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The Gaussian distribution of barrier height in
Au/n-GaAs Schottky diodes at high temperatures
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The current-voltage (I-V) characteristics of Au/n-GaAs (MS) Schottky diodes were determined in the temperature range of
300-400 K. The estimated zero-bias barrier height (®g,) and the ideality factor (n) assuming thermionic emission (TE) theory
show strong temperature dependence. The barrier height for current transport decreases and the ideality factor increases
with the decrease temperatures. This 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. The Richardson plot is found
to be linear in the temzperature range measured, but activation energy value of 0.322 eV and Richardson constant (A") value
of 4.12x10* AcmKobtained this plot are much lower than the known values. The nonlinearity in the Richardson plot and
strong dependence of Schottky barrier parameters on temperature may be attributed to the spatial inhomogeneity in the
interface. We attempted to draw a ®g, versus g/2kT plot in order to obtain evidence of the GD of BHs, and the values of

680 = 0.912 eV and o, = 0.132 V for the mean barrier height and standard deviation at a zero bias, respectively, were
obtained from this plot. A modified In(lo/T?)-q’co’/2k*T> versus q/kT plot gives @, and A" as 0.914 eV and 8.32 Acm’K?,
respectively. This value of the Richardson constant 8.32 Acm™?K? s very close to the theoretical value of 8.16 Acm™2K? for

n-type GaAs.
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1. Introduction

Schottky diodes are the basis of a number of
semiconductor electronic devices, including high-electron
mobility transistors (HEMTSs), field-effect transistors
(FETSs), microwave diodes, solar cells, and photodetectors
[1-4]. Due to this technological importance of the Schottky
diodes, a full understanding of the nature of their electrical
characteristics is of great interest.

The performance and reliability of these devices, such
as metal-semiconductor (MS) Schottky diodes, particularly
depend on the formation of an insulator layer and the
inhomogeneities of the Schottky barrier formation at
metal/semiconductor interfaces, the density of interface
states distribution at insulator / semiconductor interfaces,
the ideality factor, and the series resistance of the device
[5-12].

The electrical characteristics of these devices do not
obey the ideal Schottky theory. Usually, the thermionic
emission (TE) mechanism is used to extract the main
diode parameters. The current-voltage (I-V) characteristics
of the real Schottky barrier diode (SBD) usually deviate
from the ideal TE model. The strong dependence of both
the barrier height (BH) (®g) and the ideality factor (n) on
temperature and the nonlinearity of the Richardson plots
are the factors associated with the deviation of the TE
model [13-15].

On the other hand, it is found that BH is
inhomogeneous in the metal/semiconductor interface. This

is also one of the mechanisms for deviating the I-V
characteristics from the ideal TE model. The mechanisms
responsible for producing an inhomogeneity are not yet
fully understood. The BH is likely to be a function of the
interface atomic structure and the inhomogeneity at a MS
interface may be caused by grain boundaries, multiple
phases, facets, defects, and a mixture of different phases
[16-21]. The deviation in TE model observed in I-V
characteristics could be quantitatively explained by
assuming specific distribution of nanometer scale patches
of small regions with low BH. In such cases, the current
across the MS contact may be greatly influenced by the
presence of interfacial patches [17-23].

In addition, analysis of the I-V characteristics of
Schottky barrier heights (SBHs) based on TE theory
usually reveals an abnormal decrease in the BH and an
increase in the ideality factor n with a decrease in
temperature which lead to non-linearity in the activation
energy In (1,/T?) vs 1/T plot [18-20]. Lately, the nature and
origin of the decrease in the BH and increase in ideality
factor with a decrease in temperature in some studies have
been successfully explained on the basis of a TE
mechanism with a Gaussian distribution (GD) of the
barrier heights (BHSs) [14,15,20,23].

In the present study, the forward bias I-V
characteristics of the Au/n-GaAs (MS) Schottky diodes
were measured in the wide temperature range of 300-400
K. The temperature dependent barrier characteristics of the
Au/n-GaAs (MS) Schottky diodes were interpreted on the
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basis of the existence of a GD of the BHs around a mean
value due to BH inhomogeneities prevailing between the
metal and the semiconductor interface.

2. Experimental detail

The Schottky diodes have been prepared using
cleaned and polished n-GaAs (as received from the
manufactured) with <100> orientation and 5x10' cm™
carrier concentrations. Before making contacts, the n-
GaAs wafer were dipped in 5H,SO, + H,0, + H,0O
solution for 1.0 min to remove surface damage layer and
undesirable impurities and then in H,O + HCI solution and
then followed by a rinse in de-ionized water of 18 MQ.
The wafer dried with high-purity nitrogen and inserted into
the deposition chamber immediately after the etching
process. Au-Ge (88% and 12%) for ohmic contacts was
evaporated on the back of the wafer in a vacuum-coating
unit of 10° Torr. Then low-resistance ohmic contacts were
formed by thermal annealing at 450 °C for 3 min in
flowing N, in a quartz tube furnace. Then, the wafer was
inserted into the evaporation chamber for forming the
reference Schottky contacts. The Schottky contact was
formed by evaporating Au as dots with diameter of about 1
mm onto all of n-GaAs surfaces. The interfacial insulator
layer thickness was estimated to be about 27 A from high
frequency (1 MHz) measurement of the interface oxide
capacitance in the strong accumulation region for Au/n-
GaAs (MS) Schottky diode.

The current-voltage (I-V) measurements were
performed by the use of a Keithley 220 programmable
constant current source, a Keithley 614 electrometer in the
temperature range of 300-400 K using a temperature-
controlled Janes vpf-475 cryostat, which enables us to
make measurements in the temperature range of 77-450 K.
The sample temperature was always monitored by using a
copper-constant an thermocouple close to the sample and
measured with a dmm/scanner Keithley model 199 and a
Lake Shore model 321 auto-tuning temperature controllers
with sensitivity better than £ 0.1 K. All measurements
were carried out with the help of a microcomputer through
an IEEE-488 ac/dc converter card.

3. Results and discussion

The current-voltage relationship for a MIS Schottky
diode, based on the TE theory can be expressed as [1,2]

=1, exp(%)[l—exp(— %ﬂ 1)

where | is the measured current, V is the applied voltage, q
is the electronic charge, n is the ideality factor that
describes departure from the ideal diode equation for
reverse bias as well as forward bias, k is the Boltzmann’s
constant, T is the absolute temperature in Kelvin, |, is the
reverse saturation current derived from the straight-line
intercept of Inl at zero bias and is given by

@
I, = AA T 2exp| — 300 2)
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where A is the rectifier contact area, A" is the effective
Richardson constant and is equal to 8.16 Acm?K™ for n-
type GaAs, and dg, is the apparent barrier height at zero-
bias, which can be obtained from Eq. (2)

qd,, =kTIN(AAT?/1,) 3)

The ideality factor and is a measure of the conformity
of the diode to pure thermionic emission. The ideality
factor is calculated from the slop of the linear region of the
forward bias In(l)-V plot and can be written from Eq. (1)

as
n:i[ dv } (4)
KT|d(nl)

Typical forward current-voltage characteristics of
Au/n-GaAs (MS) Schottky diode in the temperature range
of 300-400 K are shown in Fig. 1. The saturation current I,
was obtained by extrapolating the linear intermediate
voltage region of the part of the linear curve to a zero
applied bias voltage for each temperature.

The experimental values of the ideality factor (n) and
zero-bias barrier height (®g,) were determined from Eq.
(3) and Eq. (4), respectively, and are reported in Table 1.
As shown in Table 1, the values of the ideality factor
decrease with increase in temperature and are greater than
unity at each temperature. Larger ideality factors are
attributed to secondary mechanisms at the interface
[1,10,16,18,21-24] such as lateral inhomogeneous
distribution of barrier heights may be created by interface
defects. In addition, the values of the barrier height
increase with the increase of temperature. That is to say
the values of ®g, and n assuming thermionic emission
(TE) theory show strong temperature dependence. Such
temperature dependence is an obvious disagreement with
the reported negative temperature coefficient of the barrier
height or forbidden band gap of a semiconductor.
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Fig. 1. The experimental forward bias 1-V characteristics

of Au/n - GaAs Schottky diode as a function of
temperature.
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Table 1. Temperature dependent values of various diode
parameters determined from I-V characteristics of Au/n-
GaAs Schottky diode in the temperature range of

300-400 K.
Temperature lo n Dg,
(K) (A) (eV)
300 1.437x10°  1.301 0.572
325 2.753x10°  1.254 0.606
350 8.457x10°  1.213 0.623
375 2.429x10°  1.154 0.638
400 4.928x10°  1.116 0.661

Fig. 2 shows a plot of the experimental BH versus the
ideality factor for various temperatures. As can be seen
from Fig. 2, there is a linear relationship between the
experimental effective BHs and the ideality factors of the
Schottky contact that was explained by lateral
inhomogeneities of the BHs in the Schottky diodes [25-
27]. The extrapolation of the experimental BHs versus
ideality factors plot to n=1 has given a homogeneous BH
of approximately 0.712 eV. Thus, it can be said that the
significant decrease of the zero-bias BH and increase of
the ideality factor are possibly caused by the BH
inhomogeneities.
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Fig. 2. Linear variation of apparent barrier height versus

ideality factors at various temperatures.

For the evaluation of the barrier height, one may also
make use of the Richardson plot of reverse saturation
current (1,). Eq.(2) can be written as

In[l—(’zj = In(AA*)—qq)—BO 5)
T kT

According to Eq. (5), the plot In (I,/T?) vyields a
straight line with a slope given by barrier height at 0 K and
the intercept is the Richardson constant. The conventional
energy variation of In (1,/T?) versus 1000/T plot is found
to be linear in the temperature range measured as shown in
Fig. 3. The value of A* obtained from the intercept of the

straight line portion of the ordinate is equal to 4.12x10™
Acm2K?, which is much lower than the known value of
8.16 Acm™K™. An activation energy value of 0.322 eV is
obtained from the slope of the straight line. The deviation
in the Richardson plot may be due to spatially
inhomogeneous barrier height and potential fluctuation at
the interface that consists of low and high barrier areas
[13,17,19,21,28,29,] that is, the current through the diode
will flow preferentially through the low barrier in the
potential distribution. Furthermore, the value of the
Richardson constant obtained from the 1-V characteristics
as a function of temperature may be affected by the lateral
inhomogeneity of the barrier.
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Fig. 3. Richardson plots of the In(lo/T?) versus 1000/T
for Au/n-GaAs Schottky diode.

To explain the commonly observed abnormal
deviation from classical TE theory, some authors
[10,23,27] have considered a system of discrete region of
low barrier imbedded in a higher background uniform
barrier. This abnormal behaviors can be explained by
assuming a Gaussian distribution of the barrier height with

a mean value @, and standard deviation o, which can
be given as [10,14,15,23,30-36]

1 (P —Dg)° (6)
asmex'{ 257 }

S

P(CDB) =

where 1/ o2 is the normalization constant of the

Gaussian barrier height distribution. The total 1(V) across
a Schottky diode containing barrier inhomogeneities can
be expressed as

1V)=[T1(@,,V)P(®g )da> ™

where I(®,,V) is the current at a bias V for a barrier of
height based on the ideal TED theory and P(®,) is the

normalized distribution function giving the probability of
accuracy for barrier height.
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Now, introducing I(® g ,V) and P(d) into Eq. (7)
from Eq. (1) and Eq. (6), and performing this integration
from -0 to +o0, One can obtain the current I(V) through a
Schottky barrier at a forward bias V, similar to Eq. (1) and
Eq. (2) but with the modified barrier

. - g0, v v
1V)=A'T exp| -L| 0= 175 | |exp| L | 1- (_qj (8)
AT e O o7 n 7). TL T

with
qD
I, =AA"T?exp| — i ©)
0 xp[ ij

where ®,, and n,, are the apparent barrier height and
apparent ideality factor, respectively, and are given by
[21,24,37]

2
cDap :q)Bo(T :0)_2% (10)
BN PR o] (1)
Nap 2kT

It is assumed that the mean SBH @, and o are linearly
bias dependent on Gaussian parameters, such as
D, =D, + p,Vv and standard deviation
o = 0o + o3V, Where p, and p, are voltage
coefficients which may depend on temperature,
quantifying the voltage deformation of the BH distribution
[8,11,13,21,22,32].

The temperature dependence of ogis usually small
and can be neglected [32]. It is obvious that the decrease
of zero-bias barrier height is caused by the existence of the
Gaussian distribution and the extent of influence is
determined by the standard deviation itself. Also, the
effect is particularly significant at low temperatures.
Fitting of the experimental data in Eq. (2) or Eq. (9) and in
Eq. (4) gives @,, and n,, at zero-bias respectively which
should obey Eq. (10) and Eq. (11). Thus, the plot of @,
versus g/2kT (as seen in Fig. 4) should be a straight line
that gives @, (T=0) = 0.912 eV and o, = 0.132 V from
the intercept and slope, respectively.
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Fig. 4. Zero-bias apparent barrier height and ideality

factor versus 1/T curves of Au/n-GaAs Schottky diode
according to Gaussian distribution of barrier height.

The lower value of o gcorresponds to more

homogeneous BH. Clearly, the diode with the best
rectifying performance presents the best barrier
homogeneity with the lower value of standard deviation. It

was seen that the value of o = 0.132 V is not small

compared to the mean value of ®,=0.912 eV, indicating

the presence of the interface inhomogeneties. The
temperature dependence of ideality factor can be
understood on the basis of Eg. (11). Fitting showing
ideality factor n in Fig. 4 is a straight line that gives
voltage coefficient p, and pz from the intercept and slope
of the plot where p, = 0.278 and ps = -0.027 V from the
experimental data. The linear behavior of the plot shows
that the ideality factor expresses the voltage deformation
of the Gaussian distribution of the SBD.

In Fig. 3 the plot of In(l/T%) versus 1/T plot shows
that the activation energy and Richardson constant which
deviates from known value. To explain this behaviour,
Eq.(7) can be rewritten by Egs.(9) with Eq.(10) as follows,

I q’c, qP 12
In| =2 |- o | = In(AA*) — TP (12)
n[sz (ZkZsz n( ) kT

The modified In(14/T?) - ¢° ag I12K*T 2 versus q/kT
plot according to Eq. (12) should give a straight line with
the slope directly yielding the mean @, and the

intercept (= INAA") at the ordinate determining A" for a
given diode area A (as seen in Fig. 5). In Fig. 5, the

modified In(l/T ?) - ¢° a§ 12k*T 2 versus g/kT plot gives

®,, (T=0) and A" as 0.914 eV and 8.32 A cm? K?,
respectively.
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Fig. 5. Modified Richardson Ln (I,/T?)-q%c* /2kT? versus
1/T plot for Au/n-GaAs Schottky diode according to
Gaussian distribution of barrier height.
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4. Conclusions

The forward bias |-V characteristics of the Au/n-GaAs
Schottky diodes were measured in the temperature range
of 300-400 K. The experimental results reveal an increase
of zero-bias barrier height (®g,) and a decrease of ideality
factor (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 ®g, versus g/kT plot, and the

values of @, =0.912 eV and o= 0.132 V for the mean

barrier height and standard deviation at a zero bias,
respectively, have been obtained from this plot. Then, the
values of ®g, and A" are obtained from a modified

In(1,/T?) - ¢ 0'3 12K*T 2 versus g/kT plot as 0.914 eV and

8.32 Acm™K™, respectively. The value of the Richardson
constant of 8.32 Acm™2K™ is very close to the theoretical
value of 8.16 Acm™?K™? for electrons in n-type GaAs.
Therefore, it has been concluded that the temperature
dependence of the forward bias 1-V characteristics of the
Au/n-GaAs Schottky diode can be successfully explained
on the basis of the TE mechanism with a GD of the BHs.
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