JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 13 No 4, 04002(5pp) (2021)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3UKH
Tom 13 No 4, 04002(5¢cc) (2021)

Electrical Characterization and Interface State Density in Au/n-InN/InP Schottky Diode

A.H. Khedirit2*, A. Talbit:#, M.A. Benamara!, Z. Benamara!

1 Laboratoire de Microélectronique Appliquée, Université Djillali Liabés de Sidi Bel Abbés, 22000, Algeria
2 Plateforme Technologique de Micro-fabrication, Centre de Développement des Technologies Avancées, Cité 20 aoiit

1956, Baba Hassen, 16303 Algiers, Algeria
(Received 21 March 2021; revised manuscript received 04 August 2021; published online 20 August 2021)

In this paper, we present an electrical study of InN thin films elaborated by nitridation of InP (100)
substrates. The samples have been obtained using a glow discharge source (GDS) in ultra-high vacuum.
The gold (Au) Schottky contact was deposited on the top of the surface. The electrical characteristics of
Au/InN/n-InP structure have been investigated using current-voltage and capacitance-voltage methods.
We show from the current-voltage characterization at room temperature that the main conduction mecha-
nism is thermionic emission current. A value of 1.57 for the ideality factor of the diode is extracted using
analytical methods. Furthermore, the barrier height of the device is evaluated to 0.64 eV. This value is
substantially larger than previously reported in the literature. The low saturation current and series re-
sistance (Rs) of 12.3 pA and 38 Q, respectively, indicate the presence of the InN layer. From the capaci-
tance-voltage technique under reverse bias, the built-in potential and the ionized donor concentration are
0.83 V and 1.16 x 107 cm -3, respectively. A frequency dependent capacitance is measured and attributed
to the presence of interface states. Based on the high-low frequency method, we determined the average
density of interface states (INss) with a value of 5.6 x 1011 eV-1cm~-2. These findings reveal good pas-
sivation of the InP surface with the use of a thin InN film.
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1. INTRODUCTION

Indium nitride (InN) semiconductor is a very inter-
esting and highly promising material for future high-
performance devices. Besides its application based on
group III nitride alloys which allows tuning of the band
gap and emission wavelength ranging from the near
infrared (IR) to ultraviolet (UV) region, InN is expected
to be a suitable material for electronic devices, such as
high-efficiency solar cells, high-speed and high-
frequency electronic devices, high electron mobility
transistors etc., because of its superior -electron
transport properties [1]. The most remarkable proper-
ties of InN are its direct narrow band gap (0.7-0.9 eV)
and low electron effective mass in comparison with
other nitrides, which results in high mobility and high
saturation velocity.

Good quality InN layers are difficult to grow be-
cause of the low dissociation temperature of InN and
the lack of an appropriate substrate [2]. Sapphire sub-
strate has been widely used for the epitaxial growth of
I11-V nitrides. However, InP is a suitable III-V semi-
conductor substrate, having smaller lattice mismatch
and a closer thermal expansion coefficient with nitride
than that of sapphire.

Various growth techniques have been explored,
such as reactive radio frequency (RF) sputtering, reac-
tive evaporation, dual ion beam sputtering, ion plating,
and chemical vapor deposition (CVD), in an attempt to
maintain InN film growth at a sufficiently low temper-
ature. InP substrate surface nitridation at a lower
temperature is found to be one of solutions to obtain
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InN buffer layers before the InN films growth. Differ-
ent methods have been investigated for the nitridation
of InP (100) surfaces [3], in our study we have used the
plasma nitridation method. To understand properties
of the InN/InP interface obtained by nitridation, elec-
trical characterization of Schottky diodes based on the
InP and InN components has been the subject of sever-
al recent studies [3, 4]. Talbi et al. realized Schottky
diodes based on InN/InP with mercury (Hg) contact.
This paper deals with the study of interface/surface
defect states in the fabricated Auw/InN/InP Schottky
diode. Electrical characterization (current-voltage, ca-
pacitance-voltage) and analytical methods are used in
order to study the Au/InN/InP diode parameters. The
distribution of the interface state density (Nss) within
the band gap obtained from both I-V and C-V charac-
teristics is investigated.

2. EXPERIMENTAL PROCEDURE

The substrate n-type InP (100) with a carrier con-
centration of 1 x 1016 ¢m —3 is used in the present work.
Prior to the surface nitridation, the InP wafer is chemi-
cally cleaned by H2SO4, 3 % bromine methanol and
deionized water. The InN thin film is prepared by ni-
tridation of the InP substrates using a glow discharge
source (GDS) in ultra-high vacuum (10-¢ to 10-7 Pa).
After introduction into the chamber reactor, in situ ion-
bombardment cleaning with low-energy Ar* ions is per-
formed (300 eV, sample current density 2 A-cm ~2). This
step removes all amount of carbon and oxygen contam-
inant and creates metallic indium droplets at the sub-
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strate surface [5]. Through the consumption of indium
droplets by nitrogen atoms in the plasma discharge
cell, a thin film of about 25 A was created on the top of
the substrate [6]. Continuous plasma is used as a ni-
trogen source and the substrate is heated to 250 °C. We
have used the nitrogen flow at 45° versus the normal of
the surface during 40 min.

To realize the metal contact, a gold (Au) gate with
2 mm diameter is used. The structure is described in
Fig. 1. The current-voltage (I-V) and capacitance-
voltage (C-V) measurements are carried out by Agilent
4284A, Semiconductor Parameter Analyzer and Agilent
4156C measuring instrument at room temperature.
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Fig. 1 — Schematic of fabricated Au/InN/n-InP Schottky diode

3. RESULTS AND DISCUSSION
3.1 Current-Voltage Characteristics

The current-voltage characteristic measured at
300 K is reported in Fig. 2. The forward-bias current
due to thermionic emission (T.E.) across Schottky con-
tacts with series resistance (Rs) is given as [7]:

I=1, [exp(%j—l}, ¢))]

where I is the saturation current, n is the ideality fac-
tor, k is the Boltzmann constant, and 7 is the meas-
urement temperature in Kelvin. The saturation current
1o is expressed by:

I, = AA'T? exp(_‘f;bn], @

where A is the contact area, A* is the effective Richard-
son constant, g is the electron charge, @, is the barrier
height. By using an effective mass of 0.073m. for the
InP substrate [8], the value of A* is calculated to be
9.4 A-cm—2.K-2,

Using a linear curve fit to the forward characteris-
tics of log(l) — V versus V in the first region, as shown
in Fig. 2, the ideality factor n and the barrier height
@y, can be calculated. The ideality factor is a measure
of the conformity of the diode to pure thermionic emis-
sion and is determined from the slope of the forward
bias I-V characteristics through the relation:
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The saturation current Io is obtained using the in-
tercept on the current axis of the characteristic given in
Fig. 2 for the first region. Then, the saturation current
is estimated to be 12.3 x 10-6 A,

The ideality factor of Au-InN/InP diode is found to
be equal to 1.57 which indicates dominant thermionic
conduction current. The barrier height @, is given by:

*m2
d)bn:quln{Af}T ] )
0

From Eq. (4), the calculated value of the barrier
height is 0.64 eV which is higher than the barrier value
(0.40-0.55 eV) of the conventional Au/InP diode [9, 10].
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Fig. 2 — Current as a function of applied voltage of Au/InN/n-
InP diode at room temperature (measured data and T.E. model)

The barrier height measured from the I-V method is
an effective value and can include barrier lowering ef-
fect due to the interfacial insulator layer or interface
states. Furthermore, the determination of Schottky
barrier height from I-V characteristics is only reliable if
the forward current is a good straight line with a low
value of the ideality factor. The analytical curve is
compared with the experimental one. The results con-
firm that the conduction phenomenon can be described
as thermionic emission. The series resistance (Rs) is an
important parameter for the electrical characteristics
of Schottky diodes. Various methods were suggested to
determine the efect of series resistance on electrical
parameters of devices caused by the series resistance
Rs. The value of the series resistance Rs of 38 Q was
estimated for higher polarization voltages from the
slope of the In[llexp(— qVIET)] characteristic. These
results are very comparable to the value of series re-
sistance obtained by Akkal et al. on Auw/InSb/InP (100)
Schottky diode, where the series resistance was equal
to 85 Q [11].

3.2 Capacitance-Voltage Characteristics

The capacitance of a Schottky diode varies with bias
voltage as
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1 2(Va+V)
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where Vr is the voltage in the reverse bias, Va is the
diffusion potential, &s = 12.1¢0 is the permittivity of the
semiconductor, g = 8.85 x 10-1¢ F-cm~1! is the vacuum
dielectric constant, and Np is the doping concentration.
Fig. 3 shows the capacitance measurements of the
sample at 1 MHz.
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Fig. 3 — Capacitance-voltage characteristics of Au/InN/InP
diode at 1 MHz

The capacitance reaches a maximum when elec-
trons are accumulated at the interface because of the
barrier high, and then decreases when it is under re-
verse bias. An increase in reverse bias shifts the Fermi-
level downward for the InP side, which increases the
depletion width and consequently increases the total
positive charge of ionized donor atoms. As a result, the
inverse of capacitance increases with increasing re-
verse bias. The barrier height from C-V measurement
is defined by [12]:

o, =V, + L v ®6)
q

where Vi is the Fermi energy determined from the con-
duction band.

The diffusion potential or built-in potential is
measured by extrapolating 1/C* versus V plot to the x-
axis (Fig. 3). For Aw/InN/InP Schottky diode, the calcu-
lated doping concentration Np and the diffusion poten-
tial are 1.16 x 107 cm —3 and 0.72 eV, respectively. The
barrier height @, is evaluated to 0.83 eV; this value is
lower than that obtained by the I-V data. The discrep-
ancy between I-V and C-V measurements cannot be
seen if the barriers are uniform and ideal, and the two
measurements yield the same value. These different
values obtained from the two techniques can be ex-
plained by a distribution of the Schottky barrier height
due to inhomogeneities (combination of the interfacial
InN layer composition, non-uniformity of the interfacial
thickness, and distribution of interfacial charges) that
occur at the interface [12, 13]. The Schottky barrier
calculated from 1/C? versus V gives an idea of the mean
value of nonhomogeneous Schottky barrier. Thus, any
spatial variation on a barrier causes current preferen-
tially through the minimum barrier which can explain
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this difference between the two extracted values.

The experimental parameters determined from I-V
and 1 MHz C-V characteristics of Schottky diodes are
given in Table 1.

The capacitance versus bias voltage characteristics
were measured at room temperature and for different
AC signal frequencies in the range of 1 kHz to 1 MHz.

Table 1 — Experimental parameters obtained for Au/InN/InP
Schottky diode

Symbol Parameter Value
Is Saturation current 12.3 uA
n Ideality factor 1.57
Rs Series resistance 38Q
Din Barrier height from I-V 0.64 eV
Nbp Doping concentration | 1.16 x 1017 cm -3
Vb Diffusion potential 0.72V
Din Barrier height from C-V 0.83 eV

In the ideal case, C-V measurements are frequency
independent, however, the presence of interface states
leads to a strongly frequency-dependent capacitance
[14] as shown in Fig. 4. The value of the capacitance
decreases with increasing frequency.

This occurs because at lower frequencies the inter-
face states can follow the AC signal and yield an excess
capacitance which depends on the frequency. At aver-
age frequencies, less interface states are bounded by
the AC signal (there are different types of interface
states with different lifetimes) which reduces the
measured capacitance. At the high-frequency limit, the
interface states cannot follow the AC signal. This
makes the contribution of the interface state capaci-
tance to the total capacitance negligibly small.
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Fig. 4 — Capacitance-frequency for 0 to —0.3 V bias showing
the dispersion that occurs over the measured frequency range

3.3 Determination of Interface States Density
(Nss)

In order to determine the density of the interface
state distribution, the surface potential s values have
been extracted from measured I-V characteristics. The
electrical current of a Schottky diode as a function of
the surface potential can be expressed as:
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Fig. 5 represents the surface potential which we
had extracted using Eq. (7) and the electrical current
measurements by replacing experimental data in the
following analytical expression:

*m2
v _M’ln[AAIT ]—Vn. ®)

g

The density of states in the conduction band edge is
equal to Nc=5.7 x 1017 cm —3 for InP substrate [15]. Np
doping concentration was extracted from the slope of
1 MHz frequency 1/C?® versus V characteristics meas-
urement at room temperature.
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Fig. 5 — Surface characteristics of

Au/InN/InP diode

potential-voltage

The interface states have different lifetimes. At low
frequencies, all interface states follow the AC signal,
and the low-frequency capacitance is given by [16]:

fee:l %y, +gN,
= = , (9
qJR/ S qe N
1+ kT+¢i D21//s+qNss

where Nss is the interface state density, o is the thick-
ness of the interfacial layer, & and &s represent the
permittivity of the interfacial layer and that of the sem-
iconductor, respectively.

At high frequencies, theoretically none of the inter-
face states follows the AC signal, therefore the inter-
face states have no effect on the capacitance, and the
capacitance can be expressed [16]:

quND
\/ 2
- Vs .0

The interface state density Nss can be determined
using Eqgs. (9) and (10) such as:

C'LF

CHF
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Nss ~ ’qgsND 5 w . (11)
l//s qCHF

The interface state density Nss was calculated us-
ing the experimental C-V at a low frequency (1 kHz)
and C-V at a high frequency (1 MHz) by using Eq. (11).
Furthermore, in n-type semiconductors, the energy of
interface states with respect to the top of the conduc-
tion band (Ec — Ess) at the surface of the semiconductor
is given by [17]:
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Fig. 6 — Interface state density energy distribution of

Au/InN/InP diode by L-H frequency C-V

Fig. 6 represents the interface state density as a
function of energy. The value of the interface state den-
sity Nss decreases with energy increasing from the
edge of the conduction band. As can be seen, the near
mid gap interfacial state density Nss is estimated equal
to 5.6 x 10'* ecm—2 eV -1, Due to the elimination of sur-
face contaminants such as oxygen and carbon impuri-
ties by the ionic bombardment cleaning of the InP sub-
strate surface, a lower interface state density was
found. Additionally, after the nitridation process, the
interfacial crystallographic defects were improved by
the formation of the InN layer. This result is reasona-
ble considering the high concentration of defects in ni-
tride materials [17] and in good agreement with those
obtained by A. Rabehi et al. [18] and A.H. Kacha et al.
[4] on GaAs substrates. The results yield that the inter-
face states play a very important role in the current
flow mechanism in electronic devices, and they must be
kept as low as possible in order to reduce the surface
recombination and tunneling.

4. CONCLUSIONS

We reported in this paper the electrical characteri-
zation of the Au/InN/n-InP structure. We demonstrated
that the I-V and C-V curves of this diode are influenced
by the presence of the InN layer. A low saturation cur-
rent and series resistance were obtained. The effective
barrier heights were 0.65 eV and 0.83 eV from I-V and
C-V measurements, respectively. The interface state
density Nss was significantly low (5.6 x 1011 cm-2eV -1
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at mid gap) compared to that of conventional Au/n-InP
Schottky diodes. We concluded that the prepared
Au/InN/n-InP Schottky diode by passivating the InP
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EnexrpuuHi xapakTepucTuKu Ta rycruHa inrepdeiicuux cTaHiB
B nioxi IITorTki Au/n-InN/InP
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¥ poboTi mpecTaBIeHO eJeKTPUYHEe JOCIIPKeHHs TOHKNUX ILTiBOK InN, po3pobseHuX MIIsSXOoM HITPY-
BauHA makaaaru InP (100). 3pasku Oysm oTpuMaHi 3 BUKOPUCTAHHAM JisKepesia Tiiodoro pospsay (GDS)
B HagBHCOKOMY Baryywmi. 3osoruii (Au) xorTakr [lloTTki OyB HaHeceHWI HA BEPXHIO YACTHHY ITOBEPXHI.
Enerxrpuuni xapaxrepucturn crpykrypu Auw/InN/n-InP 6yam gocmimskeni 3 sBuropucranasm BAX ta kpn-
BUX eMHicTh-Haupyra. 3 BAX mpu riMHATHIN TeMmepaTypi MOKa3aHo, III0 OCHOBHMM MEXaHI3MOM IIPOBij-
HOCTI € CTPYM TePMOEJIeKTPOHHOI emicii. 3HaueHHs KoediIfienTa ieanbHoCTI qJioma 1,57 3HaxomsaTs 3a 10-
IOMOT010 aHAJITHYHUX MeToxiB. KpiM Toro, Bucora 6ap'epy mpucrporo omiHioerbes B 0,64 eB. Ile smauennasa
3HAYHO O1JIbIlle, Hi¥K paHiIle IOBiIOMJIeHE B JiTepaTypi. HU3bKMI cTpyM HACHYEHHSA Ta MOCIIIOBHUN OIIIp
(Rs), piBHi BigmoBigao 12,3 MxA ta 38 OMm, BkadywoTh HA HasgBHICTH mapy InN. 3 kpuBux eMHICTh-HAIIPYTa
IpU HANPY31 3BOPOTHOTO 3MIMIEHHS OTPUMYIOTH BOYJOBAHWM MOTEHINAJ Ta KOHIIEHTPAIII 10HI30BAHOTO
mouopa 0,83 B Ta 1,16 x 1017 cm—3 BigmoBimHo. YacTOTHO-3aI€/KHY €MHICTD IMOSICHIOITH HASBHICTIO 1HTEp-
deiicaux cranis. Ha ocHOBI MeToIy BUCOKHX 1 HUSBKHMX YACTOT BU3HAYEHO CEPEIHIO TYCTUHY IHTepdeicHuX
crauis (Nss) piBHy 5,6 x 101! eB-1lcm-2. 11l BHCHOBKH CBig4YaTh Ipo TapHY IMacUBAIio moBepxHi InP i3 Bu-
KOPHUCTAHHAM TOHKOI mriBku InN.

Kmiouosi cnosa: Bucora 6ap'epy, BumiproBauusa BAX, @ocdix iagio, Hirpun imgio, ['yeruna inrepdeiic-
uux cramis, Hiogu loTTki.
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