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The Double Gaussian Distribution of Inhomogeneous Barrier Heights in Al/GaN/p-GaAs (MIS)
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The current-voltage (I-V) characteristics of metal-insulator-semiconductor (Al/GaN/p-GaAs) Schottky barrier diodes (SBDs) were investigated over a wide temperature range of 80-380 K. By using the thermionic
emission (TE) theory, the zero bias barrier height ΦB0 calculated from I-V characteristics was found to increase
with increasing temperature as the ideality factor n decreases with increasing temperature, and especially the
activation energy plot is nonlinear at low temperatures. The observed variation in the ΦB0 and n is attributed to
the spatial barrier inhomogeneities in SBD by assuming a Gaussian distribution (GD) of barrier heights (BHs).
The experimental I-V-T characteristics of the SBDs have shown a double Gaussian distribution having mean
barrier heights Φ̄B of 0.854 eV and 0.395 eV and standard deviations σs for 0.142 V and 0.059 V, respectively.
The modified ln(Io /T2 )-q2 σ2o /2(kT)2 vs q/kT plot gives ΦB0 and Richardson constant A∗ as 0.858 eV and 0.364
eV, and 78.5 and 128 A/cm2 K2 , respectively, without using the temperature coefficient of the barrier height.
Hence, the results have shown that the I-V-T characteristics of the Al/GaN/p-GaAs SBDs can be successfully
explained on the basis of TE mechanism with a double Gaussian distribution of the barrier heights.
Keywords: MIS diode; Barrier inhomogeneities; Double Gaussian distribution; Temperature; Dependence; Nitride passivation

1. INTRODUCTION

Metal-semiconductor
(MS)
and
metal-insulatorsemiconductor (MIS) Schottky barrier diodes (SBDs)
play a very important role in the micro electronic devices.
These type devices have important application in a wide variety of the optoelectronic, bipolar integrated circuits and high
frequency applications. There are currently a vast number of
experimental studies on diode characteristics parameters such
as Schottky barrier heights (SBHs), ideality factor n, series
resistance Rs and surface states Nss in a great variety of MS
and MIS type SBDs [1-17]. The performance and reliability
of these devices especially depends on formation of insulator
layer between metal and semiconductor interface, the density
of interface states distribution between semiconductor and
insulator layer, series resistance and inhomogeneties of
Schottky barrier contacts.
The characterization of a SBD with an interface layer does
not obey the ideal Schottky theory. Especially understanding
Schottky barrier formation between metal and semiconductor
interface on a fundamental basis still remains a challenging
problem. Also, Schottky barrier height, and ideality factor are
the fundamental parameters of the MS or MIS structures and
strongly effected devices performance.
Also, in a broad temperature range or at room temperature current-voltage (I-V) measurements alone do not provide detailed information about the nature of barrier formation between metal and semiconductor and current-transport
mechanisms. The analysis of the I-V characteristics of MS or
MIS SBDs at wide temperature range allows us to understand
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different aspects of barrier formation and current-transport
mechanisms [9,15-18]. In general, the I-V-T characteristics
of SBDs based on Thermionic Emission (TE) usually reveal
an abnormal increase in the SBH and a decrease in the ideality factor n with decrease in temperature [9,18-20]. In addition, the decrease in the BH at low temperatures leads to nonlinearity in the activation energy plot ln (Io /T2 ) vs 1/T plot.
This abnormal behaviour of SB at low temperature has been
attributed to be the spatial variation of BHs in the Al/GaN/pGaAs (MIS) Schottky diodes. Recently, the spatial barrier homogeneities in MS and MIS type SBDs are described mainly
by a Gaussian distribution function and is widely used to explain the experimental I-V characteristics [11,16, 20,22,23].
Gallium arsenide is one of the advantageous semiconductors for high-speed and low-power devices [1]. The formation
of a direct on GaAs by traditional ways oxidation or deposition cannot completely passivate the active dangling bonds
at the semiconductor surface. Thus, various non-traditional
approaches for surface passivation sulfide, selenide layer and
nitride formation have been a subject of increasing interest in
recent years [37-48,50].
As known, nitrides are very stable against oxidation. Therefore, one can expect that the nitride layers should prevent the
formation of amorphous surface oxides on the GaAs at atmospheric ambient. Also, due to a high value of their electronegativity (3.04) nitrogen atoms bonded with surface gallium should not produce electronic states in the forbidden gap
[24]. However, it has been reported that the passivated surface of GaAs is quickly degraded when it was exposed to air
ambient. Due to the formation of many kind sub-oxides of
both Ga and As, the control of the chemical composition in
the GaAs oxide is very difficult [21]. In contrast, gallium nitride (GaN) is an excellent widegap III-V compound semiconductor because of its thermal and chemical stability [45].
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As known, there are many techniques for nitridation process.
Electrochemical anodization technique is an economical and
practical way to produces a very thin film on the GaAs substrate [17,37-40,50]. We used same technique in our previous
work, too [17].
We present, in this work, non-aqueous ammonium polynitride ((NH4 )2 (NH2 )x ) electrolyte was employed to grow a
Gallium nitride layer on the GaAs surface as a new method
of nitride passivation. Nitridation of GaAs surface was also
performed by electrochemical anodization technique. The IV characteristics of Al/GaN/p-GaAs SBDs were investigated
over a wide temperature range of 80-380 K. The temperature dependence of barrier height (SBHs) characteristics of
Al/GaN/p-GaAs (MIS) diodes were interpreted on the basis
of the existence of Gaussian distribution of the BHs around a
mean value due to barrier height inhomogeneities prevailing
at the metal-semiconductor interface.

2.

surement of the insulator capacitance in the strong accumulation.
The current-voltage (I–V) measurements were performed
by the use of a Keithley 220 programmable constant current source, a Keithley 614 electrometer. I-V characteristics
were measured in the temperature range of 80-380 K using
a temperature controlled Janes vpf-475 cryostat, which enables us to make measurements in the temperature range of
77-450 K. The interfacial layer thickness was estimated to be
about 63 Å from the oxide capacitance measurement in the
strong accumulation region at high frequency (1MHz). The
sample temperature was always monitored by using a copperconstantan thermocouple close to the sample and measuring
with a dmm/scanner Keithley model 199 and a Lake Shore
model 321 auto-tuning temperature controllers with sensitivity better than ± 0.1 K. All measurements were carried out
with the help of a microcomputer through an IEEE-488 ac/dc
converter card.

EXPERIMENTAL PROCEDURE

Al/GaN/p-GaAs (MIS) Schottky barrier diodes were fabricated on 2 inch diameter float zone (100) p-type (Zn doped)
single crystal GaAs wafer having thickness of 280 µm. The
sample was ultrasonically cleaned in trichloroethylene and
ethanol, etched by H2 SO4 /H2 O2 /H2 O=5:1:1 (weight ratio) solution for 30 s., rinsed by propylene glycol and blown with dry
nitrogen gas. The back contacts of the electrodes were formed
by evaporating Al in high vacuum (P=10−6 Pa) and subsequently to form ohmic contact annealing them for a few minutes at 450 o C. After making of electrical contact, the walls
and under side of the GaAs wafer were insulated with the
high-quality wax. The nitridation set-up, using in the study
is the electrochemical anodization cell which consists of a pGaAs anode and Pt cathode. An agitation of the electrolyte is
achieved by magnetic stirrer. Electrolyte used in the experiment was obtained by sequentially mixing of propylene glycol with ammonia (NH3 ) and hydrazine (NH2 -NH2 ) at 21:3:1
weight ratio, respectively. Preceding each of cleaning step,
the wafer was rinsed thoroughly in de-ionized water with resistivity of 18 MΩcm.
Immediately after that, the substrate was immersed in electrolytical cell. Anodic nitridation was performed using a constant current source at different current densities, under light
and N2 flow, at room temperature (293 K). The potential difference between the electrodes normalized to calomel electrode was measured with an x-t recorder. The anodization
was stopped, when the cell voltage reached about the 25 V.
After, the sample was immediately rinsed in propyl alcohol
and blown dry nitrogen and left in a desiccators. The Schottky
contacts were formed by evaporating of Al dots with diameter
of about 1.0 mm and 2500 Å thick in high vacuum (P=10−6
Pa). The metal thickness of layer and the deposition rates were
monitored with the help of quartz crystal thickness monitor.
In this way, metal-interfacial insulator layer-semiconductor
(Al/GaN/p-GaAs) MIS Schottky barrier diodes were fabricated on p-type GaAs wafer. The interfacial insulator layer
thickness (GaN) was estimated to be about 63 Å from mea-

3.
3.1.

RESULTS AND DISCUSSIONS

Temperature dependence of the forward bias I-V
characteristics

The current-voltage (I-V) measurements of the Al/GaN/pGaAs (MIS) Schottky diodes were performed in the temperature range of 80-380 K . For a MIS Schottky diode, it is assumed that the current of the device is due to TE theory and it
can be expressed as [1,2]
µ

qV
I = Io exp
nkT

¶·
µ
¶¸
qV
1 − exp −
kT

(1)

where Io is the reverse saturation current derived from the forward bias semi-logarithmic lnI-V plots and expressed as
µ
¶
qΦB0
Io = A A T exp −
kT
∗

2

(2)

where q is the electronic charge, A∗ is the effective Richardson
constant and equals 74.4 A cm−2 K−2 for p-type GaAs [25], A
is the effective diode area, k is the Boltzmann constant, T is
the temperature in K, ΦBo (I-V) is the zero bias barrier height
and n is the ideality factor. The ideality factor is calculated
from the slop of the linear region of the forward bias ln(I)-V
plots and can be written from Eq.(1) as
q
n=
kT

µ

dV
d(ln I)

¶
(3)

The zero-bias barrier height ΦB0 (= ΦB (I-V)) is determined
from the extrapolated Io and is given by
· ∗ 2¸
kT
AA T
ΦB0 =
ln
q
I0

(4)
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FIG. 2: Temperature dependency of the ideality factor for Al/GaN/pGaAs (100) Schottky MIS diodes.

FIG. 1: Experimental forward bias current-voltage (I-V) characteristics of the Al/GaN/p-GaAs (100) Schottky MIS diode at various
temperatures.

The forward bias semi-logarithmic lnI-V characteristics for
Al/GaN/p-GaAs Schottky diode in the temperature ranging
from 80 K to 380 K are shown in Fig. 1. The I-V plots
shift towards the higher bias side with decreasing temperature. The experimental values of the barrier height ΦB0 and
the ideality factor n for the devices were determined from intercepts and slopes of the forward-bias ln(I) versus V plot at
each temperature, respectively. The values of n and ΦBo were
calculated from Eq.(3) and (4), respectively, at each temperature and shown in Table 1and Figs. 2 and 3, respectively. As
shown in Table 1, the experimental values of ΦB0 and n for the
Al/GaN/p-GaAs (100) Schottky diodes ranged from 0.562 eV
and 1.64 (at 380 K) to 0.115 eV and 8.16 (at 80 K), respectively. The Al/GaN/p-GaAs Schottky diode with the ideality factor value of 2.39 at 300K obey a metal-insulator layersemiconductor (MIS) structure. This ideality factor value is
significantly larger than an ideality Schottky diode. Such behavior of ideality factor has been attributed to particular distribution of interface states and insulator layer between metal
and semiconductor [4,15]. This indicates that formed of an
insulator layer (GaN) on the p-GaAs surface. Also, the values of ideality factor n was found to increase, while the ΦB0
decrease with decreasing temperature, as can be seen Figs. 2
and 3, respectively.
As explained in refs.[11,17,26-30], since the current transport across the metal-semiconductor (MS) interface is a
temperature-activated process; electrons at low temperatures
are able to surmount the lower barriers. Therefore, the current
transport will be dominated by the current flowing through the

FIG. 3: Temperature dependency of ΦB0 (I-V) obtained from I-V
characteristics for Al/GaN/p-GaAs (100) Schottky MIS diodes.

patches of lower Schottky barrier height (SBH), leading to a
larger ideality factor. In other words, more and more electrons
have sufficient energy to overcome the higher barrier build up
with increasing temperature and bias voltage. An apparent increase in the ideality factor and a decrease in the barrier height
at low temperatures are caused possibly by other effects such
as non-uniformity of thickness and the interfacial charges.
3.2. Barrier heights inhomogeneities

The thermionic emission (TE) theory has normally been
used to extract the Schottky diode parameters [14,15,26,3133]. However, there have been several reports of certain
anomalies [14,15,26,31,32] at low temperature. Generally,
it is found that the ideality factor of a diode increases,
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TABLE I: Temperature dependent values of various parameters determined from
diodes in the temperature range of 80-380 K.
T(K)
80
100
125
150
180
210
240
n
8.16
6.67
5.69
4.55
4.15
3.52
3.06
Φ B0
0.115
0.145
0.182
0.221
0.261
0.308
0.354

while the ΦB0 decreases with decreasing temperature [20]
and this behaviour lead to nonlinearity in the activation energy plot. Here, we show the conventional energy variation
of ln(Io /T2 ) versus 1/T for Al/GaN/p-GaAs metal-insulatorsemiconductor MIS Schottky barrier diodes. According to
Eq.(2), one obtains
µ
ln

I0
T2

¶

¢ qΦBo
¡
= ln AA∗ T 2 −
kT

(5)

The temperature dependency of experimental ln(Io /T2 ) versus 1/T plot was found to be non-linear in the temperature range measured (not shown here). The deviation in
the Richardson plots may be due to the spatial inhomogeneities of the barrier height and potential fluctuations at
the interface that consist of low and high barrier areas [912,16,18,20,26,33-35]. That is, the carrier transport mechanism across MS contact would flow preferentially through the
lower barriers in the potential distribution [9-12,16,18,20,3335]. As was explained by Horvath [28], the A∗ value obtained
from the temperature dependency of the I-V characteristics
may be affected by the lateral inhomogeneity of the barrier.
The commonly observed deviation of classical thermionic
emission theory can be explained by a recent model based
on the assumption of a spatial fluctuation of the BH at interface. Namely, depending on temperature, the observed
changes may be interpreted satisfactorily by incorporation of
the concept of barrier inhomogeneities into thermionic emission theory [30]. In a real Schottky diode, the barrier height
may not be the same over the entire area of contact due a variation in the thickness and/or composition of the interfacial layer
and non-uniformity of the interfacial charges, etc [22,33].The
barrier inhomogeneity approach mainly assumes that there is
a distribution of barrier heights over the rectifying contact.
Various types of distribution functions are suggested for describing barrier height inhomogeneities, for example Gaussian [16,22,23] and log-normal [49].
In order to explain the abnormal behavior between the theoretical and experimental values of Richardson constant A*,
let us assume a barrier height with a mean value Φ̄B0 and standard deviation σs , which can be given as [1,10-12,15,17,18].
·
¸
1
(ΦB − Φ̄B )2
P(ΦB ) = √ exp −
2σ2s
σs 2π

(6)

√
where 1/σS 2π is the normalization constant of the Gaussian barrier height distribution. Under forward bias, the total
current I(V) across a Schottky diode containing barrier inhomogeneities can be expressed as

I-V characteristics of Al/GaN/p-GaAs(100) Schottky MIS
270
2.73
0.401

300
2.39
0.444

I (V ) =

320
2.35
0.475

Z +∞
−∞

340
2.32
0.504

360
2.10
0.532

I (ΦB ,V )P (ΦB ) dΦ

380
1.64
0.562

(7)

where I(ΦB ,V) is the current at a bias V for a barrier height
based on the ideal thermionic-emission-diffusion (TED) theory and P(ΦB ) is the normalized distribution function giving
the probability of accuracy for barrier height.
Now, introducing I(ΦB ,V) and P(ΦB ) from Eq.(1) and (6)
into Eq.(7), and performing integration from -∞ to + ∞, one
can obtain the current I(V) through a Schottky barrier at a forward bias V, similar to Eq.(1) and (2) but with the modified
barrier
·
µ
¶¸
−
qσ2
q
ΦB − S
I (V ) = AA∗ T 2 exp −
kT
2kT
µ

qV
exp
nap kT

¶·
µ
¶¸
qV
1 − exp −
kT

(8)

with
¶
µ
qΦap
Io = A A T exp −
kT
∗

2

(9)

where Φap and nap are the apparent barrier height and apparent ideality factor, respectively Φap is given by [14,18],

Φap = Φ̄B0 (T = 0) −

qσ2s
2kT

(10)

The temperature dependency of σs is usually small and can
be neglected [33]. In addition, the observed variation of the
apparent ideality factor n with temperature T in the model is
given by [16].
µ

¶
1
qρ3
− 1 = ρ2 −
nap
2kT

(11)

It is assumed that the mean SBH,Φ̄B , and σs are linearly
bias dependent on Gaussian parameters, such as Φ̄B = Φ̄B0 +
ρ2V and standard deviation σs = σso + ρ3V , where ρ2 and ρ3
are voltage coefficients which may depend on temperature,
quantifying the voltage deformation of the BH distribution
[17,18,20,36]. It is obvious that the decrease of zero-bias barrier height is caused by the existence of the Gaussian distribution, and the extent of influence is determined by the standard
deviation itself. Also, the effect is particularly significant at
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low temperatures. Fitting of the experimental data in Eq.(2)
or (9) and in Eq.(3) gives Φap and nap , respectively, which
should obey Eq. (10) and (11).
The continuous curves in Figs. 2 and 3 and the linearity of
the apparent barrier height and ideality factor versus q/2kT
curves in Figs. 4 and 5 show that the temperature dependence experimental data of Al/GaN/p-GaAs (100) Schottky
contact are in agreement with the recent model which is related to thermionic emission over a Gaussian BH distribution.
Thus, the plot of Φap versus q/2kT (Fig. 5) is expected to be
a straight line with the intercept at the ordinate determining
the zero-bias mean BH Φ̄B0 and the slope giving the zero-bias
standard deviation σs . The experimental Φap versus q/2kT
and nap versus q/2kT plots (Figs. 4 and 5) drawn using the
data obtained from Fig. 1 respond to two lines instead of a single straight line with transition occurring at 180 K. These two
different slopes at the lower and higher temperatures indicate
two activated process with different mean barrier heights. The
above observations show the existence of two Gaussian distributions of barrier heights in the contact area. Two sets of values of Φ̄B0 and σs are obtained from the intercepts and slopes
of these straight lines as 0.854 eV and 0.142 V in the temperature range of 210-380 K (distribution 1), and as 0.395 eV
and 0.059 V in the temperature range 80-180 K (distribution
2). Moreover, the values of Φap estimated from equation (4)
over the entire temperature range curves 1 and 2 can be seen
in Fig. 3. The existence of a double Gaussian in the metalsemiconductor (MS) contacts can be attributed to the nature
of their inhomogeneities in the two cases. This may involve
variation in the interface composition/phase, interface quality, electrical charges, nonstoichiometry, etc.. They electrically influence the I-V characteristics of the Schottky diodes,
at particularly low temperatures. Hence, I-V measurements at
very low temperatures can show the nature of barrier inhomogeneties existing in the contact area. That is, the presence of
a second Gaussian distribution at very low temperatures may
possibly occur due to some phase change taking place on cooling below a certain temperature. Furthermore, the temperature
range covered by each straight line suggests the regime where
the corresponding distribution is effective [30,33].
The above results have shown that the I-V-T characteristics
of the Al/GaN/p-GaAs SBDs can be successfully explained
on the basis of TE mechanism with a double Gaussian distribution of the barrier heights.
The plot of nap vs q/2kT should be a straight line that gives
voltage coefficients ρ2 and ρ3 from the intercept and slope, respectively (Fig. 5). The values of ρ2 obtained from the intercepts of the experimental nap vs q/2kT plot (Fig. 5) are -0.154
V in 210-380 K range (distribution 1) and -0.643 V in 80-180
K range (distribution 2), whereas the values of ρ3 from the
slopes are - 0.0213 V in 210 - 380 K range and - 0,0034 V
in 80 - 180 K range. The linear behavior of this plot demonstrates that the ideality factor does indeed express the voltage
deformation of the Gaussian distribution of the Schottky BH.
According to these results, this inhomogeneity and potential
fluctuation dramatically affect low temperature I-V characteristics.
The computed values exactly coincide with the experimen-
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FIG. 4: The zero-bias apparent barrier height (ΦB0 (I-V)) versus
q/2kT plot for Al/GaN/p-GaAs(100) Schottky MIS diode according
to double Gaussian distribution.

FIG. 5: The ideality factor ((n−1 -1)) versus q/2kT plot for Al/GaN/pGaAs (100) Schottky MIS diode according to double Gaussian distribution.
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tal results in the respective temperature ranges for two different distributions. As can be seen from the nap vs q/2kT plot,
ρ3 value or the slope of the distribution 1 is larger than that of
distribution 2. Therefore, the distribution 2 at very low temperatures may possibly take place due to some phase change
on cooling below a certain temperature.

and 0,858 eV in 210-380 K range (distribution 1). These values match exactly with the mean BHs obtained from the Φap
versus q/2kT plots in Fig. 6. The intercepts at the ordinate
give the Richardson constant A* as 128 A/cm2 K2 in 80-180 K
range and 78.5 in 210-380 K range without using the temperature coefficient of the BHs. The Richardson constant value
of 78,5 A/cm2 K2 for the range of 210-380 K is almost the
same as the value of 74.4 A/cm2 K2 known for holes in p-type
GaAs. As can be seen, the values of Φ̄B0 0.858 eV and 0.364
eV from this plot is in close agreement with the values of Φ̄B0
0.854 eV and 0.395 eV from the plot of Φap versus q/2kT.
4. CONCLUSION

FIG. 6: Temperature dependence of ln(Io /T2 )-q2 σ02 /2(kT)2 ) versus
q/kT for Al/GaN/p-GaAs (100) Schottky MIS diodes.

The conventional Richardson plot is now modified by combining Eqs. (10) with (11) as follows
µ
ln

I0
T2

¶

µ
−

q2 σ2o
2k2 T 2

¶
= ln(AA∗) −

qΦ̄B0
kT

(12)

The plot of a modified ln(I0 /T 2 ) - q2 σ2o /2k2 T 2 vs q/kT
according to Eq.(12) should give a straight line with the slope
directly yielding the mean Φ̄B0 and the intercept (=lnAA*) at
the ordinate determining A* for a given diode area A. Fig. 6
shows this plot.
The ln(Io /T 2 ) - q2 σ2o /2k2 T 2 values were calculated for
both values of σo obtained for the temperature range of 80180 K and 210-380 K. The open triangles and closed squares
in Fig. 6 have given the modified ln(I0 /T 2 ) - q2 σ2o /2k2 T 2
vs q/kT plots for both values of σo and zero-bias mean BH
Φ̄B0 obtained 0.364 eV in 80-180 K range ( distribution 2)
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