The current density vs. voltage characteristics of Au/n-GaAs Schottky diodes at various temperatures and doping

concentrations: (a) Nd ¼ 2:5 � 1015 cm�3, (b) Nd ¼ 1 � 1017 cm�3, (c) Nd ¼ 1 � 1018 cm�3:
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for a Fb0 of 0.746 eV at a concentration of
1� 1018 cm�3. All cases are evaluated for a typical
forward bias voltage of 0.45 V at 77 K. This value
of DFimf is much lower at all carrier concentra-
tions than the observed barrier lowering of
126 meV at 2.5 1015 cm�3, 436 meV at
1� 1017 cm�3, and 433 meV at 1� 1018 cm�3,
respectively. Therefore, the image force effect
alone cannot account for the lowering of the
barrier height.

The evaluation of the ideality factor from
Eq. (10) yields values of 1.011, 1.025, and 1.051
at 300 K and 1.008, 1.022, and 1.045 at 77 K,
using a typical bias value of 0.45 V for the con-
centrations 2.5� 1015, 1� 1017, and 1� 1018 cm�3,
respectively. There is hardly any change of
ideality factor between the two measurement
temperatures of 300 and 77 K using Eq. (10).
This shows that the observed variation in the
ideality factor cannot be explained by image force
lowering.

4.2. Effect of thermionic field emission

The decrease in barrier height and the increase
in ideality factor with a decrease in the tempera-
ture are indicative of a deviation from the pure TE
theory, and one thus must consider the TFE
mechanism. The E00 parameter determines the
conduction mechanism, whether it is by TE, TFE,
or FE. The value of E00 is 1.0 meV at
2.5� 1015 cm�3, 6.317 meV at 1� 1017 cm�3, and
19.97 meV at 1� 1018 cm�3. According to the
theory, TFE dominates only when E00BkT : The
value of E00 calculated from Eq. (6) is less than kT
by a factor of six even at 77 K for a concentration
of 2.5� 1015 cm�3. The value of E00 is less than kT
for a concentration of 1� 1017 cm�3. For a
concentration of 1� 1018 cm�3, the value of E00

is greater than kT only at temperatures below
240 K. The FE dominates only when E00bkT=q;
for a concentration of 1� 1018 cm�3 FE behavior
is observed below 240 K only. The barrier height
lowering for TFE, determined using the theoreti-
cally calculated value of E00 for all carrier
concentrations, is given by [25]

DFTFE ¼
3

2

� �2=3

E
2=3
00 V

1=3
d ; ð11Þ

where Vd is the built-in potential. Table 2 shows
the calculated values of DFTFE at different
concentrations and at 300 K.

The ideality factor is further analyzed by
considering the variation in the ideality factor
caused by a tunneling current. The relation for the
variation in the ideality factor is given by Eq. (7).
The intercept on the E0 ð¼ nkT=qÞ axis of Fig. 3
yields the value of E00 for the Schottky diode
under study. It can be seen from Fig. 3 that the
experimental points for a carrier concentration of
2.5� 1015 cm�3 are linear. Line 1, corresponding
to a carrier concentration of 2.5� 1015 cm�3, does
not pass through the origin, thus implying a higher
characteristic energy ðE00Þ; which cannot be
explained by the above theories. In order to
confirm the higher value of the characteristic
energy, another method was used which requires
plotting of the theoretically determined values of
1=n vs. 1000/T plot (Fig. 4) [31]. The following
relation was used to generate such theoretical plots

Fig. 2. Measured barrier heights and ideality factors of Au/n-

GaAs Schottky diodes vs. temperature: (a) effective barrier

height and (b) ideality factor. The calculated lines (- - -:

2.5� 1015 cm�3; ?: 1� 1017 cm�3; F: 1� 1018 cm�3) represent

an approximation based on TFE theory.
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with E00 as the parameter

1

n
¼

kT 1 � bð Þ
qE0

; ð12Þ

where b indicates the bias dependence of the
barrier height. Since the values of 1=n are sensitive

to changes near unity, such a plot provides a good
check to determine whether the dominating
mechanism is TE or TFE. The experimentally
determined values of the ideality factor are super-
imposed on such a plot (Fig. 4) to approximately
determine the values of E00 and b: It is observed

Table 1

The experimental and simulated barrier heights and ideality factors at different temperatures and concentrations

T (K) nexpt Fb0expt (eV) Werner & G .uttler Equ. TFE theory

nsim Fb0sim (eV) nsim Fb0sim (eV)

2.5� 1015 cm�3

300 1.09 0.893 1.058 0.967 1.00 0.999

280 1.07 0.910 1.062 0.953 1.00 0.999

270 1.06 0.902 1.064 0.951 1.00 0.999

260 1.07 0.904 1.066 0.948 1.00 0.999

250 1.07 0.909 1.069 0.946 1.00 0.999

230 1.07 0.913 1.075 0.940 1.00 0.999

220 1.09 0.916 1.078 0.937 1.00 0.999

210 1.07 0.919 1.081 0.933 1.001 0.999

200 1.08 0.917 1.086 0.930 1.001 0.999

191 1.06 0.910 1.090 0.926 1.001 0.998

184 1.07 0.918 1.093 0.922 1.001 0.998

170 1.09 0.919 1.101 0.915 1.001 0.998

160 1.09 0.920 1.108 0.909 1.001 0.998

150 1.11 0.906 1.115 0.902 1.002 0.998

140 1.1 0.908 1.124 0.894 1.002 0.997

130 1.13 0.892 1.134 0.885 1.002 0.997

120 1.14 0.882 1.146 0.874 1.003 0.997

116 1.17 0.872 1.152 0.970 1.003 0.997

100 1.14 0.876 1.179 0.847 1.004 0.996

92 1.16 0.865 1.197 0.833 1.005 0.995

77 1.30 0.764 1.243 0.798 1.007 0.993

1� 1017 cm�3

300 1.072 0.854 1.1198 0.851 1.019 0.972

262 1.180 0.803 1.1359 0.845 1.026 0.966

242 1.077 0.858 1.1466 0.840 1.030 0.962

208 1.149 0.828 1.1702 0.830 1.040 0.952

178 1.136 0.821 1.20 0.818 1.055 0.946

83 2.350 0.418 1.5026 0.725 1.245 0.794

1� 1018 cm�3

300 1.158 0.746 1.246 0.740 1.190 0.790

273 1.194 0.734 1.274 0.724 1.232 0.767

240 1.221 0.730 1.319 0.705 1.290 0.733

182 1.410 0.660 1.455 0.650 1.486 0.645

153 1.583 0.599 1.582 0.606 1.664 0.583

125 1.971 0.497 1.805 0.545 1.941 0.510

89 2.900 0.351 2.620 0.409 2.623 0.395

78 3.177 0.314 3.363 0.342 2.976 0.357
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that the experimental points closely match the
curve with E00 ¼ 6:5 meV and b ¼ 0:032 for a
doping concentration of 2.5� 1015 cm�3. We
followed a similar procedure for the other doping
concentrations to determine the values of E00 and
b: Fig. 5 shows the experimental and calculated
values of E00 (using Eq. (6)) as a function of

doping concentration Nd: From this figure one
finds that the observed value of E00 is higher than
the calculated one. This indicates that the conduc-
tion mechanism is TFE even in the limit of low
doping concentration, despite the fact that one

Fig. 3. Plot of inverse slope ðE0Þ vs. kT=q showing the

temperature dependence of ideality factor. Line 1

(2.5� 1015 cm�3) shows the possibility of a higher characteristic

energy than that predicted by the TE theory and estimated

using Eq. (6). Line 2 (1� 1017 cm�3) and 3 (1� 1018 cm�3)

represent the behavior when conduction mechanism is domi-

nated by TFE. Lines 2 and 3 are drawn to show the trend and

do not represent any theoretical fit.

Fig. 4. Plot showing 1=n vs. 1=T curves (solid lines) with E00 as

a parameter ranging from 2 to 22meV in steps of 2 meV

generated by Eq. (12) and b ¼ 0: The experimental points are

also superimposed on the theoretically generated plot. Lines 1

(K: 2.5� 1015 cm�3; 2 (E: 1� 1017 cm�3); and 3 (’:

1� 1018 cm�3) shown on the plot represents a curve with the

value of E00 ¼ 6:5 meV and b ¼ 0:032; E00 ¼ 10meV and b ¼
0; and E00 ¼ 18meV and b ¼ 0:016; respectively.

Table 2

Schottky diodes parameters for the investigated epitaxial layers at 300K

Nd (cm�3) E00 (meV) n Vd (V) Fb0expt (eV) DFTFE (meV) Fb0 þ DFTFE (eV) ss Fbmean (eV) a S

2.50� 1015 1.00 1.090 0.910 0.893 12.70 0.906 0.053 1.012 0.006 0.024

3.00� 1016 3.46 1.060 0.867 0.867 26.54 0.894 F F F F
1.00� 1017 6.32 1.072 0.854 0.854 42.50 0.896 0.050 0.900 0.020 0.045

1.30� 1017 7.20 1.100 0.844 0.844 42.75 0.886 F F F F
2.00� 1017 8.93 1.080 0.836 0.836 49.20 0.885 F F F F
6.65� 1017 16.29 1.134 0.775 0.775 71.09 0.846 F F F F
1.00� 1018 19.97 1.158 0.746 0.746 87.50 0.834 0.085 0.880 0.020 0.054
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would expect it to be within the domain of the TE
conduction mechanism. Therefore, the diode hav-
ing a doping concentration of 2.5� 1015 cm�3

exhibits high characteristic energy not expected
for this concentration, implying a conduction
mechanism dominated by TFE (instead of TE) at
low temperatures. The origin of such high
characteristic energy was not predicted by the
simple theory; rather, it has been attributed to
several effects. The parameter E00 is affected by the
electric field at the semiconductor surface and the
density of states at the semiconductor surface. Any
mechanism such as the geometrical inhomogene-
ities arising due to crystal defects, surface rough-
ness near the device periphery, local pile up of
dopants, the presence of a relatively thick insulat-
ing interfacial layer with low dielectric constant,
and charge in the interfacial layer, could possibly
increase the electric field near the semiconductor
surface [32]. Multistep tunneling through the

interface states also yields a higher characteristic
energy [35].

The measured barrier heights and ideality
factors vs. doping concentration at 300 K are
shown in Figs. 6(a) and (b), respectively. Con-
sidering first Fig. 6(a), we see that the continuous
line, representing an approximation based on TFE
theory using Eqs. (6)–(8) with the homogeneous
barrier height F0 ¼ 0:9770:08 eV, lies higher than
the measured value of Fb0: The effect of barrier
height lowering (neglecting the image force effect
on barrier lowering) due to TFE was added to the
measured value of barrier height ðFb0Þ using TE
theory and re-plotted in Fig. 6(a). It is seen from
Fig. 6(a) that the effective barrier heights fit well
with the calculated curve. From this figure it is also
seen that the barrier height determined from the
C2V measurement decreases from 1.02 to 0.84 eV
as the carrier concentration increases from
2.5� 1015 to 1� 1018 cm�3. Ideally, the barrier
height determined from the C2V measurement
should be the same for all doping levels. The
observed effect could be due to the presence of an
interfacial layer [33,36] and by the change of the
dopant concentration near the metal-semiconduc-
tor (MS) interface [37].

We have included a few results presented by
other workers in GaAs as well as in Si Schottky
diodes for comparison [15,34,36] in Fig. 6(a).
Newman et al. studied the electrical transport
characteristics of nine metals on n-GaAs [34] and
n-InP [38] as a function of doping level on (1 1 0)
surfaces. However, only results from Au/n-GaAs
Schottky diodes have been included in Fig. 6(a).
One finds from Fig. 6(a) that our results agree well
with the results presented by Newman et al. [34]
and Horvath et al. [36] with their C2V measure-
ment result. However, the barrier height deter-
mined from I � V characteristics measured by
Horvath et al. [36] is far below our results. They
pointed out that this could be due to excess current
flow through the diodes and by the incorrect value
of the Richardson constant used for the evaluation
of Fb0: The decrease in barrier height with
increasing dopant concentration is due to the
effect of the interfacial layer and interface states
[36]. The barrier height determined from the I2V
and C2V measurements for palladium-silicide

Fig. 5. Plot showing the calculated E00 using Eq. (6) with the

experimental value in the concentration range of 2.5� 1015–

1.0� 1018 cm�3.
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Schottky diodes [15] are also included in Fig. 6(a).
Weitering et al. [39] studied the I2V character-
istics of Ag Schottky diodes on n- and p-type Si in
the doping concentration range of 3� 1014–
3� 1017 cm�3 on different surfaces. They found
that the barrier heights are spatially non-uniform
and concluded that this might be due to structural
and morphological inhomogeneities at the inter-
face.

The ideality factor increases with the increasing
carrier concentration and can be seen from
Fig. 6(b). The continuous lines, representing an
approximation based on TFE theory using
Eqs. (6) and (7) lie lower than the measured value
of n: We have included a few results presented by
other workers in GaAs as well as in Si Schottky
diodes for comparison [15,34,40] in Fig. 6(b). The
experimental ideality factor is higher than the
calculated value may be caused by a thin film of

oxide layer on the samples during the time elapsed
between etching and deposition of the metal. Even
the ideality factor measured by Horvath et al. [40]
is higher than our results and it is also far from the
calculated curve. The agreement is good between
the experimental and calculated values of the
ideality factors in the high doping levels. However,
Broom et al. [15] found that the agreement is
generally good in the lower carrier concentration
except at the highest doping where tunneling plays
a significant role in the current transport. The
results are well described in our case by TFE
theory.

4.3. Effect of barrier height inhomogeneity

Werner and G .uttler [26] proposed that the
barrier height has a Gaussian distribution char-
acterized by a mean barrier height. The reduction

Fig. 6. (a) Measured barrier heights of Au/n-GaAs Schottky diodes vs. doping concentration at 300K. The continuous lines represent

an approximation based on TFE theory. The symbols are meaning K=Fb0 and E=Fb0 þ DFTFE: (b) Measured ideality factors of

Au/n-GaAs Schottky diodes vs. doping concentration at 300K. The continuous lines represent an approximation based on TFE

theory.

M.K. Hudait, S.B. Krupanidhi / Physica B 307 (2001) 125–137134



in barrier height with temperature may be
explained by the lateral distribution of the barrier
height. The assumption of the Gaussian distribu-
tion for the barrier height yields the following
equation for the barrier height [26]

Fb0 ¼ Fbmean �
s2

s

2kT

� �
; ð13Þ

where Fb0 is the zero-bias barrier height, Fbmean

the mean barrier height, and ss the standard
deviation of the barrier distribution. The mean
barrier height is the same as the barrier height
measured by a capacitance–voltage measurement,
which is essentially the barrier height at zero
electric field. Since the flat-band barrier height,
Ff

b0 ¼ nFb0 � n� 1ð ÞkT ln ðNC=NdÞ is also ob-
tained at zero electric field, both of the quantities
are the same [6]. Using this relation and Ff

b0 ¼
Fbmean; the values of ss and Fbmean are calculated
and are tabulated in Table 2. Using the values of
ss and Fb0 from Table 2 and Eq. (13), a
continuous curve was generated as a function of
operating temperature and concentration, which is
plotted in Fig. 7. It may be observed from this
figure that although the curve obtained using
Eq. (13) agrees well with the values of the zero-bias
barrier height in the 77–210 K range, it deviates
appreciably from the experimental points at higher
temperatures for a concentration of
2.5� 1015 cm�3. Also it can be seen from this
figure that the curve agrees very well for the other
concentrations, in particular 1� 1018 cm�3.

Using the potential fluctuations model [26], the
ideality factor is given by the relation

1

n
¼ 1 � aþ

ssqS
kT

: ð14Þ

Using the experimentally determined values of n at
different temperatures and the value of ss obtained
from Eq. (13), the values of a and S were obtained.
These values can also be seen from Table 2. The
experimentally determined values and the contin-
uous curve representing a fit to these values using
the parameters obtained using Eq. (14) are shown
in Fig. 7. From this figure it is also seen that the
potential fluctuation model agrees well with the
above concentrations.

Sullivan et al. [27] and Tung [17] proposed
another approach to lateral inhomogeneities in the
Schottky barrier. They proposed that the Schottky
barrier consists of laterally inhomogeneous
patches of different barrier heights. The patches
with lower barrier height yield a larger ideality
factor and vice versa. Schmitsdrof et al. [28] found
a linear correlation between the zero-bias barrier
height and the ideality factors using Tung’s [17]
theoretical approach. The extrapolation of the
linear fit to this data yields the homogeneous
barrier height at an ideality factor of 1.01. A
similar analysis of our data to this effect is
presented in Fig. 8 for a concentration of
2.5� 1015 cm�3. It is observed that the barrier
height correlates linearly with the ideality factors
measured at temperatures below 200 K. The
homogeneous barrier height determined from this
analysis yields a value of 0.9770.08 eV for a
concentration of 2.5� 1015 cm�3. This homoge-
neous barrier height is in close agreement with the
effective barrier height ðFC�V

b0 ¼ 1:02 eVÞ obtained
from the C2V measurement. According to

Fig. 7. Variation in zero-bias barrier height and ideality factor

with temperature at different doping concentrations. The lines

(- - -: 2.5� 1015 cm�3; ?: 1� 1017 cm�3; F:1� 1018 cm�3) are

generated using Eqs. (13) and (14).
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Schmitsdroff et al. [28], the larger the discrepancy
between the homogeneous barrier height and the
effective barrier height, the poorer the quality of
the grown layer. A homogeneous barrier height of
0.89670.08 eV ðFC�V

b0 ¼ 0:986 eVÞ was obtained
from I2V measurements for a doping level of
1� 1017 cm�3. Similarly, a homogeneous barrier
height of 0.80970.08 eV FC�V

b0 ¼ 0:84 eV
� �

was
obtained from I2V measurements for a doping
level of 1� 1018 cm�3. This lowered barrier height
for the higher doping level of 1� 1018 cm�3 was
observed and it may be attributed to the tunneling
effect. Since the barrier heights were calculated
using the assumption of TE only, the additional
tunnel current leads to an estimated barrier height
lower than the true value. The experimental
barrier heights obtained from C2V measurements
are much lower for the higher doping concentra-
tion as compared to lower concentration. Such
dependence on the doping level can be expected
due to the electric field dependence of the dipole
layer between the semiconductor and the metal.

5. Conclusions

The forward I2V characteristics of Au/n-GaAs
Schottky diodes were measured in the temperature
range of 77–300 K for three different doping
concentrations. The I2V characteristics were
strongly dependent on the doping concentration.
The zero-bias barrier height decreased and the
ideality factor increased with decreasing tempera-
ture and increasing doping concentration; the
changes are quite significant at low temperatures.
The significant decrease in barrier height and
increase in ideality factor at low temperatures and
high doping concentrations can be explained by
thermionic field-emission theory. The doping
dependence of the barrier height and the ideality
factor were obtained in the concentration range of
2.5� 1015–1.0� 1018 cm�3, and the results are well
described using TFE theory. According to Tung’s
approach of lateral inhomogeneities, the homo-
geneous barrier height and the effective barrier
heights are closely matched, which demonstrates
the good quality of the GaAs films. The barrier
height inhomogeneities at the interface also
explain the results of barrier height and ideality
factor change at low temperatures at all doping
concentrations.
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