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Current voltage (I-V) and capacitance voltage (C-V) measurements have been performed versus temperature
on GaN Schottky diodes. The results show an increase of the Schottky barrier height ¢, and a decrease of
the ideality factor n both with the increase of the temperature. We show that this behavior originates in
the existence of an interface state density distribution, which is determined via the analysis of the tempera-
ture dependence of the I-V measurements, and allows the tunneling of the carriers from the semiconductor
to the metal. Those interface states are shown to be responsible for interface inhomogeneities which result in
two Gaussian voltage dependent Schottky barrier distributions. We show also that, in the presence of this
interface state distribution, C-V measurements, without the correction of the built in voltage by taking into
account the effect of both the high values of the ideality factor and series resistance, lead to erroneous values

of the Schottky barrier height ¢p.

1. Introduction

Group III nitride wide band gap semiconductors have attracted
considerable interest owing to their applications for optical devices
operating in the blue and ultraviolet wavelength regions. These ma-
terials and especially gallium nitride (GaN), were also found to be
suitable for operation at high electrical and optical power levels,
high temperatures and in harsh environments [1-8]. Schottky con-
tact on n type GaN, which is critical for the realization of all these
electronic and optoelectronic devices, has been extensively studied
[9,2,3,5,10,11,6,12-17]. The ideality factor n and more especially
the barrier height ¢ are the most important characteristics of metal-
semiconductor Schottky barrier contacts, which should be optimized
to achieve high performance devices. As seen in Table 1, several values
of the Schottky barrier heights and ideality factors have been reported
in the literature, depending on the metal used (Pt, Au, Ni and Pd) for
the Schottky contact and the active layer growth technique and condi-
tions. The values of the Schottky barrier height (SBH) ¢, and ideality
factor n were found to range between 0.51 eV and 1.13 eV and 1.03
and 2.96, respectively. This large spread of the values, except those of
Schmitz et al. [10] who have obtained values of the ideality factor that
are independent of the metal type used, indicates that both the metal
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type of the Schottky contact and the technique used for the growth of
the active layer, and thus the interface between them, play an important
role for the achievement of a high quality Schottky diode. It is to be no-
ticed that Schottky contacts realized with Pt are the most often used in
the literature. Many authors [12,16,18,19] have also reported an in-
crease of the value of ¢, with increasing temperature. This unexpected
temperature dependence was attributed to some inhomogeneities of
the Schottky barrier [18,19] or to the tunneling effect in a highly defec-
tive material [12].

All these results show that in spite of the numerous studies for the
realization of electrical contacts on GaN materials, the debate concerning
the conduction mechanisms which govern the current flow in the
nitride GaN based structures is still open. Additional works are thus suit-
able for a better control of this kind of contact and for a unified interpre-
tation of the conduction phenomenon.

In this work, Pt/n-GaN Schottky diodes have been realized and
current-voltage (I-V) as well as capacitance-voltage (C-V) measure-
ments versus temperature have been performed and analyzed. The
results show that the structures under test present an important in-
terface states distribution which is temperature dependent. These in-
terface states act as centers favoring the tunneling of the carriers in a
more important way than the tunneling through the top of the barri-
er. Their overall effect can be seen as the effect of an interfacial layer
explaining the temperature dependence of both the barrier height ¢,
and the ideality factor n. At last, values of the barrier height ¢, de-
rived from I-V and C-V measurements, respectively, are shown to be
consistent if, in the case of C-V measurements, the value of the built
in voltage is corrected to take into account the interface state effect.



Table 1

Values of the Schottky barrier and ideality factor in GaN, obtained by different authors
using different metals and growth techniques of the active layer (LPMOCVD [10],
MOVPE [2,14], MOCVD |3,16,18,20], MBE [11]).

Metal type Barrier height Ideality factor
¢p (V) n

Pt 1.03-1.04 [2] 1.21[2]
0.52-1.13 [3] 1.05-2.96 [3]
1.08 [10], 0.88 [14] 1.04 [10],1.1 [14]
0.99 [18] 1.42 18]

Au 0.88 [3,10] 1.06 [3], 1.04 [10]
0.82 [16] 1.15 [16]
0.844 [9], 1.1 [11] 1.03 [9], 1.4 [11]

Ni 0.99 [10], 0.61-0.69 [12] 1.04 [10], 1.19 [12]
0.75 [18], 0.82 [20] 1.98 [20]

Pd 0.91-0.94 [2],1.05-1.11 [3] 1.14 [2],1.02-1.2 [3]
0.92 [10], 0.69 [18] 1.04 [10],1.58 [18]
0.51-0.97 [21] 2[21]

2. Experimental procedures
2.1. Samples preparation

The samples used in this study are 3.5 um thick n-GaN layers grown
by metalorganic vapor phase epitaxy (MOVPE) on sapphire substrates
supplied by LUMILOG with a nominal doping concentration ranging
between 1x10'® cm™3 and 3x10'® cm™3. Before metallization, the
samples were cleaned in acetone and etched in HCl (3 mol/l) solution
for 5 min to remove the native oxide. The Schottky diodes were fabricat-
ed on the cleaned surface using photolithography technique. For ohmic
contact, Ti/Al/Ti/Au (15/200/15/200 nm) layers were deposited by ther-
mal evaporation and then annealed at 500 °C for 15 min in a flowing N,
atmosphere. A 150 nm Pt thick layer was deposited (using an e-beam
evaporation system) to form a circular Schottky contact with a surface
equal to 707x10~% cm? I-V and C-V measurements were performed
versus temperature from 77 K to 300 K, using a Keithley Source Mea-
sure Unit 2602 and a HP 4192 impedance analyzer, respectively.

2.2. I-V measurements

Fig. 1 shows the voltage dependence of the current density J
obtained in a Pt/n-GaN Schottky diode at different temperatures. For
relatively large voltage (>0.7V) the current saturates due to effect of
the series resistance [22]. For lower voltage, the characteristic exhibits
two regimes characterized by two different slopes corresponding to dif-
ferent transport mechanisms. The one taking place in the intermediate
voltage range (0.2 — 0.6V) was shown [5] to be driven by the thermionic
emission (TE) and is preponderant at high temperatures. By contrast, in
the low voltage range (0 — 0.45V), the current flow is dominated by the
thermionic field emission (TFE). This is especially the case for highly
doped materials.

The TE and TFE transport mechanisms can be described respec-
tively [22,23] by:

o qb q(V—R)
E=AT xexp( ﬁ) XEXP<T> 5
—q(V—RI)
x {l—exp<T>}
and
e VTTEgod(B,—V—E) 4V=RsI)
Jie =AT kcg(;h(Eoo/kT) xexp {Eoocoth(Eoo /kT)]

g€ q(dy—¥) @

x€xp [ KT~ Egycoth(Egg/KT)
The total current is then the sum of both. A* is the Richardson
constant equal to 26.4 Acm~2K~2 for n-type GaN [16], k is the
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Fig. 1. Temperature dependence of the J-V characteristics in a Pt/n-GaN Schottky diode.
Temperature increases by step of 20K in the arrow direction. The dot-line indicates the
separation between the two regimes: behind this line the TFE is preponderant, above
this line the TE takes place.

Boltzmann constant, T is the absolute temperature, q is the electronic
charge, ¢, is the effective Schottky barrier height, n is the ideality
factor, Eqg is the tunneling factor, § is the energy of the Fermi level
of the semiconductor with respect to the bottom of its conduction
band, R is the series resistance and V is the applied bias voltage.

2.3. C-V measurements

Fig. 2 shows an example of C-V and 1/C? — V curves obtained in a
Pt/n-GaN Schottky diode at different temperatures and a frequency of
500 kHz using a parallel RC model. The data of 1/C*>— V in Fig. 2 show
a linear behavior of the 1/C? plot versus V, indicating a uniform dop-
ing concentration profile whatever the temperature.

This doping concentration can be obtained from the slope of the
1/C? —V plot by the following relationship, where ¢, and esc are the
vacuum dielectric permittivity and the semiconductor relative di-
electric permittivity respectively:

2 dv
oo A/ ®

Np =

The value of the doping density, at room temperature, was found
equal to 5x 10'®cm™3. However, this value must be corrected [24,25]
to take into account the higher-than-one value of n, as we will see in
the next section. After correction using the mean values of n (see next
section), the values of Np becomes equal to 3.9x 10'8cm 3,

3. Series resistance and ideality factor

The series resistance R, is an important parameter in the charac-
terization of Schottky barrier diodes because it limits the conduction
process particularly in large band gap semiconductor materials such
as GaN. This parameter has been determined using the Cheung and
Cheung [26] technique. The obtained values of R are then used to
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Fig. 2. C-V (measured at a frequency of 1 MHz) and 1/C — V dependencies in Pt/n-GaN
Schottky diode structures obtained at different temperatures.

correct the [-V characteristics and finally obtain the ideality factor n
by a fitting procedure based on a least square method using Egs. (1)
and (2). The temperature dependence of the derived values of R
and n are reported in Fig. 3.

The series resistance Ry decreases with increasing temperature,
and reaches, at room temperature, a value equal to 90 which is a rath-
er large value. Fig. 3 also shows that the values of n range between 1.9
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Fig. 3. Temperature dependence of the ideality factor and series resistance in Pt/n-GaN
Schottky structures.

and 1.3 in the temperature range 180-300 K, and become larger than
2 for lower temperatures. This will be discussed in terms of inhomo-
geneous SBH in Section 5. The same dependence of n on temperature
has been reported for (Au, Pt, Pd, Ni)/n-GaN Schottky diodes [16,18],
with values of n in rather good agreement with our results. This de-
crease of n with temperature has been interpreted in several ways.
It has been described as the T effect (according to which the ideality
factor follows the empirical relation n =1+ owing to a tunneling,
or a particular distribution of interface states or a non-uniformly
doped surface layer and even a combination of these [22]), and attrib-
uted to fluctuations of the barrier height by Werner and Giittler [27]
and Tung [28], as well as to the presence of a high interface state
density by Levine [29] and Crowell [30]. The value of n obtained at
room temperature (n=1.3) is in good agreement with the values
reported in the literature [5,10,14,17,18] for Pt/n-GaN Schottky
diodes. Its higher-than-unity value can also be attributed to a high
doping concentration (3.9x10'8m—3), since it is well known that
the ideality factor departs substantially from unity when doping is in-
creased [23].

4. Zero bias Schottky barrier height

The value of the Schottky barrier height has been deduced from
the data of Fig. 1 according to Eq. (1) by:

len Js

d)b:_E A*T27

(4)

where J; is the saturation current density obtained by extrapolating
the logarithmic [-V plot to V=0. As shown in Fig. 4-a, the value of
¢p increases linearly with increasing temperature, opposite to what
could be expected for an ideal diode: the barrier height should de-
crease with temperature, owing to the lattice expansion [22]. This in-
crease of ¢, has also been reported for (Au, Pt, Pd, Ni)/n-GaN Schottky
diodes [16,18]. The TFE mechanism, which is a tunneling through the
top of the barrier, can induce barrier height lowering and ideality fac-
tor increase with temperature.
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Fig. 4. Temperature dependence of the effective barrier in Pt/n-GaN Schottky diodes
as deduced from a) I-V measurements ; b) C-V measurements ; c) C-V measurements
after correction.



The effective barrier and ideality factor variations due to this
tunneling effect are given respectively by [27,22]:

Ay (T) = (15 % Eyy)f x Vi(T) (5)
and

E E
(™) = Gz coth (452 ©)

where V), is the built-in voltage as deduced from the intercept of the
1/C% —V plot (see Fig. 2), # is the reduced Planck constant and E,, is
the tunneling energy given by:

k| Np
Eoo_i M€ eq- (7)

Using the values of V,,;(T), the barrier height variation has been es-
timated and plotted in Fig. 5.

It shows that Ady,,,, increases linearly with temperature, and that
the contribution of this tunnel effect to the barrier height variation is
roughly equal to ten meV in the considered temperature range, indi-
cating a decrease of the SBH with increasing temperature. Thus the
TFE effect cannot be responsible for the variations of ¢, shown in
Fig. 4-a. This is reenforced by the calculated temperature dependence,
according to Eq. (6), of the ideality factor which is plotted in Fig. 5. It
results in a linear increase of the value of ny,,, from 1.1 to 1.3 for tem-
peratures varying between 77 K and 300 K, in contrast to our exper-
iment which shows a decrease of the ideality factor (see Fig. 3) with
the increase of the temperature.

Here we assume that this unexpected temperature dependence of
¢y is due to an unintentional interfacial layer, which can appear at
the surface of the sample during the fabrication process or can be
due to an interface state effect linked to structural defects in the ac-
tive layer such as nitrogen anti-site or vacancies, for example. Card

and Rhoderick [31] have reported, in the case of the presence of
a thin interfacial layer between the metal and the semiconductor,
that the zero bias barrier height follows a linear variation versus tem-
perature given by:

dp(T) = dpo + (B—0)T 8)

where $5X is the zero absolute barrier height, 3 is the tunnel coefficient
depending on the thickness and the barrier height of the interfacial
layer and « is the temperature band gap variation. Eq. (8) applied to
the data of Fig. 4-a gives a slope of 3—a=1.95x10"3eV/K and a $§
of 0.16 eV. Thus we suggest the existence of an additional tunneling
effect via the interface states, acting as an interfacial layer, as being re-
sponsible for these behavior of ¢, and n versus temperature.

5. Interface state effects

The changes in the slope of the J-V curves observed in Fig. 1 reveal
a change in the ideality factor n as a function of the voltage. These var-
iations, as deduced from Eq. (1), and given by:

a4, A
" dfon(i)

]—exp(—%)

9)

are shown in Fig. 6. V"=V —Rl is the effective applied voltage. For
each temperature, n increases with the increase of the voltage, up to
a maximum and then decreases. Such behavior has been reported
elsewhere on oxidized surfaces of GaAs [32] and InP [33] and has
been attributed to interface state effects. It is to be noted that the
peak in the n(V) curve (Fig. 6) can be fully hidden, as it is the case
for instance in ref [18], if in Eq. (9) the series resistance effect is not
taken into account [25].

When these interface states are in equilibrium with the semicon-
ductor, the interface state density is linked to the ideality factor by
[22]:

(10)

€o€j €o€sc
Nsszﬁ(n_l)_qg w’

where W is the depletion width, ¢; and 6 are respectively the rela-
tive dielectric constant and the thickness of the interfacial layer. The
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Fig. 5. Temperature dependence of the TFE contribution to the Schottky barrier height
and ideality factor variations for the studied structures.
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Fig. 6. Voltage dependence of the ideality factor n in Pt/n-GaN structures.



thickness of this layer was found to be larger than 3 nm [34] in air
exposed GaN layer. Using Eq. (10) and data of Fig. 6, the voltage de-
pendence Ng(V) can be determined. According to the relationship
E.—E=d¢po—qV' [18], where ¢} is the room temperature value of
the barrier height, the energy dependence of the interface state distri-
bution Ng(E.—E) has been derived and plotted on Fig. 7 assuming a
4 nm thick layer. This approach has been used in the case of GaAs
[32] and InP [33], showing results in good agreement with those
obtained via deep level transient spectroscopy (DLTS) measurements.
This technique has the advantage of giving a rapid way to get a
correct estimation of the state density involved in the conduction
mechanism since, these states being in equilibrium with the semicon-
ductor, they allow charge transfer to, or from, the conduction band by
capture and emission mechanism.

As shown in Fig. 7, the energy dependence of Ny exhibits the
same behavior whatever the temperature. The interface state density
shows a broad peak centered at an energy which depends on the tem-
perature. These energy values, ranging between 0.35 eV and 0.55 eV
according to the temperature, are in good agreement with those
obtained by Cho et al. [35] (0.5-0.6 eV), Gotz et al. [36] (0.49 eV),
and Tsarova et al. [37] (0.6 eV) using DLTS in GaN Schottky diodes,
and are attributed to nitrogen anti-sites. These peaks can also originate
from an unintentional surface oxidization which can occur during the
fabrication process steps. Additional work is needed to precisely deter-
mine its origin.

The interface states play a major role in the charge transfer to or
from the conduction band by capture and emission mechanisms or
with the metal by tunneling. These states behave like an interfacial
layer through which carriers can move to the metal by tunneling
and are responsible for the large variations of ¢, and n versus temper-
ature. As shown from the temperature dependence of the interface
states density (see inset of Fig. 7), a temperature decrease leads the
Fermi level to move into a higher interface state density, which
makes it difficult to move, and consequently partially or completely
pins the surface potential variations under an applied voltage. This re-
sults in an apparent higher ideality factor (see Fig. 6). The interface
states assist the tunneling of carriers to the metal and result in a
higher current flow through the structure, as a consequence the
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Fig. 7. Interface state density distribution below the conduction band edge in the stud-
ied structures. The inset shows the temperature dependence of Ny at E.-E=0.6 eV,
as deduced from the data of the main figure.

apparent Schottky barrier height is reduced. By contrast, when tem-
perature increases, the interface states are partially or completely
filled, making the surface potential variations easier, and the corre-
sponding ideality factor smaller. The current then follows the therm-
ionic emission behavior and the measured barrier height is thus
closer to the theoretical expected values.

These interface defects can also be responsible for some inhomo-
geneities of the Schottky barrier height as reported by Mamor et al.
[18] and Mtangi et al. [19]. To confirm this interpretation, according
to the data of Figs. 3 and 4-a, we have plotted both the variations of
¢pand (n~'—1) versus w7 (see Fig. 8). Both quantities exhibit linear
dependencies with two different slopes corresponding to two differ-
ent temperature ranges with a transition at 180. According to the
model of the barrier inhomogeneities at Schottky contacts [27], the
SBH is spatially distributed and can be described by a Gaussian distri-
bution as:

by = Bp— 5170t (11)

where ¢, is the mean SBH and o is the standard deviation of the bar-
rier height distribution. This model also leads to a voltage depen-
dence of ¢, given by:

0, 1 q
W on 1= P2+ P35 7 (12)

where p, and ps correspond respectively to the voltage coefficient de-
pendencies of the mean SBH ¢, and its standard deviation 02 when
the ideality factor n is voltage independent. Data of Fig. 8 have been
analyzed using Eqs. (11) and (12) for each of the two temperature
ranges. Table 2 summarizes the values of ¢, 0;, po and ps derived
from this analysis. Two Gaussian distributions, with mean barrier
heights equal to 0.76 and 1.03 and corresponding standard deviations
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Fig. 8. Barrier height ¢, and (n~' —1) versus ,}; in the Pt/n-GaN Schottky diodes. The
inset shows the barrier height ¢, as a function of n for the structure under test.



of 89 and 127 for low and high temperature range, respectively, are
needed to fit experimental results. B

Accordingly, the voltage variations of ¢, and 02 can be written
[27] as:

Gp(V.T) = (0, T) + p,V (13)
and
oL (V) = 02(0) + psV. (14)

As shown in Table 2 the values of ps are negative for both tempera-
ture ranges, indicating a decrease of 02 and thus a more homogeneous
SBH with increasing voltage. By contrast, the mean SBH exhibits a
positive value of the voltage coefficient for low temperature and a neg-
ative value for high temperature. The negative value of p, corresponds
to a decrease of ¢, with increasing voltage that can be explained by
the image force lowering of the barrier height. In the low temperature
range, the tunneling current is preponderant yielding, a limitation of
the image force effect and the ¢, increases with the voltage. Finally,
according to Egs. (11) and (12), the voltage dependence of the apparent
SBH ¢}, can be written as:

Oy(V.T) = (0, T) = 5 02 (OV) + (pp= 502 x V (15)

indicating an increase of the apparent SBH with increasing voltage what-
ever the sign of the coefficients p, and ps given in Table 2.

The inset of Fig. 8 shows the dependence of ¢, with n; again this
dependence is linear, but with different slopes, in both low and high
temperature ranges. This is a clear indication of a laterally inhomoge-
neous distribution of barrier heights as reported by Schmitsdorf et al.
[38]. From the data of the inset of Fig. 8 (extrapolated to n=1), we
can derive the value of the real barrier height which is equal to
0.794 eV for temperatures above 180 K, in a rather good agreement
with the values obtained at room temperature.

Therefore, all these results show that, in accordance with Roccaforte
et al. [39], the distribution of the interface state density can be pointed
out as responsible for the temperature dependence of ¢pand n. The in-
terface state density is linked to the high dislocation density, generally
observed in the GaN near surface region, which acts as defect traps,
leading to a high interface defects density. The latter can partially pin
the Fermi level, resulting in the wide variability of the Schottky barrier
height values found in the literature, which are generally lower than
the theoretically predicted ones. These interface states can also affect
the value of the surface potential and thus induce some mistakes in
the determination of the value of the barrier height via C-V measure-
ments, as we will show subsequently. As seen in the previous section,
in Fig. 2 the intercept of the 1/C? plot with the voltage axis gives the
built in voltage V},; which is used to calculate the flat band barrier height
dprp by means of the relationship:

ot (16)

where N, is the effective density of states in the conduction band. We
have then determined the flat band barrier height ¢,z and reported

Table 2
Mean SBH, standard deviations and their voltage dependencies coefficient as deter-
mined from the barrier inhomogeneities at Schottky contact model [27].

Below 180 K Above 180 K
op (eV) 0.76 1.03
O (meV) 89 127
P2 0.233 —0.197
ps3(eV) —0.008 —0.0214

the results in Fig. 4-b. The values of the barrier height ¢pp deduced
from C-V measurements are significantly different and larger than
those deduced from I-V measurements (Fig. 4-a) and do not decrease
with increasing temperature. These values must be corrected to take
into account the non-negligible values of n and R;. The correction
consists of the calculation of ¢pp, using the real built-in voltage Vj;c
[25], which does not correspond to the applied voltage due to a screen-
ing effect of the interface states, given by:

Vyi—Rg x 1
e (7)

where I, is the current measured at the voltage V= V,,. Finally, once the
corrections are made, we have obtained the values reported in Fig. 4-c.
The temperature dependence of ¢, as deduced from I-V (Fig. 4-a) and
C-V (Fig. 4-c) measurements is in very good agreement and exhibits
similar trends. The values of the two barrier heights ¢, and ¢pp, are
also in rather good agreement, confirming our approach. The initially
observed discordance between ¢, and ¢pp, is clearly due to the fact
that the L —V curve must be plotted against the real surface potential
in the semiconductor, which is very different from the applied voltage
as considered for ideal Schottky contacts.

6. Conclusion

-V and C-V characterizations of Pt/n-GaN Schottky diodes have
been performed as a function of temperature and analyzed in the
framework of thermionic and thermionic field emissions. The results
show an increase of the Schottky barrier height ¢, and a decrease of
the ideality factor n both with the increase of the temperature. We
have shown that this behavior originates in the existence of an inter-
face state density distribution, which is determined via the analysis of
the temperature dependence of the I-V measurements, and allows
the tunneling of the carriers from the semiconductor to the metal.
The broad peak in the energy dependence of the interface state distri-
bution centered at an energy equal to 0.5 eV has been attributed to
nitrogen anti-sites and confirmed by DLTS results reported in the lit-
erature. These interface states have been shown to be also responsible
for the low apparent barrier height and higher-than-one ideality fac-
tors obtained at low temperature.

The deduced mean SBH values are equal to 1.03 eV and 0.76 eV
respectively for the high and low temperature ranges. The first
value could be rather related to the metal/semiconductor contact as
its value is close to the literature values found for Pt/nGaN Schottky
contacts (see Table 1). The second value reveals the effect of the inter-
face states responsible for such decrease of the SBH, and mainly visible
at low temperature. The standard deviation decreases with increasing
voltage whatever the temperature range, indicating a narrowing of
the barrier distribution and consequently a more homogenous inter-
face. The interface states are also responsible for the small modulation
of the surface potential inside the semiconductor, as revealed by the
analysis of the C-V measurements, which without correction of the
built in voltage, can lead to erroneous values of the Schottky barrier
height ¢;,. The development of high quality Schottky diodes on GaN is
still closely related to the passivation of these interface states.
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