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Abstract

In this paper, we have studied Au/n-GaN freestanding Schottky structures. The growth technique of GaN used is the HVPE
(Hybrid Vapor Phase Epitaxy) method. The frequency dependent capacitance-voltage (C-V-1) and conductance-voltage
(G-V-0) characteristics of Au/n-GaN freestanding/Ag Schottky diodes has been mnvestigated in the frequency range of 100
Hz-IMHz at room temperature. The higher values of C and G at low frequencies were attributed to the native oxide layer
thickness and surface states. IFrom the C-f and G-I characteristics, the energy distribution of surface states (N.) and their
relaxation time (s) have been determined in the energy range of (E-0.648) eV- (L-1.35) eV taking mto account the forward
bias I-V data. The values of N. and t. change from 0.18x10" eV' cm’ to 9.37x10" eV' cm” and 6.3x10" s to 8.6x10" s,
respectively.
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1. Introduction
The purpose of this paper is to characterize the density

GaN material systems are finding applications, not only distribution and relaxation time of the interface
in blue emitting lasers and LEDs [1, 2], but also in an states by capacitance-conductance-frequency (C-G-f)
electronic  device at high-power/high-frequency/high characteristics  of Au/n-GaN freestanding  Schottky
temperature, UV photodetectors and various gas sensors structure.

[1]. As a wide gap material, GaN exhibits a high
breakdown voltage, a high thermal conductivity and a large

saturation electron drift velocity, which are well suited for 2. Experiment

power device, microwave device and optoelectronic device

'dppli(','dti()lls [1] M'dlly Of thCSC (lCViCCS use SCh()ttk_V As we n]cntioned n our previ()us VV()I‘k [6] the

barriers [3]. freestanding GaN 1s provided by Lumilog Company. The
The capacitance-frequency (C-f) and conductance- GaN samples used in this work were grown by HVPE

frequency (G-f) measurements provide the significant (Hybrid Vapor Phase Epitaxy) method. The substrate

information about the density or energy distribution of the
mterface state at the interface metal/semiconductor. The
effects of interface states on the capacitance-voltage
characteristic of metal/semiconductor contact have been
studied by several authors [4, 5].

In the present work, the capacitance-frequency (C-f),
conductance-frequency (G-f) characteristics of the Au/n-
GaN freestanding Schottky diodes have been investigated
at room temperature and at various biases in dark.

(n type) 1s unintentionally doped and has a thickness of
200 pm. The contact Schottky used is the gold (Au), was
carried out by sputtering with area contact equals to
1.96x10" cm®. The ohmic contact is formed on the rear
face using the silver (Ag). Schematic diagram of GaN
freestanding Schottky diode is shown in Figurel.
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Figure 1. Schematic diagram of GaN freestanding
Schottky diode.

To characterize our samples electrically, we used the
measurements of current with a measuring instrument "HP
4155 B, Semiconductor Parameter Analyzer' and the
measurements of capacitance with measuring instrument "
HP4275A, Keithley Test System" at multi frequency.

3. Results and discussion
3.1. I-V characteristics of Schottky diode
The current-voltage (I-V) curve of Au/n-GaN Schottky

diode 1s plotted at room temperature and 1s shown in
Figure 2.
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Figure 2. Current-voltage characteristic of the Au/n-GaN
diode at room temperature [6].

We analyze the experimental I-V characteristic by the
forward bias thermionic emission theory which is given as
follows [7]:

a(V=RsI)
)

Irg = Irgoexp ( (1)

98

where Iw 1s the saturation current, R. 1s the series
resistance of structure, n is the ideality factor, T is the
temperature, k is the Boltzmann constant and q is the
electron charge.

The saturation current I 1s expressed by:

qp
)
where A* is the effecive Richardson constant
(A* = 120(m;}, /my) =26.4 A cm* K™ for n-GaN based
on effective mass of 0.22 my for [8], m, is free electron
mass, ¢, is the barrier height and S is the contact area.

Iygo = SA* Tzexp( @)

The ideality factor is deduced from the following
relation:

_ 4 4w

kT d(inl) @
The barrier height ¢ is given by:
SA*T?
= 4
¢b l (ITEO ) @

The saturation current (Is), ideality factor (n), barrier
height and series resistance (Rs) determined from the I-V
characteristic are respectively: 1.98x107 A, 1.02, 0.65 eV
and 84 Q for Au/n-GaN diode [6].

8.2, Capacitance-frequency (C-f) and conductance-
frequency (G/w-1) characteristics

According to Nicollian and Goetzberger [9, 10] and
Werner et al. [11] the surface state capacitance (C.) and
conductance (G.) for a MS and MIS structures can be
described as:

Coo =2 gretan(wryy) (%)
Co =" Ln(1 + w?13) ©)

where T. 1s time constant of the N, and it can be written as:

TSS

( @)

4 ho’Nd

where 6 1s the cross-section of interface states, Vi is the
thermal velocity of carrier N is the doping concentration
and V. is the diffusion potential defined by:

Va= ¢y = in(5E) ®

with Nec the effective density of electrons.
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At low frequencies, the experimental capacitance
obtained from the C-f measurements approximately
equals to the sum of space-charge capacitance C. and the 4,0x10" . T T T T T T
mterface capacitance C. [12, 9].
—a— 1 MHZ
Accordingly, the capacitance of the devices depends on 3,0x10° 7 —*— 500 KHZ
frequency and it can be described as [9, 10]: D 250 KHZ
; —v— 100 KHZ
e " 10 KHz
- . , S 2,0x10"
C=Cs +C (at low frequency) ()] g > . 1KHZ
=]
o —x— 100 Hz
. [e]
C = (s, (at high frequency) (10) O | e
The mterface state density for small values of ®t. 1s =
' T i T |
equals to [10, 9]: 0,0 $=%=—4——9
00 01 02 03
_ Css Voltage (V)
ss — q_A (1 1)

The interface-state capacitance C. is obtained from the
vertical axis intercept of C.-f plots.

For n-type semiconductors, the energy of the interface
states E. with respect to the bottom of the conduction
band at the surface of the semiconductor is given by [10,
13]:

E. —Es = Q(¢b -V) (12)

Figures 3 and 4 show the experimental forward bias

capacitance  and  conductance (C-V  and G-V)
characteristics at different frequencies and at room
temperature, respectively.
T T T T T T T
2,5%10° 1 s 1 MHZ E
—e— 500 KHZ
2,0x10° § XXXy 250 KHZ | 4
n X 100 Hz —v— 100 KHZ
P e 10KHZ
8 15x10°
c - 1KHZ
5 - |x—100 HZ
T 1,0x10° 4
]
O I—+ L —
50x10° y—V—V—V—V '*"'*74'
X
0048 : PP
1 . 1MM T T T T T T T
00 01 02 03 04 05 06 07 08
Voltage (V)

Figure 3. Frequency dependence of the measured
capacitance-voltage (C-V) characteristics of the
Au/n-GaN Schottky diode from 100 Hz to 1 MHz.

99

Figure 4. Frequency dependence of the measured
conductance-voltage (G-V) characteristics of the
Au/n-GaN Schottky diode from 100 Hz to 1 MHz.

Figure 3 shows the measured capacitance with applied
bias voltage for the frequency range of 1 MHz to 100 Hz.
As can be seen from Fig. 3, the capacitance value at the
forward bias decreases with the bias voltage from about
0.00 V to 0.8 V at all frequencies. A very small variation in
capacitance  (capacitance decreases with increasing
frequency) has been observed in deep depletion of the
characterized diode. The observed trend in characteristics
occurs because at low and intermediate frequency the
mterface traps and time constant or relaxation time of
these interface traps follow the a.c. signal and resulted in to
capacitance, which further depends on the
frequency. However, at high frequency, interface traps
level does not follow a.c. signal [14-24]. Therefore the
contribution probability of interface trap level in to the
total capacitance 1s almost negligible or very less. In this
case, Schottky barrier diode characteristics are influenced
by space charge capacitance only.

As seen from Figure 4, the conductance increased with
the bias voltage from about 0.00 V to 0.8 V at all
frequencies. Furthermore, the conductance value increases
with decreasing frequency at a given bias voltage.

Figures 5 and 6 show the measured capacitance and
conductance values, respectively, function of
frequency, in the voltage range of 0.0-0.7 V with steps of
0.1 V. It can be seen from Figures 5 and 6, both the values
of capacitance and conductance are higher at the low
frequencies with respect to the high frequencies. These
behaviors can be attributed that at low frequencies, the
charges at surface states can easily follow an a.c. signal and
the number of them decreases with increasing frequencies.
The higher values of C and G at low frequencies were
attributed to the insulator layer and surface states.

€xcess

as a
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Figure 5. Capacitance-frequency characteristics with bias
as a parameter for the Au/n-GaN Schottky diode.
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Figure 6. Measured G./o-f with bias voltage as
parameters for the Au/n-GaN Schottky diode.

From the C-f and G-f characteristics, the energy
distribution of surface states N.. (¢V' cm®) (Figure 7) and
their relaxation time 7t. (s) (Figure 8) have been
determined in the energy range of (E-0.648) eV-(E.-1.35)
eV taking into account the forward bias I-V data. The
values of N. and 1. change from 6.18x10" eV' cm” to
9.37x10" ¢V' cm” and 6.3x10" s to 3.6x107 s, respectively.
The value of N. and 1. decreases with interface energy
from top of conduction band toward mid-gap of GaN.
That 1s, the slow state density distribution decreases
exponentially with bias from the metal Fermi level to the

100

mid gap of the GaN. As mentioned in ref. [25], the
interface states do not show any peak, this indicates that we
deal with an interface state continuum.
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Figure 7. Interface state density versus (Ec-Ess) curves for
the Au/n-GaN Schottky diode at room temperature.

The relaxation time of the states shows an exponential
decrease with bias from the metal Fermi level to the mid
gap of the GaN.
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Figure 8. Relaxation time versus (Ec-Ess) curves for the
Au/n-GaN Schottky diode at room temperature.

4. Conclusion

In this study the current-voltage (I-V), capacitance-
frequency (C-f) and conductance-frequency  (G-f)
characteristics of the prepared Au/n-GaN freestanding
Schottky barrier diode have been investigated with
different bias voltages at room temperature. The values of
ideality factor and barrier height have been calculated from
the forward bias I-V characteristics as 1.02 and 0.65 eV,
respectively, at room temperature. The higher values of C
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and G/ at low frequencies were attributed to the localized
surface states at metal-semiconductor interface. The
energy distribution of states (N.) and their
relaxation time 7. (s) have been determined in the energy
range of (K- 0.648)-(L.-1.35) €V taking into accounts the
forward bias I-V data. The value of N. and 7. decreases
with interface energy from top of conduction band toward

surface

mid-gap of GaN. These changes in N, and 7. range from
6.18x10" eV' em” to 9.37x10" eV' em” and 6.3x10" s to
3.6x107 s, respectively.

Acknowledgements

The authors wish to thank the director of the Ion Research
Centre Materials and Photonics (CIMAP), for his help in
providing GaN substrates (free-standing), the laboratory
director of the INL INSA Lyon and the laboratory
director of Microanalysis, Microscopy of the Matter and
Molecular Spectroscopy (L2MSM) of the Faculty of Exact
Sciences of the Dpllali Liabes University of Sidi Bel
Abbes.

References

[11]. K. Sheu, Y. K. Su, G. C. Chi, M. J. Jou,

C. M. Chang, Appl. Phys. Lett. 72 (1998) 3317.

[2] F. D. Auret, S. D. Goodman, F. K. Koschnick, J. M.
Spaeth, B. Beaumont, P. Gibart, Appl. Phys. Lett. 74

(1999) 2173.

[3] V. Rajagopal Reddy, P. Koteswara Rao, C .K. Ramesh,
Materials Science and Engineering B 137 (2007) 200-
204.

[4] A. Merve Ozbek, B. Jayant Baliga, Solid-State
Electronics 62 (2011) 1-4.

[5] B. Prasanna Lakshmi, M. Siva Pratap Reddy, A. Ashok
Kumar, V. Rajagopal Reddy, Current Applied Physics
12 (2012) 765-772

[6] R. Khelifi, H. Mazari, S. Mansouri, Z.. Benamara,

M. Mostefaoul, K. Ameur, N. Benseddik, P. Marie, P.
Ruterana, I. Monnet, J. M. Bluet, C. Bru-Chevallier,

101

Sensors & Transducers, 27 (2014) 217.

[7] S. M. Sze. Physics of semiconductor devices. New
York: John Wiley & Sons; 1981, p. 248-9.

[8] X.]J. Wang, L. He, Electron. Mater. 27, (1998)1272.

[9] E. H. Nicolian, A. Geotzberger, Bell Syst. Tech. 46
(1967) 1055.

[10] A. Singh, Solid State Electron. 28 (1985) 223.

[11]]. H. Werner, H. H. Guttler, J. Appl. Phys. 69 (1991)
1522.

[12] J. P. Sullivan, R. T. Tung, M. R. Pinto, W. R.
Graham, J. Appl. Phys. 70 (1991) 7403.

[13] B. Bati, C. Nuhoglu, M. Saglam, E. Ayyilidiz, A.
Turut, Phys. Scripta 61 (2000) 209.

[14] O. F. Yuksel, A. B. Selcuk, S. B. Ocak, Physica B
403 (2008) 2690-2697.

[15]].]. Zhu, X. H. Ma, B. Hou, W. W. Chen, Y. Hao,
AIP Adv. 4 (2014) 037108.

[16] S. Duman, B. Giirbulak, S. Dogan, A. Turut,
Vacuum 85 (2011) 798.

[17] M. Mamor, J. Phys. Condens. Matter 21 (2009)
335802.

[18] N. Tugluoglu, O.F. Yuksel, S. Karadeniz, H. Safak,
Mater. Sci. Semicon. Proc. 16 (2013) 786-791.

[19] O. F. Yuksel, S. B. Ocak, A.B. Selcuk, Vacuum 82
(2008) 1183.

[20] B. Bars, Physica B 426 (2013) 132.

[21] S. N. Mohammad, Z. F. Fan, A. E. Botchkarev, W.
Kim, O. Aktas, H. Morkoc, F. Shiwel, K. A. Onesand,
M. A. Derenge, Philos. Mag. B 81 (5) (2001) 453.

[22] F. Yakuphanoglu, Y. Caglar, M. Caglar, S. Ihcan, Eur.
Phys. J. Appl. Phys. 58 (2012) 30101.

[23] W. B. Bouiadjra, M. A. Kadaoui, A. Saidane, M.
Henini, M. Shafi, Mater. Sci. Semicon. Proc 22
(2014) 92.

[24] Y. Caglar, M. Caglar, S. Ilican, F. Yakuphanoglu,
Microelectron. Eng 86 (2009) 2072.

[25] A. Singh, Solid State Electron. 28 (1985) 223.



