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Abstract: The knowledge of the conduction mechanisms in a Schottky barrier is essential to calculate the
Schottky barrier parameters and to explain the observed effects. In the present work, we report temperature-
dependent current-voltage characteristics of (Mo/Au)/AlysGay74N/GaN/Si/  Schottky barrier diodes.
Measurements were performed in the temperature range of 80 -300 K.Results have been explained based on the
thermionic emission mechanism with lateral inhomogeneity at the (Mo/Au/AlGaN/GaN/Si) interface. As is
shown, the barrier height ®pyas well as the ideality factor n exhibit an important temperature dependence and
the anomaly resulting from this dependence has been explained by invoking two sets of Gaussian distributions
at the metal/semiconductor interface for temperature ranging from 80 K to 160 K and from 160K 10300 K,
respectively. It is also found that the values of R, obtained from Cheung’s method strongly depend on
temperature and decrease with decreasing temperature.

Keywords: Schottky barrier, Current—voltage characteristics, Ideality factor, Inhomogeneity,
Thermionic emission.

I.  Introduction

AlGaN/GaN High Electron Mobility Transistors (HEMTs) have attracted a great deal of attention
because of their potential in high-power and high-frequency applications. The main advantages of the
AlGaN/GaN system are the high breakdown voltage due to large critical electric field, the wide band gap and
the high saturation electron drift velocity [1].The performance and reliability of these devices can be improved
by using high quality Schottky and ohmic contacts. Analysis of current-voltage measurements versus
temperature, gives detailed information on the electron transport and allows to extract the main parameters such
as: the series resistance R, the ideality factor n, and the barrier height ®@gy. In this paper, we have used the
forward bias I-V measurements as a function of temperature in the range of 80- 300 K to evaluate the series
resistance, the ideality factor and the barrier height characterizing the device’s electrical behavior. Generally in
the metal/semiconductor contacts, the ideal situation is never achieved because the BH is often influenced by
interfacial contaminants, or/and inhomogeneities .It was observed that these contaminants at a MS interface may
also introduce an inhomogeneity through the generation of defects [2, 3].

II.  Results And Discussion

1.1 Experimental

The AlGaN/GaN HEMTs under investigation are grown on silicon (111) substrate by using molecular
beam epitaxy (MBE). The active layers consist in a 500 nm thick of undoped AIN/AlGaN buffer, a 1.8 um
undoped GaN channel, a 23 nm thick of undoped Alg,¢Gay 74N barrier and a 1 nm n+-GaN cap layer. The device
processing is made following conventional HEMT fabrication steps. The ohmic contact pads are patterned using
e-beam lithography. Hereafter, the metallization by means of evaporated 12/200/40/100 nm Ti/Al/Ni/Au is
deposited at 900°C during 30s. The Schottky gate is realized using 100/150nm Mo/Au layers. On the other
hand, the AlIGaN/GaN HEMTs are passivated by 100/50 nm SiO,/SiN with NH; and N,O pretreatments.

1.2 Discussion

Fig.2 shows experimental forward and reverse bias characteristics in semi-logarithm scale of Schottky
barrier diode. Measurements have been carried out in the temperature range 80-300 K. It is seen that the
current increases with temperature and deviates noticeably from linear trend. This behavior is due mainly to the
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strong dependence of both barrier height and ideality factor on temperature and partly from the nonlinearity of
the Richardson plots [4, 5]. As is also found, the (I-V) characteristics exhibit a crossing at high forward bias
voltages and more precisely near Vy;,s = 5.14V. According to that reported in Ref. [6], the series resistance Ry
could be at the origin of this crossing.

A. Electrical Parameters
Firstly, our purpose will be attempted to evaluate the parameters Rs, I and @z from the relevant I-V

characteristics.

When R= 0, The (I-V-T) characteristics of a Schottky diode detector can be described according to the
thermionic emission theory.

The current from the forward (I-V-T) plot is obtained using the relation [7]:

¥
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where 1 is the ideality factor, V is the applied bias voltage, K is the Boltzman constant, q is the electron charge,
T is the absolute temperature and Iis the saturated current.
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For bias voltageV == = Eq. (1) can be rewritten as :
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Here, S represents the effective contact area, A’ is the Richardson constant (A*=26, 4 Alem® K for
GaN) and Op is the barrier height at zero bias.

At relatively high temperatures, the thermionic emission is predominant and governs the current
conduction. As temperature decreases, the barrier heightis lowered due to the increase in electron thermal
energy [8].At a given temperature, the linear portion of the Ln I versus V is used to determine the saturation

current Iy by extrapolation to zero-bias. For the ideality factor, it can be evaluated from the slope of the Ln I-V

plots by using the relation:
q dv

n= ﬁd].ni]_‘- ©)

I, =S AT exp [—

The ideality factor accounts for the deviation of a real diode with respect to the predictions of the
thermionic emission theory. In otherwise, the ideality factor is introduced to explain the discrepancy of
experimental I-V data from the ideal thermionic model and to include the contribution of other current transport
mechanisms.

The large value of n at low temperature is attributed to the presence of interface states and barrier
inhomogeneity at M/S interface [9-11]. From the relevant values of 1, we can conclude, if they are greater than
one, that the thermionic emission does not only exist but there are other mechanisms that contribute to the
current conduction such as the tunneling mechanism assisted by traps at the metal/semiconductor interface. The
temperature dependence of the barrier height and ideality factor in a Schottky junction is called the “T, effect”
[11-14]. Such dependence is usually observed in Schottky barrier diodes. In Fig.3,we report the Schottky barrier
height as well as the ideality factor versus temperature. It is seen that the plots show a linear dependence with
reversed tendencies. As an attempt of explanation, the increasing of ®g, and the decrease in ideality factor ) at
low temperature are possibly caused by inhomogeneities in thicknesses and alloy compositions of the epilayers,
a non-uniformity of the interfacial charges, the presence of a thin insulating layer between the metal and the
semiconductor material or the surface states [15,16]. It is worth to notice that these imperfections can introduce
inhomogeneities into the transport current [3, 17-20]. Therefore, the transport of current across the metal-
semiconductor heterointerface is a temperature-activated process. This can explain very well why the electron
transport at low temperature is dominated by the current through the patches of low barrier heights.

In a model developed by Tung [12], small regions, so-called “patches” with lower barrier heights than

the junction’s main barrier are assumed to exist at the junction.The area of these patches might be much smaller
than the total area of the diode through which charge carriers can flow. Furthermore, Anilturk et Turan have
suggested that the current flowing through patches may also be considered as a tunneling current [21, 22].
The homogeneous barrier height is essential for the AlIGaN/GaN SBD and needs to be extracted. A linear trend
is obtained between experimental Schottky barrier heights and the ideality factor, as illustrated in Fig.4. The
relevant value of ®py for n = 1 is in order of 0.45 eV, which corresponds to the barrier height of an
homogeneous Schoottky contact.
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From the reverse bias I-V at (-10V), it has been observed that the leakage current increases with
temperature up to 300 K, see Fig.5. This increase in leakage current in AlGaN/GaN HEMTs is due presumably
to the surface-related traps and temperature-assisted tunneling mechanism.

For Ry #0, Eq.1, can be rewritten as:

g (V-IR.}
I=1,ex f—
e P . KT

“

In which, Rg is the series resistance and I is the thermionic current passing through the Schottky contact
barrier. The series resistance can be evaluated from the forward bias current—voltage data using the method
developed by Cheung [23]. It is given according to:

dv KT
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As shown, Ry is the slope of the dV/dLnl versus I plot at a fixed temperature. Whereas nkt/q
corresponds to the y-intercept. It has been found that the series resistance increases with temperature (see Fig.6).
It is also observed that at low current, the increase in series resistance is morelarge than that at high current. It is
worth to mention that the variation of Rg with temperature may be due to the factors responsible for the increase
in ideality factor n and the lack of free carriers [24]. According to Tekeli et al. [25,26], the variation of Rywith
temperature is expected to be occurring in semiconductors the temperature range where there is no freezing of
carriers[27].

Another approach has been proposed by Cheung et al [28], it can allow to evaluate the Schottky barrier
height. The use of this model is based on the following set of equations:

KT I
H[I)=V—I1—Ln[ ,,)
q AT
and (6)
H(I)=1R,+ n &g

All of the parameters were defined above. Then, it will be possible to determine ®g, provided that
values of n have to be taken from Eq. (5). Results are reported in Fig.7.

On the other hand, the Werner’s model is the most commonly used to investigate the Gaussian distribution of
barrier heights which varies around a mean value ®gy[29, 30].1t should be noted that such a lateral distribution
could be the main cause of the abnormal deviations of current-voltage characteristics of a Schottky diode from
the thermionic emission mechanism. According to this Gaussian distribution, the expression of the barrier height
is given by:

—_— G"
Pgp = Pro— 2T; 0

Where ®g, is the apparent Schottky barrier height measured from the forward bias I-V characteristics
and o, representsthe zero bias standard deviation of the Schottky barrier height distribution.

According to Eq. (7), the plot ofd®ggversus 1/2kTshould be a straight line with y-axis intercept
corresponding to the mean barrier height®gjand the slope gives the standard deviation c,. The temperature
dependence of oyis usually small and can be neglected.The standard deviation is a measure of the barrier
homogeneity, the lower value of oycorresponds to more homogeneous barrier heights. From Eq. (7), we can also
see that the apparent SBH is always lower than the mean value of the barrier distribution. The plot of ®gyversus
1/2KT exhibits two straight lines, as shown in Fig.8.Such a trend is already observed in studyingthe barrier

height as well as the ideality factor. So we have obtained two sets of values for ® zgand o, in the temperature
ranges 160 - 300 K and 80 — 160 K: in the first region are® 5y = 0.672eV and 65, =117 mV, and in the second

region® g 52 =0.273eV andoy, =48.9mV. This two-phases behavior of the Schottky barrier has been observed

for diodes based on GaN, InPand Si [31-35] as well.Yu-Long et al.have attributed this double Gaussian
distribution of the barrier height to deep lying defects located at the heterointerface.
For the ideality factor 1, and based on the Gaussian distribution model, an inverse proportionality as a

function of temperature can be shown by using the expression [19]:
1 _ . _aps
kT ®)

Here n,, is the apparent ideality factor as deduced from experimental data, p,is the voltage coefficient
of the mean SBH, andp;is the voltage coefficient of the standard deviation. Similarly, as can be clearly seen
from Fig.9, the plot of 1/m,, versus q/2kT presents different characteristics in the two temperature ranges
because the diode contains two barrier height distributions. The linear behavior of this plot demonstrates that the

n is related to the voltage deformation of the SBH.
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The values obtained for p,and ps;from the y-axis intercept and the slope of the straight lines are
respectively: 0.139Vand 0.018Vin temperature range 160 - 300 K and 0.671V and 0.0023Vfor temperature
ranging from 80 to 160K. The lower value ofp;in the second temperature range indicates that the distribution of
the SBH becomes more homogenous as the bias voltage increases. The extracted values of the mean barrier
height and the standard deviation clearly indicate the presence of interface inhomogeneities and potential
fluctuations at the interface.

To explain these discrepancies according to the Gaussian distribution of the barrier height, we can rewrite Eq.
(1) under the form:

LYy _ _afep _ A asy _ (3FEe
Ln [1":,] (2 K*TE) Ln (A A7) ( KT ] ©)
I tol 1
Fig.10 depicts the Richardson plot of [L1t T—D - ﬂqK;:TD:] versus . As can be seen, the plot shows two lines in

thetemperature range studied. The mean barrier height ®gjand the Richardson constant A” were obtained
respectively from the slope and the y-axis intercept of these straight lines. The relevant values are 0.679 eV and
51.32 A/em® K’in the temperature 160 — 300 K and 0.269 eV and 29.76 A/cm’K? as temperature varies between
80 and 120 K. It has to be noticed that the values of the Richardson coefficient are close to the theoretical value
26.4 A/em’K?. Zhou et al. have also found that the value of A"as determined by a modified Richardson’s plot in
GaN-related SBD is close to the theoretical [19]. The nearness of both calculated and measured Richardson
constant proves the success of the Gaussian distribution model explaining the temperature dependence of I-V
characteristics obtained for Mo/Au Schottky diodes.

Furthermore, the decomposition on two straight lines implies that at least two different current-
mechanisms are present and govern the electron transport. Each one of them corresponds to a Gaussian
distribution of SBs. However, it is obvious that the current at high temperature results from the thermionic
emission.

III. Summary And Conclusions

In the present work, we have reported temperature-dependent (I-V) characteristics of a
(Mo/Au)/AlGaN/GaN/Si Schottky diode in the temperature range 80-300 K. Obtained parameters such as
barrier height, ideality factor and series resistance from forward 1-V characteristics show a strong dependence
on temperature. The increase in ideality factor and the decreasing trend of the barrier height have been explained
based on the thermionic emission with the assumption of Gaussian distribution of the barrier heights at the
interface. As has also been found, the thermionic emission model is not able alone to explain well the Schottky
barrier heights thus extracted from the (I-V) characteristics. To overcome this, we have adopted more
elaboration models. It was revealed that these are interface inhomogeneities and potentiel fluctuations to account
for. In addition, the nonlinearity in Richardson plots gives further evidence of the existence of inhomogeneous
Schottky barrier heights.
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Figures Captions

Fig.1 Experimental forward and reverse current-voltage characteristics of the
(Mo/Au)/Aly,6Gag 74N/GaNSchottky diode for different temperatures.

Fig .2 Temperature-dependent of the Schottky barrier height and the ideality factor.
Fig.3 The Schottkybarrier height as a function of the ideality factor.

Fig.4 The leakage current at a bias voltage (-10 V) as a function of temperature for
(Mo/Au)/AlGaN/GaN/Si SBD.
d(V)/dLnl versus current plots for different temperatures.
Temperature-dependent of R for the SBD.

Plots of H(I) vs I for SBD for different temperatures.
Fig.8 The zero-bias apparent barrier height @y versus (q/2kT).
Fig.9 The ideality factor 1/n,- 1 versus q/2kT_for the SBD.

Fig.5
Fig.6
Fig.7

Fig.10 Modified Richardson plot L
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Table caption

Table.1 Values of the Schottkybarrier height of (Mo/Au)/Alg 26Gag74N/GaN SBD as
evaluated fromlI-V, Cheung and Norde’smethods.

Temperature (DB()(].V)(CV) G>Bo(cheung>(eV) CDB(](wemer)(eV)
300 0.42 0.51 0.672

280 0.39 0.48 0.672

240 0.32 046 0.672

200 0.26 0.26 0.672

160 0.19 0.23 0.273

120 0.15 0.15 0.273

80 0.10 0.13 0.273
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