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ANOMALOUS CAPACITANCE OF GaN-BASED
SCHOTTKY DIODES
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Abstract : The capacitance-voltage (C-V) measurements of GaN-based Schottky diodes were carried out in the frequency
range of 0.3 ~1.5MHz. Anomalous peaks and negative value of capacitance were observed in the C-V plots of Au/i-GaN
Schottky diodes under forward bias, while neither of them was seen in the plots of Au/i-Al, 5 Ga, ssN Schottky diodes.
Based on the parameters extracted from the current-voltage (I-V) and C-V plots of GaN and Al ,sGa, ;;N Schottky diodes,
the peak and negative capacitance are ascribed to the capture and loss of interface charges. These processes are greatly sup-
pressed when there exists a huge series resistance in the diode.
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Introduction

In the past decade, GaN and related IIl-nitrides
compounds have attracted a great deal of interest be-
cause of their potential application in high tempera-
ture, high power and high frequency electronic de-
vices'''. Among all kinds of GaN-based UV photode-
tectors, Schottky diodes have several advantages, such
as simplicity of fabrication, flat response and high-

2] The electrical characteristics such

speed operation
as current-voltage (I-V) curves of Schottky devices are
often modified by many non-idealities such as interface

. . . 3-5
states, interface layer, and series resistance® >, Ca-
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pacitance-voltage ( C-V) characteristics of Schottky
contacts are often used for determining parameters such
as doping content of semiconductor, barrier height of

Schottky contact, and series resistance .

They are
often helpful in evaluating the profiles of deep levels in
semiconductors and the 2DEG concentrations at hetero-

. 6,7]
structure 1nterfaces[ .

However, novel peaks and
negative capacitance in the forward bias C-V plots of
Schottky diodes made of different materials have been
reported and their origins have been argued by many

[8~-12]
researchers

. The conformity between all research-
ers hasn’t been achieved so far because the frequency

characteristic of Schottky diodes is sensitive to material
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quality, preparation process, measurement condition,
etc. In this research, both Au/i-GaN and Au/i-Al, s
Ga, ssIN Schottky diodes were prepared with almost the
same procedure, but their C-V characteristics differ
considerably with each other. To explain the difference
between the Au/i-GaN and Au/i-Al, ,sGa, ssN Schott-
ky diodes, the series resistances were extracted from

their current-voltage (I-V) plots.
1 Experiments

The i-n* photodiode wafers were grown by metal-
organic chemical vapor deposition on sapphire substrate
polished on both sides. The schematic diagrams of
diode structures are shown in Fig. 1. To remove any n-
ative oxide and contamination, the samples were
dipped into alcohol/hydrochloric acid solution for 8
min. Before making metal contacts, the samples were
immersed in boiling KOH solution to remove the etch-
ing damage. For GaN diodes, the Schottky contacts
were made by evaporating Au to i-GaN layer and the
Ohmic contacts were made by evaporating Ti/Al/Ti/
Au to n” - GaN layer, and no thermal treatment was
made for the contacts. For Al ,5Ga, s N Schottky di-
odes, the two contacts were made in the same way with
an additional annealing in nitrogen at 750°C for 30 s.
Mesa structures were prepared by standard photolithog-
raphy and dry etching. [-V measurements were per-
formed using KEITHLEY 236 source measure unit,
and frequency-dependent C-V measurements were fin-

ished with HEWLETT 4194 A parameter analyzer.

Fig.1 Schematic diagrams of the GaN-based Schottky diodes
(a) Aw/i-GaN, (b) Aw/'i-Al, ,sGa, <N

El1 (a) Aw/i-GaN fl(b) Aw/i-Al, ,,Ga, N HFeiEas 4
eyl

2 Results and discussion

The forward and reverse-biased I-V measurements
of the GaN and Al ,sGa, ssN Schotiky diodes were car-
ried out at room temperature. Their I-V characteristics
are given in Fig. 2. According to the thermionic emis-
sion (TE) model, the current through a barrier can be

expressed as'**

[:[‘s[exp#(V—le” ) (1)

where I, is the reverse saturation current and can be

expressed as

I = Aeij*TQBXp(—% , (2)

where n is the ideality factor, V is the applied voltage
IR is the voltage drop across series resistance of the
device, A is the effective diode area, A " is the Rich-
ardson constant which equals to 26.4 A/cm’K? for i-
GaN and 52. 8/e¢cm’K” for i-AIN, T is the temperature
in K, and ¢, is barrier height at zero bias.

It can be seen that the semi-logarithmic I-V char-
acteristic of the GaN and Al ,sGa, sN Schottky diodes
under forward and reverse bias show good rectifying be-
havior at room temperature. Moreover, the not-satura-
ting behavior was observed as a function of bias in the
reverse bias branch, which may be explained by the
image force lowering of Schottky barrier height and the
interfacial layer between the metal and semiconduc-

torm

. In general, the forward-bias I-V characteristics
are linear on a semi-logarithmic scale at low forward-
bias voltages but deviate from linearity due to the effect
of series resistance R, the interfacial layer, and inter-
facial states when the applied voltage is sufficiently
large. The series resistance indicates its existence by
the downward curvature of the forward-bias I-V charac-
teristics, while the other two are responsible for both
linear and non-linear characteristics of the I-V curves.
Therefore, n, ¢,, R, were calculated by the method

]

developed by Cheung and Cheung'"’. According to

this method, from equation (1) we can get

dVv kT
) - RAJ + n? , (3)
_ v kT J )
H(p =V n(?)ln(A,k 7z (4)
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Fig.2  The current-voltage characteristics of (a) Au/i-GaN
and (b) Auw/i-Al s Ga, ssN Schottky diodes at room tempera-

ture. The insets are the corresponding semi-logarithmic I-V plots
B2 (a)Auw/i-GaN Fl(b)Auw/i-Al, s Ga, N BRI 1FE
T 1V R

and H(J) is given as

HC])) = RAJ +ndy . (5)

Eq. (3) should give a straight line for the data of
downward curvature region in the forward-bias I-V
characteristic. So that, a plot of dV/d In J vs. J will
give R, as the slope and nkT/q the intercept. Using the
n value got from Eq. (3) and the downward-curvature
region in Eq. (4), a plot of H(J) vs. J according to
Eq. (5) will also give a straight line with the slope of
the straight line R and the y-axis intercept n¢,. These
graphs and the obtained values of n ¢, R, from these
graphs are given in Fig. 3.

As can be seen from Fig. 3 (a), the n value of
GaN Schottky diodes is 2. 69, which exceeds its theo-
retical value falling between 1 and 2. If n is closer to
1, diffusion current dominates; however, if n is closer
to 2, then recombination current dominates. n =2. 69

falls slightly outside of this expected range, suggesting

Fig.3 Experimental dV/d(InJ) vs. J and H(J) vs. vJ plots
of (a)Au/i-GaN and (b)Auw/i-Al, ,;Ga, ssN Schottky diodes

K3 (a)Auw/i-GaN Hl (b) Au/i-Al, ,sGa, N B R 1F 1
dv/d(InJ)-J UK H(J)-J B

that an additional process makes a significant contribu-
tion to the conduction. This nonideal behavior has
been attributed to the tunneling conduction in III ni-
trides. Both dV/d(InJ) vs. J and H(J) vs. J plots
give straight lines and the values of series resistances of
GaN-based Schottky diodes extracted from them are in
good agreement with each other. However, the n value
and series resistance of Al ,sGa, s N Schottky diodes
shown in Fig.3 (b) are considerably lager than those
of GaN Schottky diodes. The series resistance derived
from dV/d(InJ) vs. J and H(J) vs. J plots are 2. 98
MQ and 3. 01 MQ respectively. The n value of Al 4
Ga, 55N diodes is 23. 5, which derivates largely from
the theoretical value.

As the Rs and n values of Al ,;Ga, ssN are abnor-
mally large, double logarithmic I-V graph of the diode
in forward bias is shown in Fig. 4 in order to under-
stand mechanisms that control the behavior of the Au/

i-Al) 45 Gay 55 N Schottky diodes. It is clear that the
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double logarithmic I-V plot is separated by three dis-
tinct linear regions. In the first region at V'<0.6V, an
Ohmic relationship (/o< V) is observed, which obeys
the equation J = qun,V/d, where n, is the concentra-
tion of the free charge carriers in the Al ,sGa, sN, w is
the mobility of charge carrier in the film, and d is the
thickness of the film. In the second region with V in the
range of 0.6 ~0.9V, the current rises quickly with a re-
lationship of 7oc V" (with m up to ~13). In the third
region the plot has a slope of about 2, which means that
the slope of the curve decreases at higher voltage
because the device approaches the trap filled limit.

Fig. 4 shows the power law behavior of the current
(I« V") with different values of exponent m. It is
known as space-charge-limited current ( SCLC) con-

") That means, the injected carriers in Al, ,

duction
Ga, ssN through the Ohmic contact are trapped by the
trapping centers created by impurities and defects in 111
nitrides, and the current transport in Al ;s Ga, s N
Schottky diodes is governed by the trapped-charge-lim-
ited current. That is, the electrical characteristics of
Al ,sGa, ssN Schottky diodes are not only controlled by
the contacts, but also by the concentration and the dis-
tribution of the trap centers in Al ,sGa, ssN.

The C-V characteristics are one of the fundamental
properties of the Schottky diodes. For an idealized
Schottky diode, the C-V characteristics often show an
increase in capacitance with the increase of forward
voltage that is independent on frequency. However the

capacitance in the C-V characteristics may be influ-

Fig.4 Log-log plots of I-V characteristics for Auw/i-Al, ,sGa, s
N Schottky diodes
El4  Awi-Al, ,Ga, N B FRSEEHAIY 1gl-1gV 2R

enced by the non-idealities. Fig. 5 shows the experi-
mental C-V characteristics of Au/i-GaN and Au/i-
Al, 4sGa,y ss N Schottky diode as a function of applied
voltage at different frequency. As can be seen from
Fig.5 (a) that the C-V characteristics of GaN Schottky
diodes have anomalous peaks and negative values. The
peak value of the capacitance decreases and the peak
shifts toward lower voltage with increasing frequency.
As a comparison, the capacitance of Al ,s Ga, s N
Schottky diodes increases with increasing applied volt-
age monotonically at all frequencies.

It is well known that the capacitance of Schottky
barrier diode is extremely sensitive to the interface
properties because some interface states cannot re-
sponse when the frequency is high enough. The exist-
ence of peak and negative capacitance in the forward
C-V plot has been found and their origins have been ar-
gued by many researchers. Ho et al. "' firstly found

peaks in their Pd/Si Schottky diodes, and Wu et al. '*’

Fig.5 C-V characteristics of (a) Au/i-GaN and (b) Auw/i-
Al 4sGa, sN Schottky diodes

5 (a)Auwi-GaN Fl(b) Au/i-Al, ,Ga, s N M HFFEEH 1Y
C-V £k
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reported peaks and negative capacitance in their Si-
based Schottky diodes. Both of them attributed the
phenomena to the interface states, and Wu ascribed the
negative capacitance to the loss of interface charge at
occupied sates below Fermi level due to impact ioniza-
tion. But their opinion were rebutted by Werner et
al. """, who attributed the peaks and negative capaci-
tance to the injection of minority carriers into the bulk
semiconductor, which depends sensitively on the prop-
erties of the Ohmic back-contact. Champness et al. /"
also found anomalous negative capacitance in their T/
Se Schottky diodes and they hold the similar opinion
with Werner et al. A moderate group between the a-
bove two factions is Muret et al. ''*! | who integrated in-
terface states originating from extrinsic defects localized
near the interface and bulk effects in imperfect Ohmic
contact to explain their experimental results.

To express the results clearly, series resistances
are extracted from the peaks of the C-V plots of GaN
Schottky diodes. The high frequency capacitance of

14]

Schottky diodes can be defined as'

gL

where Q. = (2¢s Ny, )'"” is the depletion layer

charge density, ¢ is the surface potential and can be

given as
V — IR,
b, =y -v, - — (7)
n

where v, is the depth of the Fermi level below the con-
duction band, &, and N, are the permittivity and do-
ping concentration of the active layer, respectively.
From (1).(2).(6).(7), and at the minimum

d(C*)/dV =0, the series resistance can be given as:

RRCCSIE TV e
kT/q (KT/g)*
where I and V, are the d. c. current and voltage at the
capacitance maximum. Using the above method, the
series resistances R of GaN Schottky diode at different
frequency were obtained and given in Table 1. The
maximal capacitance values, the voltages V,, at capaci-
tance maximum corresponding to each frequency in

Fig. 5(a), and the relevant I, are also shown in Table

1. It is seen that the value of series resistance is rela-
tively stable in the range of 0.3 ~0.9MHz. As the fre-
quency increases, the peak value of capacitance de-
creases with an increasing series resistance R value.
According to Wu et al. ’ s charge delocalization model,
the electrons that surmount the Schottky barrier under
forward bias do fill up the empty states. But they also
can knock electrons trapped at the interface states out
of the traps considering they possess excess energy.
We hold that the interface states in equilibrium with
the semiconductor can follow the frequency under the
forward bias at low frequency, and can trap relatively
more hot electrons trying to surmount the Schottky bar-
rier than at high frequency. The effect of series resist-
ance is suppressed by the interface states when the fre-
quency is rather low. As the frequency increases, the
interface states cannot follow the frequency gradually
and the effect of series resistance becomes evident.
Thus, the series resistance extracted from C-V plot at
1.5 MHz is in perfect agreement with that obtained
from I-V plot using Cheung’ s method. What is more
the current in the diodes gets high; the interface states
which captured hot electrons become saturated as the
applied forward voltage increases, and the capacitance
gets its peak. Then the knockout of the interface course
becomes eminent, the interface loses its trapped elec-
trons, and the capacitance becomes negative.

As to the C-V characteristics of Al ,s Ga, s N
Schottky diodes in Fig. 5(b), the slope of the C-V
plots is nearly the same in the range of 0.3 ~1.2MHz,
but has a change at 1. 5SMHz. This change is because
the interface states cannot response at high frequency.

Fig. 5 ( b ) shows that there is no peak or negative

% 1 Experimental values obtained from the forward bias
I-V and C-V characteristics of the GaN Schottky

diodes
Table1 M GaN B4FESFHF IV 1 C-V & FiREN A28
H5H

f C V, I, R,

(MHz) (pF) (V) (A) (Q)
0.3 429 1 0.00571 7.96
0.6 332.4 0.95 0.00471 8.92
0.9 296 0.95 0.00471 8.92
1.2 278 0.9 0.0037 10.6
1.5 269 0.85 0.00236 15.5
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capacitance in the plots. It is thought that the electrical
properties of Alj ,5 Ga, ss N Schottky diodes are con-
trolled by the high concentration of trap centers and im-
purities in Al ,5Ga, ssN. From Fig. 2 it can be seen
that the current in GaN Schottky diodes comes to
0.01A when the applied voltage is only 2.5V, but the
current in the Al, ,;Ga, sN diodes is only 10 °A when
the applied voltage is 10V. This weak current means
that the number of electrons which can cross the Schot-
tky barrier is very small, and only a tiny number of e-
lectrons can be trapped by the interface states, and this
tiny number is far and away from the number needed to
saturate the interface states. So that, there will be no
peaks in the C-V plots of Al ,sGa, ssN diodes, not to

speak of negative value.
3 Conclusions

In summary, peaks and negative capacitance in
the Au/i-GaN Schottky diodes were observed, but
none of them was found in the Au/i-Alj , Ga,ss N
Schottky diodes. In order to explain the experimental
results, series resistances for both kinds of diodes were
extracted from their I-V plots by Cheung and Cheung’ s
method. The series resistance of Au/i-GaN Schottky
diodes is in good agreement with the result extracted
from its C-V plots at 1. 5MHz. It is concluded that the
peaks and negative capacitance in the Au/i-GaN
Schottky diodes are caused by the trap and knockout of
electrons at the Schottky interface. When the frequency
is low, the role of interface states is more significant
than the series resistance, and the peak capacitance
value is greater than the value when the frequency is
high. But when the current in the diodes is controlled
by the traps and impurities of III nitrides and the series
resistance is huge enough, neither peak nor negative
capacitance could be found in the Au/i-Al; ;s Ga, s N

Schottky diodes. In this case, there were not enough

electrons to be trapped or to be knocked out of the
Schottky interface.
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