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Small high-quality Au/n type-GaAs Schottky barrier diodes (SBDs) with low reverse leakage current are produced
using lithography. Their effective barrier heights (BHs) and ideality factors from current—voltage (I-V') characteristics
are measured by a Pico ampere meter and home-built /-V instrument. In spite of the identical preparation of the
diodes there is a diode-to-diode variation in ideality factor and barrier height parameters. Measurement of topology of
a surface of a thin metal film with atomic force microscope (AFM) shows that Au-n type-GaAS SD consists of a set of
parallel-connected micro and nanocontacts diodes with sizes approximately in a range of 100-200 nm. Between barrier
height and ideality factor there is an inversely proportional dependency. With the diameter of contact increasing from
5 pm up to 200 pum, the barrier height increases from 0.833 up to 0.933 eV and its ideality factor decreases from 1.11
down to 1.006. These dependencies show the reduction of the contribution of the peripheral current with the diameter
of contact increasing. We find the effect of series resistance on barrier height and ideality factor.
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1. Introduction

Gallium arsenide (GaAs) is one of the most im-
portant semiconductors that has intrinsic electronic
properties superior to silicon, such as a direct energy
gap, higher electron mobility, high breakdown volt-
age, chemical inertness, mechanical stability and lower
power dissipation. These advantages of GaAs make
it attractive for optoelectronic devices, discrete mi-
crowave devices and large-scale integrated electronic
devices. GaAs has been used as radiation detector
materials. The major advantage of this material is its
ability to work at room temperature.[!~?

Rectifying metal-semiconductor (MS) contacts,
i.e. Schottky diodes (SDs), are widely used in modern
electronic devices and well defined by fundamental en-
ergy model of Schottky where according to a contact
potential difference between the metal and semicon-
ductor, the potential barrier is formed on interface.

Most important parameters for -V characteris-
tics in Schottky contact are ideality factor and barrier
height. The ideality factor n can be found from its
forward current-voltage (I-V) characteristics.[10~12]

(13]

Following the suggestion of Song et al. regarding
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the role of inhomogeneities in the interfacial oxide
layer composition and thickness in developing of the
barrier inhomogeneities, in the early 1990s, Tung et
al.," =17 Werner et al.,['8) and Biber et al.,['*) men-
tioned that the barrier height (BH) is likely to be
a function of the interface atomic structure and the
atomic inhomogeneities at the MS interface which
are caused by facets, defects, grain boundaries and
mixture of different phases. Therefore, they sug-
gested that non-ideal behaviour of the Schottky bar-
rier diodes (SBDs) could be quantitatively explained
by assuming a distribution of nanometer-scale interfa-
cial patches of reduced Schottky barrier height (SBH).
Monch et al.20=22 experimentally proved that the lin-
ear relationship between effective BH and ideality fac-
tor can be explained by lateral inhomogeneities of the
BH. It was only in the last decade that by consid-
ering the inhomogeneities of the MS interface these
devices have attracted much attention and well pro-
gressed and played a crucial role in constructing some
useful devices in electronic technology and used for
technical deficiencies such as surface processing, clean
room, vacuum preparation and deposition techniques
to produce proper contacts.
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Due to the expectation of significant deviation
from conventional behaviour for nano-diodes, an in-
creasing interest is devoted to the study of the effects
of downscaling lateral dimension on the electrical be-
haviour of the MS contact and to the detection of the
local SBH on the nanometer scale.[23—33]

In spite of identical preparation of the diodes
there is a diode-to-diode variation in ideality factor
and barrier height parameters. It is found that for the
diodes with diameters smaller than 200 ym the diode
barrier height and ideality factor dependency on their
diameters and the correlation between the diode bar-
rier height and its ideality factor are nonlinear, simi-
lar to the case for the different metal semiconductor
diodes earlier reported in the literature where these
parameters for the manufactured diodes with diame-
ters more than 100 pym are also linear. Also we find
that series resistance affects barrier height and ideality
factor.

We prepare small Au/n-GaAs Schottky diodes
and obtain current—voltage characteristics for small
Au/n-GaAs Schottky diodes.
nonlinear dependencies of BH and ideality factor on

We demonstrate the

the diode diameter, derive the correlation between the
diode BH and its ideality factor and study the influ-
ence of the patches, i.e. the inhomogeneities, by re-
ducing the diode size.

2. Experimental procedure

In this work an n-type GaAs with Sn impurity,
crystal direction of (1 0 0), a thickness of 300 pm, and
Na = 6x 10 /cm? was selected. The sample surfaces
were polished, and for cleaning the standard method
was applied. For ohmic contact pure aluminum with a
resistivity of 2.7 nQ2-Cm was used. Deposition proce-
dure was done immediately after cleaning in a vacuum
chamber at about 6.7x1072 Pa, pure aluminum was
deposited to 200-nm thick, monitored by quartz crys-
tals, and ratio of coating was 3 A/s (1 A = 0.1 nm),
then samples were annealed in an oven with Hy gas at
570 °C for 10 min. Schottky contacts were patterned
by wet lithography. Prior to the gold evaporation, the
patterned samples were dipped in HySO4:H0 (1:10)
for 3 min to remove the native oxidations and then
rinsed in DI water. The Schottky contacts were made
by evaporating 300 nm of gold onto the sample at a
rate of 1.5 A/s in a vacuum better than 1.3x1073 Pa
at a substrate temperature of 25 °C.

3. I-V measurement

I-V measurements were performed at room tem-
perature using a homebuilt /-V measuring unit com-
posed of a Keithley 4586 and three-dimensional probe
stations with a 40-nm diameter Pt—Ir probe. A total
of 20 patterns were fabricated on a single wafer. Fig-
ure 1 shows the measured In (I)-V curves for forward
and reverse biases from 5 to 200 pm patterns for one
sample. After each measurement, the tip was lifted
from the contact and then we re-established electrical
contact for current stability.
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Fig. 1. Typical measured In (I)-V curves for forward bias
(right) and reverse bias (left) from 5 to 200 pm patterns.

Figure 1 shows that the device exhibits a good
rectification effect. From this figure we obtained the
values of saturated current (I) ranging from Iy =
1.4x 10715 A to I, = 3.37 x 10712 A,

4. Theory

Theoretical and experimental data for the values
of work functions received by different methods, for
simple substances of many chemical elements (poly-
crystalline and monocrystalline), chemical compounds
(polycrystalline and monocrystalline) and firm solu-
tions (polycrystalline and monocrystalline) are col-
lected in Ref. [3].
simple substances, and all chemical compounds and

Values of work functions both for

firm solutions are basically in a range of 2-6 eV. At
the same time it is firmly established that the sides of
monocrystalline having various crystallographic ori-
entations possess different values of work function.
For a given substance, the work function of a side
is larger than that on this side where atoms of a
monocrystal are more densely located. The differ-
ence in work function depending on crystallographic
orientation achieves nearby 1 eV. The image of a
typical non-uniform emission surface of a metal elec-
trode is schematically presented in Fig. 2(a). On this
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surface along the ox axis, seven patches with local
work functions @Ml, @Mg, @Mg, ¢M4; ¢M5, @Mg, @M7
(Fig. 2(b)) are displayed. Under the condition of
Py > Pvz < Pumz > Pvu < Pus > Puvs < Pur
variations of local work functions along the ox axis
are presented in Fig. 2(c). Tt is clear that in each
patch the local work function remains constant. It is
clear that such a dependency of work function actually
should not occur because the patches with different lo-
cal surface work functions are in direct electric contact
with surrounding patches. As a result a potential dif-
ference between surfaces of patches, so-called electro-
static spot field Fr,[! is formed (Fig. 2(d)). The direc-
tion of the spot field is such that the spot field deceler-
ates electrons emitted by the areas possessing smaller
work functions but accelerates the electrons from the
above areas with larger work functions. Consequently,
the average work function @yg remains constant along
the ox axis (see a continuous line in Fig. 2(e)). In the
presence of the spot fields, the work @ done by an
electron to escape from the Fermi level of emitter and
move to infinity is unequal to local work functions of
different parts of surface. In the absence of external
electric field the total work @ of the removal of electron
is identical for all parts of surface and is determined
by formulal®!

_ Dri(s)ds
@M:LMA() )

where A is the surface area of the emitter, ®y(s) is

Dys = Py — Ps (1)

the local work function in the individual surface and
@15 is the work function averaged over the total sur-
face of diode. Local work function in the spot field is
positive for the section where @)1 < @5, and negative
for the section where @y > Ps.

The spot fields on the patches with small local
surface work functions (P < Pys) are almost the
same as an external restraining field between the flat
electrodes and they reduce the current density emit-
ted from these patches. On the contrary, they accel-
erate the electrons emitted from those patches with
the local surface work function more than the av-
erage work function (&m > Pums). In close contact
of metal with the monocrystalline semiconductor, the
spot field penetrates into the semiconductor and ac-
tively participates in the formation of potential bar-
rier and current transport.[?! To be specific, we exam-
ine the metal surface containing two types of patches
with local surface work functions @y;; and @0 where
Dy < Py and they alternate regularly on the sur-
face. The energy diagrams of patches with an n-type

semiconductor of work function @g before close con-
tact are presented in Figs. 3(a) and 3(b) for the case
where @y > Py > Ps. By connecting the metal
and the semiconductor by an electric wire with vac-
uum gap ¢ (Fig. 3(c)), Fermi levels of metal F, and
semiconductor Fy are aligned and between them there
is a contact potential difference Uc (see the energy di-
agram presented in Fig. 3(d)). Electric field E¢ of a
contact potential difference between the metal and the
semiconductor completely concentrates in vacuum gap
6 between them. Thus, spot fields E¢ on a surface of
patches with @y, are directed oppositely with respect
to field E¢ and spot fields on a surface of patches with
@2 are directed in parallel to the field E.. There-
fore the work function A®y;; on surfaces of patches
with @y will decrease with @y2 according to normal

Schottky effect and it reduces A®y1o in magnitude.
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Fig. 2. Schematic diagrams of non-uniform surface (a),
surfaces containing various micro crystals (b), various lo-
cal work functions (c), local surface work functions along
axis = and electric spot field Ff (d), and average work
functions (e).

With reducing contact distance between metal
and semiconductor and in the absence of a spot field,
the layer of semiconductor is formed by static space
charges of depletion layer with depth d; for patches
with @y and depth dy for patches with @10, where
ds > dy. Actually, at close contact, a spot field may go
so deep into the semiconductor that depth [, is larger
than dy, i.e., l, > dy (Fig. 3(e)), for patches with @y,
under the influence of a spot field the depletion region
layer goes deep and an additional potential barrier of
A®p; is formed. For patches with ®yp the barrier
height reduces Adgs.
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Fig. 3. Schematic structures and energy diagrams of the parallel-connected interacting rectifying contacts of metal

with the n-type semiconductor in the presence of additional electric field.

Thus, as can be seen from Fig. 3(f), the barrier
height of a patch with ®gs under the influence of
both a contact potential difference and the spot field,
reduces A®ps and becomes gy — Adp,, where its
maximum is located at a distance (z2) from surface of
metal. And for a patch with &gy under the influence
of a spot field an additional barrier potential of Adg,
is formed and the barrier height becomes &5; + Adp;
with maximum located at a distance (z2) from the
surface of metal. Thus the distance z; for the patch
with @g; becomes much larger than the distance z;
form the patch with &ps.

(MS)
patches with quite different configurations, various

In real metal-semiconductor contacts,
geometrical sizes and local work functions are ran-
domly distributed on the surface of metal, hence di-
rection and intensity of spot field are non-uniformly

distributed along the surface of metal, and the forma-

tion of potential barrier is determined by the type of
conductivity and the concentration of impurity in the
semiconductor. According to Ref. [3], if real Schottky
diode contains micro patches with the local potential
barrier heights in an interval of @p iy — PB max then
it is characterized by uniform operating height of po-
tential barrier g and characteristic distance x from
a surface of metal. With designations ®@p i = 91
and Ppnax = Pro, the operating height of a barrier
depending on a degree of heterogeneous contact can
be significant in an interval: @51 + Adg; < Ppp <
Py — Adps, and characteristic distance x is impor-
tant in an interval x; < x < x5, hence, the energy
diagram of real Schottky diode in the absence of an

external voltage is represented in Fig. 4 (dash line).
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Fig. 4. Energy diagram of non-uniform Schottky diode in
the absence of external voltage.

The current—voltage characteristic of real non-
uniform Shottky diode is described by the following
formula:[?!

I

= AA*T? exp ( v

kT

)

i) [0

kT

_@BO + Adp
kT

v

)

kT

)

= AA*T? exp (

oo

(2)
|

7@30 + Adpo + BqV

where V is the applied voltage, A the area of the diode,
A* Richardson’s constant, T absolute temperature, k
Boltzsman’s constant, ¢ electron charge, o the op-
erating local barrier height in the absence of an ex-
ternal voltage, A®pg the additional potential barrier
caused by both mirror image force and electric spot
field.

The value of Adp is determined by the average
value of barrier height ®@pg over the contact area .S
where it is similar to the formula (1) and expressed as
J; @Bz(S)dS' 3)
When @5o > Ppg, the value of Ady is determined by
the following formula:

Pps =

where Vp is the diffusion potential, Np the concen-
tration of impurity, and €4 the dielectric permeability
of the semiconductor. When &#Bg < ®Bg, APy is
determined by the following formula:

A@B = A@BO + BqV (5)

Thus current—voltage characteristic of non-uniform
real Shottky diode is expressed in forward bias:

q

Iy = AA*T? exp <

()

kT kT
dpo + Adpo qv (n—1)q¢V
= AA*T? = =0 2 ) - = 2
eXp( KT > {eXp (nkT P nkT
\%4
~ AAT? _—BA A7
exp < T ) exp (nkT , (6)
where for the last equation we have assumed ¢V > kT, in the reverse bias
Ppo + AdPpo — BqV qv
_ * 2 _ A
Ig = AA™T exp( T exp T 1
P50 + APpo (1-8)qV Bq
= AA*T? =0 =00 SR A SN ot N
exp ( T ) {exp ( T exp | o
P \%4
- 2 _®¥BA q
~ AA*T” exp ( =T ) exp (nrkT) . (7)
Considering the effect of Ry, equation (6) can be written as
dpa qV q(V —IRy)
Ip = AA*T? —— — | =1 _—
r P ( kT > P (m:r) s exp ( kT ) ®)
where
]
_ * 2 _ BA
Is = AA™T* exp ( T ) , 9)
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I is the saturation current density, @ga is the effective
BH at zero bias, A* is the effective Richardson con-
stant and is equal to 8.16 A /cm? - K2 for n-type GaAs,
with n being an ideality factor serving as a measure of
conformity of the diode to pure thermionic emission.

The barrier height can be obtained from Eq. (9)
as

Ppa = kT In(SAT?/I,). (10)

Equation (8) can be recast into Egs. (11)—(13) using
Cheung’s method¥ to calculate the barrier height,
ideality factor and series resistance by using

H(I) =IRs + ndpa. (13)

Equations (11) and (12) should give a straight line
each, thus, a plot of dV/d(InI) vs. I will give Ry as
the slope and n(kT/q) as the y axis intercept. The
ideality factor and the resistance are determined from
the intercept and slope of Eq. (11). The barrier height
may be calculated from Eq. (13) using the obtained n
value.

5. Results

dv kT Figures 5 shows the dependences of diode ideality
din(I) - n7 + 1R, A factor (n) and barrier height on diode diameter with
and without Ry effects, and the dependence of Rg on
kT I
H(I) =V~ n7 In AATZ )’ (12) " giode diameter.
|
1.08
112 + —a—n = 0.041* exp(—d/91.59) + 1.037 L
' —#—experimental data with effect of Ry 104
1.10 F —A— experimental data without effect of Rs| :
o ' —v—n = 0.13* exp(—d/116.45) + 0.98 > [
o 108 | E 1.00 —a— experimental data without Rs effect
% : B r —e— experimental data with Rg effect
3 £ 0961
E 1.06 | fj i
3 = L
g 1.04 + 5 0.92
< = r
a 5 088}
1.02 ¢ M et
1.00 | 0.841 (b)
0 50 100 150 200 0 50 100 150 200
Diode size/pm Diode size/um
12
= B
107 ExpDecl fit of Datal B
8 F
& 6F y = 17.34* exp(—d/8.84) + 0.78115
4 -
2 +
. »
0 (c) =
0 50 100 150 200

Diode diameter/pum

Fig. 5. Dependences of diode ideality factor (a), barrier height (b), diode resistance (c) on diode diameter.

The value of the ideality factor (n) varies from
1.11 to 1.006, and the barrier height (@p) varies from
0. 833 to 0.933 V.

With the diode diameter increasing, the ideality
factor (n) decreases (Fig. 5(a)), barrier heights ($p)

increase (Fig. 5(b)), and diode resistance Rs decreases.
The figures show that these dependencies are nonlin-

ear, which are in good agreement with the earlier re-

ported results.[20:22]

From Fig. 5(b), we have Ppa 0.926 —
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0.238exp(—d/5), and substituting this value into  tion is Gaussian.
Eq. (9) yields a relation between I and diode diame-

ter: the I first decreases by increasing the diode di- 35L ' ' ' b
ameters and then it increases. The values of I for 30t 3 ) i
different diode diameters are plotted in Fig. 6. With 95l %"S ? ]
the diode diameter increasing, the Ig value first de- < 90l 3| - ]
creases till d = 15 pm then it increases with diode sl %010 20 0 1
diameter increasing (see the inset of Fig. 6). = Lol ! 1
Figure 7(a) shows the atomic force microscopic ol o5l . 1
(AFM) image of the deposited Au, revealing that we ol wen s = experimental ]
have structural Au atoms on GaAs; the Au atoms are . . . dalta .
deposited on substrate homogenously. Figure 7(b) dis- 05 0 50 100 150 200
plays the phase image of the Au. Figure 7(c) exhibits Diode diameter/um
the variation of the potential across the Au surfaces Fig. 6. Diameter dependence of saturation current, show-

(marked as rectangular box in Fig 7(b)) with a Gaus- ing that with the increase of the diode diameter, Is value

first decreases till d = 15 pm then it increases with the

sian fit. This figure shows that the potential distribu-

increase of diode diameters (see the inset).

[12.2 nm] 14.1 nm [3.86 V>4.27 V] 3.77 V>4.35 V nm

- ( ) 3 4.3
12- -
101 4.2
8 4.1
g g
3 -~
£ 6 = 40
4
3.9
2 I
3.8
0 om 0
0 5 0 5
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2.image voltage profile
0.8+ (c) .+« ——data obtaingd (d)
f h
N Ganssian B+ 4.16
g 4.15
g
2 4.14
i) =~
|7}
A 4.13
4.12
4.0 4.1 4.2 4.3 0 10 20 30 40
V/V frm

Fig. 7. Atomic force microscopic (AFM) image of the deposited Au on GaAs (a), the phase image of the Au (b),
variation of the potential across the Au surfaces (marked as rectangular box in Fig. 7(b)) with a Gaussian fit (c),
and the variation of potential in a submicron range (d), implying that we have patches in this area.

As seen from Fig. 7(d), the variation of potential is in a submicron range, implying that we have patches
in this area. The formation of patches with various patch sizes ranging from approximately 100 nm to 200 nm
can be the main source of various values of BH.

The patches indicate that we have parallel micro-and nanocontacts SD and the measurements of the operat-
ing parameters of SD, presented on Fig. 5, are determined by heterogeneity of interface of contacts. Apparently
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from Fig. 5(b) between an operating barrier height (®ga) of SD and its maximum distance (x) from interface,
there is a certain correlation.

Dimensional dependences of the barrier height and the ideality factor of SD are determined by the change
of the contribution of a peripheral current in SD with the diameter of contact increasing, and the increase in
diameter of SD reduces the contribution of a peripheral current which causes an increase in the barrier height
and a reduction of the ideality factor with the increase of diameter.

6. Conclusion

In the manufacturing process and after chemical processes by the immediate and careful transferring of
diodes to the coating system, high quality Schottky diodes are produced where their reverse leakage current is
found to be extremely low, thereby assuring a high quality rectifying behaviour. We find an increasing saturation
current, decreasing BH and increasing ideality factor with diode diameter increasing, and a linear relationship
between ideality factor (n) and BH. Investigation of electrical characteristics of the 5-200 ym diodes shows
that by increasing the dimension, the potential barrier &g decreases so that it reaches 0.833 V for 5 pum and
0.933 V for 200 pm. With the diode diameter increasing, the ideality factor n decreases and reaches 1.006 in
200 pm diode and 1.11 in 5 pum diode. This shows that the diodes reach the ideality factor of one, whenever
the dimension of the diode increases. Any real SD possesses non-uniform height of a barrier potential along a
contact surface because the surface is of at least polycrystalline structure of metal. The topology of a surface
of a thin metal film shows by atomic force microscope (AFM) that there is a granular structure with the sizes
of approximately 100-200 nanometers. It means that Au/n type GaAs SD consists of parallel connected micro-
and nano-contact diodes with the sizes of approximately 100-200 nm. Therefore in this work the presented
measurement results, characteristics and parameters of SD well explain the heterogeneity of contact interface.
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