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ABSTRACT

The temperature dependent barrier characteristics of Ag/p-GaSe Schottky barrier diodes have been ana-
lyzed in the temperature range of 70-350 K based on thermionic emission (TE) theory. Barrier height (BH)
(¢po), ideality factor (n) and serial resistance (R,) have been found to be strongly temperature dependent.
Decrease in the ¢y and an increase in the n with decrease in temperature has been observed. The con-
ventional Richardson plot exhibits non-linearity below 180K with the linear portion corresponding to
activation energy of 0.62 eV. The value of Richardson constant (A*) turns out to be 5.15 x 10~ AK~2 cm—2
against the theoretical value of 60 AK~2 cm~2 for p-GaSe. It has been demonstrated that these behav-
iors result from the spatial BH inhomogeneities prevailing at the metal-semiconductor interface. For the
interpretation of the BH inhomogeneity, multiple Gaussian distribution model developed by Jiang et al.
[1] has been used. Furthermore, an expression defining temperature dependent ideality factor has been
derived for the diodes with spatial BH inhomogeneities considering multiple Gaussian distribution. The
temperature dependent BH of the device has shown a Double Gaussian Distribution (DGD) having mean
BH (¢no) of 1.21 and 1.08 eV with standard deviations (o) of 0.103 and 0.097 eV in the 180-350 and
70-180K regions, respectively. @,o and A* values have also been obtained as 1.209eV, 62.8 AK-2 cm—2
and 1.097 eV, 56.8 AK~2 cm~2 from the modified Richardson plots for the respective temperature regions,
respectively. These values of A* are in close agreement with that of the known value for p-type GaSe.
It has been shown that these results support the predictions of the multiple GD model of spatial BH
inhomogeneities in the temperature range of 70-350K.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Gallium selenide (GaSe) belonging to AMBY! semiconductor
compounds has a layered structure and contains two atomic lay-
ers in the sequence of Se-Ga-Ga-Se per primitive cell [2]. The
forces between adjacent layers are weak, predominantly of van
der Waals type, whereas the intra-layer forces are of ionic-covalent
type [2]. So, they can easily be cleaved across their van der Waals
gap between the layers, which leads to the outer surfaces closely
resembling the inner ones. Cleavage planes of the layered crys-
tals have been found to be free of dangling bonds and proved very
inert to chemical reactions. Therefore, the layered semiconductors
may be considered as idealized substrates for the investigation of
fundamental aspects of surface or interface reactions [3,4].

In a better understanding of electrical properties of any semi-
conductor material, it has great importance to be known its contact
behavior with several other substances. The investigation of the
metal-semiconductor (MS) contacts is of current interest for most
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elemental and compound semiconductors. MS contacts have many
device applications such as the gate electrode of a field-effect tran-
sistor, the source and drain contacts in metal-oxide-semiconductor
field-effect transistors (MOSFET) and the electrodes for high-power
oscillators [5]. MS contact based devices are very sensitive to the
electrical properties of MS interface and any mechanism that affects
the interface influences the performance of these devices. There-
fore, this highly productive characteristic of the MS structures can
be merged with the surface and/or interface features of the layered
crystals to obtain some useful knowledge for this area of the semi-
conductor technology. However, characterization of the Schottky
barrier diodes (SBDs) only at the room temperature does not give
detailed information about their conduction process or the nature
of barrier formation at the MS interface. Hence, the temperature
dependent electrical characterization allows us to understand the
different aspects of conduction mechanisms of these devices.
Although the structural, electrical, optical absorption and pho-
toelectric properties have been widely investigated [6-10], only
a few reports have been published on the metal/p-GaSe SBDs
[11-16]. In contrast to other layered semiconductors [17-21], to
my knowledge, measurements and modelling of the characteris-
tic parameters for silver SBDs fabricated on p-GaSe have not yet
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been reported. Therefore, it would be interesting to investigate the
temperature dependence of Ag/p-GaSe SBD parameters such as the
ideality factor (n), barrier height (BH) and serial resistance (Rs).

Thermionic emission (TE) theory is normally used to extract
the SBD parameters [5,22-24]; however, there have been sev-
eral reports of certain anomalies [25-27] at low temperatures.
The ideality factor and BH determined from the forward I-V char-
acteristics were found to be a strong function of temperature
[28-34]. Generally, the ideality factor n was found to increase,
while the BH decreases with decreasing temperature. The decrease
in the BH at low temperatures leads to non-linearity in the
conventional Richardson plot. These anomalies have been satis-
factorily explained recently by incorporating the concept of BH
inhomogeneities and introducing a TE mechanism with a Gaussian
distribution (GD) function with a mean BH and a standard deviation
for the description in some studies [35-41].

In this study, my novel results on the forward bias diode param-
eters of Ag/p-GaSe structure in the 70-350K temperature range
were presented. The temperature dependent barrier characteris-
tics were analyzed and modelled by assuming multiple GD of the
BHs based on TE theory.

2. Experimental procedure

Single crystals of unintentionally doped GaSe were grown by the
Bridgman-Stockbarger method, from a stoichiometric melt of 6N Ga and 5N
Se starting materials, obtained from Alfa Aesar, in a carbon coated and vacuum-
sealed quartz ampoules with a tip at the bottom, in our crystal growth laboratory.
Details of the experimental procedure for the crystal growth are reported elsewhere
[42]. Growth crystals were found to be p-type by using the Hall Effect and thermal
electromagnetic force (emf) methods.

The sample (with about 8 x 8 mm? area and 100-200 wm thickness) was cut
from the freshly cleaved sheets with a razor blade (no further polishing or cleaning
treatments were required because of the natural mirror-like cleavage faces of the
samples) and inserted into the deposition chamber immediately. Ohmic contact of
low resistance on the front side of the sample was formed by evaporating of indium
(In) followed by a temperature treatment at 300 °C for 5 min in nitrogen atmosphere.
After peeling a thin layer from the back surface of the sample, it was inserted into
the deposition chamber immediately and circular dots of 1.0 mm diameters silver
(Ag) contacts were deposited onto the freshly cleaved back surface of the sample
through a molybdenum shadow mask. The deposition process was carried out in the
Leybold-Heraeus Univex 300 vacuum-coating unit under the pressure of less than
2 x 1075 mbar.

The current-voltage (I-V) characteristics of the devices were measured by using
a computer controlled Keithley 487 Picoammeter/Voltage Source, supported by a
software program, in the temperature range of 70-350K in the dark. The mea-
surements below room temperature were performed by mounting the device onto
the specially designed probe station on the cold finger of ARS HC-2 closed-cycle
helium cryostat, which enables us to make measurements in the temperature range
of 6-450 K. The device temperature was controlled within an accuracy of +0.1 K by
a Lake Shore 331 auto-tuning temperature controller.

3. Results and discussion

The forward J-V characteristics of most Schottky contacts based
on the TE theory can be expressed as [5,22]:

J=toexp (L2) [1-exn (-52)] - (1)
with
Jo = A*T2 exp (7%) . )

where Jj is the saturation current density, q is the electron charge, T
is the absolute temperature, A* is the effective Richardson constant,
found to be 60 AK=2 cm~2 for p-type GaSe from A* = 120m; where
my = (0.5mp) is the density-of-states effective mass in the valance
band [43], k is the Boltzmann constant, Vg ( =V — AqgRsJ) is the volt-
age drop across the diode, Aqf is the effective area of the diode,
©po(=¢@p(V=0))is the zero bias BH, n (=1/(1 — B)) is the ideality fac-
tor and B (=0 ¢,/ V) is the change in the BH with bias voltage. If 8

Fig. 1. Experimental forward bias J-V characteristics of a typical Ag/p-GaSe SBD in
the temperature range of 70-350 K.

is constant, n is also constant. For the values of V greater than 3kT/q.
Eq. (1) can be written in the simpler form

J=toexp (L2). @)
so that a plot of InJ vs. V in the forward direction should give a
straight line except for the region where V<3kT/q[22]. Hence, satu-
ration current density Jy is derived from the intercept of the straight
line in the semi-logarithmic J-V plot for zero bias and the values of
@po and n of a SBD can be extracted from the intercept and the slope
of the linear portion of the semi-logarithmic J-V plot, respectively,
while the R data is deduced from the best fit of experimental J-V
data in Eq. (3). But, Eq. (1) has the advantage that n can be found
experimentally by plotting In[J/{1 — exp(qVy4/kT)}] vs. V4. This plot
should be a straight line of which slope g/nkT if n is constant, even
for V<3kT/q. However, more usually 8 is not constant and the plot
of In[J/{1 — exp(qV4/kT)}] vs. V4 is not linear. In this case,

L S N @

n- qdv 1 —exp(qVy/kT)

or, for V>3kT/q,

1 kT d(In))

nT g dv )
Fig. 1 shows the semi-logarithmic forward current

density-voltage (J-V) characteristics of an Ag/p-GaSe SBD in
the temperature range of 70-350K. It can clearly be seen from
this figure that Ag/p-GaSe SBD has good rectifying properties
at different temperatures and they are manifestly temperature
dependent. Clearly, by decreasing the temperature, the J-V plots
shift towards the higher bias region and a decrease of the current
is observed as predicted by TE model. The J-V characteristics are
linear in the semi-logarithmic scale over several orders of current,
but deviate from linearity due to the effect of the interface states
and serial resistance Rs, when the applied voltage is sufficiently
large. Hence, detailed analysis of J-V characteristics is required
to be taken into account the serial resistance effect for each
temperature. Since it is the most reliable and sensitive method
among several methods proposed in the literature for extracting
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Fig. 2. Plots of the experimental In[J/{1—exp(qV/kT)}] vs. V and corrected
In[J/{1 — exp(qV4/kT)}] vs. V4 curves considering the serial resistance Rs for 350,
200 and 70K typical temperatures. Inset: Temperature dependence of the averaged
serial resistance evaluated from the Cheung’s functions.

the Schottky diode parameters when serial resistance is dominant
and gets effective in all forward bias regions, a method was used
suggested by Cheung and Cheung [24] and confirmed by Werner
[44]:

g = ek +n (51) (6)
0-v-a () )

where H(J) can be written as:

H(J) = JAeftRs + ngpo- (8)

Eq. (6) should give a straight line for the data of downward
curvature in the forward bias J-V characteristics. Thus, a plot of
dVv/d(InJ) vs. J will give AqgRs as the slope and nkT/q as the y-axis
intercept. Using the n value determined from Eq. (6) and the data of
downward curvature region in the forward bias region in Eq. (7), a
plot of H(J) vs.J according to Eq. (8) will also give a straight line with
the y-axis intercept equal to ngyg. The slope of this plot also pro-
vides an alternative determination of Rs that can be used to check
the consistency of Cheung’s approach. Serial resistance calculated
from Cheung functions have increased from 4.16 k2 to 19.5 M2
as temperature changing from 350 to 70 K. Temperature depended
serial resistance of Ag/p-GaSe structure is shown in Fig. 2 asinset. As
can be seen from this figure, the rapid increase of serial resistance
cause variation steeply and limit the currents passing through the
sample with decreasing temperatures in Fig. 1. Substantial values
of the serial resistance at low temperatures are resulted from the
bulk resistance, i.e. freeze out of the deep acceptors in the uninten-
tionally doped GaSe [9,10,42,45,46]. As temperature lowered, free
carriers are captured by the related deep acceptors located in the
band gap and the GaSe exhibits semi-insulating behavior at low
temperatures [45].

Fig. 3. Temperature dependence of the zero bias BH (the open squares) and the
ideality factor (the open circles) for the Ag/p-GaSe Schottky contact according to
DGD of BHs. The continuous curves show estimated values of ¢,, using Eq. (14)
with 81 =0.75, o1 = 1.21eV, 001 =0.103 eV, pp, = 1.08 eV and 0, =0.097 eV and n,p
using Eq. (15) with p31 =0.144, p2, =0.220, p31 =—0.0058 eV and ps3; =—0.0040eV,
respectively.

For each temperature, the experimental J-V data is used to
extract the serial resistance. Mean values of the determined serial
resistances from Egs. (6)—(8) are inserted in Eq. (1) and then by
plotting In[J/{1 — exp(qV4/kT)}] vs. V4 plot, the ideality factor n and
@po at each temperature are extracted from the slopes and the y-
axis intercepts, respectively. To illustrate that, representative plots
of In[J/(1 — exp(qV4/kT))] vs. V4 at 350, 210 and 70K for Ag/p-GaSe
SBD are given in Fig. 2. As can be seen from Fig. 2, the J-V charac-
teristics are linear in the semi-logarithmic scale over several orders
of current at low forward bias as well, particularly at low temper-
atures. The experimental values of ¢o and n range from 0.311eV
and 2.249 at 70K to 0.968 eV and 1.302 at 350K, respectively. Fig. 3
shows the temperature dependence of the BH and the ideality fac-
tor obtained by Egs. (1) and (2) and Fig. 2. As seen in Fig. 3 both of the
n (denoted by open circles) and ¢y, (denoted by open squares) are
strongly temperature dependent and the ideality factor n increases
with decreasing temperature while, the BH ¢, decreasing.

Image-force lowering, tunneling through the barrier, an alter-
ation of the charge distribution near the interface and/or
generation-recombination in the depletion region are the phenom-
ena routinely invoked as the reasons for these anomalies whereas,
from my investigations on the combined effects of these process are
not enough string to take into account for the measured fluctuations
in the BH of Ag/p-GaSe SBD over most of the temperature region.
These potential fluctuations have been attributed to a variety of
causes including interface roughness due to non-uniform metal
thickness and composition of the interface layer, grain boundaries,
non-uniformity of interfacial charges, etc., [28,33,36,37,47].

On the other hand, the modified TE model that accounts
inhomogeneous Schottky barriers has explained differences from
conventional TE theory. Although conventional models treat the
interface between the metal and the semiconductor as atomically
flat and spatially homogeneous, it is recently established by ballistic
electron emission microscopy (BEEM) that Schottky barriers have
inhomogeneous area consisting of patches of relatively lower or
higher barriers with respect to a mean BH @} [48,49]. The total
current is the sum of the currents through all of these patches
and the whole junction area. Moreover, if the patch area is small
(less than or comparable to the depletion region), the pinch-off
effect should be taken into account, i.e. the effective reduction of
the Schottky barrier height (SBH) between the patch and the sur-
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rounding area is smaller than its original drop in the MS interface
[31,32,38].

In the literature, both currents (through patches and the whole
junction area) are usually assumed to be TE. As first introduced by
Song et al. [28] at the moderate temperatures or in the large bias
region at low temperatures, the combination of both currents can
be approximately described by a GD of the SBH [36,37,41,50,51].
In this model, it is assumed that there are a number of parallel
diodes having different SBH and every SBD can independently make
contribution to the current so that the total current across the SBD
with barrier inhomogeneities is composed of those flowing by all
the individual patches through its own area and SBH as expressed
in Eq. (1) but with an apparent BH and an apparent ideality factor,
both of which are temperature dependent.

If a normalized GD function P(¢y) is introduced to describe
the inhomogeneity of SBH, Eq. (1) is modified as the sum of the
current flowing through all the micro-contacts with various BHs
[1,28,36,37,41,50,52]:

Jvy = &7 [exp (14 ~1] 1  Plgnorexp (222 g

=Jo [exp (nZS?T) - 1} (9)

with

a2 Pap
Jo= ATexp( kT) (10)

where @ap and nyp are called as apparent BH and apparent ideality
factor, respectively and

N
d; (Pboi — Pbo)°
P - E - 11
(¢bo) ooz P { 202 (1

i=1

is the GD function where §; represent weight, o; standard deviation
and ¢p,p; the mean BH value of the ith GD function. The normaliza-
tion of P(¢y,) requires > ;8; = 1. Then, the relationship of @ap vs. 1/T
can be deduced for an inhomogeneous SBD with multiple GD of BH
[1,52]:

N2
QYap = an(S exp {q‘pbo' - % <(I;TT0:> } (12)

and from Eq. (12), the following well-known formula can be
obtained for N=1.

2
qo5

2kT" (13)

@ap = Ppo —

If the BH distribution can be described with a Gaussian function,
the plot of apparent BH against the inverse of the absolute temper-
ature should follow a straight line giving ag; (@po from the slope and
the intercept, respectively. Fig. 4 shows the ¢ap and nap vs. q/2kT
plots. As shown in Fig. 4, the apparent BH @, displays two linear
regions with different slopes over the temperature ranges 180-350
and 70-180K. The values of 1.203 and 0.119eV for ¢y9; and op;
and 1.072 eV and 0.097 eV for ¢y, and o, were obtained from the
least square linear fitting to the experimental data in these regions,
respectively. The observations obtained above indicate the pres-
ence of two GDs that is fairly differing from each other. Therefore,
the double Gaussian distribution (DGD) should be introduced for
better understanding of the problem [27,29,34,53,54]. Eq. (12) can
be rearranged by considering of the DGD function for the BHs[1,52]

Fig. 4. Apparent BH ¢,, (the open circles) and apparent ideality factor n,, (the
open squares) vs. q/2kT curves of the Ag/p-GaSe Schottky contact according to
DGDs of BHs. Both of the data display two linear regions with different slopes
over the temperature ranges 70-180 and 180-350K. The dashed and dashed-
dotted lines were obtained using Egs. (14) and (15), where §; =0.75, o1 = 1.21eV,
001 =0.103 ev, (2)02 =1.08¢eV, 002 =0.097eV and P21 =0.144, P31 =-0.0058eV,
p22=0.220, p32 =—0.0040eV, respectively.

as:

_ kT a1 1 (qoo
Y = g In {51&1)( KT _7( KT )
> 2
9902 _ 1 (q4o02
+82exp< T ( T ) )] (14)

However, (1/nap — 1) vs. q/2kT plot in Fig. 4 have also two linear
regions with different slopes over the temperature ranges 180-350
and 70-180K, respectively. Regarding the DGD function, apparent
ideality factor nap can be expressed as [55] (see Appendix A):

1 kT q (9pnV
V) T " [51 exp{kr( 2kT “’2”’)}

Vv
cheo{E (G -ev)}] 09

and from Eq. (15), the following well-known formula for the tem-
perature dependent ideality factor can be obtained for N=1:

1 qp3
nap(V, T) ~ V=S — P> (16)

Therefore, by using the values of the @g1, 001, @02, 002 and
01 (62=1-467) as fitting parameters in Eq. (14) the @ap vs. q/2kT
plot can be obtained theoretically. The dashed lines in Fig. 4 were
obtained using Eq. (14) for DGD of BH, where §;=0.75, @o1 =
1.21eV, 001 =0.103 eV, ¢p; = 1.08 eV and o, =0.097 eV. As can be
seen, there is a good agreement the values of @91, 091, P02 and o,
with the intercepts and slopes (1.203, 0.119, 1.072 and 0.097 eV)
obtained from the least square fitting to the experimental data
for two distinct regions, respectively. The standard deviation is a
measure of the barrier homogeneity. When comparing ¢o1, 001,
@02 and o, parameters, it is seen that the difference between the
mean values of these two GDs is about 0.12 eV and their standard
deviations are ~9% of the mean zero bias BH which indicate larger
inhomogeneities at the interface of Ag/p-GaSe structure.

Moreover, as shown in Fig. 3, Eq. (14) fits very well to the
experimental BH data ¢., denoted by open squares with the
81=0.75,8,=0.25, 9g; = 1.21€V, 091 =0.103 eV, @, = 1.08 eV and
002 =0.097 eV. The good agreement of the experimental data with
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Fig.5. Modified [In(Jo/T?) — (q?02,/2k*T?)vs. 1000/T] and conventional Richardson
plots [In(Jo/T2) vs. 1000/T] (inset) for the Ag/p-GaSe Schottky diode according to
DGDs of BHs. The open triangles and open circles represent the plots calculated
with o1 =0.103 eV and o, =0.097 eV, respectively. The straight solid lines indicate
the best fitting of the data in the temperature ranges of 70-180 and 180-350K.
The continuous curve in the inset represents the data obtained using Eq. (17) with
the parameters @po; = 1.209 eV, @po2 = 1.097 eV, 091 =0.103 eV, 0, =0.097 eV and
A*=60AK2cm2,

the fitting curves in Fig. 3 indicates that the SBH inhomogeneity of
our Ag/p-GaSe contact can be well described by a DGD model.

On the other hand, as can be clearly seen from Fig. 4, the plot
of (1/nap — 1) vs. q/2kT should also possess different characteristics
in the two temperature ranges because the diode contains double
BH distributions. The linear behavior of this plot demonstrates that
the ideality factor indeed expresses the voltage deformation of the
GD of the Schottky BH.

In terms of Eq. (15) and by taking into account the values of
the formerly obtained parameters 81, 82, @01, @02, 001, 002 and pa1,
022, P31, p32 as fitting parameters, (1/nap — 1) vs. q/2kT plot denoted
by dashed-dotted lines in Fig. 4 have been obtained theoretically
for 180-350 and 70-180K temperature ranges. The values of p,1,
p31 and paa, p32 are 0.144, —0.0058 eV for 180-350K and 0.220,
—0.0040eV for 70-180K range, respectively. As can also seen that
there is a good agreement of p,1, p31 and py2, p32 with the inter-
cepts and slopes (0.119, —0.068 eV and 0.184, —0.045eV) of the
fitted lines obtained from the least square fitting to the experi-
mental data for two distinct regions, respectively. Furthermore,
as shown in Fig. 3, Eq. (15) fits very well to the experimental
data of the ideality factor n denoted by open circles with the
p21=0.144, p;,=0.220, p31 =—0.0058 and p3, = —0.0040 eV values
and formerly obtained fitting parameters (81, 81, ®o1, @02, 001 and
002)-

As shown in Fig. 5, the conventional Richardson plot [In(Jo/T?)
vs. 1000/T] deviates from linearity at low temperatures due to the
barrier inhomogeneity as discussed above. The experimental data
have a bowing at low temperatures and they appear to lie on a
straight line above 180K, yielding activation energy of 0.62 eV. The
value of A* obtained from the intercept of the straight portion at the
ordinate is equal to 5.15 x 10~% AK~2 cm~2. The value of A* is much
lower than both of the theoretically calculated and experimentally
obtained values given in the literature for holes in p-type GaSe [43].

Since the conventional Richardson plot deviates from linearity
at low temperatures due to the barrier inhomogeneity, it can be
modified by combining Egs. (10) and (12) as follows:

N
Jo\ _ 4 _ _qPpoi , 1 (900 \?
ln(Tz)_lnA +1n§ 5,exp[ T +2(kT) . (17)
i=1

Hence, modified Richardson plot [In(Jo/T?) — (q?0p;/2k?T?) vs.
1000/T] according to Eq. (17) should also be a straight line with
slope and intercept at the ordinate directly yielding the zero bias
mean BH ¢,,p; and A%, respectively. The open circles and open trian-
gles in Fig. 5 denote the modified Richardson plots obtained from
the values of op;=0.103 eV and o, =0.097 eV, respectively. The
least square linear fittings to these modified experimental data
for 180-350 and 70-180K ranges are depicted by solid lines in
Fig. 5, which represent the true activation energy plots for the
related temperature ranges, respectively. The calculations yielded
zero bias mean BH @y, of 1.209 eV (in the range of 180-350K) and
@poz of 1.097 eV (in the range of 70-180K). These values match
exactly with the mean BHs obtained from the ¢ap vs. q/2kT plot in
Fig. 4. The intercepts at the ordinate give the Richardson constant
A*as62.8 Acm~2K~2 (in 180-350K range) and 56.8 Acm~2 K2 (in
70-180K range). The obtained A* values for two distinct ranges
are in close agreement with the known value of 60 Acm~2 K2 for
p-type GaSe [42]. Furthermore, the recreated conventional Richard-
son plot by using Eq. (17) (denoted by solid curve) with the above
parameters obtained is correlate well with the experimental points
as shown in Fig. 5.

4. Conclusion

The above results suggest that strong variations of basic diode
parameters for the Ag/p-GaSe Schottky structure with temperature
could not be fully explained by considering the combined effects of
tunneling, recombination, image-force lowering and serial resis-
tance. Considering the BH inhomogeneity in the data analysis,
single Gaussian model could not also satisfactorily explain the
observed characteristics of the apparent BH and the ideality fac-
tor. However, the experimental I-V characteristics of the Ag/p-GaSe
Schottky contact have been successfully interpreted based on a
multiple GD model that assumes the simultaneous existence of the
DGDs of the BH at the MS interface in the temperature range of
70-350K. The temperature range has been limited by each straight
line suggests the regime where the corresponding distribution is
satisfactorily effective. Namely, @ap and nap vs. q/2KkT plots have
two straight lines with negative slopes. The modified Richardson
plots from the barrier inhomogeneity model with DGDs give zero
bias mean BH ¢}y, of 1.209eV (in the range of 180-350K) and
®po2 of 1.097 eV (in the range of 70-180K). These values match
exactly with the mean BHs obtained from the ¢ap vs. q/2kT plot
in the respective temperature ranges. Furthermore, it is seen that
the modified activation energy plots yield for the Richardson con-
stant A* as 62.8 and 56.8 Acm~2 K2 in the respective temperature
ranges considering DGDs of the BH and exactly coincidence with
the known value 60 AK~2 cm~2 for p-type GaSe. In conclusion, the
experimental data of the Ag/p-GaSe Schottky diode can be satis-
factorily explained by assuming the existence of DGDs of the BHs
in the temperature range of 70-350 K, suggesting that the contacts
are not spatially uniform.

Appendix A.

The ideality factor (n) is the result of the deformation of the
spatial barrier distribution when a bias voltage is applied. The rela-
tionship between n and BH (¢},) at a definite temperature and under
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bias V is usually described within the thermionic emission theory
as [36,37]:
1 _Agp(V)
nap(V, T) 1= (A1)
with Agp(V)=@p(V) - ¢po.
As stated by Werner and Giittler in Ref. [36], Eq. (12) hold for all
bias voltage V including V=0 according to

N
kT oo [a@mi(V) 1 7qoi(V)N?
@v)= ¢ 1nza,exp[ -2 () (A2)
i=1
kT N qe 1 (qogi\?
_ X bOi 4 0i
Opo = q anS,exp{ T 2( T ) } . (A3)
i=1

Hence, considering Ao?(V) = 02(V) — 07 [36], the change of the
BH ¢, under bias yields from Eqs. (A2) and (A3) the result as

_ qAT*(V)

App(V) = ¢p(V) — ¢pro = A@p(V) KT

okt f 30 diexpla/KTIgu(V) ~ 1/2(a0?(V)/KT)
q SN 1 8iexpla/kT[Pno; — 1/2(q03,/KT)])
(A4)
From Eqs. (22a) and (22b) in Ref. [36]
@i(V) = p2iV + @oi (A5)
o2(V) = p3iV + 0} (A6)

can be written for multi Gaussian distribution of BHs. Where, p»;
and ps3; are voltage coefficients of the mean BH and standard devi-
ation, respectively. Hence, by combining of Eqs. (A4)-(A6) with Eq.
(A1) and assume that N=2 one then obtains Eq. (15).
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