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In  order  to  explain  the  origin  of negative  capacitance,  we have  investigated  the capacitance–voltage
(C–V)  and  conductance–voltage  (G/ω–V)  measurements  of  the  Al/rhodamine-101/n-GaAs Schottky  bar-
rier  diodes  (SBDs)  in  the  temperature  range  of  110–290  K  at 1 MHz  by considering  the  series resistance
(Rs) effect.  Experimental  results  show  that  the values  of  C  and  G/ω  were  found  to  be  strong  functions  of
temperature  and  bias  voltage.  A  strong  negative  capacitance  (NC)  phenomenon  has  been  observed  in  the
C–V  plot  for each  temperature.  It is  clear  that, the  value  of  NC  decreases  with  the  increasing  temperature
at  forward  bias  voltage  and  this  decrease  of  the  NC  corresponds  to  an  increase  in  the  conductance.  Such
eywords:
l/rhodamine-101/n-GaAs Schottky barrier
iodes (SBDs)
egative capacitance
emperature dependence
eries resistance

behavior  of C  in  the  forward  bias  region  can  be explained  by the  loss  of interface  charges  localized  at
metal/semiconductor  interface  because  of  impact  ionization  process.  Also,  the  magnitude  of Rs makes
a negative  contribution  to the  low  temperature  capacitance.  In  addition,  the high  frequency  C  and  G/ω
values  measured  under  reverse  and  forward  bias  were  corrected  by eliminating  the  effect  of  Rs to  obtain
the real  diode  capacitance.
ntersection behavior of C–V–T plots

. Introduction

Metal-semiconductor (MS) and metal-insulator/polymer-
emiconductor (MIS) types SBDs are the most widely used
ectifying contacts in the electronic industry [1–4]. Especially,
allium arsenide (GaAs)-based structures are used as a basic
omponent for high speed electronic, optoelectronic and low
ower devices [2,4–6].  Because of their technical importance,
hese devices have been thoroughly investigated [1–9] for four
ecades. However, the whole description of the current-transport
echanism of these devices is still a challenging problem. The

urrent conduction mechanisms in these devices depend on
arious parameters. Especially, the series resistance (Rs) of device
nd organic interfacial layer at M/S  interface play an important
ole in the C–V and G/ω–V characteristics [10–21].  Rs is one of the
mportant sources of small signal energy loss in MS  and MIS  struc-
ures [6,7,10] and it can stem from five different sources: (1) the

ontact made by the probe wire to the gate; (2) the back contact of
emiconductor; (3) impurities in semiconductor; (4) the resistance
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of quasi-neutral bulk semiconductor; and (5) non-uniform doping
distribution in the semiconductor.

In the idealized case, the C of the structures is usually fre-
quency independent, at high frequencies (f ≥ 1 MHz), but the
situation is different at low frequencies. Also, the admittance mea-
surements of structures only at room temperature cannot give
detailed information about their conduction mechanisms. There-
fore, the investigation of C–V and G/ω–V characteristics in the
wide temperature range is very important to understand the
conduction mechanisms. The remarkable interest in the electri-
cal and optical properties of organic molecular semiconductors
reflects their increasingly widespread use in organic and hybrid
inorganic–organic devices [2,8,9,22,23]. The modified GaAs Schot-
tky diodes by reducing the interaction between metals and GaAs
by organic interfacial layers are of considerable interest in high
frequency applications [2,22,23].

In recent years, some investigations have reported a NC phe-
nomenon in the forward bias C–V characteristics of some devices.
These devices include MS  diodes [24,25],  hetero-junctions [3,26],
far-infrared detectors [27], laser diodes [28], light emitting diodes

[29], photo-detector [30] and some organic semiconductor devices
[31]. This physical mechanism of the NC in different devices is
obviously different. The observation of NC is important because
it implies that an increment of bias voltage produces a decrease in
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http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:yaseminsafak@gazi.edu.tr
mailto:ysafak81@gmail.com
dx.doi.org/10.1016/j.jallcom.2011.09.101


1  and Compounds 513 (2012) 107– 111

t
m
t
d
T
s
t
w
k
o
e
o
a
n
p
t
i
a
t
r
v
n
b
b
v
c
o
s
a

c
i
a
s
a
a
u
a
e

2

(
i
t
c
a
f
w
s
b
s
S
a
m
c
s

3

h
a
f
p
r
a
N

08 Ö. Vural et al. / Journal of Alloys

he charge on the electrodes [24]. The term of NC means that the
aterial displays an inductive behavior. In practice, explanation of

he NC can be based on the behavior of temperature and frequency
ependent admittance spectroscopy (C–V and G/ω–V) data [3,25].
he theory is established on following arguments. Electrons that
urmount the Schottky barrier (SB) under forward bias do fill up
he empty states at the interface, but they possess excess energy,
hen colliding with the electrons trapped at the Nss they could also

nock electrons out of the traps, provided that the binding energy
f these traps is smaller than the SB energy. It is well known many
lectronic devices consist of a semiconductor between rectifier and
hmic contacts with Nss and bulk traps where charges can be stored
nd released when an appropriate forward applied bias and exter-
al a.c. oscillation voltage are applied and thus a large effect can be
roduced on devices [24,32]. Although it is believed that the injec-
ion of charge carriers involves a process of hopping to localized
nterface traps/states, detailed physical mechanisms of injection
re not well understood yet. However, Zhu et al. [29] show that
he junction capacitance C is a differential effect of charge Q with
espect to junction voltage Vj, i.e. C = dQ/dVj. When the forward bias
oltage reaches a certain value, the effect of the radiative recombi-
ation exceeds that of diffusion. Thus, the junction capacitance will
ecome negative because dVj is always positive. At high forward
ias, the junction voltages tend to saturate, which means the small
alue of dVj and the large value of C. In a real diode, the minority
arrier intensity increases exponentially with forward bias, more-
ver, as more carriers are injected, the recombination velocity gets
tronger. Therefore, the value of capacitance reaches to a maximum
nd then decreases rapidly to negative.

In this study, the forward and reverse bias C–V and G/ω–V
haracteristics of Al/rhodamine-101/n-GaAs structures have been
nvestigated in a wide range of temperature (110–290 K) and
pplied bias voltage (−4 V to +5 V) at 1 MHz. Experimental results
how that the values of C and G/ω are strong functions of temper-
ture especially at forward bias region and we observed the NC
fter about 1. 75 V. In addition, to obtain the real C and G/ω val-
es, the measured under reverse and forward bias capacitance (Cm)
nd conductance (Gm/ω) values were corrected as Cc and Gc/ω by
liminating the effect of Rs.

. Experimental details

N-type GaAs wafer used for the fabrication of the Al/Rh101/n-GaAs SBDs has
1  0 0) orientation and 7.3 × 1015 cm−3 carrier concentration. The wafer was dipped
n  5H2SO4 + H2O2 + H2O solution for 1.0 min  and then in H2O + HCl solution and
hen followed by a rinsing step in de-ionized water of 18 M�. After etching pro-
ess  Au–Ge (88%, 12%) for ohmic contact was evaporated on the back of the wafer in

 vacuum-coating unit of 10−5 Torr. To form low resistivity ohmic contact, wafer was
ormed by thermal annealing at 450 ◦C for 3 min  in N2 ambient. Then the substrates
ere inserted into the vacuum system, and the Rh101 was evaporated on the front

urface of the substrates by using a resistance heater. The Schottky contacts have
een formed by evaporating Al as dots with diameter of about 1.5 mm on the front
urface of the n-GaAs. The C–V and G/ω–V measurements of the Al/Rh101/n-GaAs
BDs were performed using a computerized controlled an HP4192 A LF impedance
nalyzer (5 Hz to 13 MHz) at 1 MHz  in the temperature range of 110–290 K. The
easurements were carried out in the Janes vpf-475 cryostat and temperature was

ontrolled by using a Lake Shore model 321 auto-tuning temperature controller with
ensitivity better than ±0.1 K.

. Results and discussion

The C–V and G/ω–V characteristics of Al/Rh101/n-GaAs SBDs
ave been investigated in the temperature range of 110–290 K and
t 1 MHz. Because at sufficiently high frequencies (f ≥ 1 MHz), inter-
ace states cannot follow the ac signal [33]. The C–V and G/ω–V

lots of the Al/Rh101/n-GaAs SBD are given in Fig. 1(a) and (b),
espectively. As shown in Fig. 1(a) and (b), both C–V and G/ω–V char-
cteristics exhibit accumulation, depletion and inversion regions.
egative capacitance (NC) phenomenon has been observed in the
Fig. 1. The measured (a) capacitance Cm(V,T) and (b) conductance Gm(V,T) vs. applied
bias  voltage at various temperatures for Al/Rh101/n-GaAs SBD.

C–V plot for each temperature at higher bias voltage region due to
the loss of interface charges localized at M/S interface. The values
of the C increase with the increasing applied bias voltage and have
a peak value in a certain bias region because of the existence of
interface states and series resistance (Rs) [3,4,6,9,34]. On the other
hand, the G/ω values decrease with the increasing temperature in
the high forward bias voltages for the low temperatures (T ≤ 230 K).
When temperature is increased, the generation of thermal carriers
(electrons or holes) in semiconductor is enhanced at both posi-
tive and negative biased conditions. Thus, the change in C values
with the temperature especially at depletion and accumulation
regions can be understood through charge storage (C = Q/V). The
negative behavior of C is called “negative capacitance” (NC). Nor-
mally, such behavior of C with temperature cannot be explained by
the ideal depletion and accumulation regions capacitance. There-
fore, device’s depletion region capacitance must not take negative
capacitance values. Also, as can be seen from Fig. 1(a) and (b), the
NC values appear at every temperature and correspond to the maxi-
mum of the SBD conductance. Such behavior of C–V–T and G/ω–V–T
plots show that the material displays an inductive behavior [32,34].
According to Wu  et al. [25] such behavior of C in the forward bias
region can be explained by the loss of interface charges localized at
metal/semiconductor interface due to impact ionization process.
Similar results of the NC behavior have been reported in the lit-

erature [27–32].  Several suggestions have been proposed for the
exact origin of NC [24–31,35].  Among them Jones et al. [24] stated
that relaxation-like material is responsible for NC because of the
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As can be seen in Fig. 3, the Rs–V plots give a peak at about 1 V
for each temperature and the peak position of Rs shifts towards
to negative bias region. However, the peak magnitude is indepen-
dent of temperature. Such behavior of the forward bias Rs–V peak
ig. 2. The experimental (a) C and (b) G/ω characteristics of the Al/Rh101/n-GaAs
BD  in the voltage range of 1.50–1.95 V with the step of 0.05 V.

njection of holes which recombine easily with the free electron
harge of the dipole at M/S interface, also another origin of NC may
e high resistivity materials, and it has been clearly shown by them
24]. In addition, it is believed that the NC caused by the injection
f minority carriers can be observed only at forward applied bias
oltage [3,36,37]. On other hand, it is believed that the injection of
harge carriers involves a process of hopping to localized interface
raps/states, but detailed physical mechanisms of injection are not
nderstood fully until now.

In order to explain the effect of bias voltage, the capacitance
nd conductance values are given in Fig. 2(a) and (b) in the deple-
ion region as a function of temperature with a bias voltage step
f 0.05 V, respectively. We  observed that the values of C decrease
hile those of G/ω increase with the increasing applied bias voltage.

uch behavior of G/ω can be attributed to the increase in the number
f charges under temperature effect depending on the relaxation
ime of the interface states. The changes in the values of C–T and
/ω–T plots become important especially at low temperatures and

hey increase with the increasing applied bias voltage. Another rea-
on of such behavior of C–T and G/ω–T may  be the re-structuring
nd re-ordering of charges at surface and interface traps. In other
ords, it is believed that the trap charges have enough energy

o evacuate the traps located between metal and semiconductor
nterface in the Al/Rh101/n-GaAs bad gap at high temperatures.

According to the method presented by Nicollian and Brews [33],

he real Rs of the SBDs can be determined from the measured
apacitance (Cm) and conductance (Gm) in the strong accumula-
ion region at high frequencies (f ≥ 1 MHz). In addition, the voltage
ependent value of Rs can be obtained from the measured Cm and
Fig. 3. Rs vs. V plots for Al/Rh101/n-GaAs SBD at various temperatures.

Gm values for given any bias voltage. The Rs correction of the capac-
itance (Cc) and conductance (Gc) is given by the following relations

Cc = [G2
m + (ωCm)2]Cm

a2 + (ωCm)2
(1a)

and

Gc = [G2
m + (ωC2

m)]a

a2 + (ωCm)2
(1b)

where a and Rs are given in the following form.

a = Cm − [G2
m + (ωCm)2]Rs (2a)

Rs = Gm

G2
m + ω2C2

m

(2b)

The Rs value of Al/Rh101/n-GaAs SBD was calculated according
to Eq. (2b) and shown in Fig. 3 for various temperatures, and the
temperature dependence of Rs for different forward biases at 1 MHz
was also plotted in Fig. 4. These very significant values demanded
that special attention should be given to the effects of the Rs in
the C–V and G/ω–V characteristics, especially at high frequencies.
Fig. 4. The experimental temperature dependence of Rs for Al/Rh101/n-GaAs SBD
at  the voltage range 2–5 V with the step of 0.5 V.
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of the C values coincides with the maximum of the conductance. It
is well known, the existence of localized interface states between
metal and semiconductor results in a charge dipole at interface.
ig. 5. The voltage dependent corrected (a) Cc–V and (b) Gc/ω–V plots of the
l/Rh101/n-GaAs SBD at 110 K.

an be attributed to the particular distribution of interface states at
rganic/semiconductor interface. Also, such behavior of Rs shows
hat the trap charges have enough energy to escape from the traps
ocated between metal and semiconductor interface in the GaAs
and gap. In this case, the Rs seems to be the most important
arameter which causes the electrical characteristics of SBDs to
e non-ideal.

In order to obtain the real diode Cc and Gc/ω values, the
easured capacitance (Cm) and conductance (Gm/ω) values were

orrected by eliminating the effect of Rs using Eqs. (1a) and (1b),
nd are given in Figs. 5 and 6 for 110 K and 290 K, respectively. After
he correction step, the values of the Cc increase with the increasing
oltage. It is clear that the values of C especially in the accumulation
egion almost get rid of negative value. This is a proof of the effect
f Rs on the negative behavior of capacitance with voltage. Also, we
elieved that the magnitude of Rs leads to a negative contribution
o the low temperature capacitance. On the other hand, in the accu-

ulation region there is almost no change in the corrected values
f Gc/ω–V.

In order to compare the variation of C and G/ω in the same
ias voltage, the C–V and G/ω–V plots for the Al/Rh101/n-GaAs
BD are given in Figs. 7 and 8 for 110 K and 290 K, respectively.
s can be seen in both figures, the values of C almost decrease
ith the increasing bias voltage for the given temperatures espe-
ially in the accumulation region. The decrease in C means that the
ielectric constant of interfacial layer at M/S interfaces, whether
ative or deposited, decreases with measured temperature because
f the polarization mechanism. Also, it can be attributed to the trap
Fig. 6. The voltage dependent corrected (a) Cc–V and (b) Gc/ω–V plots of the
Al/Rh101/n-GaAs SBD at 290 K.

charges which have enough energy to escape from the traps local-
ized at M/S interface. On the contrary, the values of conductance
increase with the increasing bias voltage but decrease with the
increasing temperature in the same regions. It can clearly be seen
in Figs. 7 and 8 that the decrease in the capacitance corresponds to
the increase in the conductance. On the other hand, the minimum
Fig. 7. The variation of the C–V and G/ω–V for the Al/Rh101/n-GaAs SBD as a function
of bias voltage at 110 K.
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ig. 8. The variation of the C–V and G/ω–V for the Al/Rh101/n-GaAs SBD as a function
f  bias voltage at 290 K.

nder forward bias, most of the applied bias voltage across the
iode is shared by the semiconductor, series resistance of devices
nd interfacial dipole [23]. Therefore, it is thought that the capac-
tance values decrease with the increasing polarization and more
arriers are introduced in the structure.

In conclusion, as far as we know, the studies on negative capac-
tance in GaAs SBDs are insufficient. Because, in the GaAs based
tructures, the C–V plot goes to negative at high forward bias region,
specially, at low frequencies and temperatures. In addition, the
egative capacitance was observed in the GaAs homojunction far-

nfrared detector Shen and Perera [27] and Perera et al. [36]. They
howed that the magnitude of negative capacitance in the for-
ard bias region decreases with the increasing temperature. They

xplained the origin of negative capacitance in terms of contact
njection, interface states and minority carrier injection effects. On
he other hand, according to Champness and Clark [37] the nega-
ive capacitance can be observed only at forward biases and low
requencies.

. Conclusions

The negative capacitance in Al/rhodamine-101/n-GaAs SBDs has
een investigated by using the C–V and G/ω–V measurements in the
emperature range of 110–290 K at 1 MHz. Experimental results
onfirmed that both C and G/ω values are quite sensitive to the
emperature. Negative capacitance (NC) phenomenon has been

bserved in the C–V plot for each temperature at higher bias voltage
egion due to the loss of interface charges localized at M/S interface.

e observed that the value of NC decreases while G/ω increases
ith the increasing temperature. The Rs is also an important

[
[
[

[
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parameter which causes a change in the C and contributes to the
negativity of low temperature capacitance. Therefore, the mea-
sured high frequency C and G/ω values should be corrected by
eliminating the effect of Rs to obtain the real diode capacitance.
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509  (2011) 6433.
20] G.B. Sakr, I.S. Yahia, J. Alloys Compd. 503 (2010) 213.
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