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Abstract. Current—voltage (I-V) and capacitance—voltage (C-V) characteristics of Schottky Mo/4H-SiC
diodes have been measured and analyzed as a function of temperature between 80 and 400 K. The -V
characteristics significantly deviate from ideal characteristics predicted by the thermionic emission model
because of the inhomogeneity of Schottky contact. After a brief review of the different existing models, the main
parameters (ideality factor, barrier height, and effective Richardson constant) of both diodes have been
extracted in the frame of a Gaussian barrier height distribution model, whose mean and standard deviation are
linearly dependent on voltage and temperature, as well as in the context of the potential fluctuation model. The
results are compared with the values extracted by C-V and the values in the literature. A link is established
between these two models. Diodes of different I~V characteristics, either identified as single barrier or double
barrier, have been analyzed by Deep Level Transient Spectroscopy (DLTS) to investigate the deep level defects

present. No noticeable difference has been found.

1 Introduction

Since many years, it has been observed that the current—
voltage (I-V) characteristics of Schottky diodes on SiC
are rarely correctly modeled by a simple model of
thermionic injection of electrons over a barrier height
[1,2]. This phenomenon is also observed in Schottky on
inorganic semiconductor [3]. The thermionic-emission
(TE) model gives the forward current I through the diode
by the formula:

oy 5T aV-IRy)
I =AA"T?e '} |e T -1 (1)

where V'is the voltage across the Schottky diode, R, is its
series resistance (including resistance of epitaxial, sub-
strate, and back face Ohmic contact), A the surface of
Schottky contact, A" the effective Richardson constant, T'
the temperature, ®p the barrier height of the Schottky
contact that is assumed constant, ¢ the elementary charge,
and k the Boltzmann constant. The term preceding the
brackets is called saturation current I,. In the region where
R, is negligible and V> 3kTq, the relationship can be
simplified as:

v
I=1I.eT. (2)
Therefore, the plot of In(I) versus V should give a
straight line whose slope is ¢/kT and the intercept with
y-axis makes it possible to calculate I,.
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In reality, the slope is rarely equal to ¢/ kT and therefore
more complex models, ranging from double barrier height
models to the Gaussian barrier height distribution as well
as models in which ® 5 depends on V and/or T have been
published [4-6]. Particularly the Gaussian model explains
rather well the measurements made on the Schottky diodes
with deposit of Mo on 4H-SiC.

We present an analysis of these different models and
apply them to the study of molybdenum Schottky contacts
on n-type 4H-SiC epitaxies. The I-V and C-V character-
istics have been measured between 80 and 400 K and the
results have been analyzed to extract in particular the
barrier heights and ideality factors.

2 Analytical models
2.1 The ideality factor and the barrier height at 0 V

Considering that the Schottky barrier height (SBH) varies
linearly with the voltage as ®3=® g, + y V, where ®p is
the barrier height at 0V and y(=0®p/aV) is positive,
equation (1) becomes:
a(V—IR;)
o]

a(V—IRs)
nkT

I=1Ie (3)

with the saturation current I; given by:

1®po
kT

I, = AA*T?e” (4)
where n=1/(1 —y) is recognized as the ideality factor of
the diode [7].
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According to equations (3) and (4), the relationship
between log (I) and V should be linear if the series
resistance is small enough to be neglected. Therefore, the
ideality factor and the barrier height at 0V can be
determined from the I~V plot.

Hackam and Harrop [8] have proposed that, to take into
account, the effect of a thin interfacial layer as well as the
effect of image force and the presence of surface charges on
the barrier height, which also manifest at 0 V and result in
n# 1, it is necessary to integrate the ideality factor into the
saturation current as well. Therefore, equation (4) is
amended as follows:

qPpy
I, = AA'T?e wit . (5)

2.2 T, effect

In order to precisely fit the experimental I~V character-
istics of Schottky diodes, where a variation of n with
temperature is observed, Padovani and Sumner [9] have
suggested toreplace Tby T+ Tyin the TE model, therefore
equation (1) becomes (neglecting R,):

__1%Pp qVv
I = AA*T?e KT+Tp) [ek(T+T0) _ 1] (6)

where T; neither depends on the temperature nor the
voltage over a wide temperature range. Thus, this relation
is equal to introduce an ideality factor in the two
exponential terms:

T,
=1+—.
n (7)

2.3 Gaussian distribution of barrier heights

To explain the difference between SBH measured by -V
and C-V over the range of measured temperatures, Song
et al. [4] have assumed that the barrier height is normally
distributed with a probability density:

1 Dy —dp
e 2072 (8)

o5V 21

where ® g is the mean barrier height and o, is its standard
deviation.

As a general SBH distribution, equation (8) can also be
applied at 0V (the zero bias condition). In that case, the
SBH can be expressed as:

P(®p) =

2

— o
Dy = Dy — 5 2
B0 BO 2kT/q (9)

where ®py and o4 are the corresponding parameters in
Gaussian distribution at 0 V. Practically, the SBH at 0V
®py can be calculated at each temperature according to
equation (4) if we know the value of A". Thus, it is possible
to extract ®py and o, by tracing ®py versus q/2kT.

2.4 Potentiel fluctuation model

This model has been developed by Werner and Guttler [5]
to explain the temperature dependence of the ideality
factor. The barrier height is assumed to be normally
distributed, but the mean and standard deviation are
assumed to vary linearly with voltage as:

®p=Dp)+ p,V and o’ =0o%) + psV.

We can then show that the 1deahty factor can be
expressed in the form:

(10)

By tracing n~ ' — 1 versus ¢/2kT, the values of p, and
p3 are obtained respectively from the slope and the
y-intercept.

2.5 Flat-band barrier height

Since the barrier height depends on the bias voltage, i.e. in
fact the electric field, Wagner et al. [6] have proposed to
define the barrier height under flat-band condition (zero
field) ® zp, which would be a more fundamental magnitude
due to independence of the applied voltage and is given by:

T N,
(n—l)k—l —<.

bpr = nd
BF Bo — 7 N,

(11)

2.6 Richardson plot and its modifications

To determine the effective Richardson constant A, the
Richardson plot, based on equations (1) and (2), In(I,/T?)
versus 1/ T should be linear with a slope related to the
barrier height and an intercept bound to A*.

According to equations (5), (9), and (11), the barrier
height is determined from so-called modified Richardson
(MR) plots, of which there are several variants. The
plot of In(I,/T?%) versus 1/nT (Eq. (5), [8]), In(I,/T?)—
¢?0%,/2K*T? versus q/kT (Gaussian model, [10])
In(I,/T?) + (1 — 1/n) In(N¢/Np) versus 1/nT ([11]) al-
low to determine the barrier height at 0V or in flat-band
condition.

2.7 C-V characteristics

In the case of an n-type Schottky diode with an uniform
doping Np— Ny, the capacitance C'is related to the width
of the space charge region W:

|

C= 12
and W relates to the doping concentration by
265
~V, 1
W= \/ Np— N) Vi=V,) (13)

where & is the dielectric permittivity of the semiconductor
and V, the reverse polarization.
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If doping is uniform, the tracing of 1/C* = f(V,) must
be straight, and the intersection V; with x-axis gives the
barrier height 5" [12]:

kT
o5V =V + o + (E. — Ey). (14)

3 Experimental setup

Two n-type Mo/4H-SiC Schottky diodes on the same
wafer that were provided by our collaborator have been
characterized and noted (a) and (b). The molybdenum
anode is in square shape with a surface area of 2.48 mm?. A
post-annealing of 500 °C were taken out after the lift-off
process during the fabrication. The direct -V measure-
ments have been made by the 4-cable method (Kelvin
method) with Keithley K2410 between 80 and 400K
with a step of 20K in a cryostat and under darkness.
The C-V measurements, between 0 and —5V, were
performed under the same conditions at 100 kHz with a
Keysight E4990A impedance analyzer. The analysis of the
electrically active defects has then been conducted with a
PhysTech FT-1230 High Energy Resolution Analysis
Deep Level Transient Spectroscopy (HERA DLTS)
bench between 20 and 550 K. The reverse-state voltage
is Vp=—10V and the filling pulse voltage is Vp=—0.1V
for a duration of ¢p= 100 s for all DLTS tests. Depending
on the temperature range, the DLTS technique used is
either DLTS in current mode (measure of current
transients) at low temperature (20-170K), or DLTS in
capacitance mode at higher temperature (200-550 K) for
the propose of optimal precision. In order to avoid an
annealing effect under the temperature ramp, a fast
preliminary DLTS scan has been carried out on both
diodes (from 300 to 550, then back to 300K for a total of
3 hours).

4 Results and discussion

4.1 Forward -V characteristics

In Figure 1, the log(I)—-V characteristics of the diode (a) are
almost linear over the entire temperature range. On the
contrary, for the diode (b), the -V curves clearly show a
phenomenon of multi-barrier, especially at low tempera-
ture. Indeed, under high current (>10pA) even at
80K, log(I)-V is linear as for diode (b). While under
low voltage, the current is abnormally strong compared to
the diode (a), although its variation log(I) versus V also
linear up to about 100nA. Such multi-barrier behavior
has been observed by Gelczuck et al. as well [13]|, who
attributed these two parts of the -V curve to an
inhomogeneity of the barrier height, a low SBH L-SBH
and a higher SBH H-SBH. In that case, the log()-V
characteristics can be divided into two linear regions,
giving each an ideality factor and a saturation current
extracted from equations (3) and (4).

Current (A)
| ¥ X + ©® % 0V ASACHPODR

Current (A)
I ¥ X + @ % 0VvASGALADPOR

]
N
[=]
=]
X

Voltage (V)

Fig. 1. Forward current—voltage characteristics measured on
diodes (a) and (b) of Mo/4H-SiC with a surface area of 2.48 mm?
between 80 and 400 K in 20 K increments.

4.2 C-V characteristics

Figure 2 shows the barrier height and doping concentration
extracted from the O~V as a function of temperature. &%V
has a maximum around 200 K. Doping slightly increases
with temperature, except for diode (b) at 80 K, which may
be due to experimental errors.

4.3 Flat-band barrier height and modified Richardson
plot

The MR plot based on the flat-band barrier height is
adopted here since it is possible to extract all the
parameters involved with the I~V (n, I,) and C-V curves
(Np).

Although -V curves appear linear throughout the
temperature range for diode (a), the MR plot (Fig. 3a)
shows two distinct regions: between 80 and 200K,
D pr=1.20 €V and between 220 and 400K, ® 5= 1.50 eV.
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Fig. 2. SBH ®% " calculated based on the C'— V characteriza-
tion. The insert shows the extracted doping concentration.

The diode (b) (Fig. 3b) performs similar barrier heights
(1.30eV between 80 and 160 K, and 1.59 eV between 300 and
400K). However, it also presents a lower barrier height
® 5r=0.67 eV on the full extent of temperature (80—400 K).
This lower barrier height is resp0n51ble for the excess current
at low temperature on (b). A" has also been calculated in each
linear area of the MR plot using the area A of the diode, and the
value obtained is used for subsequent calculatlons Another
solution would be to use a constant value A" (the higher value
extracted, 1.50 V), and to calculate a ratio between the areas
of the hlgh and low SBH regions. The values of A~ are
substantially different from several orders of magnitude in
different regions, therefore the surface ratio is rather small.
Even foraratioof 5.7 x 10~ '° (areaof the low SBH on the total
surface of the diode), its influence on the -V characteristics
cannot be neglected.

For the transition zone between 180 and 280K on the
diode (b), which can result from the coexistence of two
different barriers, the value A" adopted is that obtained at
high temperature.

4.4 Gaussian distribution of barrier height

The curves obtained based on the Gaussian model are
linear at each region (Fig. 4). The average value of the
barrier height with Gaussian distribution therefore appears
as the limit at very high temperature. Consider the
common SBH of both diode, for high temperature
measurements, ®py~1.80eV for both while at low
temperature @ py ~ 1.17€V for (a) and ~0.73eV for (b).
The similar H-SBH that dominates at high temperature
is close to the barrier that is obtained by C-V. Indeed,
the barrier height extracted by C-V is always that cor-
responds to the region of greater contact area [4]. At low
temperatures, the two diodes have distinct behavior and
the barrier heights are different, but their temperature
variations (i.e. standard deviation o,) in each region are

J. Appl. Phys. 85, 10102 (2019)
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Fig. 3. Modified Richardson plot based on flat-band barrier
height on diodes (a) and (b). n and I, were calculated in the
different linear zones of the I- V curves, and Np is extracted from
the C-V characteristics.

still similar. A more remarkable difference for the tran-
sition zone between low and high SBH could be due to the
value A" adopted in the high temperature zone.

The disadvantage of this model is that it requires to
characterize the distribution of barrier height, and to know
the value of A", otherwise either using a value from the
literature such as Reddy and Reddy [10] or extracting the
value from an MR plot (Sect. 4.3).

4.5 Potentiel fluctuations model

Figure 5 shows the experimental plot of 1/n—1 versus
q/2kT. The values of p, and p;3 are determined from the
slope and the intercept. Since the ideality factor n can be
obtained directly from the I~V curves, thus it can rule out
the error from the value of A", unhke in the Gaussian
model.
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Fig. 4. Barrier heights at 0V as a function of temperature for
extraction of parameters in Gaussian distribution on diodes (a)
and (b).

In the same way as for the Gaussian model, linear zones
can be identified and the coefficients p, and ps; are
determined in each zone. Referring to the L-SBH, the
coefficients p3 are similar for both diodes (~—5 mV).

4.6 DLTS measurements

Figure 6 shows the DLTS spectra of the diodes after
their -V and C-V characterizations between 20 and
550 K. The I-DLTS spectra are dominated by two negative
peaks between 70 and 170 K, and two other peaks below
60 K. These defects were analyzed by an Arrhenius plot and
their characteristics are gathered in Table 1. The
characteristics of other defects that appear on capacitance
DLTS spectra are given in Table 2.

As we can see in the Figure 6, the DLTS results are
rather similar between the two diodes, with the only
exception of the peak around 280K. Considering the
uncertainties inherent in the Arrhenius analysis, the
energies extracted for this peak are quite close to each
other, which means that the defects observed are common
on the two Mo diodes.
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Fig. 5. Tracing of 1/n—1 in terms of ¢/2kT on the diodes (a)
and (b).

The physical origin of these defects is specified in
Table 3. The two levels at ~40 K are attributed to nitrogen.
Their activation energies and high concentrations corre-
spond well to the values determined in the literature.

The default at 0.15eV has been attributed to the Ti
[24,25] or to the Cr [24-26]. However, apart from
unintentional contamination during manufacture, it is
difficult to relate this level to Cr or Ti.

The defect Z,/Z, is observed around 280 K, with very
low concentrations compared to that measured after
radiation (e.g. by protons [18] or Kr ions [19]).

The origins of deeper defects labeled NB and RD; /o
centers are not clear. However, same defect levels detected
among Schottky diodes fabricated with various metal
contacts on 4H-SiC indicate that their origins are rather
related to the SiC than to the metal contact. Similar levels
have also been reported by Kawahara et al. after either high
temperature oxidation or C* implantation followed by Ar
annealing and labeled as ON1 and ON2, where these levels
are assumed to originate from the interstitials generated at
the SiO,/SiC interface [27].

10102-p5



6 T. Zhang et al.: Eur. Phys. J. Appl. Phys. 85, 10102 (2019)

12 7 —
R ] 8 2 ;
| he T e o0 a
ool ® s o ™ " :
1=-0.2 ° L] ®
= o= e %
8 - ® .
04 "!- : - 20 30 40w 50
— 5 o Temperatue (K)
L-E 70 95 120 145 17§ N
: Temperature (K) . . {‘
Y . 2%
-t y y 4 r
=, oo Y
> -'h ! T .r . (@
0 » g O] |
200 300 400 500

Temperature (K)

Fig. 6. DLTS signal (correlation bl) with a period of 204.8 ms on
the diodes (a) and (b) between 200 and 550 K. The inserts are
current DLTS (I-DLTS) spectrum between 20 and 60 K (upper
right) and 70 to 170 K (top left). The reverse bias Vi =— 10V, the
pulse voltage Vp= — 0.1 V and the pulse duration ¢p = 100 s for all
measures.

Table 1. Characteristics (activation energy FEc— Er,
capture cross section o and concentration Np) obtained
by Arrhenius plot of defects detected by I-DLTS (20—
170 K). The defects are marked by the peak position of the
DLTS signal shown in Figure 6.

Table 2. Characteristics (activation energy Ec— Ep,
capture cross section o and concentration N7) obtained
by Arrhenius plot of defects detected by C-DLTS (200—
550 K). The defects are marked by the peak position of the

DLTS signal shown in Figure 6.

T(XK) Ec—Er(eV) o (cm?) Ny (cm ™)
Diode (a)
0.574 149 x 107 816 x 10"
280 —15 11
0.626 1.84 x 10 8.25 x 10
380 0.839 2.11 x 1071 3.45 x 10"
510 0.863 1.49 x 10718 1.01 x 102
0.914 8.87 x 10718 1.81 x 102
Diode (b)
265 0.517 2.61 x 10716 4.73 x 10"
205 0.583 1.12 x 10716 3.09 x 10U
383 0.813 1.02 x 1071° 2.99 x 10"
505 0.946 8.97 x 1077 1.25 x 102
0.944 1.58 x 10717 1.69 x 102

T (K) Ec — Er(eV) o (cm?) Ny (em™?)
Diode (a)

35 0.084 1.15 x 1071 8.16 x 10

42 0.087 1.09 x 10713 5.26 x 103

83 0.154 1.56 x 1071° 5.33 x 102

115 0.229 8.88 x 10715 1.42 x 101!
Diode (b)

34 0.075 1.14 x 10712 8.13 x 10"

43 0.083 4.90 x 107 5.24 x 103

84 0.152 1.19 x 1071 4.86 x 10"

112 0.245 3.67 x 1071 3.58 x 102

5 Discussion
5.1 SBH models

The obtained values of ® gy, ® 5, and @gfv on both diodes
are represented in Figure 7. ®py varies over the entire
temperature range while ®ppr almost remains constant,
with values close to (I)gfv. These ®ppr values based on
equation (11) at each temperature are in good agreement
with the values obtained by the MR plot (Fig. 3).

Table 3. Identification of defects based on the published
results, marked by the temperature of the DLTS peak
obtained with a window of 204.8ms. The range of
activation energies indicated is extracted from the Tables 1
and 2.

T (K) Ec — Er(eV)  Identification Reference
3443  0.075-0.087 N [14-16]
83-84 0.152-0.154 - -
112-115  0.229-0.245 Metal impurity — [17]
265295  0.517-0.626 A [18-21]
390-393  0.813-0.839 NB center [22]
505-510  0.863-0.944 RD; /o [18,20,23]

The discontinuity of ®pp results from the change in
value of A" in both high and low temperature regions. For
the diode (b), the difference between ®pr and ¢>ng is
slightly larger due to errors in the MR plot or doping
extracted by C-V.

Consider the Ty effect where the constant extracted
from nT versus T plot with a typical value around 100 K
in our case. Therefore, equation (11) is reduced to

CDBF ~ nCI)Bg (15)
since the second part of the expression In(N¢/Np)kTo/q
can be neglected. Equation (15) can well explain the MR
plot according to equation (5), where the value extracted
should be close to ®gp.

Therefore, by replacing ® 5y by ®pr/n in equation (9),
the relationship between the ideality factor and and the
parameters of the Gaussian distribution can be expressed
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and the flat-

7
in the form:
1 Dpy— P 2
1280 BE __9%0 (16)
n Ppr 2KT®pr
Comparing with equation (10), we can show that:
oy = Dpr — D po
y=——r 0
[}
2BF (17)
_ 950
103 - q)BF
or
Dy = (1—py) - Ppr
. (18)
‘720 = —p3 - Ppr
This highlights the links between the Gaussian

distribution model and the potential fluctuation model.
Mean barrier heights and standard deviations calculated
according to equation (18) are given in Table 4, as well as
the other parameters used in these two models.

The values between the two models are in good
agreement, especially for diode (a). On the diode (b) the
slight disagreement could come from either the errors
related to the linear approximations of the experimental
curves or to the approximation of the equation (15).

5.2 Barrier inhomogeniety

The multi-barrier behavior, performs with an excess of
forward current at low voltage bias, has often been
reported during SBD characterizations, and it was
highlighted that these non-ideal diodes occurred regard-
less of growth technique, pre-deposition cleaning
method, or contact metal [28]. Moreover, this double-
barrier was found to be more common at lower
temperature, which was explained by barrier height
inhomogeneities [13].

Table 4. Comparison of the parameters of the Gau551an model and the potential fluctuation model. Both parameters
Y po and o fo are calculated from equation (18) with A" extracted from the MR trace of the Figure 3.

Diode Dpr (eV) 02 p3 (mV) Dpy (V) 0% (V?) @' (eV) "% (V)

(a) 1.50 —-0.175 —15.23 1.75 0.021 1.76 0.023
1.20 0.054 —5.58 1.17 0.007 1.14 0.007
1.59 —-0.224 —23.57 1.92 0.034 1.95 0.037

(b) 1.30 0.443 —4.64 0.81 0.007 0.72 0.006
0.67 —0.015 —8.94 0.73 0.007 0.68 0.006
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In order to well explain the multi-barrier behavior of
SBD, the first thing that comes to mind is the parallel
diode model, which treats the additional low barrier
height region as an individual diode that is responsible
for the excess current. This model has been numerically
discussed by Brezeanu et al. [29] that can explain the
relatively low barrier measured at cryogenic tempera-
ture. However, this model does not take into consider-
ation of the interaction between low and common
SBH regions and cannot explain the size effect: even
with the same area ratio of both high and low SBH
regions, the effective barrier height increases when the
total size is reduced, especially when the dimensions are
comparable or shorter than the Debye length of the
substrate [30].

A more widely recognized model for barrier
inhomogeneity characterization is the one put forward
by Tung, where a set of low barrier patches are
introduced that would pinch-off under certain condition
[31]. Later, this model has been optimized by Gammon
et al. by involving the series resistance, thus the I-V-T
data over a wide temperature range can be well
reproduced [32].

However, in order to reproduce the I~V characteristics,
a number of parameters must be fixed by fitting in the full
temperature range with either Tung’s model or its
modifications. Therefore, it is not realistic for mass
testing, and most of time unnecessary. In fact, with the
help of MR plot or even simpler, the potential fluctuation
model, it is possible to locate those low SBH regions with
large effective area where the double-barrier phenomenon
usually results from. These patches may attract more
attentions and could be identified by optical or other
characterizations much easily.

Since no obvious difference has been observed by
DLTS under tested bias condition, the multi-barrier
behavior is suggested to be caused by extended interface
defects (e.g. dislocation or stacking fault). Therefore,
interface defects characterization is supposed for further
investigations.

6 Conclusion

The two molybdenum-based Schottky diodes have been
characterized by -V, C-V, and DLTS. The MR plot has
been adopted to extract barrier height in flat band
condition. This circumvents the weak point of the Gaussian
distribution model (which requires knowing the value of
A’) and improves accuracy over the conventional
Richardson plot.

Based on the MR plot, Richardson constants A" have
been determined in each operating region. The SBH
models, namely Gaussian distribution and potential
fluctuation, have been verified and main parameters have
been calculated from the determined A" values. Both
models are in good agreement.

Conventional DLTS and I-DLTS analysis have been
performed between 200 and 550K and between 20 and
170K to investigate the presence of deep level defects.
Four defects have been detected and identified at low

temperatures and five at higher temperatures. The Z;/Z,
defect is present in small concentration. The origin of high
temperature defects is not determined, although they are
also listed in the literature.

In any case, no particular difference has been revealed
between the two DLTS diodes, which means that the
multiple barrier phenomenon on the -V curves does not
originate in the deep level defects, at least in this
temperature range studied.

In addition, the approximation of @z as a function of
® gy and n has been underlined. The result is a link between
the Gaussian distribution models and the potential
fluctuation model that had not yet been published. The
parameters of these two models have been compared using
the value of the barrier height in flat band condition, and it
appears that the two models are in good agreement.
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