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Temperature dependent behavior of Sn/p-InP Schottky
barrier diodes
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The observed non-ideal of Sn/p-InP Schottky barrier diode (SBD) parameters such as the zero-bias barrier height @g,(I-V
and ideality factor n were obtained from the forward bias current-voltage (/-V) characteristics in the temperature range of
80-400 K. By using the thermionic emission (TE) mechanism, the ®y,(/-V) and n were found strongly temperature
dependent and while the @g,1-V) increases, the n decreases with increasing temperature. Also, especially at low
temperatures the conventional Richardson plot is clearly non-linear. Such behavior of @g,(I-V) and n is attributed to SB
inhomogeneities by assuming a Gaussian distribution (GD) of barrier heights (BHs) at metal/semiconductor interface.
Therefore, @z, and effective Richardson constant A" are found as 1.151 eV and 56.954 A/cmZKZ, respectively, from a

modifiedzlnz(lo/T2)-q2002/2(kT)2 vs g/kT plot and this value of the A" (56.954 A/lcm’K?) is very close to the theoretical value of

60 A/lcm“K*” for p-InP.
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1. Introduction

InP and its alloys have received increased attention in
recent years due to their applications in metal-
semiconductor  (MS),  metal-insulator-semiconductor
(MIS), MIS field effect transistor (MISFET) devices, light
emitting diodes (LEDs) and solar cells [1-9]. Only at room
temperature, the forward bias /-} characteristics can not
give us detail information about the current-transport
mechanism. However, the temperature dependence of the
I-V characteristics at wide temperature range allows us to
understand different aspects of CTM. The current transport
is dependent on various parameters such as surface
preparation processes, inhomogeneity of the barrier height
at M/S and insulator layer thickness at the M/S interface,
density of interface states at insulator/semiconductor
interface, series resistance of device and impurity
concentration of semiconductor.

According to TE theory, the value of n is expected to
be close to unity. However, the obtained value of ideality
factor is greater than unity especially at low temperatures
and this behavior of # can be attributed to the existence of
insulator layer at M/S interface, particular distribution of
interface states at semiconductor band-gap and the image
force lowering of the barrier [10-16]. In this study,
analysis of the /- data of fabricated SBDs based on TE
theory also reveals an abnormal decrease in the @, and an
increase in the n with a decrease in temperature. Similar
results have been obtained in literature [6,10-18]. Such
behavior of @3, at low temperatures leads to nonlinearity

in the activation energy In(1,/T°) vs 1/T plot. The nature
and origin of the increase in the BH and decrease in the n
with an increase in temperature in some studies have been
successfully explained on the basis of the TE theory with a
GD of the BHs [10-18].

In this study, the experimental /-J measurements
revealed an increase of @, but a decrease of n with
increasing temperature. The temperature dependence of
SBHs characteristics of Sn/p-InP SBDs were interpreted
on the basis of the existence of GD of the BHs around a
mean value due to barrier height inhomogeneities
prevailing at the M/S interface.

2. Experiment details

Sn/p-InP SBDs were fabricated on the p-type (Zn
doped) single crystal InP having thickness of 350 pm with
4-8x10"7 cm” carrier concentration given by the
manufacturer. The details of the cleaning procedure of the
sample have been reported before [19]. The back side of
the p-type InP was formed by sequentially evaporating Zn
and Au layers on InP in a vacuum-coating unit of 10°
Torr. After that, low resistance ohmic contact InP wafer
was formed by sintering the evaporated Zn and Au layers
at 350 °C for 3 min in flowing N, in a quartz tube furnace.

Finally, the Schottky contacts were formed by
evaporating Sn dots with diameter of about Imm on the
front surface of the p-InP. The /-V characteristics of Sn/p-
InP SBDs were performed by using a Keithley 2400
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Sourcemeter and Janes vpf-475 cryostat in the temperature
range of 8§0-400 K.

3. Results and discussions

The forward bias current- voltage (I-V) relation
according to TE theory (V>3kT/q), for a Schottky barrier
diodes (SBD)s with the series resistance can be written as
follows when [9]

I=1, exp[q(V—IRs)j x[1- exp(— q(V—IRs)j]
nkT kT

(1)

where, V' is the voltage applied across the diode, 7 is the

absolute temperature in K, R, is the series resistance of

diode, n is the ideality factor and 7, is the reverse

saturation current derived from the linear region of the

intercept of Lnl vs V at zero bias and can be expressed as

I, = A4 *T?* exp _ 4% s 2)
kT

where 4 is the rectifier contact area of the diode, 4" is the
effective Richardson constant of 60 A/cm™K™ for p-type
InP [20] and @3, is the zero bias BH of the diode and their
values were calculated from Eq.(2). The value of n is
calculated from the slope of the linear region as

nzi( dav j 3)
kT \ dLnl

Fig.1. shows the Lnl-V characteristics of the Sn/p-InP
SBD at various temperatures. The values of @y, and were
calculated from Eq.(2) and Eq.(3), respectively, and shown
in Table 1.
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Fig. 1. The Inl-V characteristics of the Sn/p-InP SBD at
various temperatures.

Table 1. Temperature dependent values of various parameters
for Sn/p-InP SBD.

T(K) L, (A) n g, (eV)
80 | 6.01x10" | 11.239 | 0.234
120 | 1.35x107" | 7.766 | 0.350
160 | 2.41x10™"" | 5.666 | 0.467
200 | 4.09x107" | 4.056 | 0.582
240 | 8.00x107" | 3261 | 0.693
280 |3.60x10"° | 2908 | 0.779
300 | 7.00x10 ' | 2.401 0.821
320 | 2.60x10°” | 2446 | 0.843
340 | 491x10® | 2.191 | 0.881
360 | 1.60x10 | 2.185 | 0.899
380 [ 2.96x10° | 2.022 | 0933
400 |9.06x10° | 1.992 | 0.947

As shown in Table 1, the values of @, and n for the
Sn/p-InP SBD ranged from 0.234 eV and 11.239(at 80 K)
to 0.947 eV and 1.992 (at 400 K), respectively. Such
behavior of n was attributed to the existence of a thick
insulator layer at M/S interface and to particular
distribution of interface states [9,15,21]. The value of n
greater than unity are also attirubuted to secondary
mechanisms at the interface [22] As explained in refs.
[10,15,23], since the current conduction across the
metal/semiconductor interface is a temperature-activated
process carriers at low temperatures are able to surmount
the lower barriers. Therefore the current conduction will
be dominated by the current following through the patches
of lower SBH [10,13,17]. As can be seen in Table 1, the
values of the ideality factor are higher than unity for each
temperature and increase with decreasing temperature. The
high values of the ideality factor show that there is a
deviation from TE theory in the CTM.

A. The analysis of the inhomogeneous barrier and
modified Richardson plot

By taking the natural logarithm of Equation (2), can
be rewritten as and the Ln(I,/T°) vs 1/T or 1/nT plots

i @
Inf 0 | = In(ads) - L2 “
T kT

are given in Fig. 2. As shown in Fig. 2, the Ln(I,/T°) vs 1/T
plot is found to be non-linear at low temperatures (7" <
200 K). However, the dependence of Ln(I,/T°) vs 1/nT is
linear in the all measured .range. The deviation in the
conventional Richardson plots may be due to the spatial
inhomogeneous BH and potential fluctuations at the
interface that consist of low and high barrier areas. When
the experimental data are fitted between the temperature
range of 240-400 K in Fig. 2 asymptotically with a straight
line, it yields activation energy of 0.312 eV. Likewise, a
A* value of 8.16x10® A cm > K for the Sn/p-InP SBD
was determined from the intercept at the ordinate of the
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Ln(I,/T°) vs 1/T plot. This value of the A* is much lower
then the known value of 60 A cm > K * for holes. Horvath
[23] explained that the A* value may be affected by the
lateral inhomogeneity of the barrier.

These abnormal behaviors can be explained by GD of
BH with a mean value @, and standard deviationo, .
The GD of the BHs yields the following expression of the
BH as [1,11,12,23]

qo.
2kT

where the temperature dependence of 0, is usually small

D, =0,(T=0)- )

and can neglected[10,15,24]. The observed variation of
ideality factor with temperature in the model is given by
[11-16]

| _ 4P (6)
[ 1}’72 2 kT

where 7, is apparent ideality factor and p; and p; are
voltage coefficients which may depend on temperature,
quantifying the voltage deformation of the BH distribution
[14,25]. We was drawn a @ B, VS q/2kT plot to obtain
evidence of a GD [10-16] of BHs. Thus, the plot of @,, vs
q/2kT (Fig.3) should be a straight line that with the
intercept at the ordinate determining the zero-bias mean
BH CDBU (T=0) =1.182 eV and a slope giving the standard
deviation 0, = 132 mV. It was seen that the value of 0, =
132 mV is not small compared to the mean value of
@Ba =1.182 eV, indicating the presence of the interface
inhomogeneties. The temperature dependence of n can be
understood on the basis of Eq. (6). Similarly, as can be
seen from Fig. 3, the value of p, obtained from the
intercept of the experimental n,, vs g/2kT plot is -0.2945
and the value of p; from the slope is - 154 mV.

The linear behavior of n,, vs ¢/2kT plot demonstrates
that the ideality factor indeed express the voltage
deformation of the GD of the SBH. According to above
results, this inhomogeneity and potential fluctuation
dramatically affect especially low temperature I-V
characteristics. It is responsible, in particular, for the
curved behavior in the Richardson plot in Fig.2
[12,15,19,24]. As can be seen in Fig. 2, the plot of ln(Io/Tz)
versus 1/T plot shows that the activation energy which
deviates from linearity under 200 K. In order to explain
this behavior, according to GD of the BH, the modified
Richardson plot can be rewritten as

1 q’o’ g
In LN - 0 = In( 44 *) - = —2%
(sz (2k2T2J ( ) kT

()

A modified In(IyT)-* G2 28T * vs g/kT plot
according to Eq.(7) should give a straight line with the

slope directly yielding the mean barrier height [} po and
the intercept (=In4A4*) at the ordinate determining A* for a
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Fig. 2. Richardson plots of the In(Io/T*) vs 1/T or 1/nT
for Sn/p-InP SBD.

given diode area 4. In Fig.4, the modified In(ly/T%)-
q 0'02 12K*T ? vs g/kT plot gives D, (T=0) and A4* as
1.151 eV and 56.95 A cm™ K, respectively, without using
the temperature coefficient of the BHs. Interestingly, the
value of A* is in reasonable agreement with the theoretical
value of value of 60 A cm 2 K2 for holes. Also, the value
of @, =1.151 eV from this plot is in close agreement
with the value of @ ,,=1.182 eV from the plot of &,, vs
q/2kT. Hence, it has been concluded that the forward bias
I-V characteristics of Sn/p-InP SBDs can be successfully
explained on the basis of TE theory with a GD of the BHs.
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Fig. 3. The zero-bias apparent barrier height @, (I-V)

and thee ideality factor (n'-1) vs q/2kT plots for Sn/p-InP

Schottky  barrier diode according to  Gaussian
distribution of barrier heights.
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Fig. 4. Temperature dependence of In(lo/T*)-((q00)* /(2
T?)) vs ¢/kT for Sn/p-InP SBD.

4. Conclusions

The forward bias /-V characteristics of the Sn/p-InP
SBDwas measured in the temperature range of 80-400 K.
By using the TE mechanism, the values of @p,(I-V) and n
were found strongly temperature dependent and while the
@p,(I-V) increases, the n decreases with increasing
temperature. Such temperature dependence of @y, (I-V) is
an obvious disagreement with the reported negative
temperature coefficient of the BH and are attributed to SB
inhomogenities by assuming a GD of BHs due to barrier
inhomogeneties that prevails at M/S interface. Therefore,
we attempted to draw a @y, vs ¢/2kT plot to obtain
evidence of a GS of the BHs , and the values
of @,=1.182 eV and o0,=132 mV for the @&; and
standard deviation at zero bias, respectively, have been
obtained from this plot. Thus, a modified In(/T°)-
G’0,2/2(kT)> vs q/kT plot gives @p, and Richardson
constant 4" as 1.151 eV and 56.954 A/cm’K?, respectively,
without using the temperature coefficient of the barrier
height. This value of the Richardson constant 56.954
A/em’K? is very close to the theoretical value of 60
A/em’K? for p-InP. Hence, it has been concluded that the
temperature dependence of the forward /- characteristics
of the Sn/p-InP SBDs can be successfully explained on the
basis of TE mechanism with a GD of the BHs..
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