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Abstract

The barrier heights (BH) of various metals including Pd, Pt and Ni on n-type GaN (M/n-GaN)
have been measured in the temperature range 80—400 K with using a current—voltage (I-V')
technique. The temperature dependence of the /—V characteristics of M/n-GaN have shown
non-ideal behaviors and indicate the presence of a non-uniform distribution of surface gap
states, resulting from the residual defects in the as grown GaN. The surface gap states density
Nss, as well as its temperature dependence were obtained from the bias and temperature
dependence of the ideality factor n(V, T') and the barrier height ®g,,(V, T'). Further, a
dependence of zero-bias BH ®p, on the metal work function (®y,) with an interface parameter
coefficient of proportionality of 0.47 is found. This result indicates that the Fermi level at the
M/n-GaN interface is unpinned. Additionally, the presence of lateral inhomogeneities of the
BH, with two Gaussian distributions of the BH values is seen. However, the non-homogeneous
SBH is found to be correlated to the surface gap states density, in that ®op, becomes smaller
with increasing Ng. These findings suggest that the lateral inhomogeneity of the SBH is
connected to the non-uniform distribution of the density of surface gap states at metal/GaN
which is attributed to the presence of native defects in the as grown GaN. Deep level transient
spectroscopy confirms the presence of native defects with discrete energy levels at GaN and

provides support to this interpretation.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Group Ill-nitride are attractive compound semiconductors
for a wide variety of optoelectronic and microelectronic
device applications, such as GaN-based light-emitting diodes
(LEDs) and laser diodes (LDs), ultraviolet (UV) detectors and
high temperature, high power and high frequency electronic
devices. For more detailed information, the reader is
referred to the reviews that have already appeared on this
subject [1-4]. Such applications often require metallization,
thus making the study of the metal/GaN interface extremely
important. Indeed, high quality ohmic and rectifying contacts
are directly connected to the enhanced performance of GaN-
based optoelectronic and electronic devices.

A good metal (M)/n-type GaN Schottky barrier formation
requires a metal with a high work function (®yy), that is larger

0953-8984/09/335802+12$30.00

than the work function (®;) of the GaN semiconductor, while a
metal with low ®,, is required for the ohmic contacts. Besides
satisfying the above requirements for ohmic and Schottky
contacts, some problems related to the contacts M/GaN reside
principally in defects located near the semiconductor surface
with energy levels in the semiconductor band gap [5, 6]. These
can be native defects due to deviations from stoichiometry,
such as vacancies and antisites. In fact, one can essentially
distinguish between two types of defects: (i) defects related
to the as grown semiconductor, such as residual structural
defects and dislocations, and (ii) those related to the contact
between metal and semiconductor. It should be noted that these
two types of defects are interdependent. On the one hand,
reaction can take place at the metal/semiconductor interface
formed during the metal deposition, resulting in the formation
of interfacial layer. This results in a configuration like a

© 2009 IOP Publishing Ltd  Printed in the UK
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metal-interfacial layer-semiconductor with the formation of
interface states at the M/n-GaN contact and hence deviating
from the expected metal-semiconductor (M/Sc) counterpart.
On the other hand structural defects at and below the surface
of the Sc, as well as metal-induced gap states (MIGS) [6, 7],
result in the formation of surface states in the band gap of
Sc. In such a case, the interfacial layer separating the metal
from the region of the bulk defects is the semiconductor
itself. Such surface states might result in the pinning of the
Fermi level at the energetic position of the defects [8] and
reduce the performance of GaN-based electronic and optical
devices. Since the electrical characteristics of the Schottky
contact are controlled mainly by its interface properties, the
study of interface states is essential for the understanding of
the electrical properties of Schottky diodes (SD). Gaining an
understanding of the behavior of such surface states at the GaN
and close to the metal/GaN interface, as well as their effect on
the respective electrical characteristics of the M/GaN diode, is
of fundamental and technological importance for developing
GaN-based devices.

Most studies of Schottky diodes formed on n-GaN were
limited to the determination of the Schottky barrier height
(SBH) at room temperature (RT) by measuring either the
capacitance—voltage (C-V) characteristics or the forward
current—voltage (/-V') characteristics of the diodes [9-12].
Important additional information can be gained from the
temperature dependence of the forward /—V characteristics. It
allows the identification of the different conduction mechanism
modes across the M/GaN interface and the study of different
effects, such as barrier inhomogeneities and surface states
density, on carrier transport at M/GaN Schottky barrier diodes
(SBDs). In previous works [13, 14], analysis of temperature-
dependent /-V characteristics of Schottky diodes formed on
n-GaN was used to elucidate a possible conduction mechanism
at the metal/GaN interface. However, some authors [15-17]
have recently reported the variation of the Schottky diodes
parameters of Pt/n-GaN SD with temperature and found a
decrease of the SBH and an increase of the ideality factor with
decreasing temperature. These results have been explained
on the basis of a thermionic emission (TE) mechanism with
lateral inhomogeneities at the M/n-GaN interface. However,
their analysis of temperature-dependent /—V characteristics
was limited only to a certain high temperature range (300—
448 K).

In this paper, the temperature-dependent /—V measure-
ments have been extended to the low temperature range (80—
400 K) in order to elucidate a possible mechanism of carrier
transport at the M/n-GaN SD at lower temperature. On the
other hand, the temperature dependence of the electrical char-
acteristics of Schottky contacts fabricated on n-GaN was in-
vestigated to extract the density of interface states (Ngs) and
their features versus temperature. Two different approaches to
determine Ny have been considered. The first one is based on
the variation of ideality factor (n) with forward applied volt-
age (V) and temperature. The second approach is based on
the variation of the SBH at a given bias as a function of the
metal work function. For such a purpose, three different met-
als (Pd, Ni and Pt) with different ®,, have been studied. The

SBH versus &, only gives information about the density of
interface states, while, the variation of n versus V gives infor-
mation about both Ny and its energy distribution in the band
gap. In this paper the temperature-dependent Schottky barrier
characteristic is also discussed in terms of the model of inho-
mogeneities of Schottky contact with a Gaussian distribution
of the barrier height (BH). Furthermore, the residual defects in
as grown GaN as determined from deep level transient spec-
troscopy (DLTS) were indicated as one of the possible phys-
ical causes of the experimentally observed electrical behavior
of the M/n-GaN SD. The associations of various defects con-
tribute to the introduction of surface states in the band gap and
SBH inhomogeneities. An attempt has been made to find out
any correlation between residual defects, formation of interface
states and SBH inhomogeneities at M/n-GaN contacts.

2. Experimental details

GaN epitaxial layers with a free carrier density of (2-3) x
107 cm?® and a 1200 nm thickness, grown on a (0001)
Al,O3 c-plane substrate by metalorganic chemical vapor
deposition (MOCVD), were used for this study. Before
ohmic contact fabrication, the samples were cleaned [18]
by first boiling them in aqua regia and rinsing in deionized
water, then a degreasing process followed by boiling in
trichloroethylene, then rinsing in boiled isopropanol and
thereafter in deionized water. Finally, the samples were dipped
in HCI:H,O (1:1) for 10 s. After this cleaning, Ti/Al/Ni/Au
(150 A72200 A/400 A/500 A) ohmic contacts [19] were
fabricated on the GaN and annealed at 500 °C for 5 min in
Ar. Prior to Schottky barrier diode fabrication, the samples
were again degreased and dipped in an HC1:H,O (1:1) solution.
Following this, circular metal Schottky contacts 0.66 mm in
diameter and 120 nm in thickness were successfully fabricated.
Various metals Pd, Ni and Pt with different work functions
(5.12, 5.15 and 5.65 eV, respectively) were deposited on n-
type GaN through a metal contact mask to serve as Schottky
contacts. Temperature-dependent /—V measurements on M/n-
GaN SBDs were carried out in the range 80—-400 K. Deep level
transient spectroscopy (DLTS) measurements were finally
carried out in the temperature range 60—400 K. The sample
structure and diode configuration are shown in figures 1(a)
and (b), respectively.

The Ti/Al/Ni/Au contacts show good ohmic behavior.
From the [-V characteristic of the ohmic contacts the
resistance is determined to be on the order of 12 Q. The
measured resistance is consistent with the calculated sheet
resistance using the equation R = pL/S = L/(4,NpqS),
where L is the thickness of the sample, S is the Schottky
contact cross-sectional area, w, is the electron mobility, and
q is the electron charge.

3. Results and discussion

3.1. Extraction of Schottky diode parameters

The forward /-V characteristics, plotted in figure 2 as function
of temperature, show an example of the results obtained for
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Figure 2. Semi-logarithmic plot of forward /—V characteristics for V (V)

Pd/n-GaN Schottky diodes as function of the measurement

temperature.

Pd/GaN contacts.

It can be clearly seen from this figure

that Pd/GaN SD has good rectifying properties at different
temperatures and they are manifestly temperature-dependent.
Clearly, by increasing the temperature, an increase of the
current is observed as predicted by the thermionic emission

model.

Similar results were obtained for the other M/n-

GaN SD, using either Pt or Ni as metal Schottky contacts.
The forward /-V characteristics for all contacts studied were
modeled using the following equations, which are consistent

with thermionic emission theory.

Dogn

I =A*ST?exp | —
ksT

with
I, = A*ST? exp ( —

oo
)

q)OBn
kgT

Rs1)

)] on

(1b)

T

where [ is the saturation current, ®gp, the apparent barrier
height at zero bias, A* the modified Richardson constant,
which is equal to 26.9 A cm~2 K~ for M/n-type GaN Schottky
contacts [20]', S the area of the diode, T the temperature of

! Theoretical value of the effective Richardson constant A* = 4wm*qkg/h>
for the GaN sample used in this work is calculated to be 26.9 A cm=2 K2
using the effective mass for electron m* = 0.22m( (see for example [18]

and [19]).

Figure 3. Plots of the experimental curve f(V) = In(I/A*ST?) and
the corrected curve with R, = 50 .

the M/Sc junction, kg the Boltzmann constant, n the ideality
factor of the diode, R, the series resistance and V is the
forward applied bias. For each temperature, the experimental
I-V data is used to extract the series resistance and the
fundamental Schottky parameters (apparent barrier height and
ideality factor). The series resistance Ry was determined using
the Werner method [21]. Under forward bias, for V — R;I >
(nkgT /q), equations (1a) and (1b) yield the following function

;).

The determined series resistance is introduced in equation (2)
and then by plotting f (V) as function of V — R/, the ideality
factor n and ®¢p, at each temperature are extracted from the
slope and the y-axis intercept, respectively. To illustrate that,
an example of f (V) versus V — R,I at 300 K for Pd/n-GaN SD
is plotted in figure 3. The SBH can be also determined from
reverse C—V characteristics; under reverse bias V;, The zero
barrier height ®p, is an apparent SBH which differs from the
zero-field barrier ®gp, determined under flat band condition
by C-V measurements. The C—V characteristic was also used

_ a4 (V—-RJI) Do,
" kgT kgT

FV) = Ln( e - @
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Figure 4. (a) C—V and 1/C?-V characteristics of Pd/n-GaN SD measured at 1 MHz. (b) Depth profile of electron concentration in

Pd/n-GaN SD.

to determine the depth profile of the free carrier concentration.
The measured capacitance is connected to the reverse applied
voltage V; [22] according to equation (3).

S2epescq N,
Cres = M7 3)
Voi — Vo)

where S, ¢ and ¢ have their usual definitions, Np is the donor
doping concentration, &g the dielectric constant of GaN, which
is equal to 9.5 [18], V; the applied reverse bias and V4; is the
zero-bias built-in potential, which can therefore be determined
from the flat band voltage Vgp for which 1/C 2 = 0 holds. The
reverse bias capacitance—voltage and C ~>—V characteristics at
1 MHz and at 300 K plotted in figure 4(a) show an example of
the result obtained for Pd/n-GaN SD. Under the applied reverse
bias, the Pd electrode (Schottky contact) was negatively biased
with respect to the electrode of the ohmic contact. The SBH
deduced from CV measurements gives the zero-field barrier
which corresponds to the flat band conditions ®pp),:

®ppy, = Ppc—v = ¢ Vbi + kT In (&) “)

Np
Here Nc is the effective density of states in the conduction band
and Np is the donor doping concentration, which is determined
from the slope of 1/C? plot according to equation (3). The
slope in figure 4(a) was extracted to be —7.4 x 10" F2 v~
This corresponds to a uniform donor impurity concentration in
the GaN film of 2 x 10'7 cm™3. The intercept at the voltage axis
was determined to be 1.2 V. This corresponds to an SBH at flat
band condition of 1.26 eV. The RT donor carrier concentration
as function of junction depth is given in figure 4(b). It is clear
from this figure that the doping concentration is uniform over a
large depletion width. The SBH values determined from C-V
measurement are always higher than those derived from -V

measurements. This point will be discussed later.

3.2. Interface states density

The existence of an interfacial layer between metal and
Sc, (native oxide, metallization-induced modification/defects,

residual structural defects in the Sc, etc) transform the metal-
Sc structure onto metal-interfacial layer-Sc (MIS) diode. With
such an interfacial layer, electronic surface states are created
at the interface between the interfacial layer and the surface
of the Sc. In this case the ideality factor and the SBH will
consequently deviate from those expected for an ideal SD.
Discussions related to the presence of the thin interfacial layer
film [23, 24], usually starting with the assumption that the
interfacial layer is sufficiently thick, and interface states, which
depend only on the semiconductor, are in equilibrium with the
Sc. For a thick enough interfacial layer separating the metal
from the semiconductor, the transmission probability between
the metal and the interface states that are located at the Sc-
interfacial layer interface is very small. The bias dependence
of the SBH is described in terms of the dependence of the
ideality factor n on the applied bias due to surface states,
and the barrier height shift with forward bias V, is given by
equation (5) [23, 25]

1
(V) — Popn = q(l - m)(V — RD). ®)

The ideality factor as introduced in equation (1) can be
directly determined for each measuring temperature at any
given forward bias from the slope of the semi-logarithmic
1-V characteristics: n(V) = k%%' Figure 5 shows an
example of the forward bias-dependent ideality factor n(V') at
various temperatures taken from the experimental temperature-
dependent In(/)-V characteristics of Pd/n-GaN SD given in
figure 2. Figure 5 clearly shows that the ideality factor
is a slowing varying function of the forward bias in the
region where the effect of the series resistance (Rg/) is small
(e.g. linear region of In(/)-V), followed by a large varying
function of the forward bias where the effect of the series
resistance dominates the In(/)-V characteristics. The latter
effect gives rise to the curvature at higher current in the semi-
log I-V plot. However the semi-log /—V plot has been divided
into three different parts: the low forward bias region where
the recombination current can dominate the current flow, the
linear region where the thermionic emission assumption can
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Figure 5. Plots of the forward bias-dependent ideality factor n(V, T')
for Pd/n-GaN SD at various temperatures.

be still valid and the upper current range where the series
resistance effect dominates. Our data clearly indicate that the
diode has ideality factor values larger than unity in the linear
region. The bias dependence of the ideality factor, which is
determined from the slope of the linear region of the semi-
log I-V plot, is less pronounced as compared to that obtained
from the upper region, at which the high bias voltage may
remarkably modify the actual rectifying junction like behavior
and lead to a very larger value of ideality factor without any
physical meaning. An ideality factor larger than unity in the
linear region of the semi-log /-V plot is generally attributed
to specific interface structure states [23—26]. Moreover, when
considering the temperature dependence of ideality factor at
a given voltage, our data clearly indicate that the ideality
factor increases with decreasing temperature. Similar results
are obtained for Ni/n-GaN and Pt/n-GaN SDs: the ideality
factor increases with increasing forward bias and decreases
with increasing temperature.

The ideality factor, which is bias and temperature
dependent, is related to the interfacial layer thickness and
interface states density by the relation [26].

[80850 2 i|

€0&i L Wop

where wop is the width of the depletion layer at zero voltage,
N the density of interface states, &) the permittivity in
vacuum, ¢&; and & are the dielectric constants of the interfacial
layer of thickness é and the semiconductor, respectively. For
an n-type semiconductor, the energy of interface states Eg with
respect to the minimum of conduction band E¢ at the surface
of the Sc is determined by using equation (7).

Ec — E = (®.—¢qV). (N

By using equations (5) and (6) together with equation (7) the
interface states density N, its distribution in the band gap at
given temperature (spectral density Ng(E)), and its variation

as function of temperature at a given bias are determined. The
depletion layer width wgp at zero bias was found to be 0.1 um
(see figure 4(b)) and is temperature independent. The thickness
of the interfacial layer was taken to be ~2 nm. The interface
states density is extracted by using the ideality factor values,
as determined from the linear region of forward In(/) versus
(V — RI) characteristics where the forward applied voltage
V > 3kgT/q. A typical result of Ni(E) at RT is shown in
figure 6(a). As can be seen from figure 6(a), the Ny value
at RT for Pd/n-GaN SD decreases with increasing Ec — E
value. It varies from 3 x 1083(eV™! cm™2) at Ec — 0.5 eV
to 3 x 10" eV~ ecm™2) at Ec — 0.63 eV. The non-uniform
distribution of Ng(FE) is supposed to be due to the presence
of discrete deep levels which are associated to the residual
defects in the as grown GaN films. These defects are usually
believed to be positioned away from the M/Sc interface. In
such case, the interfacial layer separating the metal from the
defects is the Sc itself. Moreover, the density of deep levels
associated to native defects is supposed to peak at the energetic
positions of the defect with respect to the band edge of the
GaN film (i.e. defect concentration varies with energy and it
is maximum at the energy position of the defects). This in
turn indicates that the non-uniform distribution of the density
of deep defects introduces a non-uniform lateral distribution
of gap states at the metal/GaN interface. Accordingly, the
density of surface states associated to defects will peak at
the energy positions of these defects. DLTS measurements
confirmed the presence of two major native defects D1 and
D2 in the as grown GaN, as shown in figure 6(b) [27]. From
comparison with the literature, it appears that the defect D2
under typical DLTS recording conditions (emission rate 200—
220 s7!) is the same as E, observed by Gotz et al in n-
GaN grown MOCVD epitaxy [28], as well as E2 located at
0.58 eV below Ec and EOS5 located at 0.61 eV below Ec
observed by Hacke et al and Goodman et al in vapor-phase
epitaxially (VPE) grown GaN, respectively [29]. This defect
was observed at Ec — 0.61 eV below the conduction band
and may correspond to a nitrogen-related energy level [29].
From the peak temperatures of D1, it seems that defect D1
is presumably the same as defect E3 detected in as grown
hydride vapor-phase epitaxially grown material [29] and ER4
observed after particle irradiation [30]. The energy level of
ER4 was observed at Ec —0.78 eV below the conduction band
and the nature of the defect is as yet unresolved. Furthermore,
figure 6(c) shows the temperature dependence of Ny for Pd/n-
GaN SDs at fixed forward bias, which corresponds to an energy
of interface states of 0.57 eV with respect to the bottom of
the conduction band, Ec. The variation of Ny with energy
up to 0.57 eV below the conduction band is observed to be
weakly temperature-dependent. Such a small variation of
the surface states density Ny with temperature will induce
a slight shift to higher values as the temperature decreases.
A similar observation has been made elsewhere for other
M/Sc contacts [31, 32]. Variation of the Schottky barrier
height as a function of metal work function is also used to
determine the surface states density. The Schottky contacts
to n-GaN for a variety of elemental metals have been studied
extensively [18, 33-35]. The reported Schottky barrier height
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Figure 6. Surface states energy distribution Ny (E) at the Pd/n-GaN interface (a). (b) and (c) are the variation of the surface states density as a
function of temperature and the DLTS spectrum of SBD on n-GaN, respectively.

increases monotonically but with a considerable amount of
scatter in the experimental data for a given metal. However,
it scales proportionally with metal work function, although the
coefficient of proportionality deviates from unity as predicted
by the Schottky—Mott Model. One of the important issues in

investigating the dependence of the SBH of M/n-GaN on @y

dPgp,
o)

and determine whether the Fermi level is pinned with respect
to one of the band edges. It is argued that, due to the substantial
ionic component of the bonds in III-V nitrides, the Fermi level
at the nitride surface and at the metal-nitride interface should
be unpinned [36, 37]. Because of the presence of an interfacial
thin layer, which separates the Sc and the metal, the net charge
of the gap states together with its image charge on the surface
of the metal will form a dipole layer. This dipole layer will alter
the energy barrier and therefore the ®gp, depending on the
surface states density and on the metal work function according
to equation (8).

is to determine the interface behavior parameter (y =

Popy = y(Pm— xs) + (1 = y)(Eg — Po) = y(Pm — xs) + B

(3)
where @ is the charge neutrality level (CNL) position with
respect to the valence band maximum and y and § are two

structural constants; y is given by:

&i

= 9
8i+q2N9s5 ( )

14
where &; and § have been defined before as the permittivity
and the thickness of interfacial layer, respectively. Two sets
of results will be presented here. The first one is focused
on the determination of Ng from the dependence of SBH
on metal work function. The second one is to compare the
above determined N to that determined from the experimental
data of the forward bias -V characteristics. Figure 7 shows
In(1/A*ST?) versus V — R,I plot at RT for the three different
SDs corresponding to three different metal work functions @y,
(Pd, Ni, Pt). As can be clearly seen from this figure, the y-
axis intercept (V = 0) changes with ®y;, while the slope of
the three /-V curves does not change with ®y;. This result
shows that the SBH increases with increasing ®y;. In fact the
SBH depends on the work function as expected but does not
scale as predicted by the Schottky—Mott Model with a unity
coefficient of proportionality. The variation of the SBH on
n-GaN as function of @y is plotted in figure 8. Literature
values of SBH as a function of &y for metal contacts on
GaN including Ti, Cr, Ag, Au, and Pt [9, 15, 38—42] are also
reported in this figure. The BH of Pt/n-GaN SD, obtained in
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this work, is comparable to BH values reported by Iucolano
et al and Schmitz et al [15, 41]. Moreover, the SBH is found to
have a dependence on the metal work function and, indeed, a
roughly linear relationship between ®gp, and Py, is observed.
Although a monotonic increase in SBH is observed as @y is
increased, there is a contribution from the defects states and/or
MIGS. A slope of ~0.47 is deduced from the straight line fitted
to the experimental values, which agrees with that reported by
Tracy et al [9]. This interface parameter is used to calculate the
interface states density, while the extrapolated value through
the SBH axis is used to determine the charge neutrality energy
level at surface, @ above the valence band. An average density
of surface states Ny, ~ 3.3 x 108 eV ecm 2 at 7 = 300 K
is deduced from the gap states parameter, y ~ 0.47 (see
equations (8) and (9)), by taking the total per-area charge of the
gap states to be positioned at distance, § &~ 2 nm, away from
the interface, and by considering that the dielectric constant of
the interface region is &;/e9 ~ 9.6. This value is comparable
to the energy-averaged value of Ng(E) measured (over the
range of 0.5-0.6 eV below E¢) from the bias dependence of
ideality factor, as determined from the experimental data of the
forward bias /-V characteristics at T = 300 K. This result
suggests that the surface gap states at the M/Sc interface are a
property of only the semiconductor, and not the metal. Using
Schottky capacitance spectroscopy, a similar result of interface
state density was obtained by Iucolano et al [42], who also
observed that Ny at the Ni/n-GaN interface increases upon
thermal annealing. However, the preliminary result reported
in the present work supports the tentative proposition that the
interface gap states are associated to the native defects in the
as grown GaN film and the sources of gap states are defect
related states. The contribution of MIGS to the surface states
density cannot be ruled out. It should be also noted that the
CNL position, ©( as determined from this research work, is
about 0.45 eV below the conduction band.

According to Schottky—Mott theory, the SBH between a
metal with work function @, and a Sc with an electron affinity

Work function (eV)

Figure 8. Variation of the zero-bias SBH as a function of metal work
function. Data from this work (full square). Literature values of
SBHs as a function of @ for contacts on n-GaN with Ti (open
triangle) (see [39]), Pt (full circle and open rhombus) (see [15, 41]),
Au (open square) (see [9]), Cr (open star) (see [13]), Ag (full
triangle) (see [9]).

of s should be

CI)OBn = CI)M — Xsc- (10)

By substituting the value of the electron affinity of GaN
(4.1 eV) and ®,, for Pd, Ni and Pt in equation (10), the
interface dipole contribution can be estimated by taking the
difference between the calculated Schottky—Mott barrier height
and the experimentally measured SBH. As a result, an interface
dipole contribution of 0.33, 0.29 and 0.56 eV is determined
for Pd, Ni and Pt/n-GaN SDs, respectively. The values
of interface dipole contribution are in good agreement with
those previously published for Pt/GaN (0.55 eV) and Ni/GaN
(0.25 eV) (see [9]). The difference in the interface dipole
contribution for the different metals deposited on identically
prepared GaN surface could be attributed to the contribution
from MIGS due to the low screening in GaN [43].

3.3. Barrier inhomogeneities

The experimental values of n and SBH, as well as their
irrespective temperature dependence, reflects the departure
from ideality; namely the larger the ideality factor n, the larger
deviation from the ideal behavior of the SD. In general, the
temperature dependence of the /—V characteristics allows us
to determine the conduction process as well as the nature of
barrier formation at the M/n-GaN interface [44, 45]. The
temperature dependence of the ideality factor and the SBH
determined from /-V-T curves for both Pd/n-GaN and Pt/n-
GaN are shown in figures 9(a) and (b). Above 180 K, the
variations of the SBH and the ideality factor with temperature
are limited. Below 180 K, a respective increase and decrease
of the ideality factor and the barrier height is observed
with decreasing temperature. Similar trends have already
been reported for contacts on other semiconductors. The
decrease in the SBH and the increase in ideality with a
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symbols are for the calculated SBHs using equation (11) for two Gaussian distributions of BHs in the temperature ranges (80-160 K:

distributions (2)) and (160400 K: distribution 1), respectively.

decrease in temperature can be explained by assuming lateral
inhomogeneities of SBH at the interface [46, 47], with a
Gaussian spatial distribution of SBHs around zero-bias of
mean value ®gp, and with a zero-bias standard deviation
ops. According to the Werner—Giittler model [46] and for
thermodynamic equilibrium (V= 0), the barrier height
of the spatial inhomogeneous Schottky contact will have
a temperature dependence which can be described by the
following equation [46]:

2

1D

Dopn = Popn — ﬁ,
where ®gp,, is the apparent SBH measured experimentally at
0 V. It is worth noting that the SBH value derived from -V
measurements is smaller than the SBH value extracted from
C-V measurement. This is due to the different nature of the
I-V and C-V measurement techniques. The capacitance C
is insensitive to potential fluctuations on a length scale of less
than the space charge region and the C—V method averages
over the whole Schottky area and results in a homogeneous
SBH [47]. The DC current I across the interface depends
exponentially on barrier height and thus sensitively on the
detailed distribution of surface states density at the interface.
According to equation (11), the plot of ®¢p, versus 1/2kgT
should be a straight line with the intercept at the ordinate
determining the zero-bias mean value of SBH, Dgp,, and
the slope giving the zero-bias standard deviation, ops. For
both Pd/n-GaN and Pt/n-GaN SDs, the experimental ®gp,
versus 1/2kgT plots (see figure 10) can be described by two
straight lines, instead of a single straight line, with a transition
occurring at 160 K. The above observation may indicate the
presence of two Gaussian distributions of SBHs over the
Schottky contact area. For a Pd/n-GaN SD (figure 10(a)), the
intercepts and slopes of these straight lines give the two sets of
values, ®op, and ogs as 1.02 and 0.14 eV in the temperature
range of 160-300 K (distribution 1), and 0.63 and 0.077 eV
in the temperature range of 100-160 K (distribution 2). On
the other hand, for the Pt/GaN SD (figure 10(b)), the values
of ®gp, and ops were determined as 1.32 and 0.14 eV in

the temperature range of 160—400 K (distribution 1), and as
0.96 and 0.086 eV in the temperature range of 120-160 K
(distribution 2). The existence of a double Gaussian on
M/Sc Schottky diodes was already experimentally proven by
I-V — T measurements and BEEM [48, 49]. For a comparison
purpose, calculated SBHs, for Pd/GaN and Pt/GaN SDs (using
equation (11) for two Gaussian distributions of BHs with the
experimentally obtained values of Dy, and 00s) are also shown
in figure 9. It is evident from figure 9 that the temperature
dependence of the experimental values of SBH of Pd/GaN and
Pt/GaN can be described by two Gaussian distributions in the
temperature range 80-400 K. Moreover, the large values of the
standard deviation are usually an indication of large degree
of inhomogeneities at our M/GaN Schottky contacts. It is
worth noting that the two standard deviation values obtained
for Pd/n-GaN SD are similar to those obtained for Pt/n-GaN
SD. Therefore, the above result again suggests that the origin of
barrier inhomogeneity in M/GaN SD is a property of the Sc and
does not depend on the deposited metal. Other possible origin
of the deviation from linearity at low temperature, such as
quantum tunneling including thermionic field emission (TFE)
and edge effects due to device periphery cannot be ruled out.
Because of the low TE current level in the wide band gap
Sc (GaN) at low temperature, another current component than
TE, such as TFE and carrier recombination, might dominate
the carrier transport at low temperature. On the other hand,
the edge effect, which is connected to the device periphery,
becomes dominant at low temperature in comparison to the
total diode current, i.e. the leakage current due to the edge
effect can therefore contribute to the TE currents at low
temperature.

The activation energy of In(l/T?) versus 1/kgT
allows the determination of the effective SBH according to
equation (1b). From the experimental data reported in figure 2,
the value of the saturation current I is determined at each
temperature and conventional Richardson plots, In(Z;/T?)
versus 1/kgT (indicated by solid squares) for Pd/n-GaN and
for Pt/n-GaN SDs, are reported in figures 11(a) and (b),
respectively. An experimental In(Z;/T?) versus 1/kgT plot
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Pd/n-GaN (a) and Pt/n-GaN (b) Schottky diodes according to the
Gaussian distributions of SBHs. The experimental data is described
by two straight lines with a transition at 160 K.

should give a straight line with a slope given by an SBH at
0 K, ©pp,(T = 0) and an intercept at the ordinate given by
an experimental Richardson’s constant, A*. When trying to
fit the experimental data, a distortion of the curve is clearly
visible at low temperatures for both Schottky devices. From
this fit, SBHs ®gg,(T” = 0) of 0.13 eV and 0.6 eV and
Richardson’s constants values of A* = 1.3x 107 A cm™2 K2
and 4.1 x 107> A cm~2 K2 were extracted for Pd/n-GaN and
Pt/n-GaN, respectively.

The significant deviation from linearity of the experimen-
tal In(I;/T?) versus 1/kgT curve is caused by the tempera-
ture dependence of the SBH and ideality factor. As explained
above, the non-ideality for both Schottky devices can be due
to another transport mechanism in addition to the TE at low
temperature and/or to the so-called edge effect, which cause
departure from thermionic emission behavior at low tempera-
ture. In order to take into account the experimentally observed

1000/T (K™)

Figure 11. Richardson plot, In(Z;/ T?) versus 1000/ T and modified
Richardson plot In(Z;/ T?) versus 1000/nT for Pd/n-GaN (a) and
Pt/n-GaN (b) Schottky diodes.

temperature-dependent ideality factor, a modified Richardson’s
plot In(/s/ T?) versus 1/nkgT is also reported in figures 11(a)
and (b) for both SDs. The linear behavior of In(Z,/ T'?) versus
1/nkpT displayed in figure 11 gives a better fit to the exper-
imental data over the whole temperature range, giving SBHs
Do, (T = 0) of 0.41 eV and 1.3 eV and Richardson’s con-
stants of A* = 0.2 Acm™> K2 and 3.4 Acm > K2 for
Pd/n-GaN and Pt/n-GaN SDs, respectively. The latter values
of Richardson’s constant are still lower than the theoretical val-
ues [20] (see footnote 1). The large difference in the Richard-
son’s constant value as determined for Pd/n-GaN and Pt/GaN
SDs can be ascribed to the nature of the metal or to the differ-
ent metal deposition technique used to fabricate the Pd/n-GaN
(thermal evaporation) and Pt/n-GaN (e-beam deposition) SDs.
The latter result has to be further investigated. However, it
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is to be noted that some authors have reported results that in-
dicate that the Richardson constant could also depend on the
metal [50].

The SBH inhomogeneities may occur as a result of
the poor interface quality, which, in turn, depends on
several factors such as the surface and bulk defects density
distribution, the inhomogeneities in the interfacial thin layer
stoichiometry, compositional changes at the near surface
region, non-uniformity of the interfacial charges distribution,
and interfacial layer thickness, etc. In such cases, the
current flowing across the metal/GaN interface may strongly
be influenced by the presence of the SBH inhomogeneities.
From the present study, it can be argued that the laterally
inhomogeneous SBH can be related to the non-uniform
distribution of interface states density, which occurs as a result
of the presence of native defects at and below the surface of
GaN. Within this ‘non-uniform distribution of Ny (E)’ model,
the existence of two Gaussian distributions can be explained
by the peak positions of Ny (FE) at two discrete energy levels
associated with the two defects D1 and D2.

As reported earlier, a dependence of both SBH and n
on the temperature is commonly observed in real metal/Sc
Schottky contacts and attributed to the non-homogeneous
Schottky contacts. In fact the laterally homogeneous SBH
of M/n-GaN Schottky contacts is expected to be obtained
by extrapolation of the experimental ®¢p, (1) plots to n
1 [51-53]. It should be noted that because of the double
Gaussian distributions of the BHs at M/GaN SD, two sets
of homogeneous SBH values, were obtained by extrapolation
of the experimental ®¢p,(n) plots to n 1 (not shown
here). For Pd/n-GaN SD, values of 0.65 eV and 1.02 eV were
obtained in the temperature range 80-160 K (distribution 2)
and 160-300 K (distribution 1), respectively, while values
of 0.99 eV and 1.27 eV were obtained for Pt/n-GaN in the
temperature range 120-160 K (distribution 2) and 160-300 K
(distribution 1), respectively.

If the non-uniform distribution of interface states density
is considered as being the origin of the inhomogeneities
of SBH, then the measured SBH must be more or less
equal (by considering the image force lowering correction)
to the homogeneous SBH barrier, provided the interface
states density is very low. This must be verified by
plotting the measured SBH as a function of the corresponding
extracted interface states at different temperature. Figure 12(a)
displays such a variation for Pd/n-GaN Schottky contacts.
A dependence of SBH on the interface states density is
clearly observed. However, this variation is correlated,
in that the apparent barrier height becomes lower with
increasing interface states density. In particular, an almost
linear correlation between SBH and interface states density
is obtained; the SBH increases linearly with decreasing
interface states density with the intercept at the ordinate axis
determining the image force controlled zero-bias homogeneous
SBH. From the linear extrapolation of SBH versus Ny plots to
Nss ~ 0,a SBH of 0.93 eV is obtained for Pd/n-GaN Schottky
contacts. The extrapolated value of SBH is in reasonable
agreement with the homogeneous SBH values obtained in
the temperature range 160-300 K from the plots of ®gp,
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Figure 12. Zero-bias SBHs (a) and ideality factor (b) as a function of
surface states density for Pd/GaN SD. A linear correlation can be
seen between Schottky parameters (SBH and ideality factor) and
surface states density.

versus n and ®op, versus 1/2kgT. The slight difference
of 0.09 eV between the values of BHs of the homogeneous
mean value (1.02 eV) and that (0.93 eV), extrapolated at
Nss ~ 0, from the ®gp, (Ngs) plot can be explained by the
effect of image force lowering. In fact the linear extrapolation
of the experimentally measured BH ®gp, versus Ny curves
gives the image force-lowered barrier height of the laterally
homogeneous contacts?. Similarly, the extrapolation of the
linear fits of ideality factor, n versus Ny (see figure 12(b)) to
Ngs ~ 0, gives an ideality factor of 1.02, which corresponds to
the image force controlled ideality factor (nj¢) at homogeneous
Schottky contacts. Interestingly, the rate at which g,

2 The barrier height ®gp, of laterally homogeneous Pd/n-GaN SD is
determined to be ®gg, = Pop,(Ngs — 0) + ADi(0 V) ~ 1 eV. The zero-
9Em

4mepese

bias image force-lowered barrier height given by A®;¢(0 V) =
[ 4> Np Vi

872 (e0se)’
2 x 10'7 ¢cm™3 and a diffusion potential of Vi; = 1.2 V as determined in our
Pd/n-GaN SDs (see [22], p. 251 and [23], p. 360).

]% is calculated to be 0.07 eV for a doping concentration of Np =
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and n vary with N is approximately the same. These
findings confirm the earlier prediction that the lateral barrier
inhomogeneities at the M/GaN interface are connected to the
non-uniformity distribution of Ng(E) at the M/GaN, which is
attributed to the native defects at and close to the metal-GaN
interface.

Thus, on the basis of the results presented above, deep
levels associated with native defects D1 and D2 could be
considered as the origin of the lateral inhomogeneity of
the Schottky barrier height through the non-uniform energy
distribution of interface trap states at the metal/GaN interface.

4. Conclusion

The Schottky barrier height and ideality factor of various
metal/GaN Schottky contacts using Pd, Ni and Pt as metals
have been studied as a function of the forward bias and
temperature, covering the temperature range 80—400 K, using
current—voltage technique. The interface states density was
extracted from both the forward bias dependence of the SBH
and n for a given metal and from the SBH dependence of
the metal work function at a given forward bias. A good
correlation is found between the two ways of determining
the interface states densities. Additionally, the zero-bias
barrier heights and ideality factors of M/n-GaN are found
to be strongly temperature-dependent with a decrease in the
BH and an increase in the ideality factor with decreasing
temperature. This temperature dependence of BH and ideality
factor was satisfactorily explained by assuming the existence
of double Gaussian distributions of the barrier height values in
the temperature range 80-400 K, with the BH mean value of
the second Gaussian being smaller than that of the dominant
one. Furthermore, the laterally inhomogeneous contacts are
found to be of the same kind, regardless the nature of the
metal. Moreover a linear correlation between BH at zero bias
and surface states density is observed. By using DLTS, it
was found that two electrically active defects D1 and D2, with
discrete energy levels, were introduced in the band gap of GaN.
The present results lead to the conclusion that the origin of
the lateral inhomogeneities of the Schottky barrier height is
a property of only the GaN material and is associated to the
non-uniform distribution of surface gap states at metal/GaN
contacts, which could be attributed to the native defects D1
and D2 present in the as grown GaN film.
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