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We investigated the behavior of the forward bias current-voltage-temperature (/-V-T) characteristics
of inhomogeneous (Ni/Au)-Alj,;Gay;N/AIN/GaN heterostructures in the temperature range of
295-415 K. The experimental results show that all forward bias semilogarithmic I-V curves for the
different temperatures have a nearly common cross point at a certain bias voltage, even with finite
series resistance. At this cross point, the sample current is temperature independent. We also found
that the values of series resistance (R,) that were obtained from Cheung’s method are strongly
dependent on temperature and the values abnormally increased with increasing temperature.
Moreover, the ideality factor (n), zero-bias barrier height (®p,) obtained from I-V curves, and R;
were found to be strongly temperature dependent and while ®p, increases, n decreases with
increasing temperature. Such behavior of ®g, and n is attributed to Schottky barrier
inhomogeneities by assuming a Gaussian distribution (GD) of the barrier heights (BHs) at the
metal/semiconductor interface. We attempted to draw a ®p, versus g/2kT plot in order to obtain

evidence of the GD of BHs, and the values of ®p,=1.63 eV and 0,=0.217 V for the mean barrier
height and standard deviation at a zero bias, respectively, were obtained from this plot. Therefore,
a modified In(Iy/T?)—q%05/2(kT)* versus q/kT plot gives ®p, and Richardson constant A” as
1.64 eV and 34.25 A/cm? K2, respectively, without using the temperature coefficient of the barrier
height. The Richardson constant value of 34.25 A/cm? K? is very close to the theoretical value of
33.74 A/cm? K? for undoped Aly3Gag7N. Therefore, it has been concluded that the temperature
dependence of the forward [-V characteristics of the (Ni/Au)—Al,;Gay,/AIN/GaN
heterostructures can be successfully explained based on the thermionic emission mechanism with

the GD of BHs. © 2007 American Institute of Physics. [DOI: 10.1063/1.2777881]

I. INTRODUCTION

The attractive features of GaN and other related GaN-
based materials have gained significant interest for use in the
production of high-power/high frequency and high-
temperature applications compared with conventional Si or
GaAs related devices." ' In order to fabricate reliable and
high-performance electronic devices, it is still indispensable
to clarify the electronic properties at metal/GaN and AlGaN
interfaces because the true interface properties, such as the
Schottky barrier formation and interfacial insulator layer,
have sometimes been screened owing to nonreliable current-
voltage and capacitance-voltage characteristics. On the free
surfaces of GaN and AlGaN, high-density surface states ex-
ist, which cause charge-discharge transients in turn leading to
performance instability, such as current collapse and poor
long-term reliability. The formation of an interfacial insulator
layer on a semiconductor by the traditional methods of oxi-
dation or deposition cannot completely passivate the active
dangling bonds at the semiconductor surface. A satisfactory
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surface passivation method to cope with these problems has
not been established yet, although some encouraging results
have been reported for the use of SizN, (Refs. 11-13) and
A1203.14 At the metal-semiconductor interfaces, Schottky
barrier heights (SBHs) are much more dependent on the
metal work function than other III-V materials,15 which in-
dicates a weaker pinning of the Fermi level. Although
Schottky diodes formed on GaN and AlGaN materials ex-
hibit excess reverse leakage currents that are many orders of
magnitude larger than the prediction of the standard thermi-
onic emission (TE) model, many researchers' ! analyze I-V
characteristics based on the TE model.

Until now, a complete description of the current trans-
port mechanism through a barrier, and understanding
Schottky barrier formation and the insulation layer between
the metal and semiconductor interface, still remains a chal-
lenging problem. In addition, the change in temperature has
important effects on the determination of the main diode pa-
rameters such as barrier height (d), n, and R,. The tempera-
ture dependence electrical characteristics of metal-
semiconductor (MS) and metal-insulator-semiconductor
(MIS) structures have been prevalent in the literature for
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more than four decades.'>!® It is often found that the Dy
extracted from the linear parts of semilogarithmic I-V char-
acteristics, using the TE theory, increases and n decreases
with increasing temperature. These changes are especially
more significant at low temperatures of such behavior of ®p,
and that n cannot be explained according to the standard TE
theory.

The high values of n can be attributed to the effects of
the bias voltage drop across the interface insulator layer and
R,, and therefore, of the bias voltage dependence of the bar-
rier height.zo’zg’29 Werner and Giittler™”’ suggested a distri-
bution of Schottley Barrier Diodes (SBDs) as a result of
special inhomogeneities at the metal/semiconductor inter-
face. According to this model, the deviation of n from unity
and its temperature dependence on the barrier distribution
are due to the voltage dependence of the barrier distribution.
In addition, the forward bias I-V characteristics at the high
voltage region (V=0.6 V) deviate considerably from linear-
ity due to the series resistance R, and insulation layer. The R,
parameter is effective especially in the downward curvature
region of forward bias I-V characteristics. In the literature,
several methods were suggested in order to extract R, from
MS or MIS SBDs.**>? However, they suffer from a limita-
tion of their applicability for practical devices with an inter-
facial insulator layer. Norde™ proposed a method for the
evaluation of R, from the forward I-V characteristics, in
which an ideal Schottky diode was sought, namely, with n
=1. For n>1, Sato and Yasamona’' used a function F(V)
similar to that of Norde, taking into account that n can be
greater than unity. We used a method developed by Cheung
and Cheung32 in order to obtain the R values.

In the present study, the electrical characteristics of
(Ni/Au)—-Al,3Gay7N/AIN/GaN heterostructures were stud-
ied in the temperature range of 295-415 K. ®p, n, and R,
were extracted from the forward bias /-V measurements. The
R, parameter was estimated from Cheung and Cheung’s
method,™ and was strongly temperature dependent and ab-
normally increased with increasing temperature. The tem-
perature  dependence of SBH  characteristics  of
(Ni/Au)—Al,;Gay;N/AIN/GaN heterostructures are inter-
preted based on the existence of the Gaussian distribution
(GD) of the BHs around a mean value due to the barrier
height inhomogeneities prevailing at the metal-
semiconductor interface.

Il. EXPERIMENTAL DETAILS

The Alj3Gay;N/AIN/GaN heterostructure with a high-
temperature (HT) AIN buffer layer (BL) that was investi-
gated in the present study was grown on c-face sapphire
(A1,03) substrate by low-pressure metal-organic chemical-
vapor deposition (MOCVD). Hydrogen was used as the car-
rier gas and trimethylgallium (TMGa), trimethylaluminum
(TMALI), and ammonia (NH;) were used as source com-
pounds. Prior to the epitaxial growth, Al,O5 substrate was
annealed at 1100 °C for 10 min to remove surface contami-
nation. As shown in Fig. 1, a 15-nm-thick AIN nucleation
layer was first deposited on Al,O5 substrate at 840 °C. Then,
the reactor temperature was ramped to 1150 °C and a HT
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FIG. 1. Schematic diagram of the Al,;Gajy,N/AIN/GaN heterostructure.

AIN BL was grown, followed by 2 min growth interruption
in order to reach growth conditions for GaN. GaN BL was
grown at a reactor pressure of 200 mbars, growth tempera-
ture of 1070 °C, and growth rate of approximately 2 wm/h.
Then, for a sample, a 2-nm-thick HT AIN interlayer was
grown at a temperature of 1085 °C and a pressure of
50 mbars. Finally, a 25-nm-thick AlGaN ternary layer and a
2-nm-thick GaN cap layer growth was carried out at a tem-
perature of 1085 °C and a pressure of 50 mbars, respec-
tively.

For the contacts, since the sapphire substrate is insulat-
ing, the Ohmic contacts and Schottky contacts were made
atop the surface as 2 mm diameter circular dots. Prior to
Ohmic contact formation, the samples are cleaned with ac-
etone in an ultrasonic bath. Then, a sample is treated with
boiling isopropyl alcohol for 5 min and rinsed in de-ionized
(DI) water. After cleaning, the samples are dipped in a solu-
tion of HCI/H,O (1:2) for 30 s in order to remove the sur-
face oxides, and then rinsed in DI water again for a pro-
longed period. For the contact formation, Ti/Al/Ni/Au
(200/2000/400/500 A) metals are thermally evaporated on
the sample. After the metallization step, the contacts are an-
nealed at 850 °C for 30 s in N, ambient in order to form
Ohmic contact. The formation of the Ohmic contact is fol-
lowed by Ni/Au (350/500 A) evaporation as Schottky con-
tacts. Prior to Schottky metal deposition, the same cleaning
procedure for the Ohmic contacts is used for cleaning the
sample surface.

The current-voltage (I-V) measurements were performed
by the use of a Keithley 220 programmable constant current
source, and a Keithley 614 electrometer in the temperature
range of 295-415 K using a temperature controlled Janes
vpf-475 cryostat, which enabled us to perform measurements
in the temperature range of 77—450 K. The sample tempera-
ture was always monitored by use of a copper-constant ther-
mocouple close to the sample and measured with a Keithley
model 199 DMM/scanner and Lake Shore model 321 auto-
tuning temperature controllers with sensitivity better than
+0.1 K.
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FIG. 2. Forward and reverse bias semilogarithmic /-V characteristics of a
(Ni/Au)-Al,;Ga,,N/AIN/GaN heterostructure at various temperatures.

lll. RESULTS AND DISCUSSIONS

When a (Ni/Au)-Alj;Gay,N/AIN/GaN heterostruc-
ture with R; is considered, the current through the junction
can be given by the TE model for the relationship between
the forward bias voltage and the current of SBDs and can be
expressed as”?!

1=Ioexp[%] 1—exp[%} , (1)

where [, is the reverse saturation current derived from the
straight line intercept of the current at a zero bias and is
given by

. ®
Iy=AA"T? exp(— g BO),

kT @

where the IR term is the voltage drop across the R, of struc-
ture, in which A is the rectifier contact area, A™ is the effec-
tive Richardson constant (33.74 A/cm?K? for undoped
A10A3Gao_7N),33 T is temperature in kelvin, & is the Boltzmann
constant, ¢ is the electronic charge, and @, is the apparent
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FIG. 3. The zero-bias barrier height @, and the ideality factor n of a
(Ni/Au)-Al,;Ga,,N/AIN/GaN heterostructure obtained from the forward
bias /-V data at various temperatures.

barrier height at zero bias. The ideality factor n is calculated
from the slope of the linear region of the forward bias I-V
plot and can be written as from Eq. (1),

q ( dv )

"Zkr\din1)
n is introduced to take into account the deviation of the ex-
perimental /-V data from the ideal TE theory and should be
n=1 for an ideal contact. Figure 2 shows the forward bias
semilogarithmic I-v characteristics of a
(Ni/Au)—Alj3Gay,N/AIN/GaN heterostructure with GaN
capping at various temperatures, ranging from 295 to 415 K.
As can be seen in Fig. 2, the semilogarithmic /-V curves are
linear between the intermediate bias region (0.2<V
=<0.6 V). The saturation current I, was obtained by extrapo-
lating the linear intermediate voltage region of the part of the
linear curve to a zero applied bias voltage for each tempera-
ture. The experimental values of ®p, and n were determined
from Egs. (2) and (3), respectively, and are reported in Table
I and Fig. 3. As shown in Table I, the values of @, and n for
the (Ni/Au)-Al,3Gay;,N/AIN/GaN heterostructure ranged
from 0.721 eV and 2.45 (at 295 K) to 0.989 eV and 1.89 (at
415 K), respectively. Our sample with a large value of n was
attributed to the presence of a thick interfacial insulator layer
between the metal and semiconductor.'>'"'®22! Ag ex-
plained in Refs. 12 and 24-28, since the current transport

3)

TABLE I. Temperature dependent values of various parameters determined from the forward bias I-V charac-
teristics of a (Ni/Au)—Al,;Ga,,N/AIN/GaN heterostructure.

TK  IhymA)  ngyy  Raann Py €V) Dpirn €V)  Rygoram () Rygrp (Q)
295 35 2.70 2.45 0.72 0.84 177.44 195.48
315 45 2.53 2.34 0.77 0.95 217.01 248.58
335 58 2.48 2.04 0.81 1.03 249.12 286.15
355 75 2.31 1.75 0.86 1.04 281.03 328.44
375 93 2.17 1.23 0.90 1.13 317.52 368.20
395 113 1.98 1.05 0.95 1.19 356.61 411.27
415 144 1.89 1.02 0.99 1.23 394.11 457.89
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across the metal-semiconductor interface is a temperature ac-
tivated 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 patches
of lower SBHs.!%?*% Therefore, the value of n increases
with decreasing temperature. In addition, as shown in Fig. 3,
the values of @y, of the (Ni/Au)-Alj;Ga,;N/AIN/GaN
heterostructure calculated from the /-V characteristics show
the unusual behavior of increasing with the increase of tem-
perature. Such temperature dependence is an obvious dis-
agreement with the reported negative temperature coefficient
of the barrier height or forbidden band gap of a semiconduc-
tor (GaN or AlGaN).

As shown in Fig. 2, the forward bias /-V characteristics
are linear in the intermediate bias regions (0.2<V<0.6 V)
but deviate considerably from linearity due the R, effect of a
structure when the applied bias voltage is sufficiently large.
R; is significant in the downward curvature (at high bias
voltages) of the forward bias I-V characteristics. As the lin-
ear range of the forward /-V plots is reduced, the accuracy of
the determination of ®p, and n becomes poorer. 5 and
other main electrical parameters, such as n and R, were
achieved using a method developed by Cheung and
Cheung.31 Cheung and Cheung’s functions

dv nkT
e .
dinl q
kT 1
H() =V - (”—)m(—z) — IR, + nd,, (5)
q AA'T

should give a straight line for the data of the downward
curvature region in the forward bias -V characteristics,
where ®j is the barrier height obtained from the data of the
downward curvature region in the forward bias /-V charac-
teristics. The value of n calculated from the slope of the
linear portion of the forward bias I-V characteristics espe-
cially includes the effect of the interfacial parameters such as
n; @z and R, enable us to obtain Cheung and Cheung’s
functions.> Figures 4(a) and 4(b), experimental dV/dInI
versus I, and H(I) versus I plots are presented at different
temperatures of a (Ni/Au)-Al);Gay,N/AIN/GaN hetero-
structure, respectively. Therefore, n and R, were determined
from the intercept and slope of the dV/d In I versus I plots
[Fig. 4(a)] at each temperature. Thereafter, using the n value
determined from Eq. (4) and the data of the downward cur-
vature region in the forward bias /-V characteristics in Eq.
(5), a plot of H(I) versus I plots [Fig. 4(b)] will also lead to
a straight line with a y-axis intercept that is equal to n®j.
The slope of this plot also provides a second determination
of R, which can be used to check the consistency of this
approach. Therefore, for each temperature and by performing
different plots [Egs. (4) and (5)] of the I-V data, three main
diode parameters (n, ®g, and R,) are obtained and presented
in Table 1. As shown in Table I, the obtained n and R, values
by way of different techniques are in good agreement with
each other.

As can be seen in Table I, there is an abnormal increase
in the experimental values ®; and R, with increasing tem-
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FIG. 4. The characteristics of the (Ni/Au)—Al,3Gay;N/AIN/GaN hetero-
structure obtained from the forward bias /-V data at various temperatures:
(a) dV/d1nI versus I and (b) H(I) versus 1.

perature while n decreases with increasing temperature. In
addition, as can be seen in Fig. 2, an interesting feature of the
forward bias I-V curves is the nearly common intersection
point of all the curves at a certain bias voltage, and for this
voltage point, the current through the junction is temperature
independent.

Similar results have been obtained recently by simula-
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FIG. 5. The temperature dependence of R, for the studied

(Ni/Au)—-Alj3Gay,N/AIN/GaN heterostructure.

tion of the forward bias I-V curves of Schottky diodes.** ¢ It

was found that the presence of R, in a device causes bending
due to current saturation and plays a subtle role in keeping
this intersection hidden. Additionally, Chand and Bala™ re-
ported that this intersection of forward bias /I-V curves for a
homogeneous Schotky diode can only be realized in curves
with zero series resistance. Osvald®’ showed theoretically
that the presence of R, is a necessary condition of the inter-
section of the I-V curves. However, Horvath et al.,38 Dokme
and Altindal," and Altindal er al.™ reported that they found
an intersection point in the forward bias /-V characteristics of
an Al/SiO,/Si structure by way of experiments. This inter-
section behavior of the forward bias /-V curves appears as an
abnormality when seen with respect to the conventional be-
havior of SBDs. The values of R, versus temperature deter-
mined from Egs. (4) and (5) are shown in Fig. 5. As can be
seen in Fig. 5, R, calculated from the Cheung and Cheung’s
function shows an unusual behavior wherein it increases
with an increase in temperature. In general, such temperature
dependence is an obvious disagreement with the reported
negative temperature coefficient of R;. Such behavior was
attributed to the lack of free charge at a low temperature and
in the temperature region where there is no carrier freezing
out, which is only not negligible at a low temperature.zo At
higher temperatures, the contact resistance and resistance of
the outer connections are probably the prevalent sources of
R,. A similar temperature dependence was obtained
experimentally40 and theoretically.34

A. Inhomogeneous barrier analysis

In order to extract the SBD parameters, the conventional

TE theory is normally used.'>10-18:2021 However, there have

been several reports about a deviation from this classical TE
12,18-20,24-28,38—41 . .

theory. For the evaluation of the barrier
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versus

height, one may also make use of the conventional activation
energy plot of reverse saturation current. Equation (2) can be
written as

Iy «  qPpo
In|l - |)=n(AA") - ——.
n( T2> nAA) =T (6)

The plot is found to be linear in the temperature range mea-
sured. The experimental data asymptotically fit to a straight
line at a studied temperature range of 295-415 K. Activation
energy and Richardson constant A” values were determined
from the slope and intercept at an ordinate of the linear re-
gion of the In(Z,/T?) versus 10°/T plot (as seen in Fig. 6) as
0.064 eV and 1.52X107'° A/cm?K?, respectively. This
value of the Richardson constant (A”) is much lower than the
known value of 33.74 A/cm? K? for electrons in undoped
Alp3Gag7N.

As was explained by Horvath,*” the A* value obtained
from the temperature dependence of the I-V characteristics
may be affected by the lateral inhomogeneity of the barrier.
According to Refs. 12, 20, 26, 28, 29, 43, and 44, the ideality
factor of an inhomogeneous SBDs with a distribution of low
SBHs may increase with a decrease in temperature. Schmits-
dorf et al.** used Tung’s45 theoretical approach and found a
linear correlation between the experimental ®g, and n. Fig-
ure 7 shows a plot of the experimental ®p, versus n with
temperature. The straight line shown in Fig. 7 is the least
squares fit to the experimental data. As can be seen in Fig. 7,
there is a linear relationship between the experimentally ef-
fective BHs and the ideality factors of the Schottky contact
that was explained by the lateral inhomogeneities of the BHs
in the Schottky diodes.'*?** The extrapolation of the experi-
mental BHs versus n plot to n=1 has given a homogeneous
BH of approximately 1.85 eV. Therefore, it can be said that
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a significant decrease of ®p, and an increase of n especially
at a low temperature are possibly caused by the inhomoge-
neities of BHs.

In performing an analysis based on barrier inhomogene-
ity, we shall adopt the model of Werner and Gﬁttler,28’29 in

troducing a GD in BHs with a mean value ®p, and standard

deviation o,
1 Oy — Dp)?
_exp[_< 5 By) } )

| 2
oN2T 20

P(dp) =

where 1/[o(27)"?] is the normalization constant of GD of
the barrier height. The total current I(V) across a Schottky
diode containing barrier inhomogeneities can be expressed as

1(V) = Jw 1(®p, V)P(Pp)dP, (8)

where I(®5,V) is the current at a bias V for a barrier of
height based on the ideal thermionic-emission-diffusion
theory and P(®p) is the normalized distribution function giv-
ing the probability of accuracy for the barrier height.

Performing this integration from — to +%, one can ob-
tain the current I(V) through a Schottky barrier at a forward
bias, as in Egs. (9) and (10). These equations are similar to
Egs. (1) and (2) but with the modified barrier,

N o,
Iy=AA'T? exp(— qk—TE> )
_A*T2 _4 __q_0§ av )
I(V)=A'T exp{ kT(q) 2kT)}eXp<naka
q(V—=1IRs)
X{l —exp[— BT }}, (10)

where ®,, and n,, are the apparent barrier height and appar-

ent ideality factor, respectively, and are given by12’26_28
2
- qp
Py = Dpo(T=0) - -, (1)
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1 qp3
——1)=p,- 222, 12
(nap ) P27 okt (12

It is assumed that the modified SBH @y, and o, are linearity

bias dependent on Gaussian parameters, such as ®z=®p,
+p,V and the standard deviation oy=ps+p3V, where p, and
p; are voltage coefficients that may depend on temperature
and qualify the voltage deformation of the BH
distribution.'>***” The temperature dependence of o, is usu-
ally small and can be neglected.%’44

We attempted to draw a Dg, versus ¢/2kT plot (as seen
in Fig. 8) to obtain evidence of the GD of the BHs, and the

values of <I_)BO=1.63 eV and 0,=0.217 V for the mean bar-
rier height and standard deviation at a zero bias, respectively,
which have been obtained from this plot. The structure with
the best rectifying performance presents the best barrier ho-
mogeneity with the lower value of the standard deviation. It
was seen that the value of 0(y=0.217 V is not small com-

pared to the mean value values of ®gy=1.63 eV, and it in-
dicates the presence of the interface inhomogeneities. There-
fore, the plot of [(1/n,,)—1] versus g/2kT should be a
straight line that gives the voltage coefficients p, and p; from
the intercept and slope, respectively (as shown in Fig. 8).
The values of p,=—0.095 V and p;=-0.028 V were obtained
from the experimental [(1/n,,)—1] versus ¢/2kT plot.
Now, combining Egs. (10) and (11) we get

Iy 612P<2)) o qPp
In( 22 ] - =In(4A4%) - T80 13
n(ﬂ) <2k2T2 n4A) =" (13)

The plot of a modified In(ly/T?)—q03/2k*T? versus q/kT
plot according to Eq. (13) should give a straight line with the

slope directly yielding the mean ®p, as 1.64 eV and the
intercept (=In AA™) at the ordinate determining A” for a given
diode area A as 34.25 A/cm? K? (as seen in Fig. 9), respec-
tively, without using the temperature coefficient of the SBHs.
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FIG. 9. Modified Richardson In(Zy/T%)—q?02/2(kT)* versus q/kT plot for
(Ni/Au)-Al);Gay,N/AIN/GaN heterostructure according to the GD of
BHs.

As can be seen, ®py=1.64 eV from this plot [according to

Eq. (13)], in agreement with the value of ®py=1.63 eV from
®,, versus q/kT (Fig. 8). Therefore, it has been concluded
that the temperature dependence of the forward /-V charac-
teristics of the (Ni/Au)—Al,;Gay,N/AIN/GaN heterostruc-
tures can be successfully explained based on the TE mecha-
nism with a GD of BHs.

IV. CONCLUSIONS

The forward bias [-V  characteristics of the
(Ni/Au)—Al,3Gay,N/AIN/GaN heterostructure were mea-
sured in the temperature range of 295-415 K. Using the
evaluation of the experimental forward bias /-V characteris-
tics reveals an increase of @z, and a decrease of n with
increasing temperature. Such behavior is attributed to the
Schotky barrier inhomogeneities by assuming a GD of BHs
due to barrier inhomogeneities that prevails at interface. In
order to obtain evidence of a GD of BHs, we have drawn a

®p, versus g/ kT plot, and the values of ®z,=1.633 eV and
p0=0.215 V for the mean barrier height and standard devia-
tion at a zero bias, respectively, have been obtained from this
plot. Then, the values of ®p, and A" are obtained from a
modified In(ly/T?)—q?03/2(kT)> versus q/kT plot as
1.618 eV and 34.25 A/cm? K2, respectively. The value of
the Richardson constant of 34.25 A/cm? K? is very close to
the theoretical value of 33.74 A/cm?>K? (for undoped
Aly;Gay,N). For our sample, R, is shown to play a crucial
role in affecting the forward bias I-V curves of SBDs. The
values of R, show an unusual behavior, in which it increases
with an increase of temperature. Moreover, the forward bias
I-V curves show this behavior. This behavior of the crossing
of I-V curves appears as an abnormality when seen with
respect to the conventional behavior of SBDs.
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